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Superstring theory and CP-violating phases: Can they be related?
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We investigate the possibility of largeCP-violating phases in the soft breaking terms derived in superstring
models. The bounds on the electric dipole moments~EDM’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 considered:~i! orbifold compactifications of perturbative heterotic string theory,~ii ! scenarios
based on Horˇava-Witten theory, and~iii ! type I string models~type IIB orientifolds!. 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 Horˇava-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 withO(1) phases consistent with the phenomenological bounds. However,
there is a possibility of nonuniversal gaugino masses at the tree level in the type I 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 number~s!: 12.60.Jv, 11.25.Mj, 11.30.Er, 12.10.Dm
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I. INTRODUCTION

A central issue to be addressed in supersymmetric th
ries is the origin and dynamical mechanism of spontane
supersymmetry breaking. In supersymmetric extensions
the standard model~SM! such as the minimal supersymme
ric standard model~MSSM!, the effects of the unknown dy
namics of supersymmetry breaking are encoded by ad
terms to the Lagrangian which break supersymmetry exp
itly; these terms depend on a considerable number of par
eters which can be considered as independent of the phe
enological analysis of the model. For example, the m
general set of soft supersymmetry breaking parameters in
MSSM, which is defined to be the minimal supersymmet
extension of the SM with the standard Higgs sector and c
servedR parity, includes 105 masses, mixing angles, a
phases~not counting the gravitino mass and coupling! @1#.
From the phenomenological point of view, this large numb
of parameters can be cumbersome but not otherwise p
lematic, as it is for experiments to measure and for the
derlying theory~for example, superstring theory! to predict
the values of these parameters. Phenomenological ana
aid in this process both for experimentalists and theorists
serving as a helpful guide to the allowed regions of para
eter space, and are crucial from the experimental side s
almost none of the Lagrangian parameters are dire
measured.

Because of the large number of parameters of the
breaking Lagrangian, restricted sets of parameters are o
chosen to simplify the analysis. While this approach is s
sible, it is important not to exclude possibly allowed regio
of parameter space based on potentially misleading theo
cal assumptions. An example is the conventional statem
of the supersymmetricCP problem, which is that the
0556-2821/2000/62~3!/035005~14!/$15.00 62 0350
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CP-violating phases in the MSSM~which arise in the soft
breaking Lagrangian and in the phase ofm) are individually
constrained to be less thanO(1022) for sparticle masses a
the TeV scale by the experimental upper limits for the el
tric dipole moments of the electron and the neutron@2–4#.
Based on this argument, theseCP-violating phases have tra
ditionally been set to zero in phenomenological analyses

However, a recent reinvestigation of this issue@5,6#, see
also Ref. @7# has demonstrated that cancellations betwe
different contributions to the electric dipole moments c
allow for regions of parameter space with phases ofO(1)
and light sparticle masses that satisfy the phenomenolog
constraints, contrary to conventional wisdom. If these pha
are in fact nonzero~which future experiments will need to
determine!, they can have important effects on many phy
cal observables, and thus on the extraction of the value
the soft supersymmetry breaking parameters from exp
mental measurements@8#. A thorough numerical analysis in
cluding the seven significant phases@6# indicates that the
cancellations can only occur for the large phase solution
the various soft breaking parameters satisfy particular
proximate relations. Such relations may provide clues to
dynamical mechanism of supersymmetry breaking, a
hence to the form of the underlying theory.

As superstring theory is the best candidate for the und
lying fundamental theory of all interactions, it is desirable
investigate the phase structure of soft supersymmetry br
ing terms that can arise in classes of four-dimensional su
string models. In this paper, we address the question
whether the relations among the soft breaking parame
derived in these models allow for large phases that satisfy
electric dipole moment constraints via the cancellations.

CP is a discrete gauge symmetry in string theory, a
thus can only be broken spontaneously@9#. If this breaking
©2000 The American Physical Society05-1
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occurs via the dynamics of compactification and/or sup
symmetry breaking, then the four dimensional effective fi
theory will exhibit explicitCP-violating phases. The origin
of supersymmetry breaking in string theory remains an
resolved issue, though it is known to be nonperturbat
However, progress in addressing the low-energy implicati
of supersymmetry breaking in string theory can be made
utilizing the phenomenological approach of Brigno
Ibáñez, and Mun˜oz @10#. In this approach, the degrees
freedom involved in supersymmetry breaking are assume
be the dilatonS and ~untwisted! moduli Tm , which are su-
perfields generically present in four-dimensional string m
els. The effects of the unknown nonperturbative dynam
that break supersymmetry are then encoded in theF compo-
nent vacuum expectation values~VEV’s! of these super-
fields. These VEV’s are conveniently parametrized in ter
of Goldstino angles, which denote the relative contributio
of each field to the supersymmetry breaking process.
phases~if nonzero! of theF-component VEV’s of the dilaton
and moduli provide the main sources forCP-violating
phases in the soft terms. Whether or not these VEV’s h
sizeable phases is a dynamical question that cannot be
dressed within this framework, and hence these phases
treated as independent parameters in the analysis. It is
portant to note that to obtain the traditional resolution to
supersymmetricCP problem in a natural manner, dynamic
principles are required which guarantee that not only
phases of theF-component VEV’s but also the phase ofm
~which in principle has a different origin! are zero or negli-
gibly small. While arguments for such principles exist~pri-
marily within the context of perturbative heterotic strin
models!, our strategy has been that it will be experimen
information that is likely to play an important role in dete
mining or constraining the values of these parameters.

Within particular classes of four-dimensional string mo
els, the couplings of the dilaton, moduli, and matter fields
calculable, which leads in turn to a specific pattern of s
breaking parameters at the string scale~as a function of the
unknownF-component VEV’s, which serve as input param
eters!. In our analysis of the phase structure of the soft bre
ing terms, we use the renormalization group equati
~RGE’s! to obtain the values of the parameters at the e
troweak scale and subsequently compute the electric di
moments~EDM’s! of the electron and neutron. In the anal
sis, it is important to note that the general results of Ref.@6#
illustrate that sufficient cancellations among the various c
tributions to the EDM’s are difficult to achieve unless the
are large relative phases in the gaugino masses. Furtherm
the phases of the gaugino mass parameters do not ru
one-loop order, and thus at the electroweak scale only d
ate from their string-scale values by small two-loop corr
tions. Therefore, the possibility of viable large phase so
tions crucially depends on whether nonuniversal gaug
mass parameters are predicted within a given string mod

Following Refs. @10–12#, we first consider models de
rived from weakly coupled heterotic string theory in orbifo
compactifications@13#, and focus on the case in whichSand
one ‘‘overall modulus’’ fieldT participate in the supersym
metry breaking. In these models, the dilatonF term leads to
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universal gaugino masses at tree level; however, the mod
field T does provide a nonuniversal contribution at one-lo
order~although loop-suppressed!. We thus focus on a gener
alized version of theirO-II scenario, with arbitrary phase
for S and T, and consider the moduli-dominated limit. W
find that the phase structure of the soft terms does allow
small regions in the parameter space for which the ED
constraints can be satisfied with large phases, and tha
results may depend on the particular~model-dependent! so-
lution employed for them problem. This fact is very encour
aging, as it suggests such analyses may help us learn how
m problem is solved.

We next consider the soft breaking terms which arise
newer classes of four-dimensional string models, includ
the Hořava-Witten scenarios, and models within the gene
perturbative type I string picture. In contrast to the weak
coupled heterotic models, the calculational and mod
building techniques in each of these scenarios are at e
stages, and there is as yet no quasirealistic model. Howe
recent studies have indicated that the phenomenolog
properties of these classes of models, including the patt
of the soft supersymmetry breaking parameters, can be q
distinctive from those of the perturbative heterotic mod
traditionally studied in superstring phenomenology.

We first consider models based on the Horˇava-Witten
theory @14# ~11-dimensional supergravity compactified on
Calabi-Yau manifold times the eleventh segment! in which
the observable sector gauge groups arise from theE8 gauge
group on one of the ten-dimensional boundaries, for wh
the soft terms of the effective supergravity theory@15# have
been computed@16,17#. In contrast to the perturbative he
erotic case, both the dilaton and modulus fields contribute
the gaugino masses withO(1) coefficients. However, in the
limit in which only the overall modulusT contributes to
SUSY breaking, the gaugino masses are universal in
scenario. Hence, significantCP-violating phases in the sof
terms consistent with the phenomenological bounds are
allowed over the majority of parameter space~the situation is
analogous to that of the dilaton-dominated limit of perturb
tive heterotic orbifold models studied in Ref.@18#!.

However, within the more general type I string pictu
@19–22#, there is the possibility of nonuniversal gaugin
masses at tree level, which has important implications for
possibleCP-violating effects. As an illustrative example o
models within this framework, we focus on the fou
dimensional type IIB orientifold models, in which consi
tency conditions~tadpole cancellation! require the addition
of open string~type I! sectors and Dirichlet branes, upo
which the open strings must end. The patterns of the
supersymmetry breaking terms arising in this class of mod
crucially depend on the embedding of the SM gauge gro
into the D-brane sectors. In particular, nonuniversal gaug
masses can be obtained at tree-level if the SM gauge gro
are embedded in two distinct D-brane sectors, in direct c
trast to the perturbative heterotic orbifolds and the Horˇava-
Witten scenarios described above. Our analysis indicates
within a minimal model in which SU~3! and U(1)Y @but not
SU~2!# arise from the same D-brane sector, the necess
cancellations between the contributions to the EDM’s oc
5-2
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SUPERSTRING THEORY ANDCP-VIOLATING . . . PHYSICAL REVIEW D 62 035005
over a wide range of parameter space. The results of
study illustrate that as viable large soft phases depend
how the SM is embedded and how them problem is solved,
etc., we may be able to learn about~possibly nonperturba
tive! Planck scale physics using low energy data.

This paper is structured as follows. In Sec. II, we brie
review the method and results of the general EDM calcu
tion of Refs.@5,6#, with an emphasis on issues relevant f
our analysis. We present the analysis of the soft break
terms from the perturbative heterotic orbifold models in S
III. In Sec. IV, we consider the Horˇava-Witten scenarios, an
in Sec. V, we analyze the type I models. Finally, we pres
the summary and conclusions in Sec. VI.

II. ELECTRIC DIPOLE MOMENT CALCULATION

The purpose of this paper is to examine whether the~com-
plex! soft breaking parameters which can arise in classe
string-derived models can satisfy the phenomenolog
bounds from the EDM’s by cancellations. We build upon t
recent calculations of the electric dipole moments presen
in Refs.@5# and@6#. In this section, we briefly summarize th
framework and results of these calculations, and comm
upon the issues to be addressed in our analysis of str
motivated models of the soft breaking parameters.

It is well known that in~softly broken! supersymmetric
theories withCP-violating phases ofO(1), superpartner ex-
change at the one-loop level can lead to contributions to
electric dipole moments of the fermions which can exce
the experimental upper bounds@2–4#. As previously men-
tioned, the traditional resolution to this problem has been
constrain the phases to be less thanO(1022) ~which can be
interpreted as fine-tuning!, or assume heavy sfermion mass
~which can violate naturalness!. However, the issue was re
investigated first by Ref.@5#, and subsequently in Ref.@6#, in
which the EDM’s were computed using an effective theo
approach in which the contributions from chargino, ne
tralino, and gluino loops to the relevant Wilson coefficien
were determined numerically. In their work, the main e
phasis was on the possibility of cancellations between
various contributions to the Wilson coefficients. This mech
nism can allow large values of the phases to give contri
tions consistent with the experimental bounds on the va
of the electric dipole momentsde , dn of the electron and the
neutron, respectively. The current limits for the neutr
EDM require that@23#

udnu,6.3310226e cm, ~1!

at 90% confidence level, and for the electron EDM@24#

udeu,4.3310227e cm, ~2!

at 95% confidence level.
In @6#, a general set ofCP-violating phases is assume

For simplicity, the phases of the off-diagonal terms in t
scalar mass matrices are neglected, as the impact of t
phases on physical observables may be suppressed b
same mechanism required to suppress flavor changing
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the results qualitatively. The phases included in the anal
are thus the phases of the gaugino massesM1,2,3, the phases
of the m term and the associatedb5Bm parameter, and the
phases of theA parameters associated with the trilinear sca
couplings. However, as noted in Refs.@25,6,26,27# and ref-
erences therein, not all of these phases are physical du
additional approximate global U~1! symmetries of the
MSSM Lagrangian which can be promoted to full symm
tries by treating the parameters as spurions charged u
those symmetries. The result is that there is the freedom
rotate away one of the phases in the gaugino mass secto
also to setb ~and the VEV’s of the Higgs doublets! to be real
at the electroweak scale without loss of generality. The ph
w2 of the SU~2! gaugino massM2 is set to zero in the pa
rametrization choice of Ref.@6#, and hence the relevan
phases in the analysis arew1 , w3 of the U(1)Y and SU~3!
gaugino masses,wm , wAu

, wAd
, wAt

, andwAe
~in self-evident

notation!. Note that in minimal supergravity-inspired mode
as studied in Ref.@5#, the gaugino masses can be taken to
real without loss of generality, and then there are only t
relevant phases, a commonwA andwm .

As m andB ~and their phases! are relevant in the analysis
the results will in general depend on the solution to them
problem. In string models, the ‘‘bare’’m term is absent in
the superpotential, since the fields are massless at the s
scale, and there are several possibilities for the generatio
an effectivem term ~either in the superpotential or in th
Kähler potential@28#! without invoking additional gauge sin
glet matter fields; we refer the reader to Refs.@10,29# for
further discussions of this issue. The results for the phas
m and that of the associatedB term strongly depends on
which solution~or in fact if both mechanisms are present! is
preferred in a given model. Since these issues are hig
model dependent, an additional possibility is to treat
phases ofm andB as independent parameters; their mag
tudes are naturally constrained by the requirement of cor
electroweak symmetry breaking. This sensitivity to the w
m is generated is a very positive feature, since it implies t
data on the phases may help determine experimentally
m is generated.

The general results of Ref.@6# demonstrate that sufficien
cancellations among the various contributions to the EDM
are difficult to achieve unless there are large relative pha
in the soft masses of the gaugino sector. This feature is
to the approximate U(1)R symmetry of the Lagrangian of th
MSSM @25#, which allows one of the phases of the gaugi
masses to be set to zero at the electroweak scale without
of generality @25,6,26,27#. Furthermore, the phases of th
gaugino mass parameters do not run at one-loop order,
thus at the electroweak scale only deviate from the stri
scale values by small two-loop corrections. Therefore, if
phases of the gaugino masses are universal at the s

1For our purposes, this statement indicates that we do not cons
Kähler potentials with off-diagonal metric; for further discussio
of this issue see, e.g., Refs.@10–12#.
5-3
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scale, they will be approximately zero at the electrowe
scale @after the U(1)R rotation#. Cancellations among th
chargino and neutralino contributions to the electron ED
are then necessarily due to the interplay between the ph
of Ae andm. The analysis of Ref.@6# demonstrates that can
cellations are then difficult to achieve as the pure gaug
part of the neutralino diagram adds destructively with
contribution from the gaugino-Higgsino mixing, which i
turn has to cancel against the chargino diagram. As a re
the cancellations are generally insufficient, and hence in
case over most of the parameter space the phases of the
soft breaking parameters as well as them parameter mus
naturally be&1022 ~the traditional bound! @3# unless the
sfermion masses are greater thanO(TeV).2

Therefore, the possibility of largeCP-violating phases in
the string-motivated models of soft breaking terms we c
sider depends significantly on whether the gaugino ma
are allowed to have large relative phases~i.e., if they are
nonuniversal!. It is important to note that the gauginos can
degenerate~or nearly degenerate! in mass at the string scal
and have different phases; in practice, we find examp
where this holds. In the next sections, this feature will
displayed explicitly in the analysis of the soft breaking p
rameters in three classes of four-dimensional string mod

III. SOFT BREAKING TERMS IN PERTURBATIVE
HETEROTIC SUPERSTRING MODELS

A. Theoretical framework

In the analysis of Refs.@10,11#, the primary assumption is
that supersymmetry is broken by a combination of the d
ton field S and the moduliTm present in generic four
dimensional string models. These fields have a vanish
~perturbative! scalar potential and gravitationally suppress
interactions with the fields of the observable sector, and t
are natural candidates to play a role in the breakdown
supersymmetry.

In classes of four-dimensional models derived from p
turbative heterotic superstring theory, the Ka¨hler potentialK,
gauge kinetic functionf a ~wherea labels the gauge groups!,
and superpotentialW are calculable~generally to one-loop
order3! in string perturbation theory. The calculational tec
niques have been particularly well developed for the cas
orbifold compactifications~see, for example, Refs.@13,30#!.
However, the nonperturbative contributions to the Ka¨hler po-

2We note that this situation is precisely that of the minimal sup
gravity case studied in Ref.@5#, as the gaugino masses are univer
in this scenario. In this case, a heavy superpartner spectrum i
quired to exhibit regions of parameter space with large phases
sistent with the phenomenological bounds on the EDM’s.

3Due to the holomorphicity of the superpotential and the~Wilso-
nian! gauge kinetic function, nonrenormalization theorems im
these functions do not receive higher-loop corrections. Howe
the Kähler potential does receive loop corrections, and thus is
least well-determined function of the string theory effective acti
For further details, see Ref.@30#, and references therein.
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tential and the superpotential, which play a crucial role
supersymmetry breaking, remain uncertain. In the absenc
the knowledge of how supersymmetry is broken, the auth
of Ref. @10# proposed an efficient parametrization of the s
breaking terms in terms of the~unknown! F component
VEV’s of S andTm . For example, for the case in which th
fields which break supersymmetry are justSand the ‘‘overall
modulus’’ T associated with the radius of the compactific
tion manifold,4 theF-component VEV’s can be expressed
follows ~assuming no mixing among their kinetic terms!:

FS5A3m3/2~S1S* !eiaS sinu,

FT5m3/2~T1T* !eiaT cosu, ~3!

in which m3/2 is the gravitino mass andaS , aT denote the~in
this parametrization arbitrary! phases.u is the Goldstino
angle, which measures the relative contributions ofS andT
to the supersymmetry breaking; the sinu→1 and sinu→0
limits correspond to dilaton and moduli dominance, resp
tively. The soft terms in the case of general orbifold mod
have been computed in Ref.@10#. The results demonstrat
the advantage of the parametrization~3!, as the soft terms
take on very simple forms when expressed in terms of th
parameters.

We note in passing that in specific scenarios for spon
neous supersymmetry breaking such as gaugino conde
tion in the hidden sector, the form of the nonperturbat
superpotentialWnp(S,T) is known and the values ofFS, FT

can in principle be determined. However, explicit mode
typically suffer from generic problems, including that of th
runaway dilaton and a nonvanishing, negative cosmolog
constant. We choose to follow Ref.@10# and consider the
parameters in Eq.~3! as free parameters, allowing in particu
lar for nonzero values ofaS , aT . Our philosophy is that
experimental information will determine or constrain the p
rameters, thereby leading theorists to recognize how su
symmetry is broken. We comment briefly below on the typ
of parameter ranges foraS , aT encountered in the gaugin
condensation scenarios, and refer the reader to Refs.@10,12#,
and references therein for more comprehensive discussi

As discussed in the previous section, largeCP effects
consistent with the phenomenological bounds on the EDM
generally require large relative phases in the gaugino m
parameters, which implies nonuniversal gaugino masses
general, the source for the gaugino masses is the~field-
dependent! gauge kinetic functionf (S,T), which in pertur-
bative heterotic string theory is independent ofT at tree level
and given by

f a tree5kaS, ~4!

-
l
re-
n-

r,
e
.

4As in Ref. @10#, we consider the overall modulus case both f
simplicity and because theT modulus is always present in gener
four-dimensional string models. We comment later about the im
cations for the purposes of this study of relaxing this assumpt
and refer the reader to Ref.@11# for a discussion of the multimodul
case in the perturbative heterotic orbifold models.
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in which ka is the Kač-Moody level of the gauge group. Thi
expression yields universal gaugino masses, since the dil
couples universally to all gauge groups. However, the o
loop ~threshold! corrections to the gauge kinetic functio
have been computed in orbifold models, and provide for
possibility of nonuniversal gaugino masses. These cor
tions depend onT as follows:

f a1-loop52
1

16p2
~ba82kadGS!log@h~T!#4, ~5!

in which ba8 is a numerical coefficient dependent upon t
matter content of the model,h(T) is the Dedekind function,
anddGS is a coefficient~a negative integer in most orbifol
models! related to the cancellation of duality anomalies
the theory. This coefficient also is important in that it me
sures the amount of mixing between the kinetic terms of
S and T fields, which occurs in the loop corrections to th
Kähler potential.

In the dilaton-dominated limit (sinu→1), the contribu-
tions to the gaugino masses from Eq.~4! dominate the one-
loop corrections from Eq.~5!. Thus, the gaugino masses a
universal in this limit and hence the phases in the gaug
sector can be taken to vanish without loss of generality. I
therefore unlikely that sufficient cancellations will occur
this limit except at exceptional points in the parameter sp
depending on the~model-dependent! solution to them prob-
lem, and thus the traditional solutions to the supersymme
CP problem of either smallO(1022) phases or heavy squar
masses must be invoked to avoid electric dipole moments
the electron and the neutron which violate the experime
bounds. The analysis of the EDM constraints within t
dilaton-dominated scenario has recently been presente
Ref. @18#; their results demonstrate explicitly that larg
phases are disallowed over the majority of the param
space.

Therefore, we are naturally led to consider the modu
dominated (sinu→0) limit and to include one-loop correc
tions tof ~andK, for consistency! to obtain the possibility of
nontrivial phases for the gaugino masses. TheS-T mixing in
the Kähler potential requires a slight modification of the p
rametrization~3! of theF-component VEV’s, which amount
to a redefinition ofaS , aT , andu; a thorough discussion o
this issue is given in Ref.@10#, to which we refer the reade
for details.

An example of this type was presented in Ref.@10# as the
O-II scenario, which is a moduli-dominated scenario
which the one-loop mixing betweenS and T is crucial to
avoid the vanishing of the soft mass-squares of the sc
fields in the sinu→0 limit. In this model, theA terms and
scalar mass-squares are universal, while the gaugino ma
are nonuniversal. The soft breaking parameters take the f

mi
25m3/2

2 ~2dGS!e8,

At,e,u,d52A3m3/2e
2 iaS sinu, ~6!

M35A3m3/2@e2 iaS sinu2~31dGS!ee2 iaT cosu#,
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M25A3m3/2@e2 iaS sinu2~211dGS!ee2 iaT cosu#,

M15A3m3/2Fe2 iaS sinu2S 2
33

5
1dGSD ee2 iaT cosuG ,

~7!

in which e, e8 are numerical factors which depend on t
VEV’s of S and T ~their magnitudes will be discusse
below!.

We do not consider all possibilities for them andB terms,
and refer the reader to Refs.@10,29# for further discussions of
this issue. We instead first analyze the case in which
assume that them problem is solved via an effective cou
pling in the superpotential of the formm(S,T)H1H2 ~in
which m depends only weakly onSandT), and then treatm
andB as independent parameters. In the first case, theB term
is given by

Bm5m3/2F212A3e2 iaS sinu

2S 12
dGS

24p2Y
D 21/2

e2 iaT cosuG , ~8!

in which

Y5S1S* 2
dGS

8p2
log~T1T* !. ~9!

In the O-II scenario described in Ref.@10#, the numerical
values ofe ande8 are taken to be;O(1023), which corre-
sponds to the situation in which the VEV’s of ReS and ReT
areO(1). These values are motivated by the minimization
the scalar potential forS andT that can be derived either in
the gaugino condensation approach@31,32,33# or more gen-
erally imposing the requirements ofT duality on the scalar
potential for the modulus field@33,34#. Within our phenom-
enological approach, we can in principle regard these VE
as free parameters and consequently varye, e8 within rea-
sonable limits; however, we choose in general not to dep
significantly from the case in which the VEV’s areO(1).

In addition, a comment about the phases is in order. W
e8 is a real parameter by definition

e85
1

24p2Y
, ~10!

e is by nature complex@10# if the VEV’s of S and T are
complex, which is of course assumed throughout this pa
to obtain nontrivial values foraS andaT . It is also clear that
the phase ofe and aS,T are correlated, with the particula
relations depending on the nature of the nonperturbative
namics responsible for the breakdown of supersymmetry

In orbifold compactifications within the gaugino conde
sation approach, in which the nonperturbative superpoten
for S and T takes the formW;exp23 f (S,T)/2b @with f (S,T)
the gauge kinetic function andb the beta function of the
gauge group of the gaugino condensate#, the soft breaking
terms have been computed in Ref.@32# and an analysis of the
5-5
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M. BRHLIK, L. EVERETT, G. L. KANE, AND J. LYKKEN PHYSICAL REVIEW D 62 035005
CP-violating phases has been carried out explicitly in Re
@35,36#. The conclusion of Refs.@35,36# is that the properties
of the nonperturbative superpotential@in particular, that theT
dependence of the nonperturbative superpotentialW(T)
;h(T)26# are such that theCP-violating phases of the re
sulting soft terms are negligible. In their analysis, the VEV
of S andFS are assumed to be real; in principle, the deta
depend on the mechanism utilized for the stabilization of
dilaton, which is usually achieved either through nonpert
bative corrections to the Ka¨hler potential or through multiple
gaugino condensates~‘‘racetrack’’ models!. With this as-
sumption and the knowledge of theT dependence of the
superpotential from the form off (S,T), the value of the
phase ofe can be determined. The result is that the gaug
masses are strictly real, as of course are the soft terms w
depend solely onaS ~the issue of the phases ofm andB is
considerably more complicated and model dependent!. This
result may indicate~as is emphasized in Refs.@35,36#! that in
the gaugino condensation approach the phases may be
due to the properties of theT-dependent modular functions
However, it was also noted in Refs.@34,36# that in principle
the superpotential may depend on other modular invar
functions ~such as the absolute modular invariantj (T)# for
which the conclusions about negligibleCP-violating phases
may no longer be valid@36#. We prefer to follow Ref.@10#
and not restrict our consideration to any particular scen
for the supersymmetry breaking, which in turn allows us
explore the possibility of nontrivial phases foraS,T and e,
which we can treat as independent parameters in our an
sis. The contrast between the approaches illustrates the
sibility that a measurement of the soft phases will help
termine how supersymmetry is broken and how to rel
compactification to observables.

B. Results

We start our numerical analysis of the moduli domina
O-II scenario by calculating the soft breaking parameter
the electroweak scale. The boundary conditions of Eqs.~6!–
~8! are to be implemented at the string scaleM string;5
31017 GeV, which in perturbative heterotic string theory
the scale at which the gauge couplings are predicted to u
@37#, and all relevant soft breaking parameters are evol
down to the electroweak scale using two-loop renormali
tion group equations~RGE’s! for the gauge couplings an
one-loop equations for the Yukawa couplings and the s
parameters.5

5The discrepancy between the string scale and the grand un
theory ~GUT! scaleMGUT;231016 GeV ~where the gauge cou
plings appear to unify from extrapolating the measured value
the electroweak scale couplings to higher scales assuming
MSSM particle content! is a well-known problem in perturbative
heterotic string theory with a number of solutions proposed~see,
e.g., Ref.@38#!. In practice, this mismatch between the scales int
duces a small numerical discrepancy into the analysis~unless as in
Ref. @10# intermediate scale matter or some other effect is assu
to be present which solves the problem of the unification of
couplings!.
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The renormalization group analysis and resulting patte
for the low-energy mass spectrum of the soft terms of
O-II scenario~assumingaS,T50) have been presented i
@10,39,40#, to which we refer the reader for further detail
As noted in the previous section, the gaugino mass phase
not run at one loop; this behavior can be disrupted only
higher loop corrections, threshold effects and other poss
corrections@41#. However, the trilinear coupling phaseswAu

,

wAd
, wAt

, and wAe
do run, and they evolve away from th

single universal string scale value at different rates depe
ing on the relevant Yukawa couplings and gauge gro
charges. We perform anR rotation at the electroweak scale
which allows us to set the phase ofM2 equal to zero. The
phase ofm is then determined by the phase of theB param-
eter aswm52wB , so thatBm is real and the Higgs potentia
is not affected by the phases at tree level.

As previously mentioned, we regardm3/2, dGS, u, e, aS ,
and aT as the free parameters of the model. Sincee is
;O(1023) @assuming the VEV’s ofSandT areO(1)#, it is
necessary to consider the smallu ~moduli-dominated! limit
for the gauginos to acquire significant relative phases.
consider a range of numerical values ofu between 1023 and
1021, which in turn requiresm3/2 to be typically greater than
O(TeV) for the soft breaking parameters to have accepta
masses. In addition, if theB term condition~8! is imposed,
such a large mass scale for the gravitino could cause theBm
parameter to be of the same order, which is disfavored
naturalness arguments. One way to avoid this result is
requireaT;p for cosu.1 oraT;0 for cosu.21. It is also
clear that ifdGS@5 or so, the relative gaugino phases will b
suppressed producing no interestingCP-violating phenom-
ena. To obtain a large relative phase between gaugino ma
Mi andM j , it is necessary that

min~k i ,k j !ueu&uuu&max~k i ,k j !ueu, ~11!

where k15(2 33
5 1dGS), k25(211dGS), and k35(3

1dGS). All of the above relations significantly constrain th
possible parameter space and introduce further correlat
between the phases. In particular, the sevenCP-violating
phases entering the calculation of the electric dipole m
ments are effectively parametrized by a single phaseaS
originating in the string sector.6 Despite this high degree o
correlation, we find that it is possible to find parametric co
figurations that lead to relatively substantial values of
phases and light superpartner mass spectra while satisf
the electric dipole moment constraints.

We explore the possibility of obtaining superpartner ma
spectra with the squark masses lying below 500 GeV wh
simultaneously generating sizeable and experimentally

ed

of
he

-

ed
e

6Despite different approaches, our results are in a sense cons
with the results of Refs.@35,36# in the gaugino condensation frame
work, in which they obtain negligible phases in the soft break
terms~in particular in the gaugino mass sector! with the assumption
of vanishing phases for the scalar andF-component VEV’s of the
dilaton.
5-6
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SUPERSTRING THEORY ANDCP-VIOLATING . . . PHYSICAL REVIEW D 62 035005
ceptableCP-violating phases at the electroweak scale with
theO-II string scenario for a series of parameter sets cla
fied by the value of the Green-Schwarz parameterdGS. In
addition to the generalO-II relations~6!, ~7!, we consider
two general cases. First, we impose theB-term condition~8!,
corresponding to a particular solution to them problem~aris-
ing from nonperturbative corrections to the superpotenti!.
To consider the case in whichm andB can receive contribu-
tions from other sources, such as from the Giudice-Mas
mechanism, we do not discuss all of the possibilities in
tail, but rather relax the expression~8! for B and treatB as a
free complex parameter. This approach adds one moreCP
phase, namely,wm , to the set of independent parameters.
in the previous case,m is still undetermined and hence
regarded as a free parameter. In addition, the restriction
aT , which was dictated by the form of Eq.~8!, can in prin-
ciple be relaxed. However, it is important to note that t
expression for theB term arising in the Giudice-Masier
mechanism suffers from a similar problem@28#, and thus this
restriction is likely to be generic~barring possible cancella
tions in theB term arising from different sources of them
term, which is a possibility we do not consider further in th
paper!. We find in general that the differences between
case in which theB term is determined within the strin
model through Eq.~8! and the case in whichB is left as an
independent parameter are not very significant. Therefore
the results which follow, we display the results for the tw
cases in tandem to emphasize this feature.

We can further determine several general constraints
the parameter space of this model. As the scalar masse
universal at the string scale, the color-neutral scalar parti
~i.e., sleptons and sneutrinos! are significantly lighter than
the squarks due to smaller RGE running, with masses t
cally &200 GeV. The choice ofdGS and the requirement o
light sfermion masses effectively determines the range
values for the gravitino mass parameterm3/2 from Eq. ~6!,
and we takee8;1023 ~following Ref. @10#!. We can also
estimate the interesting range ofu ande providing for light
gauginos. To obtain optimally largew1 and w3 we set uuu
.uk2eu. The values of the universalA parameters@and theB
term when Eq.~8! is imposed at the string scale# are then
fully determined by the choice ofdGS, m3/2, u, e, andaS .7

In Fig. 1, we plot the regions of the three most importa
phaseswm , w1, andw3 for the case ofdGS522. Frame~a!
shows the points allowed by the electron and neutron E
constraints in thewm2w1 plane, while frame~c! delineates
the projection of these points onto thewm2w3 plane. In
frames~b! and~d!, we display the results for the same sets
parameters but takingB as an additional independent param
eter which we set to the valueuBu5300 GeV.

The results illustrate a general feature of this model:
obtain an overlap between the neutron EDM allowed and
electron EDM allowed regions in this model, a low value
m is required. This restriction implies large gaugino-higgsi

7We note that the RGE running ofwAi
is the same as in super

gravity models, and has been discussed, for instance, in Ref.@42#.
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mixing, and thus rather small values ofwm are needed to
satisfy the electron EDM constraint, as discussed in Ref.@6#.
In particular, if m is increased the electron and neutron
gions overlap only in the small phase region where all pha
are &1022. Small values ofwm illustrate that the chargino
contribution to the electron EDM is generally much larg
than the corresponding neutralino contribution, and he
the cancellation between these contributions is not adequ
As a result, both contributions have to be suppressed
small values ofwm ; residual cancellation in the vicinity o
wm;p subsequently ensures that the effects ofw1 andwAe

also cancel. A similar effect takes place in the case of
neutron dipole moment, with similar restrictions on the co
responding relevant phases. The overlap between the
regions then yieldsw1;p/6 and remarkably,w3;p/2.

General arguments show that forudGSu&5 andO(1) w1
and w3, viable solutions can be obtained providedwm is
close top ~or zero!. However, the accessible values ofwm ,
w1, and w3 are reduced asudGSu increases, and hence it i
more difficult to satisfy the EDM constraints with larg
phases. Figure 2 clearly demonstrates this effect fordGS5
210; in this case the gaugino masses are approximately
versal, and correspondingly the phases of soft breaking
rameters are constrained to satisfy the traditional bound.
results demonstrate that the range of values ofdGS for which
the phases of the soft terms are nontrivial is quite restric
~but are within a reasonable range of values determine
explicit orbifold models!. Therefore, if the model of this sec
tion were the way nature behaved, it would be possible
determine the anomaly cancellation parameterdGS by the
measurements of the EDM’s.

FIG. 1. Regions allowed by the electron and neutron EDM c
straints in the O-II scenario for m3/254 TeV, dGS522, u
50.021, e50.007, tanb52, andm5100 GeV. The dotted area
show allowed regions resulting from the specific form of soft bre
ing parameters. The red~black! circles denote points allowed by th
eEDM and the green~grey! blocks by the nEDM. In frames~a! and
~c!, theB term is assumed to originate from an effective coupling
the superpotential@Eq. ~8!# while in frames~b! and~d! B is treated
as an independent parameter and its magnitude was set touBu
5300 GeV.
5-7



ur
-

th
u
p

ia

s

ng
ld
ca
s
ra
a
he

th
-
t
s

is

de

o

h
ra
pe
th

le,
he
ctor
be

can

the

ers
of
tion

g
ge
ry
ity
he

c-
a

ua
n is
rd
ese

ng
re

M. BRHLIK, L. EVERETT, G. L. KANE, AND J. LYKKEN PHYSICAL REVIEW D 62 035005
We close this section with a brief comment about a f
ther generalization of theO-II scenario, in which the as
sumption that only the single modulusT plays a role in su-
persymmetry breaking is relaxed. For the purposes of
study, the important feature remains that these individ
moduli will contribute to gaugino masses only at one loo
Therefore, the number of parameters increases substant
in addition to the need to define extra Goldstino angles~as is
done in Ref.@11# and will be required in the type I model
discussed below!, there will be @12,13# a dGS, e, etc. for
each modulus field involved in the supersymmetry breaki
the details of which will depend on the particular orbifo
model under consideration. Due to the additional compli
tions and model dependence, we do not consider such
narios further in this paper. We anticipate that in gene
there can be particular models for which the parameter sp
for viable large phase solutions will be wider than that of t
minimal scenario considered in this paper.

IV. SOFT BREAKING TERMS IN HORˇ AVA-WITTEN
SCENARIOS

A. Theoretical framework

We now turn to a newer class of models based on
work of Hořava and Witten@14#, who showed that eleven
dimensional supergravity~the conjectured low energy limi
of M theory! compactified on a Calabi-Yau threefold time
an orbifold interval along the eleventh dimension gives r
to E83E8 gauge theories withN51 supersymmetry in four
dimensions, and further proposed that this framework
scribes the strongly coupled heteroticE83E8 string theory.
In this scenario, the twoE8 gauge multiplets reside on tw
ten-dimensional boundaries, which are separated by the
terval corresponding to the eleventh dimension. The p
nomenological implications of this scenario display seve
attractive features which are not present in the case of
turbative heterotic string theory. For example, there is

FIG. 2. Same as Fig. 1 but form3/252 TeV, dGS5210, u
50.06, ande50.006.
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possibility of reconciling the string scale and the GUT sca
which is an encouraging result for the unification of t
gauge couplings. Furthermore, the usual hidden se
mechanism for the breakdown of supersymmetry can
naturally realized in this class of models; supersymmetry
be broken~perhaps via gaugino condensation! on the hidden
boundary, and transmitted to the observable sector by
dilaton and moduli fields, which can travel in the bulk~see,
e.g., Refs.@16,17#!.

In Ref. @17#, the soft supersymmetry breaking paramet
were derived within the framework in which the effects
supersymmetry breaking are encoded in the parametriza
~3! of the auxiliary component VEV’s of the dilatonS and
overall modulusT. The results were obtained by determinin
the form of the Ka¨hler potential, superpotential, and gau
kinetic function to the first subleading order in the M theo
expansion of the effective four-dimensional supergrav
theory.8 For the purposes of this study, we note that t
gauge kinetic function of the observable sectorE8 gauge
group takes the form

f obs5S1aT, ~12!

in which a is a coefficient ofO(1). This feature is in direct
contrast to theT-dependent piece of the gauge kinetic fun
tion in the perturbative case~5!, which is suppressed by
loop factor. The soft breaking parameters take the form

M5
A3m3/2

11e0
S sinue2 iaS1

e0

A3
cosue2 iaTD ,

m25m3/2
2 2

3m3/2
2

~31e0!2
@e0~61e0!sin2u

1~312e0!cos2u22A3e0 sinu cosu

3cos~aS2aT!#,

A52
A3m3/2

31e0
@~322e0!sinue2 iaS

1A3e0 cosue2 iaT#, ~13!

in which e0 is given by

e05
42~S1S* !

S1S*
. ~14!

8It is important to note that the many studies of M theory vac
assume the ‘‘standard embedding,’’ in which the spin connectio
embedded into one of theE8 gauge groups, although the standa
embedding does not play a special role in the construction of th
vacua~in contrast to the case of the weakly coupled heterotic stri!
@15#. While in fact the relaxation of this condition can lead to mo
general scenarios, the conclusions about nontrivialCP effects are
the same for the case in whichSand a singleT modulus contribute
to the supersymmetry breaking.
5-8
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SUPERSTRING THEORY ANDCP-VIOLATING . . . PHYSICAL REVIEW D 62 035005
As discussed in Ref.@17# ~to which we refer the reader for a
explanation of this point!, the standard embedding constrai
the range ofe0 to 0,e0,1.

It is clear from above relations that in these scenarios,
gaugino mass parameters are universal when considerati
restricted to the case in which the dilaton and the singlT
modulus participate in supersymmetry breaking. Therefo
we anticipate that the cancellation mechanism generally
not be adequate, from the general discussion presente
Sec. II. We note that this conclusion is not likely to hold
more general scenarios in which several individualTm
moduli associated with the Calabi-Yau manifold are
volved in the supersymmetry breaking. In the multimod
case, it is likely that theTm-dependent contributions to th
gaugino masses will be gauge-group dependent; if these
tributions haveO(1) coefficients as in Eq.~12!, the gaugino
masses will be nonuniversal over a greater range of par
eter space than in theO-II orbifold model discussed in th
previous section, and may provide for interestingCP effects.
However, we restrict our consideration to the overall mod
lus case in this paper, and defer the study of more gene
ized Hořava-Witten scenarios to a future study.

B. Results

In our analysis of possibleCP effects in the Horˇava-
Witten scenario we proceed along similar lines as in theO-II
orbifold models. However, in principle there is an importa
difference in that the string scale is not fixed to the va
M string;531017 GeV as in the heterotic case, but can ta
any value@14#, includingMG ~which we choose for simplic-
ity!. We start from the free parametersm3/2, u, and e0,
which, in combination with the two independent compl
phasesaS andaT , determine the soft breaking parameters
the string scale. All soft terms are subsequently R
evolved fromM string down to the electroweak scale and pa
ticle masses are calculated together with all phys
CP-violating phases. We considerB and m to be indepen-
dent parameters, although their magnitudes are numeric
determined from the requirement of radiative symme
breaking. The phase ofm is varied independently as anoth
free parameter of the model.

The relative phase between the universal values ofM and
A determines the physicalCP-violating phases of the softA
parameters at the string scale. It is obvious that its valu
restricted by the allowed ranges ofe0 andu; for example, in
the limiting cases when either sinu or cosu are zero, the
relative phase is zero at the string scale. The additiona
quirement of positivem2 values also restricts the allowe
regions ofe0 andu. As a result, it is difficult to obtain large
phases of theA parameters at the electroweak scale asaS
and aT are varied from zero to 2p. In Fig. 3 we show the
points allowed by the electron and neutron EDM’s in a ty
cal example of this scenario withm3/25500 GeV,e050.9,
and u50.5. Since the gaugino phases are identically z
and the range ofwAe

is severely restricted by correlation
betweenA and M at the string scale, the cancellations a
insufficient in this particular scenario. Therefore, only a ve
small fraction of thewm-wAe

parameter space leads to mode
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allowed by the electron EDM, in direct analogy with th
dilaton-dominated scenario in the perturbative hetero
models discussed in Ref.@18#.

V. SOFT BREAKING TERMS IN TYPE I MODELS

A. Theoretical framework

We now turn to another example of a new class of mo
els, the four-dimensional type IIB orientifold models wit
N51 supersymmetry@19–22#. These models are based o
the type IIB ~closed string! theory compactified on orienti
folds, which are orbifold compactifications accompanied
an additional worldsheet parity operation. The consistenc
the theory requires the addition of open string~type I! sec-
tors, with the open strings ending on Dirichlet D-branes. I
important to note that orientifolds are illustrative of a mu
larger class of models in the type I picture, containing mo
general configurations of nonperturbative objects~e.g.
D-brane bound states! in more general singular background
~e.g., conifolds@43#!.

The number and type of D-branes required in a giv
model depends on the details of the orientifold group; ho
ever, in the most general case for compact Abelian orbifo
there is one set of nine-branes and three sets of five-br
(5i), in which i labels the complex coordinate of the intern
space included in the five-brane world-volume. Gau
groups are associated with each set of coincident D-bra
These models are constructed utilizing perturbative te
niques. However, because of the type I heteroticS duality,
the type IIB orientifold models have heterotic duals; the h
erotic duals are perturbative for orientifold models with on
nine-branes~such as theZ3 orientifold @19#!, but nonpertur-
bative in the more general case with additional sets of fi
branes~such as orientifolds with order-two twists@20#!.

FIG. 3. Electron and neutron EDM allowed regions for t
Hořava-Witten scenario withm3/25500 GeV, u50.5, e050.9,
and tanb52 shown in thewm-wAe

plane. The dotted area shows th
region of phases allowed in this scenario. The red~black! circles
and green~grey! blocks denote points allowed by theeEDM and
nEDM, respectively. The values ofuBu and umu are fixed by radia-
tive electroweak symmetry breaking.
5-9
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M. BRHLIK, L. EVERETT, G. L. KANE, AND J. LYKKEN PHYSICAL REVIEW D 62 035005
The chiral matter fields also arise from open string sec
and can be classified into two categories. The first categ
are fields which arise from open strings which start and
on the same type of D-branes. These fields are there
charged under only the~generically non-Abelian! gauge
group of that set of branes, typically in the fundamental
antisymmetric tensor representations. The second clas
fields originate from open strings which start and end
different types of branes and hence are charged under
two associated gauge groups. In this case, the states ar
fundamental representations under the associated two g
groups from the two D-brane sectors. In the closed str
sector, there are the dilatonSand moduli fieldsTi , as well as
the twisted sector moduli, which play a role in the cance
tion of the anomalous U~1!’s generically present in thes
models@44#.

A recent investigation shows that the phenomenolog
properties~including the possibilities for gauge coupling un
fication! @21# of these models are quite distinctive from tho
of the perturbative heterotic models. In particular, the str
scale is not fixed close toMPlanck as in the weakly coupled
heterotic case, but rather can take lower values. The im
cations for electroweak scale physics also crucially dep
on the nature of the embedding of the SM gauge group
the different D-brane sectors.

The soft supersymmetry breaking terms obtained w
the dilaton and moduli fields are responsible for the bre
down of supersymmetry can be determined using the p
metrization of theF-component VEV’s ~following Refs.
@11,21#!:

FS5A3~S1S* !m3/2sinueiaS,

Fi5A3~Ti1Ti* !m3/2cosuQ ie
ia i, ~15!

in which Q i are generalized Goldstino angles~with ( iQ i
2

51). The soft terms can then be computed@21# with the
knowledge of the structure of the Yukawa superpoten
couplings @19,20# and the tree-level Ka¨hler potential and
gauge kinetic functions@21#, which have also been dete
mined for this class of models.

For the purposes of studying the phase structure of
soft terms, we note that the gauge kinetic functions de
mined in Ref.@21# take the form

f 95S,

f 5i
5Ti , ~16!

which demonstrate that the dilaton no longer plays a univ
sal role ~as the moduli dependence now occurs at the tr
level! as it did in the perturbative heterotic case. In partic
lar, the structure of Eq.~16! illustrates a distinctive feature o
this class of models, which is in a sense there is a differ
‘‘dilaton’’ for each type of brane.

This fact has important implications in this class of mo
els both for gauge coupling unification@21# and the patterns
of gaugino masses, which strongly depend on the embed
of the SM gauge group. In the case in which the SM gau
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group is embedded in a single D-brane sector, the patter
the gaugino masses resembles that of the tree-level gau
masses in the weakly coupled heterotic models studied in
previous section. For example, if the SM gauge group
embedded within the nine-brane sector, this can be seen
the similarity between Eq.~16! and the corresponding tree
level expression forf in the perturbative heterotic models~4!;
the situation is similar~with the corresponding modulus fiel
Ti playing the role of the dilaton! if the SM arises from a
single 5i brane sector.

However, if the SM gauge groups arise from distin
D-brane sectors, there is the possibility of nonuniver
gaugino masses at the tree-level, which can be seen from
~16!. This feature was not possible in the perturbative h
erotic models discussed in the previous sections, and is
teresting from the point of view of obtaining new patterns
nontrivial relative phases in the soft terms.

To explore this possibility, we consider toy models of so
terms derived with the assumption that the SU~3! and SU~2!
gauge groups arise from different five-brane sectors9 ~for ex-
ample, 51 and 52). The possibilities for the embedding o
U(1)Y are then restricted by phenomenological criteria. F
example, an important constraint is that the MSSM parti
content contains the quark doublet states, which are cha
under all of the gauge groups; this fact restricts U(1)Y to
arise from the 51 and/or 52 sectors, as the matter fields o
these type I models are at most charged under the ga
groups oftwo D-brane sectors. In this paper, we choose
simplicity to restrict our consideration to simplified scenari
in which U(1)Y resides in either the 51 or the 52 sector.10

Depending on the details of the hypercharge embedding,
remaining MSSM states may either be states which~in anal-
ogy with the quark doublets! are trapped on the intersectio
of these two sets of branes, or states associated with
single 5i sector which contains U(1)Y . In any event the
natural starting point for constructing models with these f
tures are orientifolds which realize identical GUT gau
groups and massless matter on two sets of intersec
5-branes. The existence of such symmetrical arrangemen
often guaranteed byT duality. For example, Shiu and Ty
@22# have exhibited an explicit model which realizes the Pa
Salam gauge fields of SU(4)3SU(2)L3SU(2)R and identi-
cal chiral matter content on two sets of 5-branes. Additio
Higgs breaking of the symmetry through the Higgs mec

9We could also assume that one of the gauge groups arises
the nine-brane sector. It was noted in Ref.@21# that it may be more
difficult to obtain consistent unification of the gauge couplings
the GUT scale in this case. Although this point is not crucial for t
purposes of this study, we choose the case of embedding the S
the five-brane sectors for the sake of definiteness.

10Although it is not clear if such special cases can be realized
explicit orientifold models, we note that in the models that ha
been constructed to date in which the SM non-Abelian ga
groups can arise from different D-brane sectors, the hyperch
gauge group is in general a linear combination of gauge gro
arising from the two sectors. We thank Gary Shiu for a discuss
of this point.
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nism and modding by discrete symmetries could then in p
ciple produce the asymmetrical structures outlined above

In this scenario, the soft scalar masses can take the f
~see the general formulas in Ref.@21#!:

m5152

2 5m3/2
2 S 12

3

2
~sin2u1cos2uQ3

2! D ,

m51

2 5m3/2
2 ~123 cos2uQ2

2!. ~17!

In the case with U(1)Y and SU~3! from the 51 sector, the
SU~2! doublet states clearly arise from open strings stret
ing between the two D-brane sectors, while the SU~2! sin-
glets can either be states of the same type or states asso
with the 51 brane sector only. The gaugino masses anA
terms take the form

M15A3m3/2cosuQ1e2 ia15M352At,e,u,d ,

M25A3m3/2cosuQ2e2 ia2, ~18!

and hence the relations among the phasesw i of the gaugino
mass parametersMi are w15w3Þw2. Similar expressions
apply for the case in which U(1)Y and SU~2! are associated
with the same five-brane sector; in this case, the relati
among the phasesw of the gaugino mass parameters a
w15w2Þw3. In these models, the solution to them problem
is not certain, and hencem and B are free complex param
eters in the analysis@although their phases are as usual
lated by the Peccei-Quinn~PQ! symmetry of the MSSM su-
perpotential#.

Due to the absence of quasirealistic type I models as
~despite continued progress in model-building techniq
@19,20,22#!, it is not certain whether this type of SM embe
ding can be realized in an explicit orientifold model. Ther
fore, we emphasize that these models should be interpr
as toy models which illustrate new possibilities for the p
terns of soft breaking terms in this new class of fou
dimensional superstring models.

B. Results

Our numerical analysis of the type I models closely f
lows the approach adopted for the Horˇava-Witten scenarios
In the type I models, the string scale is not fixed; for the sa
of simplicity, we assume the string scale and the GUT sc
coincide, and that the gauge couplings unify at this scale
is beyond the scope of this paper to consider all possibilit
and we refer the reader to a comprehensive discussion of
issue and its implications for gauge coupling unification
Ref. @21#. Thus, in the first model we consider with SU~3!
and U(1)Y arising from the same brane sector, the bound
conditions~17! and ~18! are implemented at the GUT scal
and the parameters are subsequently evolved down to
electroweak scale. Here, as in the previous cases, we as
the MSSM particle content for the RGE running and no
termediate scale effects between the GUT scale and the
troweak scale. The sparticle masses and theCP-violating
phases depend on the free parametersm3/2, u, Q i , i
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51,2,3, which are related byQ1
21Q2

21Q3
251, as well as

the two phasesa1 and a2. We avoid configurations with
negative scalar mass squares and also assume thatQ350
~indicating that the modulusT3 associated with the 53 brane
sector plays no role in supersymmetry breaking, and thu
essentially decoupled from the observable sector!. We also
treatB andm as free parameters, as they are not determi
in this scenario. In addition, we explore the phenomenolo
cally motivated scenario in which the electroweak symme
is broken radiatively as a result of RGE evolution of t
Higgs boson massesmH1

2 andmH2

2 . As the minimization con-

ditions are imposed at the electroweak scale, the value
Bm andumu2 can be expressed in terms of tanb andMZ @45#.
However, even under these assumptionswm is still an inde-
pendent parameter.

In frame ~a! of Fig. 4, we show the results form3/2
5150 GeV, u50.4, andQ150.9. As in the previous cas
of orbifold models we fix tanb52, although different values
of tanb have been explored.11 In this case we do not impos
the condition of correct radiative electroweak symme

11We do not consider large values of tanb, as new types of con-
tributions can become important@46#.

FIG. 4. Electron~black circles! and neutron~grey blocks! EDM
allowed regions for the Type I orientifold models withm3/2

5150 GeV,u50.4, Q150.9 and tanb52. In frame~a! the values
of B andm are assumed to be independent and their magnitudes
set to uBu5100 GeV andumu5600 GeV. Frame~b! shows the
results for the case when electroweak symmetry is assumed t
broken radiatively.
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breaking, but rather assumeB and m take the valuesuBu
5100 GeV andumu5600 GeV. We find here, remarkably
that in order to satisfy the experimental constraints on
electron and neutron EDM’s in this model, the large in
vidual contributions from chargino, neutralino, and glui
loops do not have to be suppressed by smallCP phases. A
cancellation between the chargino and neutralino loop c
tributions thus causes the electron EDM to be accepta
small. As emphasized in Ref.@6#, the contributions to
chargino and neutralino diagrams from gaugino-Higgs
mixing naturally have opposite signs and the additionalw1

dependence of the gaugino exchange contribution to the
tralino diagram can provide for a match in size between
chargino and neutralino contributions. The importance of
gaugino exchange diagrams increases for large valuesm
and allows the cancellation to take place for a wider range
wm values. In the neutron case, the contribution of
chargino loop is offset by the gluino loop contributions to t
electric dipole operatorO1 and the chromoelectric dipol
operatorO2. Sincew15w3 in this scenario, the gluino con
tribution automatically has the correct sign to balance
chargino contribution in the same region of gaugino pha
which ensures cancellation in the electron case. This sim
and effective mechanism therefore provides extensive
gions of parameter space where the electron and neu
EDM constraints are satisfied simultaneously while allow
for O(1) CP-violating phases.

If electroweak symmetry is assumed to be broken rad
tively, the resulting value ofumu is somewhat smaller. In ou
particular case with the remaining parameters unchan
umu;350 GeV. The ranges of allowedCP-violating phases
are shown in Fig. 4~b!. Here also the electron and neutro
EDM allowed regions overlap substantially although t
range ofwm is slightly reduced. However, the general pictu
is valid, and low energy models with light superpartner m
spectra and largeCP-violating phases can be obtaine
within this framework, even including the constraint of ele
troweak symmetry breaking.

The cancellation mechanism in this scenario provide
large range of allowedCP-violating soft phases and require
a specific correlation betweenwm and w15w3 as shown in
Fig. 4. To demonstrate the coincidence of the regions
lowed by the experimental constraints on the EDM’s,
choosem3/25150 GeV,u50.4, and tanb52, which leads
to a reasonably light superpartner spectrum. In Fig. 5,
plot the allowed regions for both electron and neutron ED
depending on the values ofQ1 andQ25A12Q1

2 while Q3

is set to zero. Frame~b!, whereQ150.9, shows a very pre
cise overlap between the electron and neutron EDM allow
regions. In frames~a! and ~c!, we setQ150.95 andQ1
50.8, respectively; in these cases the alignment between
EDM allowed regions is spoiled and only sma
CP-violating phases are allowed.

It is also interesting to observe that the actual values
the electron and neutron EDM’s for the allowed points in t
phase parameter space are typically slightly below the
perimental limit and should be within the reach of the ne
generation of EDM measuring experiments. In Fig. 6 we p
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the EDM values for the allowed points in the case ofQ1
50.9 with all the other parameters set to the same value
in previous discussion of Fig. 4. This indicates that if t
CP-violating phases indeed originate from this type
D-brane configuration, nonzero measured values for b
EDM’s much bigger than the SM prediction can be expect

FIG. 5. Illustration of the overlap between the regions allow
by the electron EDM~denoted by the black circles! and neutron
EDM ~denoted by the grey blocks! constraints. We choosem3/2

5150 GeV,u50.4 and tanb52, and impose radiative EW sym
metry breaking. Allowed points are shown for~a! Q150.95, ~b!
Q150.9, and~c! Q150.8.

FIG. 6. Range of the electron and neutron EDM values vsw1

5w3 predicted by Eqs.~17! and~18! for the parameters of Fig. 4~a!.
All of the points are allowed by the experimental bounds on
EDM’s ~note the different scales for theeEDM andnEDM!.
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However, the other orientifold model@in which SU~2! and
U(1)Y arise from the 51 brane sector# does not allow for
large phase solutions. The reasons for this behavior are s
lar to that of the Horˇava-Witten scenario: we can use th
U(1)R symmetry of the soft terms to putw25w150, which
severely limits the possibility of cancellation between t
chargino and neutralino contributions to the electron ED
The effect ofwAe

alone is not enough to offset the potentia
large chargino contribution and only a very narrow range
values ofwm ~close to 0,p, . . . ) passes the electron EDM
constraint. Hence, except at isolated points in the param
space of this model, the phases must be at or below
traditional bound&O(1022) to satisfy the EDM constraints
without assuming large sparticle masses.

VI. CONCLUSIONS

In this paper, we have investigated the possibility that
soft breaking terms derived in classes of superstring mo
have largeCP-violating phases that satisfy the phenomen
logical bounds on the electric dipole moments of the elect
and neutron through cancellations. The analysis builds on
work of Refs.@5# and @6#, who demonstrated that this effe
can allow for viable points in the MSSM parameter spa
with large phases and light superpartner masses, provi
for an alternate resolution to the supersymmetricCP prob-
lem.

Sufficient cancellations among the contributions to
EDM’s are difficult to achieve unless there are large relat
phases in the gaugino mass parameters@6#. This feature
strongly depends on the string model under considerat
for example, large phases consistent with the EDM c
straints are disfavored in perturbative heterotic string mod
.
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and models based on Horˇava-Witten theory~in the overall
modulus limit!, as the gaugino masses are universal at t
level. However, our analysis demonstrated that this scen
can be achieved naturally within type I string models, whe
the tree-level gaugino masses may be nonuniversal dep
ing on the embedding of the SM gauge group into t
D-brane sectors.

We found that within type I string models in which SU~3!
and U(1)Y arise from one five-brane sector and SU~2! arises
from another set of five-branes, the cancellations among
ferent contributions to the EDM’s occur over a remarkab
wide range of parameter space. In this scenario, the typ
values of the electric dipole moments are not much sma
than the current experimental limits. Equally remarkably,
we alter the SM embedding such that SU~2! and U(1)Y arise
from the same set of branes, the EDM constraints excl
large phase solutions.

The results presented in this paper illustrate that large
phases are at least consistent with, and perhaps motivate
some string models. Most importantly, the analysis dem
strates how we may be able to learn about~even nonpertur-
bative! Planck scale physics using low-energy data. For
ample, if the phases of the soft breaking parameters
determined from collider superpartner data, or measuredB
factories, and found to be large, we have seen that they
provide guidance as to how the SM is to be obtained fr
four-dimensional compactifications of string theory.
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