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Superstring theory and CP-violating phases: Can they be related?
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We investigate the possibility of largéP-violating phases in the soft breaking terms derived in superstring
models. The bounds on the electric dipole moméB{3M’s) of the electron and neutron are satisfied through
cancellations occurring because of the structure of the string models. Three general classes of four-dimensional
string models are considerg() orbifold compactifications of perturbative heterotic string the@iy scenarios
based on Hava-Witten theory, andii) type | string modelgtype IIB orientifold9. Nonuniversal phases of
the gaugino mass parameters greatly facilitate the necessary cancellations among the various contributions to
the EDM’s; in the overall modulus limit, the gaugino masses are universal at the tree level in both the
perturbative heterotic models and the Bloa-Witten scenarios, which severely restricts the allowed regions of
parameter space. Nonuniversal gaugino masses do arise at one-loop in the heterotic orbifold models, providing
for corners of parameter space with(1) phases consistent with the phenomenological bounds. However,
there is a possibility of nonuniversal gaugino masses at the tree level in the type | models, depending on the
details of the embedding of the SM into the D-brane sectors. We find that, in a minimal model with a particular
embedding of the standard model gauge group into two D-brane sectors, viable large phase solutions can be
obtained over a wide range of parameter space.

PACS numbses): 12.60.Jv, 11.25.Mj, 11.30.Er, 12.10.Dm

[. INTRODUCTION CP-violating phases in the MSSNWwhich arise in the soft
breaking Lagrangian and in the phaseudfare individually
A central issue to be addressed in supersymmetric the@onstrained to be less thai(10 2) for sparticle masses at
ries is the origin and dynamical mechanism of spontaneouthe TeV scale by the experimental upper limits for the elec-
supersymmetry breaking. In supersymmetric extensions dfic dipole moments of the electron and the neutf@an4].
the standard mod€B5M) such as the minimal supersymmet- Based on this argument, theSé-violating phases have tra-
ric standard modelMSSM), the effects of the unknown dy- ditionally been set to zero in phenomenological analyses.
namics of supersymmetry breaking are encoded by adding However, a recent reinvestigation of this isg&es], see
terms to the Lagrangian which break supersymmetry explicalso Ref.[7] has demonstrated that cancellations between
itly; these terms depend on a considerable number of parangifferent contributions to the electric dipole moments can
eters which can be considered as independent of the phenomlow for regions of parameter space with phase<J¢1)
enological analysis of the model. For example, the mostand light sparticle masses that satisfy the phenomenological
general set of soft supersymmetry breaking parameters in th@nstraints, contrary to conventional wisdom. If these phases
MSSM, which is defined to be the minimal supersymmetricare in fact nonzergwhich future experiments will need to
extension of the SM with the standard Higgs sector and condeterming, they can have important effects on many physi-
servedR parity, includes 105 masses, mixing angles, andcal observables, and thus on the extraction of the values of
phases(not counting the gravitino mass and coup)iid].  the soft supersymmetry breaking parameters from experi-
From the phenomenological point of view, this large numbemental measuremenit8]. A thorough numerical analysis in-
of parameters can be cumbersome but not otherwise proleluding the seven significant phasggd indicates that the
lematic, as it is for experiments to measure and for the uneancellations can only occur for the large phase solutions if
derlying theory(for example, superstring thegryo predict the various soft breaking parameters satisfy particular ap-
the values of these parameters. Phenomenological analyspoximate relations. Such relations may provide clues to the
aid in this process both for experimentalists and theorists bgynamical mechanism of supersymmetry breaking, and
serving as a helpful guide to the allowed regions of paramhence to the form of the underlying theory.
eter space, and are crucial from the experimental side since As superstring theory is the best candidate for the under-
almost none of the Lagrangian parameters are directlyying fundamental theory of all interactions, it is desirable to
measured. investigate the phase structure of soft supersymmetry break-
Because of the large number of parameters of the sofhg terms that can arise in classes of four-dimensional super-
breaking Lagrangian, restricted sets of parameters are oftestring models. In this paper, we address the question of
chosen to simplify the analysis. While this approach is senwhether the relations among the soft breaking parameters
sible, it is important not to exclude possibly allowed regionsderived in these models allow for large phases that satisfy the
of parameter space based on potentially misleading theoretglectric dipole moment constraints via the cancellations.
cal assumptions. An example is the conventional statement CP is a discrete gauge symmetry in string theory, and
of the supersymmetricCP problem, which is that the thus can only be broken spontaneoudy. If this breaking
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occurs via the dynamics of compactification and/or superuniversal gaugino masses at tree level; however, the modulus
symmetry breaking, then the four dimensional effective fieldfield T does provide a nonuniversal contribution at one-loop
theory will exhibit explicit C P-violating phases. The origin order(although loop-suppressedVe thus focus on a gener-
of supersymmetry breaking in string theory remains an unalized version of theilO-11 scenario, with arbitrary phases
resolved issue, though it is known to be nonperturbativefor S and T, and consider the moduli-dominated limit. We
However, progress in addressing the low-energy implicationéind that the phase structure of the soft terms does allow for
of supersymmetry breaking in string theory can be made bgmall regions in the parameter space for which the EDM
utilizing the phenomenological approach of Brignole, constraints can be satisfied with large phases, and that the
Ibanez, and Muoz [10]. In this approach, the degrees of results may depend on the particulamodel-dependeptso-
freedom involved in supersymmetry breaking are assumed tlution employed for thew problem. This fact is very encour-
be the dilatonS and (untwisted moduli T,,, which are su- aging, as it suggests such analyses may help us learn how the
perfields generically present in four-dimensional string mod-« problem is solved.
els. The effects of the unknown nonperturbative dynamics We next consider the soft breaking terms which arise in
that break supersymmetry are then encoded irFtkempo-  newer classes of four-dimensional string models, including
nent vacuum expectation valué¥EV'’s) of these super- the Holva-Witten scenarios, and models within the general
fields. These VEV’s are conveniently parametrized in termserturbative type | string picture. In contrast to the weakly
of Goldstino angles, which denote the relative contributionscoupled heterotic models, the calculational and model-
of each field to the supersymmetry breaking process. Thbuilding techniques in each of these scenarios are at early
phasegif nonzerg of the F-component VEV’s of the dilaton stages, and there is as yet no quasirealistic model. However,
and moduli provide the main sources f@P-violating recent studies have indicated that the phenomenological
phases in the soft terms. Whether or not these VEV's havgroperties of these classes of models, including the patterns
sizeable phases is a dynamical question that cannot be adf the soft supersymmetry breaking parameters, can be quite
dressed within this framework, and hence these phases adéstinctive from those of the perturbative heterotic models
treated as independent parameters in the analysis. It is intraditionally studied in superstring phenomenology.
portant to note that to obtain the traditional resolution to the We first consider models based on the “&l@-Witten
supersymmetri€ P problem in a natural manner, dynamical theory[14] (11-dimensional supergravity compactified on a
principles are required which guarantee that not only theCalabi-Yau manifold times the eleventh segmeéntwhich
phases of thé--component VEV’s but also the phase @f the observable sector gauge groups arise fronEhgauge
(which in principle has a different origirare zero or negli- group on one of the ten-dimensional boundaries, for which
gibly small. While arguments for such principles exigti-  the soft terms of the effective supergravity theftp] have
marily within the context of perturbative heterotic string been computed16,17. In contrast to the perturbative het-
models, our strategy has been that it will be experimentalerotic case, both the dilaton and modulus fields contribute to
information that is likely to play an important role in deter- the gaugino masses witA(1) coefficients. However, in the
mining or constraining the values of these parameters. limit in which only the overall modulusl contributes to
Within particular classes of four-dimensional string mod-SUSY breaking, the gaugino masses are universal in this
els, the couplings of the dilaton, moduli, and matter fields arescenario. Hence, significa@P-violating phases in the soft
calculable, which leads in turn to a specific pattern of softterms consistent with the phenomenological bounds are dis-
breaking parameters at the string sc@e a function of the allowed over the majority of parameter spdttee situation is
unknownF-component VEV's, which serve as input param- analogous to that of the dilaton-dominated limit of perturba-
eters. In our analysis of the phase structure of the soft breaktive heterotic orbifold models studied in R¢18]).
ing terms, we use the renormalization group equations However, within the more general type | string picture
(RGE’9 to obtain the values of the parameters at the elecf19-23, there is the possibility of nonuniversal gaugino
troweak scale and subsequently compute the electric dipolmasses at tree level, which has important implications for the
moments(EDM'’s) of the electron and neutron. In the analy- possibleC P-violating effects. As an illustrative example of
sis, it is important to note that the general results of R&f. models within this framework, we focus on the four-
illustrate that sufficient cancellations among the various condimensional type 1IB orientifold models, in which consis-
tributions to the EDM'’s are difficult to achieve unless theretency conditionstadpole cancellationrequire the addition
are large relative phases in the gaugino masses. Furthermord, open string(type ) sectors and Dirichlet branes, upon
the phases of the gaugino mass parameters do not run wahich the open strings must end. The patterns of the soft
one-loop order, and thus at the electroweak scale only devsupersymmetry breaking terms arising in this class of models
ate from their string-scale values by small two-loop correccrucially depend on the embedding of the SM gauge group
tions. Therefore, the possibility of viable large phase soluinto the D-brane sectors. In particular, nonuniversal gaugino
tions crucially depends on whether nonuniversal gauginanasses can be obtained at tree-level if the SM gauge groups
mass parameters are predicted within a given string modelare embedded in two distinct D-brane sectors, in direct con-
Following Refs.[10-12, we first consider models de- trast to the perturbative heterotic orbifolds and the avar
rived from weakly coupled heterotic string theory in orbifold Witten scenarios described above. Our analysis indicates that
compactification$13], and focus on the case in whi§and  within a minimal model in which S(B) and U(1), [but not
one “overall modulus” fieldT participate in the supersym- SU(2)] arise from the same D-brane sector, the necessary
metry breaking. In these models, the dilaterterm leads to  cancellations between the contributions to the EDM’s occur
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over a wide range of parameter space. The results of thisal current$ (FCNC), and in any case are unlikely to modify
study illustrate that as viable large soft phases depend oaile results qualitatively. The phases included in the analysis
how the SM is embedded and how theproblem is solved, are thus the phases of the gaugino masées 5, the phases
etc., we may be able to learn abdbssibly nonperturba- of the u term and the associatén=Bu parameter, and the
tive) Planck scale physics using low energy data. phases of thé parameters associated with the trilinear scalar
This paper is structured as follows. In Sec. Il, we briefly coyplings. However, as noted in Ref&5,6,26,27 and ref-
review the method and results of the general EDM calculagrences therein, not all of these phases are physical due to
tion of Refs.[5,6], with an emphasis on issues relevant for 5 ygitional approximate global () symmetries of the
our analysis. We present the analysis of the soft breaking,ggp Lagrangian which can be promoted to full symme-
terms from the perturb_ative heterotic orpifold mode_ls N SeCyjeg by treating the parameters as spurions charged under
::1' S'gcse\f'\llvvé gﬁﬁ;;;'gg tt;se'—lrarzia\ggtegisgﬁ;axgsbraegznwose symmetries. The result i_s that therg is the freedom to
the su.mrr’1ary and conclusions in Sec \/I ' rotate away one of the phases in the gaugino mass sector and
o also to seb (and the VEV’s of the Higgs doubletto be real
at the electroweak scale without loss of generality. The phase
Il. ELECTRIC DIPOLE MOMENT CALCULATION o, of the SU2) gaugino masd, is set to zero in the pa-

The purpose of this paper is to examine whether(toen- rametrization choice_of Refl6], and hence the relevant
plex) soft breaking parameters which can arise in classes dfhases in the analysis agg , ¢ of the U(1), and SU3)
string-derived models can satisfy the phenomenologica@Udino Massess,, , ¢a . ¢a, Pa, @Ndea (in self-evident
bounds from the EDM'’s by cancellations. We build upon thenotation. Note that in minimal supergravity-inspired models
recent calculations of the electric dipole moments presenteds studied in Ref.5], the gaugino masses can be taken to be
in Refs.[5] and[6]. In this section, we briefly summarize the real without loss of generality, and then there are only two
framework and results of these calculations, and commertelevant phases, a commaen andg,, .
upon the issues to be addressed in our analysis of string- As u andB (and their phasesre relevant in the analysis,
motivated models of the soft breaking parameters. the results will in general depend on the solution to the

It is well known that in(softly broken supersymmetric problem. In string models, the “barej. term is absent in
theories withC P-violating phases of)(1), superpartner ex- the superpotential, since the fields are massless at the string
change at the one-loop level can lead to contributions to thecale, and there are several possibilities for the generation of
electric dipole moments of the fermions which can exceedn effective . term (either in the superpotential or in the
the experimental upper bounfia—4]. As previously men- Kahler potentia[28]) without invoking additional gauge sin-
tioned, the traditional resolution to this problem has been talet matter fields; we refer the reader to R€f§0,29 for
constrain the phases to be less 210 2) (which can be further discussions of this issue. The results for the phase of
interpreted as fine-tuningor assume heavy sfermion massesu and that of the associatddl term strongly depends on
(which can violate naturalnessHowever, the issue was re- which solution(or in fact if both mechanisms are presgist
investigated first by Ref5], and subsequently in Rd], in preferred in a given model. Since these issues are highly
which the EDM’s were computed using an effective theorymodel dependent, an additional possibility is to treat the
approach in which the contributions from chargino, neu-phases ofu andB as independent parameters; their magni-
tralino, and gluino loops to the relevant Wilson coefficientstudes are naturally constrained by the requirement of correct
were determined numerically. In their work, the main em-electroweak symmetry breaking. This sensitivity to the way
phasis was on the possibility of cancellations between the. is generated is a very positive feature, since it implies that
various contributions to the Wilson coefficients. This mecha-data on the phases may help determine experimentally how
nism can allow large values of the phases to give contribuu is generated.
tions consistent with the experimental bounds on the values The general results of Rdf6] demonstrate that sufficient
of the electric dipole moments,, d,, of the electron and the cancellations among the various contributions to the EDM’s
neutron, respectively. The current limits for the neutronare difficult to achieve unless there are large relative phases

EDM require thaf 23] in the soft masses of the gaugino sector. This feature is due
to the approximate U(Zk)symmetry of the Lagrangian of the
|d,|<6.3x10 %% cm, (1)  MSSM[25], which allows one of the phases of the gaugino
masses to be set to zero at the electroweak scale without loss
at 90% confidence level, and for the electron EDM] of generality[25,6,26,27. Furthermore, the phases of the
gaugino mass parameters do not run at one-loop order, and
|de| <4.3x10 ?’ecm, (2)  thus at the electroweak scale only deviate from the string-
scale values by small two-loop corrections. Therefore, if the
at 95% confidence level. phases of the gaugino masses are universal at the string

In [6], a general set o€ P-violating phases is assumed.
For simplicity, the phases of the off-diagonal terms in the
scalar mass matrices are neglected, as the impact of theséror our purposes, this statement indicates that we do not consider
phases on physical observables may be suppressed by tkéhler potentials with off-diagonal metric; for further discussions
same mechanism required to suppress flavor changing neuf this issue see, e.g., Refd0-12.
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scale, they will be approximately zero at the electroweakential and the superpotential, which play a crucial role in
scale [after the U(1) rotation]. Cancellations among the supersymmetry breaking, remain uncertain. In the absence of
chargino and neutralino contributions to the electron EDMthe knowledge of how supersymmetry is broken, the authors
are then necessarily due to the interplay between the phasesRef.[10] proposed an efficient parametrization of the soft
of A, and u. The analysis of Ref6] demonstrates that can- breaking terms in terms of théunknown) F component
cellations are then difficult to achieve as the pure gaugind/EV’s of SandT,,. For example, for the case in which the
part of the neutralino diagram adds destructively with thefields which break supersymmetry are j@sind the “overall
contribution from the gaugino-Higgsino mixing, which in modulus” T associated with the radius of the compactifica-
turn has to cancel against the chargino diagram. As a resultion manifold? the F-component VEV's can be expressed as
the cancellations are generally insufficient, and hence in thifollows (assuming no mixing among their kinetic tepms

case over most of the parameter space the phases of the other

soft breaking parameters as well as fheparameter must FS=\3my(S+S*)e*ssin,
naturally be<10"? (the traditional bound[3] unless the _
sfermion masses are greater th@reV) 2 FT=my(T+T*)e'°T cosé, 3

Therefore, the possibility of larg€ P-violating phases in
the string-motivated models of soft breaking terms we conin which my, is the gravitino mass angls, a1 denote thdin
sider depends significantly on whether the gaugino massdbis parametrization arbitraryphases.é is the Goldstino
are allowed to have large relative phages., if they are angle, which measures the relative contributionSefnd T
nonuniversal It is important to note that the gauginos can beto the supersymmetry breaking; the ginl and sind—0
degeneratéor nearly degeneratén mass at the string scale limits correspond to dilaton and moduli dominance, respec-
and have different phases; in practice, we find exampletively. The soft terms in the case of general orbifold models
where this holds. In the next sections, this feature will behave been computed in RdfL0]. The results demonstrate
displayed explicitly in the analysis of the soft breaking pa-the advantage of the parametrizati(8), as the soft terms
rameters in three classes of four-dimensional string modeldake on very simple forms when expressed in terms of these

parameters.
We note in passing that in specific scenarios for sponta-
IIl. SOFT BREAKING TERMS IN PERTURBATIVE neous supersymmetry breaking such as gaugino condensa-
HETEROTIC SUPERSTRING MODELS tion in the hidden sector, the form of the nonperturbative

superpotentialV,,(S, T) is known and the values &>, F'
can in principle be determined. However, explicit models
In the analysis of Ref§10,11], the primary assumption is typically suffer from generic problems, including that of the
that supersymmetry is broken by a combination of the dilatunaway dilaton and a nonvanishing, negative cosmological
ton field S and the moduliT,, present in generic four- constant. We choose to follow Rdf10] and consider the
dimensional string models. These fields have a vanishingarameters in Eq3) as free parameters, allowing in particu-
(perturbativé scalar potential and gravitationally suppressedar for nonzero values ofrg, at. Our philosophy is that
interactions with the fields of the observable sector, and thuexperimental information will determine or constrain the pa-
are natural candidates to play a role in the breakdown ofameters, thereby leading theorists to recognize how super-
supersymmetry. symmetry is broken. We comment briefly below on the types
In classes of four-dimensional models derived from per-of parameter ranges farg, at encountered in the gaugino
turbative heterotic superstring theory, théhiter potentialk,  condensation scenarios, and refer the reader to Rifsl2,
gauge kinetic functiorf, (wherea labels the gauge groups and references therein for more comprehensive discussions.
and superpotentialV are calculablggenerally to one-loop As discussed in the previous section, lalQ® effects
order) in string perturbation theory. The calculational tech- consistent with the phenomenological bounds on the EDM’s
nigues have been particularly well developed for the case afenerally require large relative phases in the gaugino mass
orbifold compactificationgsee, for example, Ref§13,30). parameters, which implies nonuniversal gaugino masses. In
However, the nonperturbative contributions to thénhkéapo-  general, the source for the gaugino masses is (fiedd-
dependentgauge kinetic functiorf(S,T), which in pertur-
bative heterotic string theory is independenfldt tree level

2We note that this situation is precisely that of the minimal super-and given by

gravity case studied in Rdf5], as the gaugino masses are universal
in this scenario. In this case, a heavy superpartner spectrum is re-
quired to exhibit regions of parameter space with large phases con-
sistent with the phenomenological bounds on the EDM’s.

*Due to the holomorphicity of the superpotential and ¢élso- “4As in Ref.[10], we consider the overall modulus case both for
nian) gauge kinetic function, nonrenormalization theorems imply simplicity and because tHE modulus is always present in generic
these functions do not receive higher-loop corrections. Howeverfour-dimensional string models. We comment later about the impli-
the Kéhler potential does receive loop corrections, and thus is theations for the purposes of this study of relaxing this assumption,
least well-determined function of the string theory effective action.and refer the reader to Ré¢fL1] for a discussion of the multimoduli
For further details, see Rdf30], and references therein. case in the perturbative heterotic orbifold models.

A. Theoretical framework

fa tree=KaS, (4)
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in which k, is the KaeMoody level of the gauge group. This M,=/3mg e 1¥ssind—(—1+ Sgo)ee” 1T cosd],
expression yields universal gaugino masses, since the dilaton
couples universally to all gauge groups. However, the one- , 33
loop (threshold corrections to the gauge kinetic function Mlz\/§m3,z[e"“55in 9—( _€+5GS
have been computed in orbifold models, and provide for the
possibility of nonuniversal gaugino masses. These correc-
tions depend o as follows: in which €, €' are numerical factors which depend on the
VEV’'s of S and T (their magnitudes will be discussed
1 , . below).
Fat-100p= — @(ba_ kadgg)logl 7(T)]", ©) We do not consider all possibilities for theandB terms,
and refer the reader to Refd.0,29 for further discussions of

this issue. We instead first analyze the case in which we
assume that the problem is solved via an effective cou-
pling in the superpotential of the fornx(S,T)HH, (in
which u depends only weakly o8 andT), and then treat

ee 2T cosh

in which b} is a numerical coefficient dependent upon the
matter content of the modef(T) is the Dedekind function,
and g is a coefficient(a negative integer in most orbifold
models relateq to thg c.:ancellati(.)n.of duality_ anoma}lies inandB as independent parameters. In the first caseBtteem
the theory. This coefficient also is important in that it mea-; given by
sures the amount of mixing between the kinetic terms of the
SandT fields, which occurs in the loop corrections to the B,=mg;
Kahler potential.

In the dilaton-dominated limit (sifi—1), the contribu- (

—1—+/3e iessing

—1/2

e '*Tcosé

tions to the gaugino masses from E4) dominate the one- _
24m%Y

loop corrections from Eq5). Thus, the gaugino masses are

universal in this limit and hence the phases in the gaugino

sector can be taken to vanish without loss of generality. It ign which

therefore unlikely that sufficient cancellations will occur in

this limit except at exceptional points in the parameter space

depending on thémodel-dependepsolution to theu prob-

lem, and thus the traditional solutions to the supersymmetric

CP problem of either smalD(10™?) phases or heavy squark |n the O-11 scenario described in Reff10], the numerical

masses must be invoked to avoid electric dipole moments fojalues ofe ande’ are taken to be- O(10™3), which corre-

the electron and the neutron which violate the experimentadponds to the situation in which the VEV's of Beand ReT

bounds. The analysis of the EDM constraints within theare(1). These values are motivated by the minimization of

dilaton-dominated scenario has recently been presented {Re scalar potential fof and T that can be derived either in

Ref. [18]; their results demonstrate explicitly that large the gaugino condensation approdéii,32,33 or more gen-

phases are disallowed over the majority of the parametegrally imposing the requirements @fduality on the scalar

space. potential for the modulus fiel@33,34. Within our phenom-
Therefore, we are natura.”y led to consider the mOdUIi-eno|ogica| approach’ we can in princip|e regard these VEV's

dominated (Slm—>0) limit and to include OnE'IOOp caorrec- gs free parameters and Consequent|y \ary’ within rea-

tions tof (andK, for consistencyto obtain the possibility of  sonable limits; however, we choose in general not to depart

nontrivial phases for the gaugino masses. BREmixing in  sjgnificantly from the case in which the VEV's a¢&(1).

the Kéhler potential requires a slight modification of the pa- "|n addition, a comment about the phases is in order. While
rametrization(3) of the F-component VEV's, which amounts ¢’ is a real parameter by definition

to a redefinition ofag, a1, and#; a thorough discussion of

this issue is given in Refl0], to which we refer the reader 1

for details. €=—, (10
An example of this type was presented in H&D] as the 24mY

O-Il scenario, which is a moduli-dominated scenario in

which the one-loop mixing betwee8 and T is crucial to

, ®

Y=S5+S* - @log(ﬂ T*) 9)
82 .

€ is by nature complex10] if the VEV's of Sand T are

void the vanishing of th f mass.- ; f th Icromplex, which is of course assumed throughout this paper
avo € vanishing of the Soft mass-squares ol the SCaigf) ,piain nontrivial values forg anday . It is also clear that

fields in the sinh—0 limit. In this model, theA terms and the phase o and asr are correlated, with the particular

scalar mass-squares are unlvers_al, while the gaugino MasSeations depending on the nature of the nonperturbative dy-
are nonuniversal. The soft breaking parameters take the forWamics responsible for the breakdown of supersymmetry.

In orbifold compactifications within the gaugino conden-
sation approach, in which the nonperturbative superpotential
for Sand T takes the formwW~exp 37(ST/28 [with f(S,T)

2_ .2
m;=m3;(— dgg)€’,

At e.ud=— \3Mgpe ssing, (6)  the gauge kinetic function ang the beta function of the
_ . gauge group of the gaugino condengathe soft breaking
Ms=Bmg e 1*ssing— (3+ 5gg) ee ™ *Tcosh], terms have been computed in Rg¥2] and an analysis of the
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CP-violating phases has been carried out explicitly in Refs. The renormalization group analysis and resulting patterns
[35,36. The conclusion of Ref$35,34 is that the properties for the low-energy mass spectrum of the soft terms of the
of the nonperturbative superpoten{ia particular, thatthd  O-ll scenario(assumingast=0) have been presented in
dependence of the nonperturbative superpotenfiglT) [10,39,4Q, to which we refer the reader for further detalils.
~ 7(T) ~®] are such that th€ P-violating phases of the re- As noted in the previous section, the gaugino mass phases do
sulting soft terms are negligible. In their analysis, the VEV’shot run at one loop; this behavior can be disrupted only by
of SandF*S are assumed to be real; in principle, the detailshigher loop corrections, threshold effects and other possible
depend on the mechanism utilized for the stabilization of thecorrectiong41]. However, the trilinear coupling phases ,
dilaton, which is usually achieved either through nonpertur-p, , @a, ande,_do run, and they evolve away from the
bative corrections to the Keer potential or through multiple  single universal string scale value at different rates depend-
gaugino condensateStacetrack” models. With this as-  jng on the relevant Yukawa couplings and gauge group
sumption and the knowledge of the dependence of the charges. We perform a rotation at the electroweak scale,
superpotential from the form of(S,T), the value of the \yhich allows us to set the phase kf, equal to zero. The
phase ofe can be determined. The result is that the gauging)hase ofy is then determined by the phase of Bg@aram-
masses are strictly real, as of course are the soft terms Whicter asp = — o5, so thaBu is real and the Higgs potential
depend solely ong (the issue of the phases pfandBis  is not affected by the phases at tree level.

considerably more complicated and model dependdiis As previously mentioned, we regant,, Sgs, 6, €, as,
result may indicaté€as is emphasized in Ref85,3g) thatin 4 ar as the free parameters of the model. Sircés

the gaugino condensation approach the phases may be smajb(lo—a) [assuming the VEV's oS andT are O(1)], it is

due to the properties of thE-dependent modular functions. necessary to consider the sméllmoduli-dominated limit

However, it was also noted in Refs34,36 that in principle  f5 the gauginos to acquire significant relative phases. We
the superpotential may depend on other modular invariantsnsiger a range of numerical valuestobetween 10° and
functions (such as the absolute modular invarig(t)] for 10~ %, which in turn requiresns, to be typically greater than

which the conclusions about negligibeP-violating phases  o(tey) for the soft breaking parameters to have acceptable
may no Iong(_ar be valltﬂ3§]. We, prefer to fOHO‘_’V Ref[10] _masses. In addition, if thB term condition(8) is imposed,
and not restrict our consideration to any particular scenariQ ., large mass scale for the gravitino could caus@he
for the supersymmetry breaking, which in turn allows us 0y, ameter to be of the same order, which is disfavored by
explore the possibility of nontrivial phases fesr ande,  haqrainess arguments. One way to avoid this result is to
which we can treat as independent parameters in our a”a|¥équireaT~7T for cos=1 or a7~ 0 for cosf=—1. It is also

SIS _The contrast between the approaches '"US”%tes the POSear that if6cs>5 or so, the relative gaugino phases will be
sibility that a measurement of the soft phases will help de'suppressed producing no interesti@g-violating phenom-

termine how supersymmetry is broken and how to relatg,,, T ohtain a large relative phase between gaugino masses
compactification to observables. M, andM, it is necessary that
i jo

B. Results min(x; ,x;)| el <| 8| <=max x; ;)| €], (11

We start our numerical analysis of the moduli dominated
O-11 scenario by calculating the soft breaking parameters at
the electroweak scale. The boundary conditions of Bgjs: ~ Where x1=(—%$+3ds9, Kp=(—1+dcg), and x3=(3
(8 are to be implemented at the string SCARyng~5 + 6gg). All of the above relations significantly constrain the
% 10t GeV, which in perturbative heterotic string theory is Possible parameter space and introduce further correlations
the scale at which the gauge couplings are predicted to unifpetween the phases. In particular, the se@®violating
[37], and all relevant soft breaking parameters are evolve@hases entering the calculation of the electric dipole mo-
down to the electroweak scale using two-loop renormalizaments are effectively parametrized by a single phage
tion group equation$RGE’S) for the gauge Coup”ngs and Originating in the String SeCt(?rDeSpite this hlgh degree of

one-loop equations for the Yukawa couplings and the sofeorrelation, we find that it is possible to find parametric con-
parameters. figurations that lead to relatively substantial values of the

phases and light superpartner mass spectra while satisfying
the electric dipole moment constraints.

. We explore the possibility of obtaining superpartner mass
eé’pectra with the squark masses lying below 500 GeV while

~ 6 _ o _mass .
theory (GUT) scaleMgr~2x10°° GeV (where the gauge cou simultaneously generating sizeable and experimentally ac-

plings appear to unify from extrapolating the measured values o
the electroweak scale couplings to higher scales assuming the

MSSM particle contentis a well-known problem in perturbative

heterotic string theory with a number of solutions propogsek, ®Despite different approaches, our results are in a sense consistent
e.g., Ref[38]). In practice, this mismatch between the scales intro-with the results of Ref4.35,36 in the gaugino condensation frame-
duces a small numerical discrepancy into the analygsigess as in  work, in which they obtain negligible phases in the soft breaking
Ref.[10] intermediate scale matter or some other effect is assumeterms(in particular in the gaugino mass segtaith the assumption

to be present which solves the problem of the unification of theof vanishing phases for the scalar areomponent VEV's of the
couplings. dilaton.
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ceptableC P-violating phases at the electroweak scale within 20 8 , T S Fﬂ'
the O-11 string scenario for a series of parameter sets classi- ; ; "

fied by the value of the Green-Schwarz parameigg. In
addition to the generaD-Il relations(6), (7), we consider . 8
two general cases. First, we impose Byerm condition(8), i
corresponding to a particular solution to theroblem(aris-
ing from nonperturbative corrections to the superpotential ]
To consider the case in whigh andB can receive contribu- 0.0 N ; ] 1 ’
tions from other sources, such as from the Giudice-Masierc , . ;
mechanism, we do not discuss all of the possibilities in de- 5 =~ % ] Gl
tail, but rather relax the expressi¢8) for B and treaB as a
free complex parameter. This approach adds one B@d@e & 10
phase, namelyp,, , to the set of independent parameters. As
in the previous casey is still undetermined and hence is 05
regarded as a free parameter. In addition, the restriction or ‘ ;
a1, which was dictated by the form of E(), can in prin- 0 e s
ciple be relaxed. However, it is important to note that the 9,/m 9/
expression for theB term arising in the Giudice-Masiero
mechanism suffers from a similar probl¢28], and thus this Rt :

straints in theO-Il scenario forms,=4 TeV, dgs=—2, 6

restriction is likely to be generitarring possible cancella-
y g ® gp =0.021, e=0.007, tan3=2, andu=100 GeV. The dotted areas

tions in theB term arising from different sources of t | . -
g he show allowed regions resulting from the specific form of soft break-

term, which is a possibility we do not consider further in this: 4 )

S . ing parameters. The retlack) circles denote points allowed by the
papej. We find in general that the differences between theeEDNI and the greefgrey) blocks by the nEDM. In frame&) and
case in which theB term is determined within the string '

. N (c), theB term is assumed to originate from an effective coupling in
model through Eq(8) and the case in whicB is left as an .the superpotentidEq. (8)] while in frames(b) and(d) B is treated

independent pgrameter are no_t very significant. Therefore, ing 5, independent parameter and its magnitude was SkB| to
the results which follow, we display the results for the two _ 350 gev.

cases in tandem to emphasize this feature.

We can further determine several general constraints omixing, and thus rather small values ¢f, are needed to
the parameter space of this model. As the scalar masses gatisfy the electron EDM constraint, as discussed in Fef.
universal at the string scale, the color-neutral scalar particle particular, if u is increased the electron and neutron re-
(i.e., sleptons and sneutrinoare significantly lighter than ~9ions overlap only in the small phase region where all phases
the squarks due to smaller RGE running, with masses typiar® =10 . Small values ofe,, illustrate that the chargino
cally =200 GeV. The choice ofssand the requirement of contribution to the electron EDM is generally much larger

light sfermion masses effectively determines the range Oman the (lzlo[_respt))o?ding r:ﬁutralino tc_gn';_ributi_on, a:ndd hencte
values for the gravitino mass parametes, from Eq. (6). e cancellation between these contributions is not adequate.

and we takee’'~10~2 (following Ref. [10]). We can also As a result, both contributions have to be suppressed by

estimate the interesting range efand e providing for light small values ofp,, ; residual cancellation in the vicinity of
. ; . ~ I hat the eff f
gauginos. To obtain optimally large; and ¢; we set| 6| ¢~ subsequently ensures that the effectspgfand ¢,

~|x,€|. The values of the universal parameter§and theB also cancel. A similar effect takes place in the case of the
termzwhen Eq.®) is imposed at the string scalare then neutron dipole moment, with similar restrictions on the cor-
fully determin?aa by the Ehoice dss, My ga e, andag.’ responding relevant phases. The overlap between the two
. . ' P regions then yieldg,~ 7/6 and remarkablyp;~ /2.
In Fig. 1, we plot the regions of the three most important

phasesgp] o apndgo3 for tﬂe case oBge— — 2 Frame?a) General arguments show that flaigd <5 andO(1) ¢,

wr TL : nd ¢3, viable solutions can be obtained provid is
shows the points allowed by the electron and neutron ED Ioseqoio;r”(or zero ul—llowever the accetssiblepva\lll:ei?p/jl
constraints in thep ,— lane, while frame(c) delineates ! T .
the projection o?ptlheépel Soints onto th@—dwl plane. In b1 ang.? alre reduqed aﬁ563| increases, gnd he_nrc]:el Itis
frames(b) and(d), we display the results for the same sets Ofmore ifficult to satisfy the EDM constraints with large

! i ) “phases. Figure 2 clearly demonstrates this effectofos=
zgfwﬁitc?rzsvxzjgg(tlgathf\?ar} qa8d|d:|t|3cmggl gg\e;pendent param —10; in this case the gaugino masses are approximately uni-

- . . versal, and correspondingly the phases of soft breaking pa-
The results illustrate a general feature of this model: torameters are constrained to satisfy the traditional bound. The
obtain an overlap between the neutron EDM allowed and th

electron EDM allowed regions in this model, a low value of?(aSlJItS demonstrate that the range of valuesgffor which

: ) ) o . .~~~ the phases of the soft terms are nontrivial is quite restricted
# is required. This restriction implies large gauglno—h|ggsmo(but are within a reasonable range of values determined in

explicit orbifold model$. Therefore, if the model of this sec-
tion were the way nature behaved, it would be possible to
"We note that the RGE running of, is the same as in super- determine the anomaly cancellation parameigg by the
gravity models, and has been discussed, for instance, in[&&f. measurements of the EDM'’s.

15 - B ]

o,/

= S
1

(=S

.0

FIG. 1. Regions allowed by the electron and neutron EDM con-
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20 ‘ ! T 4 e | possibility of reconciling the string scale and the GUT scale,
3 ‘ - E which is an encouraging result for the unification of the
15 T 7] gauge couplings. Furthermore, the usual hidden sector
. a) b) mechanism for the breakdown of supersymmetry can be
s1or I ] naturally realized in this class of models; supersymmetry can
be broken(perhaps via gaugino condensajia@m the hidden
05 ¢ T ] boundary, and transmitted to the observable sector by the

dilaton and moduli fields, which can travel in the by#ee,
e.g., Refs[16,17).

In Ref.[17], the soft supersymmetry breaking parameters
were derived within the framework in which the effects of
c) d) supersymmetry breaking are encoded in the parametrization

&
e 10 (3) of the auxiliary component VEV's of the dilato® and
overall modulusT. The results were obtained by determining
08 " 1 the form of the Kéler potential, superpotential, and gauge
o o i Saeined kinetic function to the first subleading order in the M theory
1.0 15 05 1.0 15 20 expansion of the effective four-dimensional supergravity
o o theory® For the purposes of this study, we note that the
FIG. 2. Same as Fig. 1 but fong,=2 TeV, sge= 10, o  92U9€ kinetic function of the observable secky gauge
—0.06. ande=0.006. group takes the form
fobs= S+ aT, (12

We close this section with a brief comment about a fur-

ther generalization of th©-I1 scenario, in which the as- in which « is a coefficient ofO(1). This feature is in direct
sumption that only the single moduldsplays a role in su-  contrast to thel-dependent piece of the gauge kinetic func-
persymmetry breaking is relaxed. For the purposes of thigion in the perturbative case), which is suppressed by a

study, the important feature remains that these individualoop factor. The soft breaking parameters take the form
moduli will contribute to gaugino masses only at one loop.

Therefore, the number of parameters increases substantially; J3may, _ €o .
in addition to the need to define extra Goldstino angesis =17 sinfe '*s+ —coshe '“T|,
done in Ref[11] and will be required in the type | models €o V3
discussed beloyy there will be[12,13 a &g, €, etc. for
each modulus field involved in the supersymmetry breaking, s 2 ms, )
the details of which will depend on the particular orbifold M= Mz~ (31 )2[60(6+ €0)Sin 0
model under consideration. Due to the additional complica- 0
tions and model dependence, we do not consider such sce- +(3+2€)coL0—2/3¢, Sin O cos
narios further in this paper. We anticipate that in general
there can be particular models for which the parameter space xcoq ag—ar)],
for viable large phase solutions will be wider than that of the
minimal scenario considered in this paper. V3m _
A=— 3T :;2[(3—260)5“'\ e '*s
IV. SOFT BREAKINGS'I(;IERNIX;ICI)\ISHOR AVA-WITTEN + \/560 Cosﬁe_i"‘T], (13
A. Theoretical framework in which €, is given by

We now turn to a newer class of models based on the 4—(S+SY)
work of Horava and Witter{14], who showed that eleven- €=——. (14)
dimensional supergravitgthe conjectured low energy limit S+&*

of M theory) compactified on a Calabi-Yau threefold times
an orbifold interval along the eleventh dimension gives rise

to EgX Eg gauge theories withi=1 supersymmetry in four 81t is important to note that the many studies of M theory vacua

dlmenS|ons, and further proposed that this framework deélssume the “standard embedding,” in which the spin connection is
scribes the strongly coupled heteroigX Eg string theory.  empedded into one of thgg gauge groups, although the standard
In this scenario, the twé&g gauge multiplets reside on tWo embedding does not play a special role in the construction of these
ten-dimensional boundaries, which are separated by the iRmcua(in contrast to the case of the weakly coupled heterotic string
terval corresponding to the eleventh dimension. The pheris). while in fact the relaxation of this condition can lead to more
nomenological implications of this scenario display severaleneral scenarios, the conclusions about nontri@iBl effects are
attractive features which are not present in the case of pethe same for the case in whi@and a singlél modulus contribute
turbative heterotic string theory. For example, there is thao the supersymmetry breaking.
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As discussed in Ref17] (to which we refer the reader for an 2.0
explanation of this point the standard embedding constrains
the range ofey to 0<eg<l.

It is clear from above relations that in these scenarios, the
gaugino mass parameters are universal when consideration is
restricted to the case in which the dilaton and the sifigle
modulus participate in supersymmetry breaking. Therefore, ,
we anticipate that the cancellation mechanism generally will 5<m1.0 E et & oo a
not be adequate, from the general discussion presented in®
Sec. Il. We note that this conclusion is not likely to hold in
more general scenarios in which several individ(g)
moduli associated with the Calabi-Yau manifold are in-
volved in the supersymmetry breaking. In the multimoduli
case, it is likely that thel-dependent contributions to the
gaugino masses will be gauge-group dependent; if these con- 0.0 * *
tributions haved(1) coefficients as in Eq12), the gaugino 00 0.5 19 15 2l
masses will be nonuniversal over a greater range of param- @/
eter _space thgn in te-1l orbifqld mO(-ieI discussed in the FIG. 3. Electron and neutron EDM allowed regions for the
previous section, apd may proylde fqr interestB effects. | vava-witten scenario Wittm,,=500 GeV, 6=0.5, ey=0.9,
However,l we .restrlct our consideration to the overall modu-, 4 tanB=2 shown in thap,-¢»_plane. The dotted area shows the
lus case in this paper, and defer the study of more g(:"m':'rarl('egion of phases allowed in tﬁeis scenario. The ¢eldck circles

ized Horva-Witten scenarios to a future study. and green(grey) blocks denote points allowed by tleEDM and
nEDM, respectively. The values ¢B| and|u| are fixed by radia-
B. Results tive electroweak symmetry breaking.

0.5

In our analysis of possibl€P effects in the Hoava- 4 oved by the electron EDM, in direct analogy with the

Witten scenario we proceed along similar lines as in@hB  jj310n-dominated scenario in the perturbative heterotic
orbifold models. However, in principle there is an important ., s4els discussed in RefL8].

difference in that the string scale is not fixed to the value
Mguing=5X 10" GeV as in the heterotic case, but can take
any valug[14], includingM ¢ (which we choose for simplic-

ity). We start from the free parametens;,, 6, and e, A. Theoretical framework

Wr?'Ch’ N cog”nbm%non W.'th tEe twf(t)blndeﬁendent complex  \ye now turn to another example of a new class of mod-
phasess andar, determine the soft breaking parameters aly g - ihe four-dimensional type IIB orientifold models with

the string scale. All soft terms are subsequently RGEN:1 supersymmetry19—23. These models are based on
e_vlo Ived fromMying dovlvn Ito trée electrrc])weak. ical(lel anﬁ par- Ehe type 1B (closed striny theory compactified on orienti-
ticle masses are calculated together with all physica olds, which are orbifold compactifications accompanied by

CP-violating phases. We cons_ida' and_,u to be indepen_— an additional worldsheet parity operation. The consistency of
dent parameters, although their magnitudes are numerlcallt)lz]e theory requires the addition of open striftgpe ) sec-

deteLmlnedhfro? the requirement of radlat||ve Symmr?trytors, with the open strings ending on Dirichlet D-branes. It is
breaking. The phase gi is varied independently as another 5 ant to note that orientifolds are illustrative of a much

free parameter of the model. _ larger class of models in the type | picture, containing more
The relative phase between the universal valudd aind general configurations of nonperturbative objedts.g.

A determines the physic& P-violating phases of the SOR 5 jyrane hound statein more general singular backgrounds
parameters at the string scale. It is obvious that its value I%e.g., conifoldg43]).

restri_ct(_eq by the allowed ra_ngesqfand 0; for example, in The number and type of D-branes required in a given
the limiting cases when either sihor cosf are zero, the 4qe| depends on the details of the orientifold group; how-
relative phase is zero at the string scale. The additional résyer in the most general case for compact Abelian orbifolds
quirement of positivem’ values also restricts the allowed {here js one set of nine-branes and three sets of five-branes
regions ofey and 6. As a result, it is difficult to obtain large (5), in whichi labels the complex coordinate of the internal
phases of the\ parameters at the electroweak scalea@s gpace included in the five-brane world-volume. Gauge
and ay are varied from zero to 2. In Fig. 3 we show the 4rops are associated with each set of coincident D-branes.
points allowed by the electron and neutron EDM's in a typi-These models are constructed utilizing perturbative tech-
cal example o_f this scenario withs,,= 500 GeV,e=0.9,  pjgques. However, because of the type | heter&tiduality,

and =0.5. Since the gaugino phases are identically zergne type 1B orientifold models have heterotic duals; the het-
and the range ofp, is severely restricted by correlations erotic duals are perturbative for orientifold models with only
betweenA and M at the string scale, the cancellations arenine-branegsuch as theZ; orientifold [19]), but nonpertur-
insufficient in this particular scenario. Therefore, only a verybative in the more general case with additional sets of five-
small fraction of thep u~Pa, Parameter space leads to modelsbranes(such as orientifolds with order-two twisf&0]).

V. SOFT BREAKING TERMS IN TYPE | MODELS
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The chiral matter fields also arise from open string sectorgroup is embedded in a single D-brane sector, the pattern of
and can be classified into two categories. The first categorthe gaugino masses resembles that of the tree-level gaugino
are fields which arise from open strings which start and endnasses in the weakly coupled heterotic models studied in the
on the same type of D-branes. These fields are thereforgrevious section. For example, if the SM gauge group is
charged under only thégenerically non-Abelian gauge embedded within the nine-brane sector, this can be seen from
group of that set of branes, typically in the fundamental orthe similarity between Eq(16) and the corresponding tree-
antisymmetric tensor representations. The second class tdvel expression fofin the perturbative heterotic mode;
fields originate from open strings which start and end orthe situation is similatwith the corresponding modulus field
different types of branes and hence are charged under thg playing the role of the dilatonif the SM arises from a
two associated gauge groups. In this case, the states are Bingle 5 brane sector.
fundamental representations under the associated two gauge However, if the SM gauge groups arise from distinct
groups from the two D-brane sectors. In the closed stringd-brane sectors, there is the possibility of nonuniversal
sector, there are the dilat@and moduli fieldsT; , as wellas  gaugino masses at the tree-level, which can be seen from Eq.
the twisted sector moduli, which play a role in the cancella<(16). This feature was not possible in the perturbative het-
tion of the anomalous (A)'s generically present in these erotic models discussed in the previous sections, and is in-
models[44]. teresting from the point of view of obtaining new patterns of

A recent investigation shows that the phenomenologicahontrivial relative phases in the soft terms.
propertiegincluding the possibilities for gauge coupling uni-  To explore this possibility, we consider toy models of soft
fication) [21] of these models are quite distinctive from thoseterms derived with the assumption that the(Sand SU2)
of the perturbative heterotic models. In particular, the stringgauge groups arise from different five-brane seéttos ex-
scale is not fixed close tMpa,cc @s in the weakly coupled ample, 5 and 5,). The possibilities for the embedding of
heterotic case, but rather can take lower values. The implit(1), are then restricted by phenomenological criteria. For
cations for electroweak scale physics also crucially dependxample, an important constraint is that the MSSM particle
on the nature of the embedding of the SM gauge group int@ontent contains the quark doublet states, which are charged
the different D-brane sectors. under all of the gauge groups; this fact restricts U(19

The soft supersymmetry breaking terms obtained whemrise from the % and/or 5 sectors, as the matter fields of
the dilaton and moduli fields are responsible for the breakthese type | models are at most charged under the gauge
down of supersymmetry can be determined using the paragroups oftwo D-brane sectors. In this paper, we choose for
metrization of theF-component VEV's(following Refs.  simplicity to restrict our consideration to simplified scenarios

[11,21)): in which U(1), resides in either the 5or the 5, sector'°
o Depending on the details of the hypercharge embedding, the
FS=3(S+S*)my;singe'“s, remaining MSSM states may either be states witickanal-
, , ogy with the quark doubletsare trapped on the intersection
F'=3(T;+ T} )my,cos00;€'“, (15  of these two sets of branes, or states associated with the

single § sector which contains U(%) In any event the
in which ®; are generalized Goldstino anglésith =07  natural starting point for constructing models with these fea-
=1). The soft terms can then be compuf@l] with the  tures are orientifolds which realize identical GUT gauge
knowledge of the structure of the Yukawa superpotentiagroups and massless matter on two sets of intersecting
couplings[19,20 and the tree-level Kaer potential and 5-branes. The existence of such symmetrical arrangements is
gauge kinetic function$21], which have also been deter- often guaranteed by duality. For example, Shiu and Tye
mined for this class of models. [22] have exhibited an explicit model which realizes the Pati-

For the purposes of studying the phase structure of th&alam gauge fields of SU(X)SU(2), X SU(2)r and identi-

soft terms, we note that the gauge kinetic functions detereal chiral matter content on two sets of 5-branes. Additional
mined in Ref.[21] take the form Higgs breaking of the symmetry through the Higgs mecha-

f9=S,

®We could also assume that one of the gauge groups arises from
f5i:Ti ! (16) the nine-brane sector. It was noted in R&fl] that it may be more
difficult to obtain consistent unification of the gauge couplings at
which demonstrate that the dilaton no longer plays a univertne GUT scale in this case. Although this point is not crucial for the
sal role (as the moduli dependence now occurs at the treepurposes of this study, we choose the case of embedding the SM in
level) as it did in the perturbative heterotic case. In particu-the five-brane sectors for the sake of definiteness.
lar, the structure of Eq16) illustrates a distinctive feature of ~ °Although it is not clear if such special cases can be realized in
this class of models, which is in a sense there is a differenéxplicit orientifold models, we note that in the models that have
“dilaton” for each type of brane. been constructed to date in which the SM non-Abelian gauge
This fact has important implications in this class of mod-groups can arise from different D-brane sectors, the hypercharge
els both for gauge coupling unificatig@1] and the patterns gauge group is in general a linear combination of gauge groups
of gaugino masses, which strongly depend on the embeddingyising from the two sectors. We thank Gary Shiu for a discussion
of the SM gauge group. In the case in which the SM gaugef this point.
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nism and modding by discrete symmetries could then in prin-
ciple produce the asymmetrical structures outlined above.

In this scenario, the soft scalar masses can take the form
(see the general formulas in R§21]):

3
mZ 5, = M3, 1—§(sin20+cos’-0®§) :

Mg, =m3(1-3 co$003). (17)

In the case with U(1) and SU3) from the 5 sector, the
SU(2) doublet states clearly arise from open strings stretch-
ing between the two D-brane sectors, while the(Bsin-

glets can either be states of the same type or states associated
with the 5, brane sector only. The gaugino masses and
terms take the form

M= /3my,c0800 8 ' 1=M3=—A o, 4,

M, = /3m;,c0S00 e~ 2, (18

and hence the relations among the phasesf the gaugino
mass parameterl; are ¢1= p3# ¢,. Similar expressions

apply for the case in which U(%)and SU2) are associated 0. . 1.0

with the same five-brane sector; in this case, the relations o,/m

among the phaseg of the gaugino mass parameters are )

©1= .7 ¢3. In these models, the solution to teproblem FIG. 4. Electron(black circle$ and neutror(grey blocks EDM

is not certain, and henge andB are free complex param- allowed regions for the Type | orientifold models witims,
eters in the analysifalthough their phases are as usual re-— 150 GeV.0=0.4,0,=0.9 and tapg=2. In frame(a) the values

. - f Bandu are assumed to be independent and their magnitudes are
lated by the Peccei-QuinfPQ symmetry of the MSSM su- ° s P 9
perpotgntiai,l Q Q sy y set to|B|=100 GeV and|u|=600 GeV. Frameb) shows the

results for th when electroweak symmetry i m
Due to the absence of quasirealistic type | models as y £su ts for the case when electroweak symmetry is assumed to be

(despite continued progress in model-building techniquesroken radiatively.

[19,20,22), it is not certain whether this type of SM embed-

ding can be realized in an explicit orientifold model. There-=1,2,3, which are related b@3+ 03+ @3=1, as well as
fore, we emphasize that these models should be interpretéde two phasesy; and a,. We avoid configurations with
as toy models which illustrate new possibilities for the pat-negative scalar mass squares and also assumedthad
terns of soft breaking terms in this new class of four-(indicating that the modulu$; associated with the Sbrane

dimensional superstring models. sector plays no role in supersymmetry breaking, and thus is
essentially decoupled from the observable sgctéfe also
B. Results treatB and u as free parameters, as they are not determined

in this scenario. In addition, we explore the phenomenologi-

Our numerical analysis of the type | models closely fol- .oy motivated scenario in which the electroweak symmetry
lows the approach adopted for the ldea-Witten scenarios. s proken radiatively as a result of RGE evolution of the

In the type | models, the string scale is not fixed; for the SakEHiggs boson masses?_andm? . As the minimization con-
of simplicity, we assume the string scale and the GUT scale : 1 2
itions are imposed at the electroweak scale, the values of

coincide, and that the gauge couplings unify at this scale. e 5 i
is beyond the scope of this paper to consider all possibilitiesS# and| |* can be expressed in terms of fgrandM [45].

and we refer the reader to a comprehensive discussion of thid0OWeVver, even under these assumptignsis still an inde-
issue and its implications for gauge coupling unification inPendent parameter.

Ref. [21]. Thus, in the first model we consider with €Y In frame (&) of Fig. 4, we show the results fomg,
and U(1), arising from the same brane sector, the boundary= 150 GeV, §=0.4, and®,=0.9. As in the previous case
conditions(17) and (18) are implemented at the GUT scale, of orbifold models we fix tafB=2, .although different yalues
and the parameters are subsequently evolved down to t¥ tanB have been explorett.In this case we do not impose
electroweak scale. Here, as in the previous cases, we assuff¢ condition of correct radiative electroweak symmetry
the MSSM particle content for the RGE running and no in-

termediate scale effects between the GUT scale and the elec-

troweak scale. The sparticle masses and @Hviolating Wwe do not consider large values of tanas new types of con-
phases depend on the free parameters,, 6, O;, i tributions can become importaf#6].
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breaking, but rather assuni and u take the valuegB|
=100 GeV andu|=600 GeV. We find here, remarkably,
that in order to satisfy the experimental constraints on the
electron and neutron EDM'’s in this model, the large indi-
vidual contributions from chargino, neutralino, and gluino
loops do not have to be suppressed by sr@dt phases. A
cancellation between the chargino and neutralino loop con-
tributions thus causes the electron EDM to be acceptably
small. As emphasized in Ref6], the contributions to o
chargino and neutralino diagrams from gaugino-Higgsino \?M
mixing naturally have opposite signs and the additiopal &
dependence of the gaugino exchange contribution to the neu- &
tralino diagram can provide for a match in size between the

chargino and neutralino contributions. The importance of the

gaugino exchange diagrams increases for large valugs of

©,/T=0 /1

and allows the cancellation to take place for a wider range of 3 13 ]
¢, values. In the neutron case, the contribution of the 310

chargino loop is offset by the gluino loop contributions to the .

electric dipole operatoO; and the chromoelectric dipole 0.5 ]
operatorO,. Sincep,= ¢4 in this scenario, the gluino con- 0.0 8 ‘ J
tribution automatically has the correct sign to balance the 0.0 0.5 1.0 1.5 2.0
chargino contribution in the same region of gaugino phases 9/

which ensures cancellation in the electron case. This simple _ _
and effective mechanism therefore provides extensive re- FIG. 5. lllustration of the overlap between _the regions allowed
gions of parameter space where the electron and neutrd?'y the electron EDM(denoted by the black cwcl)aand neutron

EDM constraints are satisfied simultaneously while allowingEPM (denoted by the grey blocksonstraints. We chooseng,
for O(1) CP-violating phases. =150 GeV,#=0.4 and tarB=2, and impose radiative EW sym-

If electroweak symmetry is assumed to be broken radiaMetry breaking. Allowed points are shown ft& ©,=0.95, (b)

tively, the resulting value off| is somewhat smaller. In our ©1=0-9, and(c) ©;=0.8.
particular case with the remaining parameters unchanged
|| ~350 GeV. The ranges of allowe@P-violating phases the EDM values for the allowed points in the case®f
are shown in Fig. &). Here also the electron and neutron =0.9 with all the other parameters set to the same values as
EDM allowed regions overlap substantially although thein previous discussion of Fig. 4. This indicates that if the
range ofg , is slightly reduced. However, the general picture CP-violating phases indeed originate from this type of
is valid, and low energy models with light superpartner mas$-brane Cor?fki)guratioay n?]nzero me;sured vaIlL)Jes for bO(;h
spectra and largeC P-violating phases can be obtained EDM’s much bigger than the SM prediction can be expected.
within this framework, even including the constraint of elec-
troweak symmetry breaking. 10.0

The cancellation mechanism in this scenario provides a
large range of allowe@ P-violating soft phases and requires
a specific correlation betweep,, and ¢;=¢3 as shown in
Fig. 4. To demonstrate the coincidence of the regions al-’g‘ Te e
lowed by the experimental constraints on the EDM’s, we o . o 0 %
choosems,=150 GeV, §=0.4, and tai8=2, which leads o« 0,°% _°

- ° ™ °
to a reasonably light superpartner spectrum. In Fig. 5, wez o0 {-_- _-"_- 4"
plot the allowed regions for both electron and neutron EDM g " of
depending on the values 6f; and®,= \/1—6)21 while O3 b ° :'- °
is set to zero. Framé), where®,=0.9, shows a very pre- %, [ o« o°
cise overlap between the electron and neutron EDM allowec =, 507 |
regions. In framega) and (c), we set®;=0.95 and®, °©
=0.8, respectively; in these cases the alignment between th
EDM allowed regions is spoiled and only small 00 b e .
CP-violating phases are allowed. &g 0 4.0 L= —
. . . ©,/T=0,/T

It is also interesting to observe that the actual values of
the electron and neutron EDM’s for the allowed points inthe  FIG. 6. Range of the electron and neutron EDM valuespys
phase parameter space are typically slightly below the ex= ¢, predicted by Eqs(17) and(18) for the parameters of Fig (.
perimental limit and should be within the reach of the nextAll of the points are allowed by the experimental bounds on the
generation of EDM measuring experiments. In Fig. 6 we plotEDM'’s (note the different scales for tt@=DM and nEDM).

035005-12



SUPERSTRING THEORY ANDCP-VIOLATING . .. PHYSICAL REVIEW D 62 035005

However, the other orientifold modgh which SU2) and  and models based on Fora-Witten theory(in the overall
U(1)y arise from the % brane sectdrdoes not allow for modulus limi), as the gaugino masses are universal at tree
large phase solutions. The reasons for this behavior are simievel. However, our analysis demonstrated that this scenario
lar to that of the Homva-Witten scenario: we can use the can be achieved naturally within type | string models, where
U(1)g symmetry of the soft terms to pygt,= ¢, =0, which f[he tree-level gauginp masses may be nonuniversa} depend-
severely limits the possibility of cancellation between theind on the embedding of the SM gauge group into the
chargino and neutralino contributions to the electron EDM.D-brane sectors.

The effect of, alone is not enough to offset the potentially e found that within type | string models in which &)
.‘PAG L g P y nd U(1), arise from one five-brane sector and(3larises
large chargino contribution and only a very narrow range o rom another set of five-branes, the cancellations among dif-

values ofg, (close to O, .. .) passes the electron EDM forant contributions to the EDM's occur over a remarkably
constraint. Hence, except at isolated points in the parametgy, o range of parameter space. In this scenario, the typical
space of this model, trl% phases must be at or below the, o5 of the electric dipole moments are not much smaller
traditional bound= O(10") to satisfy the EDM constraints o the current experimental limits. Equally remarkably, if
without assuming large sparticle masses. we alter the SM embedding such that(@Wand U(1), arise
from the same set of branes, the EDM constraints exclude
large phase solutions.

In this paper, we have investigated the possibility that the hThe results Ipresentedl in this pr;‘lper glustrﬁte that Igrge Zotf)t
soft breaking terms derived in classes of superstring modelR"2S€s are at least consistent with, and perhaps motivated by,

have largeC P-violating phases that satisfy the phenomeno—some string models. Most importantly, the analysis demon-
logical bounds on the electric dipole moments of the electrorptrates FI?IOW Vll’e m?y bﬁ a_ble tollealrn abfexten r(;onpelr:tur—
and neutron through cancellations. The analysis builds on thg2tiv® Planck scale physics using low-energy data. For ex-

work of Refs.[5] and[6], who demonstrated that this effect ample,. if the phasgs of the soft breaking parameters are
can allow for viable points in the MSSM parameter Spacedetermlned from collider superpartner data, or measuré&d at
ctories, and found to be large, we have seen that they may

: : BN

th large phases and light erpartner masses, providin ! . ) .
g rge pnases 'GNL SUPETPaTner Masses, provic growde guidance as to how the SM is to be obtained from
four-dimensional compactifications of string theory.

VI. CONCLUSIONS

for an alternate resolution to the supersymme@ie prob-
lem.

Sufficient cancellations among the contributions to the
EDM'’s are difficult to achieve unless there are large relative
phases in the gaugino mass parameféis This feature L.E. thanks M. Cvetidor many informative discussions
strongly depends on the string model under consideratiorand suggestions, and for helpful comments on the manu-
for example, large phases consistent with the EDM conscript. This work was supported in part by the U. S. Depart-
straints are disfavored in perturbative heterotic string modelsnent of Energy Contract No. DE-AC02-76CH03000.
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