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CP violating phases, nonuniversal soft breaking, and D-brane models
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~Received 27 September 1999; published 7 March 2000!

The question ofCP violating phases and electric dipole moments~EDMs! for the electron (de) and the
neutron (dn) for supergravity models with nonuniversal soft breaking is considered for models with a light
(&1 TeV) mass spectrum andR-parity invariance. As with models with universal soft breaking~MSUGRA!
one finds that a serious fine-tuning problem generally arises foru0B ~the phase of theB soft breaking parameter
at the GUT scale!, if the experimental EDM constraints are obeyed and radiative breaking ofSU(2)L

3U(1)Y occurs. A D-brane model whereSU(3)C3U(1)Y is associated with one set of 5-branes andSU(2)L

with another intersecting set of 5-branes is examined, and the cancellation phenomena is studied over the
parameter space of the model. Large values ofuB ~the phase ofB at the electroweak scale! can be accommo-
dated, though againu0B must be fine-tuned. Using the conventional prescription for calculatingdn , one finds
the region in parameter space where the experimental EDM constraints on bothde anddn hold is significantly
reduced, and generally requires tanb&5 for most of the parameter space, though there are small allowed
regions even for tanb*10. We find that the Weinberg three gluon term generally makes significant contribu-
tions, and the results are sensitive to the values of the quark masses.

PACS number~s!: 12.60.Jv, 11.25.Mj, 11.30.Er, 13.40.Em
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I. INTRODUCTION

It has been realized for some time that supersymme
~SUSY! models allow for an array ofCP violating phases
not found in the standard model~SM!, and that these phase
will in general give rise to electric dipole moments~EDMs!
of the electron and the neutron which might violate the
perimental bounds@1#. The current 90% C.L. bounds fordn
and 95% C.L. bounds forde are quite stringent@2#:

~dn!expt,6.3310226e cm; ~de!expt,4.3310227e cm.
~1!

While these bounds can always be satisfied by assuming
ficiently small phases@i.e. O(1022)# and/or a heavy SUSY
mass spectrum~i.e. *1 TeV), recently it has been pointe
out that cancellations may occur allowing for ‘‘naturally
large phases@i.e. O(1021)# and a light mass spectrum@3#
and this has led to considerable analysis both within
minimal supersymmetric standard model~MSSM! frame-
work @3–5# and the gravity mediated supergravity~SUGRA!
grand unified theory~GUT! framework@6–12#. In the latter
type models the theory is specified by assigning the SU
parameters at the GUT scale, and using the renormaliza
group equations~RGEs!, one determines the physical predi
tions at the electroweak scale (MEW) ~which we take here to
be thet-quark mass,mt). Thus, in SUGRA models, ‘‘natu-
ralness’’ is to be determined in terms of the GUT paramet

In a previous paper@12#, we examined the minima
model, MSUGRA, which depends on the four universal s
breaking parameters atMG @m0~scalar mass!, m1/2 ~gaugino
mass!, A0 ~cubic term mass! andB0 ~quadratic term mass!#
and the Higgs mixing parameterm0. Sincem0 is real and we
can choose phases such thatm1/2 is real, one has only thre
phases at the GUT scale in MSUGRA:
0556-2821/2000/61~7!/075010~9!/$15.00 61 0750
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A05uA0ueia0A, B05uB0ueiu0B, m05um0ueiu0m. ~2!

In Ref. @12#, it was shown that for thet-quark cubic soft
breaking parameter atMEW, At5uAtueia t, the nearness of the
t-quark Landau pole automatically suppressesa t ~the phase
of At at MEW), and one can satisfy the EDM bounds with
light SUSY spectrum for largea0A , evena0A5p/2. How-
ever, the situation is more difficult foru0B . The experimen-
tal requirements of Eq.~1! combined with radiative breaking
of SU(2)3U(1) at MEW imply that u0B is large, i.e.O(1)
~unlessa0A is small and then all phases are small!, and, more
serious, must be tightly fine-tuned unless tanb is small
(tanb&3). For example, fixinguA0u, m0 andm1/2 to be light
and a0A large, one characteristically would find thatu0B
needs to be specified to 1 part in 104 for tanb510. Without
this fine-tuning, the GUT theory would not achieve ele
troweak symmetry breaking atMEW and/or satisfaction of
Eq. ~1!.

Nonminimal models were also examined in@12# with re-
sults similar to the above holding. In this paper we exam
the nonminimal models in more detail. We then discuss
interesting D-brane model@13#, where the standard mode
gauge group is associated with two 5-branes. This mo
results in nonuniversal gaugino and scalar masses and is
to allow larger values ofuB at MEW. However, the same
fine-tuning problem atMG for u0B results in this model as
well.

Our paper is organized as follows: Section II reviews t
basic formulas and notation of the SUGRA GUT models
calculating the EDMs. Section III examines a general cl
of nonuniversalities. Section IV. considers the model of@13#
and conclusions are given in Sec. V.

II. EDMS IN SUGRA MODELS

We consider here supersymmetry GUT models posses
R-parity invariance where SUSY is broken in a hidden sec
©2000 The American Physical Society10-1



u

-

on
in

s
r

.

le

d

the
s

to
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at a scale aboveMG>231016 GeV. This breaking is then
transmitted by gravity to the physical sector. The GUT gro
is assumed to be broken to the standard model~SM!
SU(3)C3SU(2)L3U(1)Y at MG , but is otherwise unspeci
fied. The gauge kinetic function,f ab , and Kahler potential,
K, can then give rise to nonuniversal gaugino masses atMG
which we parametrize by

m1/2i5um1/2i ueif0i, i 51,2,3, ~3!

and we chose the phase convention wheref0250. We also
allow nonuniversal Higgs and third generation masses atMG
which can arise from the Kahler potential:

mH1

2 5m0
2~11d1!, mH2

2 5m0
2~11d2!,

mqL

2 5m0
2~11d3!, muR

2 5m0
2~11d4!,

meR

2 5m0
2~11d5!,

mdR

2 5m0
2~11d6!, ml L

2 5m0
2~11d7!, ~4!

whereqL[( t̃ L , b̃L), uR[ t̃ R , eR[t̃R , etc., m0 is the uni-
versal mass of the first two generations andd i are the devia-
tions from this for the Higgs bosons and the third generati
In addition, there may be nonuniversal cubic soft break
parameters atMG :

A0t5uA0tueia0t, A0b5uA0bueia0b, A0t5uA0tueia0t. ~5!

The electric dipole momentdf for fermion f is defined by
the effective Lagrangian

L f52
i

2
df f̄ smng5f Fmn. ~6!

Our analysis follows that of@3#. Thus the basic diagram
leading to the EDMs are given in Fig. 1. In addition there a
the gluonic operators

LG52
1

3
dGf abcGamaGbn

a G̃c
mn ~7!

and

LC52
i

2
dCq̄smng5TaqGa

mn ~8!

contributing todn arising from the one loop diagram of Fig
1 ~when the outgoing vector boson is a gluon!, the two loop
07501
p

.
g

e

Weinberg type diagram@14# and the two loop Barr-Zee type
diagram@15#. @In Eq. ~7!, G̃c

mn5 1
2 emnabGcab , e0123511,

Ta5 1
2 la , wherela are theSU(3) Gellman matrices and

f abc are theSU(3) structure constants.# We use naive di-
mensional analysis@16# to relate these to the electric dipo
moments and the QCD factorshED, hG, hC to evolve these
results to 1 GeV@17#. The quark dipole moments are relate
to dn using the nonrelativistic quark model to relate theu and
d quark moments todn , i.e.

dn5
1

3
~4dd2du!, ~9!

and we assume thes-quark mass is 150 MeV. Thus QCD
effects produce considerable uncertainty indn ~perhaps a
factor of 2–3!.

Our matter phase conventions are chosen so that
chargino (x6), neutralino (x0) and squark and slepton mas
matrices take the following form:

Mx65S m̃2 A2MWsinb

A2MWcosb 2umueiu D ~10!

Mx05S um̃1ueif1 0 a b

0 m̃2 c d

a c 0 umueiu

b d umueiu 0

D
~11!

and

FIG. 1. One loop diagram. The photon line can be attached
any charged particle.
Mq̃
2
5S mqL

2
e2 iaqmq~ uAqu1umuRqei (u1aq)!

eiaqmq~ uAqu1umuRqe2 i (u1aq)! mqR

2 D . ~12!
0-2
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In the abovea52MZsinuWcosb, b5MZsinuWsinb, c
52cotuWa, d52cotuWb, tanb5v2 /v1 (v1,25u^H1,2&u),
Rq5cotb(tanb) for u(d) quarks. All parameters are evalu
ated at the electroweak scale using the RGEs; e.g., for q
q one hasAq5uAqueiaq. ~Similar formulas hold for the slep
ton mass matrices.!

Electroweak symmetry breaking gives rise to Hig
vacuum expectation values~VEVs! which we parametrize by

^H1,2&5v1,2e
i e1,2. ~13!

These enter in the phaseu appearing in Eqs.~10!, ~11!, ~12!:

u[e11e21um . ~14!

The Higgs VEVs are calculated by minimizing the Hig
effective potential@18#:

Ve f f5m1
2v1

21m2
2v2

212uBmucos~u1uB!v1v21
g2

2

8
~v1

22v2
2!2

1
g82

8
~v2

22v1
2!21V1 ~15!

wheremi
25umu21mHi

2 and mH1,2

2 are the Higgs boson run

ning masses atMEW. V1 is the one loop contribution:

V15
1

64p2 (
a

Ca~21!2 j a~2 j a11!ma
4S ln

ma
2

Q2 2
3

2D
~16!

wherema is the mass of the a particle of spinj a , Q is the
electroweak scale~which we take to bemt! and Ca is the
number of color degrees of freedom. In the following w
include the full third generation states,t, b and t in V1,
which allows us to treat the large tanb regime. From Eq.
~12! this implies thatV1 depends only onu1aq , u1a l

~though the rotation matrices which diagonalizeMq̃
2 , M l̃

2

will depend onu, aq and a l separately!. Minimizing Ve f f
with respect toe1 , e2, then determinesu:

u5p2uB1 f 1~p2uB1aq ,p2uB1a l ! ~17!

where f 1 is the one loop correction. In general,f 1 is small,
but can become significant for large tanb, as discussed in
@12#.

Minimizing Ve f f with respect tov1 and v2 yields two
equations which can be arranged in the usual fashion to
termineumu2 and uBu at MEW:

umu25
m1

22tan2bm2
2

tan2b21
2

1

2
MZ

2 ~18!

uBu5
1

2
sin 2b

m3
2

umu
~19!

where m i
25mHi

2 1S i , m3
252umu21m1

21m2
2 and S i

5]V1 /]v i
2 . Note thatumu and uBu depend implicitly on the
07501
rk

e-

CP violating phases since the RGE that determinesmHi

2

couple to theA and m̃i equations, andS i depend on the
phases.

III. NONMINIMAL MODELS

The renormalization group equations that relateMEW to
MG are in general complicated differential equations requ
ing numerical solution, and all results given here are con
quences of accurate numerical integration. Approximate a
lytic solutions can however be found for low an
intermediate tanb ~neglecting b andt Yukawa couplings!
and in theSO(10) limit of very large tanb ~neglecting thet
Yukawa coupling!. These analytic solutions give some in
sight into the nature of the more general numerical solutio

For low and intermediate tanb, theAt and Yukawa RGEs
read

2
dAt

dt
56YtAt1

1

4p S (
i 51

3

aia i m̃i D
2

dYt

dt
56Yt2

1

4pS (
i 51

3

aia i DYt ~20!

whereYt5ht
2/16p2, ht is thet-quark Yukawa coupling con-

stant andai5(13/15,3,16/3). We follow the sign conven
tions of Ref.@20#, andt52 ln(MG /Q). The solutions of Eqs.
~20! can be written as

At~ t !5D0A0t2H̃21
12D0

F
H̃3 ~21!

where

H̃25
aG

4p
t(

ai um1/2i ueif i

11b i t
[(

i
H2i um1/2i ueif i ~22!

and

H̃35E
0

t

dt8E~ t8!H̃2[( H3i um1/2i ueif i. ~23!

HereD05126@F(t)/E(t)#Y(t) vanishes at thet-quark Lan-
dau pole and hence is generally small, i.e.D0&0.2 for mt
5175 GeV. The functionsF andE depend on the SM gaug
beta functions and are given in@19#. @E512.3, F5254 for
t52 ln(MG /mt).] We note the identity@19#

1

F ( H3i5t
E

F
21>2.1, ~24!

and so if we write Eq.~21! as

At~ t !5D0A0t1( F i um1/2i ueif i, ~25!
0-3
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the F i are real andO(1). @In the SO(10) large tanb limit,
one obtains an identical result with the factor 6 replaced 7
D0. Thus Eq.~25! gives a valid qualitative picture over
wide range in tanb.#

Nonuniversal gaugino masses affect the EDMs in t
ways. First, taking the imaginary part of Eq.~25! one has
(f250 in our phase convention!

uAt~ t !usina t5uA0tuD0sina0t1 (
i 51,3

F i um1/2i usinf i .

~26!

As in the universal case, the smallness ofD0 suppresses the
effects of any largea0t on the electroweak scale phasea t .
However, large gaugino phasesf i will generally makea t
large. Second, Eqs.~11! and ~10! show that the phasef1
enters into the neutralino mass matrix though the charg
mass matrix remains unchanged (f250). Thus thef1 phase
will affect any cancellation occurring between the neutral
and chargino contributions to the EDMs.

Some of the above efffects are illustrated in Figs. 2 and
where we plotK vs the phaseuB at the electroweak scale fo
de . HereK is defined by

FIG. 2. K vs uB for de for m05100 GeV, m1/25200 GeV,
uA0u5300 GeV, a0A5p/2, f15f3521.1p ~solid line!, 21.3p
~dashed line!, 21.5p ~dotted line! and tanb53.

FIG. 3. Same as Fig. 2 for tanb510.
07501
n
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,

K5 log10U df

~df !expt
U. ~27!

Thus K50 corresponds to the case where the theory s
rates the current experimental EDM bound, whileK521
would be the situation if the experimental bounds were
duced by a factor of 10. Figure 2 considers universal sc
masses and universalA0 with a0A5p/2 at the GUT scale,
andf15f3521.1p, 21.3p, 21.5p for tanb53. We see
that asuf1u is increased fromuf1u51.1p to 1.3p, the al-
lowed values ofuB increases significantly since thef1 phase
in Eq. ~11! aids the cancellation between the neutralino a
the chargino contributions. However, increasinguf1u further
to uf1u51.5p overcompensates, causing the allowed valu
of uB to decrease. Figure 3 for tanb510 shows a similar
effect. The experimentally allowed parameters requireK
<0. The allowed rangeDuB of uB decreases with tanb. It is
very small for tanb510 and is quite small even for tanb
53.

IV. D-BRANE MODELS

Recent advances in string theory leading to possibleD
54, N51 supersymmetric vacua after compactificati
have restimulated interest in phenomenological string m
vated model building. A number of approaches exists incl
ing models based on type IIB orientifolds, Horava-Witten
theory compactification onCY3S1/Z2 and perturbative het-
erotic string vacua. The existence of open string sector
type IIB strings implies the presence of Dp-branes, mani-
folds of p11 dimensions in the fullD510 space of which 6
dimensions are compactified, e.g. on a six-torusT6. ~For a
survey of properties of type IIB orientifold models see@21#.!
One can build models containing 9 branes~the full 10 di-
mensional space! plus 5i-branes,i 51, 2, 3~each containing
two of the compact dimensions!, or 3 branes plus 7i branes,
i 51, 2, 3 ~each having two compactified dimensions o
thogonal to the brane!. Associated with a set ofn coincident
branes is a gauge groupU(n). Thus there are a large numbe
of ways one might embed the standard model gauge grou
type IIB models.

We consider here an interesting model recently propo
@13# based on 9-branes and 5-branes. In this mo
SU(3)C3U(1)Y is associated with one set of 5-branes, i
51, andSU(2)L is associated with a second intersecting
52. Strings starting on 52 and ending on 51 have massless
modes carrying the joint quantum numbers of the two bra
~we assume these are the SM quark and lepton doub
Higgs doublets! while strings beginning and ending on 51
have massless modes carryingSU(3)C3U(1)Y quantum
numbers~right quark and right lepton states!. A number of
general properties of such models have been worked
@21#. Thus to accommodate the phenomenological requ
ment of gauge coupling constant unification atMG>2
31016 GeV, one may assume, thatMc , the compactification
scale of the Kaluza-Klein modes obeysMc5MG . Above
Mc , the gauge interactions on the 5-branes see aD56 di-
mensional space~with Kaluza-Klein modes! while aboveMc
0-4
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gravity sees the fullD510 space. Gravity and gauge unifi
cation then is to take place at the string scaleM str51/Aa8
given by M str5(aGMcM Planck/A2)1/2>831016 GeV ~for
aG>1/24).

The gauge kinetic functions for 9-branes and 5i-branes
are given by@21,22# f 95S and f 5i

5Ti whereS is the dilaton

andTi are moduli. The origin of the spontaneous breaking
N51 supersymmetry and of compactification is not yet u
derstood within this framework. Further,CP violation must
also occur as a spontaneous breaking. One assumes
effects can be phenomenologically accounted for byF com-
ponents growing VEVs parametrized as@21,23,24#

FS52A3^ReS&sinubeiasm3/2

FTi52A3^ReTi&cosubQ ie
ia im3/2 ~28!

whereub , Q i are Goldstino angles (Q1
21Q2

21Q3
251). CP

violation is thus incorporated in the phasesas , a i . In the
following we will assume, for simplicity, thatQ350 ~i.e.
that the 53-brane does not affect the physical sector!. We
also assume isotropic compactification (^ReTi& are equal! to
guarantee grand unification atMG , and ^Im Ti&50 so that
the spontaneous breaking does not grow au-QCD type term.

FIG. 4. K vs uB for de for f15f35p1a0A521.25p, m3/2

5150 GeV, ub50.2, Q150.85, with tanb52 ~solid line!, 5
~dashed line!, 10 ~dotted line!.

FIG. 5. Same as Fig. 4 forf15f35p1a0A521.1p.
07501
f
-

ese

For models of this type,T duality determines the Kahle
potential@21,23,24# and, combined with Eq.~28!, generates
the soft breaking terms. One finds, atMG @21,23,24#,

m̃15A3cosubQ1e2 ia1m3/25m̃352A0 ~29!

m̃25A3cosubQ2e2 ia2m3/2 ~30!

and

m5152

2 5S 12
3

2
sin2ubDm3/2

2 ~31!

m51

2 5~123sin2ub!m3/2
2 . ~32!

Here A0 is a universal cubic soft breaking mass,m5152

2 are

the soft breaking masses forqL , l L , H1,2 and m51

2 are for

uR , dR , andeR .

FIG. 6. Central values ofu0B for de satisfying the EDM con-
straint as a function of tanb. Input parameters are as in Fig. 4.

FIG. 7. Values ofDu0B for de satisfying the EDM constraint as
a function of tanb. Input parameters are as in Fig. 4.
0-5
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FIG. 8. Allowed regions forde and dn for tanb52, ub50.2 andm3/25150 GeV.~a! f15f3521.25p, ~b! f15f3521.60p, ~c!
f15f3521.80p and ~d! f15f3521.95p.
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We see that the brane models give rise to nonunivers
ties that are strikingly different from what one might expe
in SUGRA GUT models. Thus it would be difficult to con
struct a GUT group, which upon spontaneous breaking
MG yields gaugino massesm̃15m̃3Þm̃2, and similarly the
above pattern of sfermion and Higgs boson soft mas
Brane models can achieve the above pattern since they
the freedom of associating different parts of the SM gau
group with different branes.

The above model does not determine theB andm param-
eters. We therefore will phenomenologically parametr
these atMG by

B05uB0ueiu0B, m05um0ueiu0m, ~33!
07501
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with two additionalCP violating phasesu0B and u0m . We
also seta250 in the following.

We consider first the electron EDM.@We use the interac-
tions of Ref.@25# including the Erratum on the sign of Eq
~5.5! of Ref. @25#.# Figure 4 plots K as a function ofuB for
tanb52 ~solid line!, 5 ~dashed line!, 10 ~dotted line! with
phases f15f35p1a0A521.25p and m3/25150 GeV,
ub50.2, Q150.85. We see that the EDM bounds allow r
markably large values ofuB in this model even for large
tanb, e.g. uB>0.4 for tanb52 and uB>0.25 for tanb
510. ~A second allowed region occurring approximately f
uB→p1uB also exists. However this corresponds to t
sign ofm that is mostly excluded by theb→sg data.! Figure
5 shows a similar plot for somewhat smaller phasesf1
0-6
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FIG. 9. Allowed regions forde and dn for ub50.2, m3/25150 GeV andf15f3521.90p, for ~a! tanb52, ~b! tanb53 and ~c!
tanb55.
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5f35p1a0A521.1p. Again relatively large phases can e
ist at the electroweak scale.

As discussed in Ref.@13#, the largeness ofuB is due to an
enhanced cancellation between the neutralino and char
contributions as a consequence of the additionalf1 depen-
dence in Eq.~11!, allowinguB to beO(1). However, in spite
of this, the range inuB at the electroweak scale, where th
experimental boundK<0 is satisfied, is quite small; e.g
from Fig. 4,DuB.0.015 even for tanb52. As discussed in
Ref. @12#, this implies that the radiative breaking conditio
makes the allowed rangeDu0B at the GUT scale very small
particularly for large tanb. This is illustrated in Figs. 6 and
7. In Fig. 6, we have plotted the central value ofu0B which
satisfiesK<0 as a function of tanb. Thusu0B is generally
quite large. In Fig. 7 we have plotted the allowed range
07501
no

f

Du0B satisfying the EDM constraints. One sees that even
small tanb the allowed rangeDu0B is very small. Thus as in
the MSUGRA model of Ref.@12#, one has a serious fine
tuning problem at the GUT scale due to the combined c
ditions of radiative breaking and the EDM bound:u0B must
be large but very accurately determined by the string mo
if it is to agree with low energy phenomenology.

The neutron dipole moment is more complicated due
the additional contributions arising fromLC andLG of Eqs.
~8! and ~7!. While there are significant uncertainties in th
calculation ofdn it is of interest to see if the experimenta
bounds ondn can be achieved in the same region of para
eter space as occurs inde above. The fact that the bran
model requiresf35f1 allows for theLC gluino contribution
to aid in canceling the chargino contribution. This genera
0-7
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aids in broadening the overlap region of joint satisfaction
thedn andde bounds of Eq.~1!. However, in addition to this,
there is a contribution fromLG from the Weinberg type dia
gram. While this term is enhanced due to the factor ofmt , it
is a two loop diagram and is suppressed by a factor
a3

2(g3/4p) and in most models is usually a small contrib
tion. However, for the D-brane model wheref35f1, the
presence of a largef3 phase increases the significance
this diagram, reducing thedn-de overlap region. This is il-
lustrated in Fig. 8 whereQ1 is plotted as a function ofuB for
parameters tanb52, m3/25150 GeV, ub50.2. ~LEP189
bounds ofm1/2*150 GeV imply here thatQ1*0.94.! As
one proceeds fromf15f3521.25p of Fig. 8~a! to f1
5f3521.95p of Fig. 8~d!, one goes from no overlap of th
allowedde anddn regions to a significant overlap. Howeve
the largeuB phase allowed separately byde and dn ~e.g.
uB;0.6) in Fig. 8~a! is sharply reduced in Fig. 8~d! in the
overlap region by a factor of 10. Further, the region of p
rameter space where the experimental constraints forde and
dn can be simultaneously satisfied generally decreases
increasing tanb. Figure 9 gives the allowed region for th
parameters of Fig. 8~b! with f35f1521.90p, for tanb
52, 3 and 5. The allowed parameter space disappears
tanb*5. If, however, the overlap in allowed parameter r
gion betweende and dn occurs for smallerf1, i.e. f1
5O(1021), one can have larger values of tanb. This is il-
lustrated in Fig. 10 forf15f3521.97p ~i.e. 2p1f1
50.03p) for tanb510. The region of overlap however no
requiresuB to be quite small, i.e.uB5O(1022). Of course
the fine-tuning ofu0B at the GUT scale becomes quite e
treme for larger tanb @26#.

While the quark mass ratios are well determined, the v
ues ofmu and md remain very uncertain due to the unce
tainty in ms @27#. As pointed out in Ref.@12#, this uncertainty
contributes significantly to the uncertainty in the calculati

FIG. 10. Allowed regions forde and dn for ub50.2, m3/2

5150 GeV andf15f3521.97p, for tanb510.
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of dn . This effect for the model of Ref.@13# is illustrated in
Fig. 11 forf15f3521.90p, tanb52. Figure 11~a! corre-
sponds to the choice of light quarks@ms(1 GeV)
.95 MeV# while Fig. 11~b! to heavy quarks@ms(1 GeV)
.225 MeV#. For light quarks, the Weinberg three gluo
term makes a relatively larger contribution and aids more
the cancellation needed to satisfy the EDM constraint.
general, though, the Weinberg term can be several times
upper bound ondn of Eq. ~1!, and so makes a significan
contribution. In other figures of this paper, we have use
central value ofms , i.e., ms(1 GeV)5150 MeV corre-
sponding to mu(1 GeV).4.4 MeV and md(1 GeV)
.8 MeV.

FIG. 11. Allowed regions forde and dn for ub50.2, m3/2

5150 GeV, tanb52 and f15f3521.90p for ~a! mu(1 GeV)
52.75 MeV, md(1 GeV)55.0 MeV and ~b! mu(1 GeV)
56.65 MeV, md(1 GeV)512 MeV.
0-8
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V. CONCLUSIONS

In minimal SUGRA models with universal soft breakin
it has previously been seen that the current EDM constra
can be satisfied without fine-tuning theCP violating phases
at the electroweak scale. For this case the EDMs are m
sensitive touB , the phase of theB parameter, and experi
ment can be satisfied withuB5O(1021). It was seen how-
ever that at the GUT scale,u0B was generally large~unless
masses were large or the other phases were small!, and in
order to satisfy both the EDM constraints and radiative el
troweak breaking,u0B had to be fine-tuned, the fine-tunin
becoming more serious as tanb increased@12#. In this paper
we have examined nonuniversal models, and have fo
generally that the same phenomenon exists.

We have studied in some detail an interesting D-bra
model involving CP violating phases where the standa
model gauge group is embedded on two sets of 5-bra
SU(3)C3U(1)Y on 51 and SU(2)L on 52, so that the
gaugino phases obeyf35f1Þf2 @13#. This is a symmetry
breaking pattern that is different from what one norma
expects in GUT models. If one examinesde and dn sepa-
rately, one finds that this model can accommodate rem
ably large values ofuB , i.e. uB as large as 0.7. However, th
same fine-tuning problem arises at the GUT scale foru0B .
Further, the region in parameter space where the experim
tal bounds on bothde anddn are satisfied shrinks conside
ably. Thus the model cannot actually realize the very larg
uB ~thoughuB as large as.0.4 is still possible!. The Wein-
berg three gluon diagram typically is several times the c
,

m

.
tt.
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n-

st
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rent experimental upper bound ondn , and so makes a sig
nificant contribution, particularly if the quark masses a
light. ~The Barr-Zee term is generally small if the SUS
parameters are&1 TeV.! The allowed region in paramete
space which simultaneously satisfies thedn and de con-
straints also shrinks as tanb is increased, thede and thedn
allowed regions narrowing. In general, if one assumes la
f i phases, one needs tanb&5 to get a significant overlap
between the allowedde and alloweddn regions in paramete
space, though small overlap regions exist even for tab
510 and higher@though withuB5O(1022)#. In the search
for the SUSY Higgs boson, the Fermilab Tevatron in R
II-III will be able to explore almost the entire region o
tanb&50 ~for SUSY parameters&1 TeV) @28# and it
should be possible to experimentally verify whether tanb is
in fact small.

As commented in Sec. II, the theoretical calculation ofdn
contains a number of uncertainties due to QCD effects.
have used here the conventional analysis. However, th
uncertainties could affect the overlap between the allowedde
anddn regions, and modify bounds onuB and tanb. How-
ever, if QCD effects are not too large, we expect the gen
features described above to survive.

ACKNOWLEDGMENTS

This work was supported in part by National Scien
Foundation Grant No. PHY-9722090. We would like
thank M. Brhlik for discussions of the results of Ref.@13#,
and JianXin Lu for useful conversations.
D

s.

C

h

@1# J. Ellis, S. Ferrera, and D. V. Nanopoulos, Phys. Lett.114B,
231 ~1982!; W. Buchmuller and D. Wyler,ibid. 121B, 321
~1983!; J. Polchinski and M. B. Wise,ibid. 125B, 393 ~1983!.

@2# E. Comminset al., Phys. Rev. A50, 2960~1994!; K. Abdullah
et al., Phys. Rev. Lett.65, 2347 ~1990!; P. G. Harriset al.,
ibid. 82, 904 ~1999!.

@3# T. Ibrahim and P. Nath, Phys. Lett. B418, 98 ~1998!.
@4# M. Brhlik, G. Good, and G. Kane, Phys. Rev. D59, 115004

~1999!.
@5# S. Pokorski, J. Rosiek, and C. A. Savoy, hep-ph/9906206.
@6# T. Ibrahim and P. Nath, Phys. Rev. D57, 478 ~1998!; 58,

019901~E! ~1998!.
@7# T. Ibrahim and P. Nath, Phys. Rev. D58, 111301~1998!.
@8# T. Falk and K. Olive, Phys. Lett. B439, 71 ~1998!.
@9# S. Barr and S. Khalil, Phys. Rev. D61, 035005~2000!.

@10# T. Falk, K. Olive, M. Pospelov, and R. Roiban
hep-ph/9904393.

@11# A. Bartl, T. Gajdosik, W. Porod, P. Stockinger, and H. Stre
nitzer, Phys. Rev. D60, 073003~1999!.

@12# E. Accomando, R. Arnowitt, and B. Dutta, hep-ph/9907446
@13# M. Brhlik, L. Everett, G. Kane, and J. Lykken, Phys. Rev. Le

83, 2124~1999!.
@14# J. Dai et al., Phys. Lett. B237, 216 ~1990!; 242, 547~E!

~1990!.
-

@15# D. Chang, W.-Y. Keung, and A. Pilaftsis, Phys. Rev. Lett.82,
900 ~1999!.

@16# A. Manohar and H. Georgi, Nucl. Phys.B234, 189 ~1984!.
@17# R. Arnowitt, J. L. Lopez, and D. V. Nanopoulos, Phys. Rev.

42, 2423~1990!; R. Arnowitt, M. Duff, and K. Stelle,ibid. 43,
3085 ~1991!.

@18# D. Demir, Phys. Rev. D60, 055006~1999!.
@19# L. E. Ibanez and C. Lopez, Nucl. Phys.B233, 511 ~1984!; L.

E. Ibanez, C. Lopez, and C. Munoz,ibid. B256, 218 ~1985!.
@20# V. Barger, M. Berger, and P. Ohmann, Phys. Rev. D49, 4908

~1994!.
@21# L. Ibanez, C. Munoz, and S. Rigolin, Nucl. Phys.B553, 43

~1999!.
@22# G. Aldazabal, A. Font, L. Ibanez, and G. Violero, Nucl. Phy

B536, 29 ~1998!.
@23# A. Brignole, L. Ibanez, C. Munoz, and C. Scheich, Z. Phys.

74, 157 ~1997!.
@24# A. Brignole, L. Ibanez, and C. Munoz, Nucl. Phys.B422, 125

~1994!; B436, 747~E! ~1995!.
@25# J. Gunion and H. Haber, Nucl. Phys.B272, 1 ~1986!; B402,

567~E! ~1993!.
@26# The above results for tanb52 are in general agreement wit

the corrected calculations of the results of Ref.@13#.
@27# H. Leutwyler, Phys. Lett. B374, 163 ~1996!.
@28# M. Carena, S. Mrenna, and C. Wagner, hep-ph/9907422.
0-9


