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Grand unification scale CP violating phases and the electric dipole moment
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~Received 28 July 1999; published 8 May 2000!

The question ofCP violating phases in supersymmetry and electric dipole moments~EDMs! is considered
within the framework of supergravity grand unification~GUT! models with a light~&1 TeV! mass spectrum.
In the minimal model, the nearness of thet-quark Landau pole automatically suppresses thet-quark cubic soft
breaking phase at the electroweak scale. However, current EDM data require the quadratic soft breaking phase
to be small at the electroweak scale unless tanb is small (tanb&3), and the EDM data combined with the
requirement of electroweak symmetry breaking require this phase to be both large and highly fine-tuned at the
GUT scale unless tanb is small. Nonminimal models are also examined and generally show the same behavior.

PACS number~s!: 12.10.2g, 11.30.Er, 13.40.Em
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I. INTRODUCTION

The standard model~SM! of strong and electroweak in
teractions possesses only one source ofCP violating
phases: the phase in the Cabibbo-Kobayashi-Mask
~CKM! matrix. While the physical origin of this phase re
mains unknown, it appears to satisfactorily account for
observedCP violation in the K meson system, and futur
data fromB factories and high energy accelerators will
able to test its validity forB-meson phenomena. It was ear
on realized that supersymmetric~SUSY! extensions of the
standard model allowed for an array of newCP violating
phases and that these phases could give large contributio
the electric dipole moments~EDMs! of the electron and neu
tron @1#, thus violating the known experimental bounds@2,3#.
Several resolutions to this problem have been proposed:
one might assume that the phases are quite small,
&O(1022) @1,4# or suppress the diagrams by assuming t
the relevant SUSY particles are very heavy@5#. Both these
suggestionsa priori appear unsatisfactory: i.e., the first po
sibility would appear to require a significant amount of fin
tuning, and the second would imply a SUSY spectrum in
TeV domain, possibly beyond the reach of even the CE
Large Hadron Collider~LHC!. More recently, it has been
realized that some cancellations can occur in different c
tributions to the EDMs in certain parts of the SUSY para
eter space@6#, which has led to considerable examination
this possibility @6–15#. In the minimal supersymmetric ex
tension of the SM, the minimal supersymmetric stand
model ~MSSM! ~which we define as the low energy SUS
extension of the SM obtained by supersymmetrizing the p
ticle spectrum with two Higgs doublets!, this does appear to
reduce the amount of fine-tuning needed, allowing for lar
phases. The existence of such phases could also have e
on other predictions of the MSSM@16–21#, thus allowing
future experimental checks of this idea.

In this paper we consider these questions from the vi
point of supergravity ~SUGRA! grand unified theories
~GUTs!. In particular we consider gravity mediated mode
with R-parity invariance, where supersymmetry is broken
a hidden sector at some scale above the GUT scaleMG ~pre-
sumably at the string or Planck scaleMPl ,) the breaking
0556-2821/2000/61~11!/115003~12!/$15.00 61 1150
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being transmitted to the physical sector by gravity@22#. ~For
previous work from this viewpoint see Refs.@6,7,9,
10,13,14#.! Such models are much more constrained than
MSSM. Thus low energy properties are now determined
running the renormalization group equations~RGEs! from
MG to the electroweak scale.CP violating phases that in the
MSSM are arbitrary parameters now get correlated by
RGEs and no longer can be assigned independently to sa
the EDM experimental bounds. Further, the radiative bre
ing of SU~2!3U~1! puts additional constraints on theCP
violating phases. We find that as a consequence of th
constraints, one must still fine-tune some of theCP violating
phases at the electroweak scale to be quite small, excep
small regions of the parameter space with tanb close to its
minimum value or when SUSY masses are very large. F
ther, except for the lowest tanb a serious fine-tuning devel
ops at the GUT scale. These phenomena appear to be
both for the minimal SUGRA~MSUGRA! model with uni-
versal soft breaking masses and with nonuniversal
breaking extensions. Hence the required smallness of
phases also tends to reduce the possibility of collateral
dence in other phenomena for their existence in SUG
models.

In Sec. II, we discuss the solutions of the RGEs
MSUGRA models and explain which phases that are larg
the GUT scale get naturally suppressed at the electrow
scale~and which do not! and what the constraints of elec
troweak breaking imply both at the tree and one-loop lev
We then examine the amount of fine-tuning needed to sat
the existing EDM data and what would be needed if tho
data were improved by a factor of 10 without finding a
EDM. Section III considers some effects of nonuniversal s
breaking on the EDM results.

In gravity-mediated SUGRA models, the structure of t
soft breaking parameters is to be deduced from the natur
the Kahler potential and gauge kinetic function at the GU
scale@22–24#. Thus what might be reasonable sizes forCP
violating phases are presumably Planck scale physics q
tions. While at present there is no theory of such phenome
one can still examine the general framework to see un
what circumstances small or large phases might occur ‘‘na
rally’’ at the GUT scale. This is analyzed in Sec. IV, and
©2000 The American Physical Society03-1
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model with ‘‘naturally’’ small CP violating phases is dis
cussed.

Concluding remarks are given in Sec. V.

II. EDM FOR MSUGRA MODELS

A. EDM diagrams and phases in MSUGRA models

Supergravity GUT models with universal soft breaking
supersymmetry, MSUGRA, depend upon five parameter
the GUT scale: m1/2 ~the universal gaugino mass!, A0 ~the
cubic soft breaking mass!, B0 ~the quadratic soft breaking
mass!, m0 ~the Higgs mixing parameter!, andm0 ~the univer-
sal squark and slepton mass!. Of these, the first four may b
complex. However, it is always possible to make a ph
transformation on the gaugino fields to makem1/2 real, and
since the reality is preserved by the RGEs at one-loop or
we will assume for now on thatm1/2 is real. We parametrize
the remaining phases atMG by

A05uA0ueia0A, B05uB0ueiu0B, m05um0ueiu0m. ~1!

The RGEs allow one to determine the low energy parame
in terms of those of Eq.~1! and m1/2 and m0 . Thus at the
electroweak scale, one obtains a differentA parameter for
each fermion (Au , Ad , At , Ab , Ae , and At), real
gaugino massesm̃3 , m̃2 , andm̃1 for the SU~3!C , SU~2!L ,
and U~1!Y sectors, and complexB andm parameters.

The EDM, df for fermion f, appears in the effective La
grangianL f as

L f52
i

2
df f̄ smng5f Fmn. ~2!

The basic diagrams giving rise todf are shown in Fig. 1 and
involve neutralino (x̃ i

0, i 51,4!, chargino (x̃ i
6 , i 51,2!, and

gluino (g̃) loops with squarks (q̃) and sleptons (l̃ ).
For the neutron dipole momentdn one must also take into

account the gluonic operators

FIG. 1. One-loop diagram. The photon line can be attache
any charged particle.
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LG52
1

3
dGf abcGamaGbn

a G̃c
mn ~3!

and

LC52
i

2
dCq̄smng5TaqGa

mn , ~4!

where G̃c
mn5 1

2 emnabGcab , f abc are the SU~3! structure
constants, andTa5 1

2 la, wherela are the SU~3! Gell-Mann
matrices. In addition to the diagrams of Fig. 1 withg re-
placed byg, operators of Eqs.~2!–~4! receive contributions
from the two-loop Barr-Zee diagrams of Fig. 2@25#, and the
two-loop Weinberg-type diagram of Fig. 3@26#. For the neu-
tron dipole moment one must use the QCD facto
hED,hG,hC to evolve the results at the electroweak sc
down to 1 GeV@27#.

The calculation ofdn suffers from QCD uncertainties
from several sources. These include the following.

to

FIG. 2. Two-loop Barr-Zee diagrams.A is the CP-odd Higgs
boson andq̃i are the mass diagonal squark states.

FIG. 3. Two-loop Weinberg-type diagram.
3-2
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~1! How to relate the quark momentsdu ,dd to the neutron
momentdn . We use here the nonrelativistic quark mod
relation ~for other approaches see Refs.@14,28,29#!:

dn5
1

3
~4dd2du!. ~5!

~2! How to relate color and gluonic contributions to th
electric dipole moment. We use here the ‘‘naive dimensio
analysis’’ of Ref.@30#.

~3! Uncertainty inms , the strange quark mass, which a
fects the determination ofmu andmd . While the quark mass
ratios are well known@31#,

mu

md
50.55360.043,

ms

md
518.960.8, ~6!

one hasms5(175625) MeV from QCD sum rules andms
5(100620610) MeV ~2 GeV! from the quenched lattice
calculation@32#. ~Using unquenched approximation one e
pects an even smaller value@33#.!

Thus the values ofdn calculated below have a significan
uncertainty. In spite of this, it is useful to see the effect
the SUSY parameter space of simultaneously imposing
s

b

11500
l

l

e

experimental constraints on bothdn andde and we will dis-
cuss below how the uncertainty inms effects these con-
straints.

To specify our phase conventions, we give the mass
trices for the particles entering in Fig. 1. With a convenie
choice of phases, the chargino and the neutralino mass
trices are

Mx65S m̃2 &MW sinb

&MW cosb 2umueiu D , ~7!

Mx05S m̃1 0 a b

0 m̃2 c d

a c 0 umueiu

b d umueiu 0

D , ~8!

where a52MZ sinuWcosb, b5MZ sinuWsinb, c
52cotuWa, d52cotuWb, tanb5v2 /v1 (v1,25u^H1,2&u), and
uW is the weak mixing angle. The phaseu is given by

u5e11e21um , ~9!

where at the electroweak scale,^H1,2&5v1,2e
i e1,2, and m

5umueium. The squark mass matrices may be written as
Mq̃
25S mqL

2
e2 iaqmq~ uAqu1umuRqei ~u1aq!!

eiaqmq~ uAqu1umuRqe2 i ~u1aq!! mqR

2 D , ~10!
x-

ence
wheremq andeq are the quark mass and charge,

mqL

2 5mQ
2 1mq

21~1/22eq sin2 uW!MZ
2 cos 2b, ~11!

mqR

2 5mU
2 1mq

21eq sin2 uWMZ
2 cos 2b, ~12!

Aq5uAqueiaq, mQ
2 and mU

2 are given in Ibanezet al. @34#,
and Rq5cotb(tanb) for u(d) quarks. Similar expression
hold for slepton masses, with phasesa l . Our sign conven-
tions for Aq andm are those of Ref.@38#.

B. Effective potential and the relation among phases

The condition for electroweak symmetry breaking is o
tained by minimizing the effective potentialVeff with respect
to v1 , e1 , v2 , ande2 . The Higgs sector ofVeff is

Veff5m1
2v1

21m2
2v2

212uBmucos~u1uB!v1v2

1
g2

2

8
~v1

22v2
2!21

g82

8
~v2

22v1
2!21V1 , ~13!

where V1 is the one-loop contribution, andmi
25m21mHi

2

andmH1,2

2 are theH1,2 running masses. For particles of spinj,

one has
-

V15
1

64p2 (
a

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

ma
2

Q22
3

2D ,

~14!

whereCa is the color degree of freedom of theath particle.
In the following we choose the low energy scaleQ to bemt
~175 GeV! and include the full third generation statest, b,
and t in V1 . This allows an examination of the large tanb
domain.

We view the minimization equations ofVeff as equations
to determine the Higgs vacuum expectation values~VEVs!
i.e., v1 ,v2 ,e1 ,e2 . Thus, in the tree approximation, the e
trema equations]Veff /]ei50 yield 2uBmusin(u1uB)50, and
hence the minimum ofVeff requires

u5p2uB ~15!

~the choice ofu52uB leads to a maximum!. The one-loop
corrections depend only on the mass eigenvalues and, h
from Eq.~10!, only on the phaseu1aq andu1a l . Thus, at
the one-loop level, one gets a correction to Eq.~15! of the
form @16,17#

u5p2uB1 f 1~p2uB1aq ,p2uB1a l !, ~16!
3-3
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E. ACCOMANDO, R. ARNOWITT, AND B. DUTTA PHYSICAL REVIEW D61 115003
where f 1 is the one-loop correction withu approximated by
its tree value, Eq.~15!. As we will see, this correction ca
become significant for large tanb. The EDMs, however, de
pend on both the mass eigenvalues and the rotation matr
Hence they will depend onu1aq andaq separately, withu
determined by the electroweak symmetry breaking condi
in Eq. ~16!.

C. Results and analysis of fine-tuning ofu0B

The current experimental 90% C.L. upper bounds ondn
@3# andde @2# are

~dn!expt,6.3310226e cm, ~de!expt,4.3310227e cm.
~17!

In discussing the data, it is convenient to define the quan

K5 log10U df

~df !expt
U. ~18!

Thus K50 corresponds to a theoretical value which sa
rates the current experimental bound, whileK521 would
represent the case should the experimental bounds be
duced by a factor of 10. As pointed out in Refs.@6–15#,
various cancellations can occur among the different con
butions to the EDM. This is illustrated in Fig. 4 whereK is
plotted versusm0 for the electron electric dipole momen
~EEDM!. We note that eventually for very largem0 , the
curves fall below theK50 bound~as expected!. Further, the
allowed range ofm0 ~so thatK<0) decreases with increas
ing tanb ~and the allowed range would become very sm
shouldK521; i.e., the experimental bounds would be r
duced by a factor of 10!. In addition, the position of the dip
moves to lowerm0 with increasing tanb. This happens due
to the fact that the regions on the right of the dips are do
nated by the contribution from the chargino diagram.
tanb increases, the contribution from the chargino diagr
increases much more than the contribution from the n
tralino diagram. However, a decrease inm0 increases the

FIG. 4. K ~defined in the text! is plotted as a function ofm0 for
de . The solid, dashed, and dotted lines are for tanb53, 10, and 20,
respectively. The other input parameters area0A5p/2, uA0u
5300 GeV, uB50.02, andm1/25300 GeV.
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neutralino diagram much more than the chargino diagra
As a result, the dips shift towards the smallerm0 value for
larger tanb. We use negative values@arising from the factor
p in the Eq.~15!# of m to satisfy the experimental constrain
on the branching ratio~BR! of b→sg @35,36#. The restric-
tion in the SUSY parameter space from electroweak data
been considered in Ref.@37#. If the SLAC Large Detector
~SLD! measured value of sin2 uw , is used, there is no new
bound in them1/2-m0 plane. The CERNe1e2 collider LEP
average of sin2 uw , however, differs from the SLD measure
ment by 2.9s and the combined SLD and LEP can rule o
m1/2 up to 300 GeV~independent ofm0). Since the differ-
ence between the two measurements is significant, we do
restrict the parameter space using this data in this work.

We begin our analysis by examining the RGEs to det
mine what GUT scale parameters lead to acceptableCP vio-
lating phases at the electroweak scale. We have used
@38# for the RGEs relating the GUT scale parameters to
parameters at the electroweak scale. In general, the R
must be solved numerically and all results given below
obtained by accurate numerical integration. However,
proximate analytic solutions can be found for low and int
mediate tanb ~neglectingb andt Yukawa couplings! or for
the SO~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 resul

The solution for theAt(t) parameter in the low and inter
mediate tanb cases can be cast in the form@39#

A05
AR~ t !

D0
1

H3~ t !

F~ t !
m1/2, ~19!

whereAR is the residue at thet-quark Landau pole:

AR5At1m1/2S H2~ t !2
H3~ t !

F~ t ! D ~20!

and

D05126
F~ t !

E~ t !
Y~ t !. ~21!

Here t52 ln(MG /Q), the form factorsE, F, H2 , andH3 are
real and are defined in@34#, andY(t)5ht/16p2, whereht is
the t-quark Yukawa coupling constant.D0 vanishes at the
t-quark Landau pole@for Q5mt , D0>12(mt/200 sinb)2#
and is generally small~i.e., D0&0.2 for mt5175 GeV). The
imaginary part of Eq.~19! gives

D0uA0usina0A5uAtusina t . ~22!

Thus, even ifa0A5p/2, a t at the electroweak scale will b
generally suppressed due to the smallness ofD0 ; i.e., the
RGEs naturally make the phasea t small due to the nearnes
of the Landau pole.~This result has been previously ob
served, for low tanb in @9#.! The approximate SO~10! so-
lution with large tanb ~whereYt>Yb) gives a similar ana-
lytic form for At(t)>Ab(t) with the factor 6 replaced by 7 in
Eq. ~21!. Thus the suppression effect ona t occurs over the
3-4
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entire tanb domain. These effects thus allowa0A to be large
without a priori violating the experimental EDM bounds.

In contrast, there is no analogous RGE suppression e
in the first generationA parametersAu , Ad , andAe . From
the RGEs, one finds thatAu has the form of Eq.~19! for low
and intermediate tanb with the factor 6 replaced by 1 in Eq
~21!. Now D0.1 and no suppression effect occurs forau at
the electroweak scale in the analogue of Eq.~22!. However,
the EDMs are not very sensitive to the first generat
au , ad , ae and one can have large values of these par
eters without violating the experimental bounds in a reas
able region of the SUSY parameter space.

From the RGE, one sees that the phase of them parameter
does not run at the one-loop level, i.e.,u0m5um , whereum is
the phase at the electroweak scale. Thus a large GUT s
phase will lead to a large electroweak scale phase. Howe
as seen in Eqs.~7!–~10!, um enters only in the combination
u, andu is determined in terms ofuB , a l , andaq by the
minimization of the effective potential, as given in Eq.~16!.
Thus~with our choice of the phases in the mass matrices! um
does not enter in the EDMs.

The EDMs, however are highly sensitive touB , which, by
Eq. ~16!, enters into all the diagrams, and over most of
parameter space,uB must be small to satisfy the EDM ex
perimental bounds. This is illustrated in Fig. 5 where
have plotted the EEDMK vs uB . We see thatuB can be
large, i.e.,uB.0.08, for low tanb53, though it becomes
smaller for higher tanb. However, even for tanb53, the
range DuB of uB so that K<0 is very small, i.e.,DuB
&0.02 ~anduB would become quite fine tuned if the expe
mental bound were reduced by a factor of 3, i.e.,K
520.5). Figure 6 shows thatDuB remains small form1/2
&350 GeV (mg̃&1 TeV) and only relaxes somewhat whe
m1/2.700 GeV (mg̃&2 TeV). In this figure we have plotted
the K<0 regions as a function ofuB and m1/2 for three
different values of tanb. Since the contribution from the
chargino diagram increases with tanb, the larger tanb re-
quires a smaller phase to produce the necessary cancell
between the chargino and the neutralino diagrams.

FIG. 5. K ~for EEDM! is plotted as a function ofuB . The solid,
dashed, and dotted lines are for tanb53, 10, and 20, respectively
The other input parameters area0A5p/2, uA0u5300 GeV, m1/2

5300 GeV, andm05100 GeV.
11500
ct

n
-
-

ale
er,

e

ion

The RGEs allow us to examine the significance of t
above results at the GUT scale. The RGEs forB andAt can
be solved in the low and intermediate tanb regime to obtain

B5B02
1

2
~12D0!A02Fm1/2, ~23!

where

F52
1

2
~12D0!

H3

F
1F3h21

3

5
h1G aG

4p
, ~24!

FIG. 6. TheK50 contours plotted as a function ofuB andm1/2.
The solid lines are fordn , and the dotted lines are forde .
3-5
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hi5t/(11b i t), aG>1/24 is the GUT gauge coupling con
stant, andb i are the MSSM beta functions. The real a
imaginary parts of Eq.~23! give

uBusinuB5uB0usinu0B2
1

2
~12D0!uA0usina0A , ~25!

uBucosuB5uB0ucosu0B2
1

2
~12D0!uA0ucosa0A2Fm1/2.

~26!

Equations~25!,~26! can be viewed as determining the ele
troweak scale values ofuBu anduB in terms of the GUT input
parameters. ThusuB depends upon both the initial phaseu0B
and theA0 phasea0A . Alternatively, one may use Eqs
~25!,~26! to impose electroweak scale phenomenologi
constraints on the allowed GUT parameters. The requirem
that the GUT theory give rise to electroweak symme
breaking gives

uBu5
1

2
sin 2b

m3
2

umu
, ~27!

wherem3
25m1

21m2
2 andm i

25umu21mHi

2 1S i . ~HeremHi

2 are

the running Higgs boson masses at the electroweak scaleumu
is determined by electroweak breaking, andS i are the one-
loop corrections@40#.! In addition, we have seen that th
experimental bounds on the EDMs restrictuB to be small,
i.e., uuBu&0.1 ~and usually much smaller!, and the allowed
rangeDuB , which satisfies the EDMs, is quite small. The
conditions put severe constraints on the GUT scale the
which we now discuss.

Consider first the case where tanb is very close to its
minimum value, e.g., tanb52. Here sin 2b/2 is not small,
and by Eq.~27!, uBu is of normal size. Equation~25! then
implies thatuB andu0B are of roughly the same size~even
for a0A5p/2) as previously noted in Ref.@9#. Thus a rea-
sonable GUT theory requires one only to justify the size
u0B . However, as tanb increases, 1/2 sin 2b decreases, and
unlessm becomes anomalously small orm3

2 anomalously
large, Eq.~27! implies thatuBu becomes small. Thus the lef
hand side of Eq.~25! becomes small~and to first approxima-
tion can be neglected!, and Eq.~25! implies thatu0B is de-
termined bya0A mainly; i.e., u0B is large if a0A is large.
This result is illustrated in Fig. 7 whereu0B is plotted vsuB .
We see that sinceuB is small for all tanb, u0B is in general
large: e.g., even for tanb53, one hasu0B.0.8.

Returning to Eq.~25!, we see, however, thatDu0B , the
range of values ofu0B that will satisfy the EDM constraints
is very small. Thus, for fixedA0 , Eq. ~25! implies for large
tanb that

Du0B>
uBu
uB0u

DuB!DuB , ~28!

and sinceDuB is small, Du0B will be very small. This is
illustrated in Fig. 8 where the allowed values ofu0B for K
<0 are plotted vsm1/2 for de anddn for tanb53,10,20. We
11500
l
nt

ry

f

see that the phenomenological constraints at the electrow
scale imply thatu0B is both large and its value is sharp
fine-tuned~unlessa0A is small, SUSY masses are large
tanb is small!. One may alternatively view this from th
‘‘top down’’: if Planck physics determinesa0A andu0B to
be large and fixed, then if the model is to achieve el
troweak symmetry breaking with EDMs below existin
bounds, there will be a fine-tuning of other GUT scale p
rameters~unless tanb is small or the SUSY masses a
large!.

D. Constraints from simultaneous satisfaction ofde and dn

bounds

As discussed above, there are a number of uncertaintie
the calculation of the neutron EDM. Figure 9 illustrates t

FIG. 7. u0B is plotted as a function ofuB . ~a!, ~b!, and~c! are
for tanb53, 10, and 20, respectively. The other input paramet
are a0A5p/2, uA0u5300 GeV, m05100 GeV, andm1/25300
GeV.
3-6
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FIG. 8. u0B vs m1/2. Upper and lower lines are the allowe
range so thatK<0. The solid lines are fordn , and the dotted lines
are forde .
11500
effects of varying thed-quark mass in a plot of the regio
allowed by the experimental EDM bounds (K<0)
in the m0-m1/2 plane for uB50, uA0u5300 GeV, a0A
5p/2, tanb53. The bound onde already excludes all re
gions below the lower solid curve, while thedn bound ex-
cludes regions to the left of the upward running curves
md55 MeV ~dotted line!, md58 MeV ~solid line!, md
512 MeV ~dashed line!. Thus the combined exclusion re
gion increases fromm1/2*260 GeV tom1/2*440 GeV asmd
increases, a significant change. In the other figures in
paper we have used the middle value ofmd58 MeV corre-
sponding toms.150 MeV.

In Fig. 9, we have chosenuB50. As one increasesuB ,
one will eventually arrive at a neutralino-chargino cancel
tion region, and this will reduce the values ofm0 and m1/2
which are excluded. Further, for low tanb this cancellation
can occur at relatively largeuB ~i.e., uB.0.2) as shown in
Ref. @9#. Alternatively, increasing tanb can also cause this
cancellation, as the loop corrections, Eq.~16!, become large
with large tanb and the contribution from the chargino dia
gram increases with tanb. This is illustrated for tanb520 in
Fig. 10 where thedn curve for K50 ~solid line! bends
downward below m05500 GeV when 200 GeV,m1/2
,400 GeV, showing in this exceptional type situation th
one can satisfy the EDM constraints with a light partic
spectrum and large tanb. Note that the cancellation can oc
cur for a relatively wide band ofm1/2, and persists even fo
K520.5.

The regions of the SUSY parameter space that get el
nated by a joint imposition of the experimental bounds
the de and dn are sensitive, of course, to the choice of t

FIG. 9. TheK50 contours are plotted as a function ofm0 and
m1/2. The dotted, solid, and dashed lines are formd (1 GeV)55,
8, and 12 MeV, respectively. The other input parameters area0A

5p/2, uA0u5300 GeV, uB50, and tanb53. Excluded regions
are belowde and to the left of thedn curves.
3-7
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parameters. Thus in Fig. 6 one sees that form05100 GeV,
one requiresm1/2*350 GeV (mg̃*1 TeV) to jointly satisfy
the de anddn bounds, and this requirement is roughly ind
pendent of tanb. Figure 11 shows that ifm0 is increased
to 250 GeV, one requires nowm1/2*160 GeV (mg̃
*450 GeV) to satisfy both bounds; i.e., ifm0 is increased,
the lower bound onm1/2 is decreased as expected. Howev
if uA0u is increased, it is not necessary that the allowed

FIG. 11. TheK50 contours are plotted as a function ofuB and
m1/2, where a0A5p/2, uA0u5300 GeV, m05250 GeV, and
tanb53. The solid lines are fordn , and the dotted lines are forde .

FIG. 10. Allowed region in them0-m1/2 plane forde and dn .
The other input parameters area0A5p/2, uA0u5300 GeV, uB

50, and tanb520. The solid lines are forK50, and the dotted
lines are forK520.5.
11500
-

,
-

main of m1/2 increase. This is illustrated in Fig. 12 for th
choiceuA0u5800 GeV, m05100 GeV. The increase ofuA0u
raises the allowed values ofuB for both de anddn , but the
raising of de is larger causing the joint allowed domain
requirem1/2*550 GeV (mg̃*1.5 TeV!.

In order to exhibit the size ofumu, we have plottedumu as a
function of m1/2 for m05100, 300, and 700 GeV in Fig. 13
The EDM constraints have not been imposed in Fig. 13,
from Fig. 6a, one sees that they are satisfied at least form0
5100 GeV forde for essentially the entirem1/2 range~which
allows uB.0.08). Note thatumu is large ~i.e., umu2/MZ

2@1)
over the full m1/2 domain so that one is generally in th
gaugino scaling domain.

III. NONUNIVERSAL SOFT BREAKING

There are three types of nonuniversalities that might
considered in SUGRA models: nonuniversal gaug
masses atMG , nonuniversal scalar masses atMG , and gen-
eration off-diagonal cubic soft breaking matricesAi j and sca-
lar mass matricesmi j

2 . We will discuss here briefly the firs
two possibilities: a more detailed analysis will be given in
later paper@41#. ~The third type of nonuniversality has th
possibility of generatinge and e8/e CP violations indepen-
dent of the CKM phase@42#.!

In general, the U~1!, SU~2!, and SU~3! gaugino masses a
MG can have the form

m1/2i5um1/2i ueif i, i 51,2,3. ~29!

A convenient phase choice is to set the SU~2! phase to zero
f250, and hence the chargino mass matrix, Eq.~7!, is un-
changed. The remaining phases produce effects in the R
for At(t):

FIG. 12. TheK50 contours are plotted as a function ofuB and
m1/2, wherea0A5p/2, uA0u5800 GeV,m05100 GeV, and tanb
53. The solid lines are fordn , and the dotted lines are forde .
3-8
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At5D0A01(
i

F t i um1/2i ueif i, ~30!

and hence the imaginary part gives

uAtusina t5uA0uD0 sina0A1(
i

F t i um1/2i usinf i . ~31!

Thus the Landau pole factorD0 still suppresses any larg
phasea0A at the GUT scale, thougha t may become large
due to thef i phase which does not run at one-loop order a
hence is not suppressed. This phenomena can affectdn .

A second effect occurs in the neutralino mass ma
which now reads

Mx05S um̃1ueif1 0 a b

0 m̃2 c d

a c 0 umueiu

b d umueiu 0

D , ~32!

FIG. 13. The parameterumu is plotted as a function ofm1/2. The
three solid lines are form05700 ~top!, 300~middle!, and 100~bot-
tom! GeV. The other input parameters area0A5p/2, uA0u
5300 GeV, tanb53, anduB50.08.

FIG. 14. K ~for de) as a function ofuB . The other input param-
eters arem05200 GeV, m1/2i5150 GeV, tanb53, a0A5p/2,
uA0u5100 GeV, andf154p/55f3 .
11500
d

x

where u5e11e21um . Thus f1 effects any neutralino-
chargino cancellations inde and dn . An example is illus-
trated in Fig. 14. One sees thatuB can be large, but is still
tightly constrained to satisfy the experimental EDM bou
~i.e., DuB.0.02). One is again led to a fine tuning at th
GUT scale.

As an example of nonuniversal sfermion masses, we c
sider an SU~5!-type model where the GUT group possess
an SU~5! subgroup with matter embedded in the usual w
in 1015̄ representations. We also assume that the first
generations remain universal to suppress flavor chang
neutral currents. The Higgs boson masses have the form
MG

mH1

2 5m0
2~11d1!, mH2

2 5m0
2~11d2!, ~33!

while the third generation 10 representation~containing
t̃ L , t̃ R ,b̃L ,t̃R) and the 5̄~containingb̃R ,ñt ,t̃L) masses are
parametrized by

m10
2 5m0

2~11d10!, m
5̄

2
5m0

2~11ds!. ~34!

Here thed i>21 represent the deviations from the unive
sality. In addition, the third generation cubic soft breaki
parameters areA0t andA0b5A0t .

One may use the non universal sfermion and Higgs bo
masses to soften the effects of the experimental EDMs. T
is illustrated in Fig. 15 where theK50 constraint is imposed
in the m0-m1/2 plane for a choice ofd i parameters. Ford i
50, the dn curve would continue to rise for smallm1/2 as
seen in Fig. 9, rather than turn over as in Fig. 15. For
ample, form1/25220 GeV and tanb55, K(dn),0 occurs
for m0.580 GeV in the nonuniversal case, whereasK(dn)

FIG. 15. Allowed region in them0-m1/2 plane (K<0) in a non-
universal scenario. The other input parameters area0A5p/2, uB

50, uA0u5300 GeV, tanb55, d151, d2521, d10521, and
d5520.3.
3-9
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,0 occurs form0.750 GeV in the universal case. The pa
ticular set ofd is in the Fig. 15 is chosen to reduce the to
and bottom squark mass and to satisfy the requirement o
radiative electroweak symmetry breaking. The lower top a
bottom squark mass increases the Weinberg-type diag
which has a subtractive effect in the net EDM~NEDM! mag-
nitude.

IV. SUGRA MODEL OF SMALL PHASES

While choosing theCP violating phases to be small, i.e
f i.1022, to satisfy the EDM constraints appears to be
tificial in the low energy MSSM, it is possible that a natur
model of this type can arise in SUGRA GUT models.

SUGRA models depend on three functions of the ch
fields Fa : f ab(Fa), the gauge kinetic energy
K(Fa ,Fa

†), the Kähler potential; andW(Fa), the superpo-
tential. One assumes a hidden sector exists where s
fields, e.g., moduli or dilaton,F i grow VEVs of Planck size
to break supersymmetry, i.e.,

xi5k^F i&5O~1!, ~35!

where k215MPl52.431018 GeV. Thus one can write
$Fa%5$F i ,Fa%, where Fa are the physical sector fields
One might expand the Ka¨hler potential in a power series o
the physical fields:

K5k22c~0!1S cab
~2!FaFb1

1

M
cabc

~3! FaFbFc1¯ D
1S c̃ab

~2!FaFb
†1

1

M
c̃abc

~3! Fa
†FbFc1¯ D , ~36!

whereM is a large mass. Thec( i ),c̃( i ) are dimensionless, an
we assume them to beO(1). Thefirst set of parentheses i
holomorphic, and can be transferred to the superpotentia
a Kähler transformation, giving rise to them term:

W→W1k2WS cab
~2!FaFb1

1

M
cabc

~3! FaFbFc1¯ D .

~37!

The leading additional terms on the right occur whenW there
is replaced by its VEV (k2^W&.m3/2) and one of the fields
in the cubic term, e.g.,Fc , has a GUT scale VEV. Then
W→W1mabFaFb , where

mab5S cab
~2!1

MG

M
cabc

~3! Dm3/2. ~38!

In the perturbative heterotic string we expectM.MPl and
henceMG /M.O(1022). If one assumesc(2) is real andc(3)

is complex with arbitrary size phase, thenm naturally has a
phase of sizeu0m.O(1022). A similar analysis can be don
for the other parameters (A,B,m̃) yielding automatically
small phases. One assumes only that the leading~renormal-
izable! term in the matter expansion is real, while the high
terms~presumably arising from integrating out the tower
massive states! can have arbitrary phases.
11500
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Other string scenarios can haveM.O(MG). In that case
one expects the nonrenormalizable terms to give rise to la
phases, unless the low lying members of the tower of he
states do not couple to the fields of the physical sector.

V. CONCLUSIONS

In SUGRA GUT models, the basic parameters are giv
at the GUT scale. The renormalization group equations t
carry this information to the electroweak scale, allowing f
experimental tests of the model. Thus what represent
‘‘natural’’ choice of parameters is presumably a GUT sca
question.

The experimental values of the electric dipole mome
put strong constraints on the low energy SUSY parame
space. However, for MSUGRA models at least, the RG
suppress the value of theAt phase at the electroweak scal
a t , so that any size of phase,a0A , evenp/2 at MG will
generally lead to acceptable EDMs. This effect is due to
nearness of thet quark to its Landau pole.

The EDMs, however, are very sensitive to theB phase at
the electroweak scale,uB . In the domain of the light SUSY
mass spectrum~i.e., &1 TeV! and a0A.O(1), the EDMs
allow a largeuB @i.e., O(1021)# only for low tanb, i.e.,
tanb&3. Further, for fixed SUSY parameters in this doma
the allowed rangeDuB of uB needed to satisfy the EDM
constraints is very small for tanb*3.

The above results strongly affect the GUT theory. Th
for a0A large and a light mass spectrum, one finds at
GUT scale thatu0B is generally large, i.e.,O(1) even for
low tanb, and the allowed rangeDu0B for satisfying the
EDMs is exceedingly small for tanb*3. Thus, for this situ-
ation,u0B must be chosen large and be very precisely de
mined as tanb gets large, leading to a new fine tuning pro
lem at the GUT scale. The origin of this difficulty resides
the requirement that the GUT models give rise to parame
at the electroweak scale that simultaneously satisfy the
perimental EDM constraints and give rise to radiative el
troweak breaking.

The above discussion suggests that reasonable MSUG
models with large phases and mass spectrum below 1
can only be constructed for small tanb, i.e., tanb&3. The
current LEP data combined with cosmological constrai
already require tanb*2 @43#, and LEF, the Tevatron, and th
LHC will be able to explore the domain tanb&50 @44#. Thus
the value of tanb ~or a lower bound! is something that will
be determined experimentally in the not too distant futu
Should tanb turn out to be large, it is possible that on
models with small GUT phasesf0i.O(1022) are reason-
able, and it was shown above that such models can a
naturally withf0i.O(MG /MPl).

Our analysis has included the loop corrections to the
diative breaking condition. While these corrections are sm
they grow with tanb and are competitive to theuB contribu-
tion to the EDMs. Thus, for large tanb ~e.g., tanb.20), they
can produce a new cancellation phenomena~with uB50),
allowing the EDM constraints to be satisfied for a light ma
spectra~e.g., m0.300 GeV, m1/2.200 GeV!, which for
lower tanb would be excluded by the EDM data.
3-10
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The combined restrictions of the experimental ED
bounds for the neutron and electron put strong constraint
the SUSY parameter space. However, since the theore
cancellations needed to satisfy experiment are delicate
one varies the parameters one can get rather different
cluded regions. Thus, while we have found that increas
m0 gives an allowed region of smallerm1/2 ~as one might
have expected!, increasinguA0u can requirem1/2 to be in-
creased to satisfy the EDM bounds. However, it should
stressed that there are significant theoretical uncertaintie
the calculation ofdn , and we have seen, for example, th
the current uncertainty in the quark massesmu andmd ~aris-
ing from the uncertainty inms) can lead to a significan
variation in the domain the neutron EDM data can exclu
Alternate methods of calculatingdn @28,29# would be ex-
pected to shift the location in parameter space satisfied
the simultaneous constraints from the electron and neu
EDMs. However, the basic conclusion that theu0B is fine
s.
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tuned at the GUT scale would not be changed, since thi
required from considering only the electron EDM~the diffi-
culty being exacerbated if both the electron and the neu
EDM constraints are imposed!.

Much of the above discussion holds also for non minim
models with nonuniversal gaugino and sfermion soft bre
ing masses. A more detailed discussion of the effects of n
universalities will be given elsewhere@41#.
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