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CP violation in a supersymmetric model with nondegenerateA terms

Shaaban Khalil
Ain Shams University, Faculty of Science, Cairo 11566, Egypt

Tatsuo Kobayashi
Department of Physics, High Energy Physics Division, University of Helsinki

and Helsinki Institute of Physics, P.O. Box 9 (Siltavuorenpenger 20 C), FIN-00014 Helsinki, Finland

Antonio Masiero
International School for Advanced Studies, SISSA, via Beirut 2-4,I-34100 Trieste, Italy

~Received 5 April 1999; published 7 September 1999!

We study theCP phases of the soft supersymmetry breaking terms in string-inspired models with nonuni-
versal trilinear couplings. We show that such nonuniversality plays an important role on allCP violating
processes. In particular these new supersymmetric sources ofCP violation may significantly contribute to the
observedCP phenomena in kaon physics while respecting the severe bound on the electric dipole moment of
the neutron.@S0556-2821~99!03217-8#
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I. INTRODUCTION

CP phenomenology is sensitive to new physics beyo
the standard model. In supersymmeteric models, there ap
newCP violating phases which arise from the complexity
the soft supersymmetry~SUSY! breaking terms, i.e., the tri
linear scalarA terms, the bilinear scalarB term, and the
Majorana gaugino masses, as well as from them parameter.
The presence of these phases would give large contributi
e.g., to the electric dipole moment of the neutron~EDMN!
@1–6# and to theCP violation parameters (« and«8) of the
K-K̄ system@8,9#. There has been a considerable amoun
work concerning these phases in the minimal supersymm
ric standard model~MSSM!.1 It was shown that to suppres
the EDMN, either large scalar masses~approaching more
than 1 TeV! or small CP phases~of order 1023, when all
SUSY masses are of order 100 GeV! are required. In the
latter case, the MSSM SUSY phases generateCP violation
in the K-K̄ system far below the experimental value. Thu
the Cabibbo-Kobayashi-Maskawa~CKM! phase must pro-
vide almost the whole contrbituion to the observedCP vio-
lation in theK system.

Recently the question of whether the EDMN actua
forces the SUSY contributions toCP violation in theK sys-
tem to be quite small has been vigorously readdressed
particular this has been due to a change in the perspectiv
the SUSY model building. While in the 1980s and ea
1990s most emphasis was put on the minimal SUSY ex
sion of the SM~i.e., the MSSM!, more recently it has be
come clear that the MSSM represents a very particu
choice of SUSY extension of the SM with drastic assum
tions on the SUSY breaking terms. The advent of the sup
string inspired model has stressed even more the partic
nature of the MSSM and the difficulty, in general, to obta

1For a review, see e.g.@10# and references therein.
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all the strict boundary conditions on which the MSSM relie
If one gives up the MSSM and goes for more general SU
realizations it is possible to avoid the above obstruction
large SUSY contributions to«.

Three ways out have been indicated so far. First, e
remaining within the MSSM context, the complete compu
tion of the SUSY contributions to the EDMN involves se
eral contributions and possible destructive interferences
occur in some regions of the SUSY parameter space@5,6#. A
second possibility occurs in the so-called models of effect
supersymmetries where the sfermion of the first two gene
tions are very heavy~in the tens of TeV range! while those of
the third generation remain light. Here the SUSY contrib
tions to the EDMN are suppressed even with the maxim
SUSY phases either because the squarks in the loop are
heavy or because the mixing angles are very small@7#. Fi-
nally, we come to the way out which is of most immedia
interest in our work. It relies on the nonuniversality of th
trilinear A terms of the soft breaking sector of the SUS
Lagrangian@11#. Let us expand more on this latter possib
ity.

In most of analysis universal or degenerateA terms have
been assumed, i.e., (AU,D,L) i j 5A or (AU,D,L) i j 5AU,D,L .
This is certainly a nice simplifying assumption, but it r
moves some interesting degrees of freedom. For exam
every A term would, in general have an independentCP
phase, and in principle we would have 27(533333) inde-
pendentCP phases. However, in the universal assumpt
only one independentCP phase is allowed.

The situation drastically changes if we are to allow f
nondegenerateA terms with different and independentCP
phases. For example, the off-diagonal element of the squ
~mass! 2 matrix, say (MQ

2 )12, includes a term proportinal to
(AU)1i(AU

† ) i2. However, in the universal or the degenera
case this term is always real. Furthermore, these off-diago
elements play an important role in«K , as shall be shown
later. If these terms enlarge the imaginary part of (MQ

2 )12,
©1999 The American Physical Society03-1
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CP violation in theK system may be enhanced. That suc
case may occur was recently shown in Ref.@11#.

In this paper we study more explicitly and concretely su
aspects of theCP violation in theK system due to nonde
generateA terms, using soft SUSY breaking parameters
rived from superstring models with certain assumptio
@12,13#. We assume real Yukawa matrices in order to stu
the CP violation effect due to SUSYCP phases.2 Also we
use generically realistic Yukawa matrices. We investig
how much theCP violation parameter« in the K system is
enhanced by the effect due to nondegenerateA terms.

The paper is organized as follows. In Sec. II we revi
the soft SUSY breaking terms derived from superstring m
els. We assign family-dependent modular weights in orde
have nondegenerate trilinear couplings. In Sec. III, we st
the effect of these phases in theCP violating physics of
kaons. We show that SUSYCP phases could contribute t
the observed value of« in the K system. Section IV deals
with the EDMN. We give our conclusions in Sec. V.

II. SOFT SUSY BREAKING TERMS

First we give a brief review on the soft SUSY breakin
terms in string models,

2LSB5
1

6
Yi jk

A f if jfk1
1

2
~mB! i j f if j

1
1

2
~m2! i

jf* if j1
1

2
Mall1H.c., ~1!

whereYi jk
A 5(YA) i jk , thef i are the scalar parts of the chir

superfieldsF i , and l are the gauginos. We assume t
string model to have the same massless matter content o
MSSM, i.e., three families of quark doubletsQi , the up-type
quark singletsUi , the down-type quark singletsDi , lepton
doubletsLi , and lepton singletsEi as well as two Higgs
fieldsH1 andH2. Here we consider orbifold models with th
overall moduli field T as well as the dilaton fieldS. We
assume that the dilaton and the moduli fields contribute
SUSY breaking and the vacuum energy vanishes.

In this case the soft scalar massesmi and the gaugino
massesMa are written as@13#

mi
25m3/2

2 ~11ni cos2u!, ~2!

Ma5A3m3/2sinue2 iaS, ~3!

wherem3/2 is the gravitino mass,ni is the modular weight of
the chiral multiplet and sinu corresponds to a ratio betwee
F terms ofS and T. For example, the limit sinu→1 corre-
sponds to the dilaton-dominant SUSY breaking. Here
phaseaS is originated from theF term of S. In the equation
for Ma the T-dependent threshold corrections are neglec

2In higher-dimensional field theory and some type of string co
pactificationCP is a nice symmetry, that is, Yukawa couplngs a
real @14#.
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These latter are important only for the case where the
level value is very small, i.e., sinu→0. Here we do not dis-
cuss such limit. Similarly theA terms are written as

Ai jk52A3m3/2sinue2 ias2m3/2

3cosu~31ni1nj1nk!e
2 iaT, ~4!

where ni , nj , and nk are modular weights of fields in th
corresponding Yukawa couplingYi jk . Here the phaseaT is
originated from theF term ofT.3 If Yi jk depends onT, there
appears another contribution. However, we do not take s
a case.

Thus, the gaugino masses and theA terms as well as theB
term are, in general, complex. We have a degree of freed
to rotateMa andAi jk at the same time@3#. Here we use the
basis whereMa is real. InA terms of the above basis, ther
remains only one independent degree of freedom of
phase, i.e.,a8[aT2aS . However, note that in generalA
terms can have different phases with each other except
case with cosu sinu50. The case with cosu50 corresponds
to the dilaton dominant SUSY breaking leading to the u
versalA term, while the case with sinu50 corresponds to the
moduli-dominant SUSY breaking, whereCP phases are uni-
versal, i.e.,Ai jk5uAi jk ueia8.

In order to avoid any conflict with the experimental r
sults on flavor changing neutral current processes, we
sume that the soft scalar masses of the first and second f
lies are degenerate, that is, the first and second families h
the same modular weights. Under this assumption, we
general have theA-parameter matrix

Ai j
u,d5S au,d au,d bu,d

au,d au,d bu,d

bu,d8 bu,d8 cu,d

D , ~5!

that is, all of the entries in the first 232 block are degener
ate, and the~1,3! and ~2,3! @~3,1! and ~3,2!# entries are de-
generate each other. After assigning specific modu
weights, we obtain explicit values for the entries in t
A-parameter matrix.

In addition to the soft terms, we have to fix the Yukaw
matrices to be able to perform an explicit computation. Th
are several types of Ansa¨tze for realistic Yukawa matrices
Some typical Yukawa matrices leading to approximate v
ues of quark masses and their mixing angles are enough
our purpose. Here we assume~1! every entry in the Yukawa
matrix is real,~2! the Yukawa matrix is symmetric, and~3!
the Yukawa matrix has the following hierarchical structur

Y33.Yi j , Y22.Ymn , ~6!

where Yi , j is any entry exceptY33, and Ymn denotes the
~1,1!, ~1,2! and ~2,1! entries.

-
3We treataS and aT as free paremeters. If we fix a form of th

SUSY breaking superpotential, these magnitudes can be fixed@15#.
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Under these assumptions, we can write a generic form of the down-Yukawa matrix,

Yi j
d 5Y33

d S ~md /mb!Q11
d V12

CKM~ms /mb! V13
CKMQ13

d

V12
CKM~ms /mb! ~ms /mb! V23

CKMQ23
d

V13
CKMQ13

d V23
CKMQ23

d 1
D , ~7!

and the up-Yukawa matrix

Yi j
u 5Y33

u S ~mu /mt!Q11
u A~mumc /mt

2!Q12
u Q22

u V13
CKMQ13

u

A~mumc /mt
2!Q12

u Q22
u ~mc /mt!Q22

u V23
CKMQ23

u

V13
CKMQ13

u V23
CKMQ23

u 1
D , ~8!
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in terms of the eight free parametersQ11
u,d , Q12

u,d , Q13
u,d , and

Q23
u,d , while Q22

u is of order one. In addition we have a co
straint, Q23

d 2Q23
u '1. A detailed discussion of this param

etrization will be given in Ref.@16#.
Actually, most of symmetric and hierarchical Yukaw

mass matrices which have been already proposed in the
erature are included in the above textures~7! and ~8!. For
example, five types of symmetric Yukawa matrices with fi
texture zeros have been obtained in Ref.@17#. The following
parameter assignments correspond to four Ramond-Rob
Ross~RRR! types:

~Q23
d ,Q13

d ,Q23
u ,Q13

u ,Q12
u !

5~1,0,0,0,1! in the first RRR type, ~9!

5~1,0,0,1,0! in the third RRR type, ~10!

5~0,0,1,0,1! in the fourth RRR type, ~11!

5~0,0,1,1,0! in the fifth RRR type, ~12!

with the other prametersQ i j
u,d suppressed.4 Moreover, in Ref.

@18# string-inspired realistic quark mass matrices have b
studied and the obtained matrices correspond to the case
Q23

d 5Q12
u 51, a small value ofQ23

u and the otherQ i j
u,d sup-

pressed.

III. CP VIOLATION

As an example of nonuniversal cases, we takeni521 for
the third family andni522 for the first and second families
Also we assume thatnH1

521 andnH2
522. In this case,

we find the following texture for theA-parameter matrix a
the string scale

4The second RRR type corresponds to the suppressed valu
Q22

u .
07500
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Ad5S ad ad bd

ad ad bd

bd bd cd

D , Au5S au au bu

au au bu

bu bu cu

D , ~13!

where

au5m3/2~2A3 sinu13e2 ia8cosu!, ~14!

ad5bu5m3/2~2A3 sinu12e2 ia8cosu!,
~15!

bd5cu5m3/2~2A3 sinu1e2 ia8cosu!,
~16!

cd52A3m3/2sinu. ~17!

In this paper we takeQ23
d 5Q13

d 5Q13
u 51 and Q11

d 5Q11
u

5Q12
u 5Q23

u 50 as an example. Having specified the valu
of the soft terms at the string scale, we can use the e
troweak breaking conditions atMZ , which at tree level can
be expressed as

m25
mH1

2 2mH2

2 tan2b

tan2b21
2MZ

2/2, ~18!

sin 2b5
22uB.mu

mH1

2 1mH2

2 12m2
, ~19!

where tanb is the ratio of the vacuum expectation values
the Higgs fields. Using Eqs.~18! and~19! we can determine
the value ofumu anduBu as functions onm3/2, u, anda8. We
imposefB50 to avoid large EDMs. The origin of this latte
phase is linked to the way them term is produced in effective
supergravities. Given the focus of our paper on the role
nonuniversalA terms forCP violation, we are not going to
discuss the different mechanisms to originatem and we sim-
ply consider a vanishingfB . We also assume a low value o
tanb, namely, we consider it to be of order 3. Then all t
of
3-3
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KHALIL, KOBAYASHI, AND MASIERO PHYSICAL REVIEW D 60 075003
supersymmetric particle spectrum is completely determi
in terms ofm3/2, u, anda8. Apart from the key role of the
nonuniversalA terms and of their phases inCP violation, it
is worth mentioning that they have also important effects
the SUSY spectrum and on the non-CP violating processes
@6# and @19#.

Before computing the contribution toCP violation in the
kaon system from the phases in the above matricesAd and
Au, one important remark is in order. The fact of havi
nondegenerateA terms is essential to obtain nonvanishi
CP violating contributions from SUSY loops when th
CKM matrix is taken to be real. Namely, it can be show
that, independently from how large one takes the SUSYCP
phasesfA and fB , in the presence of degenerateA terms
and real CKM there is no way of generating a phenome
logically viable amount ofCP violation in K physics. This
point was already emphasized by Abel and Frere@11# who
showed explicitly that« turns out to be extremely tiny in
box-diagrams with chargino–up-squark exchange and ex
nal left-handed quarks when the matrices (YA) in our nota-
tion are symmetric~notice that the symmetric form of th
trilinear matrciesAu and Ad and the Yukawas matricesYu

andYd in our case is at the GUT scale and indeed at w
scale our trilinear scalar terms are not symmetric in gen
tion space since they have different running!. Their proof can
be readily extended to SUSY loops with gluino exchan
This can be seen as follow.

The value of the indirectCP violation in the kaon decays
« is defined as

«5
ei (p/4)Im M12

A2DmK

, ~20!

where DmK52 Rê K0uHeffuK̄0&53.52310215 GeV. The
amplitudeM125^K0uHeffuK̄0& is given in Ref.@9# in terms of
the mass insertiondAB defined bydAB5DAB /m̃2 wherem̃ is
an average sfermion mass and theD ’s denote off-diagonal,
flavor changing terms in the sfermion mass matrices.

We consider gluino exchange contributions with all ext
nal left-handed quarks. In this case the relevant flavor cha
ing mass insertions that appear on the internal squark pr
gator lines accomplish the transition fromd̃1L to d̃2L (1 and
2 are flavor indices!:

~DLL
d !125@KMQ̃

2
K†#12, ~21!

whereK is the Kobayashi-Maskawa matrix.
In the case of degenerateA terms, i.e.,Ai j 5Ad i j , one

obtains@8#

~DLL
d !12.2

1

8p2
~K†hU

2 K !12~3m0
21uAu2!, ~22!

i.e., the flavor changing mass insertions remain real~for a
real CKM matrix! independently from the phasefA . In such
diagonal or degenerate cases the SUSY contribution toCP
violation relies on the (d12)LR and (d12)RL mass insertions
and it turns out to be very small@11#. Obviously this is no
07500
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longer true if we switch on theCP violating phase of the
CKM matrix. In that case SUSY loops can give a no
negligible contribution to«K , although such contribution
cannot be the major source ofCP violation.

To obtain a large SUSY contribution to«, it is necessary
to enhance the values of Im(d12)LR and Im(d12)RL . The non-
degenerateA terms is an interesting example for enhanci
these quantities since the off-diagonal terms, namely,A12

d ,
lead to nonvanishing values of (d12)LR and (d12)RL at the
tree level@see Eq.~1!#.

We consider the box diagrams which are responsible
the K0-K̄0 transition and we focus on the contribution com
ing from gluino exchange in the loop~as we shall see below
this turns out to be the dominant contribution to«) @9#

M12
gluino52

aS
2

216mq̃
2

1

3
mKf K

2 H~d12
d !LL

2 @24x f6~x!166f̃ 6~x!#

1~d 12
d !RR

2 @24x f6~x!166f̃ 6~x!#

1~d 12
d !LL~d 12

d !RRH F384S mK

ms1md
D 2

172Gx f6~x!

1F224S mK

ms1md
D 2

136G f̃ 6~x!J
1~d 12

d !LR
2 F2132S mK

ms1md
D 2

x f6~x!G
1~d 12

d !RL
2 F2132S mK

ms1md
D 2

x f6~x!G
1~d 12

d !LR~d 12
d !RLF2144S mK

ms1md
D 2

284G f̃ 6~x!J.
~23!

Here,x5(mg /Mq̃)2 and the functionsf 6(x), f̃ 6(x) are given
in Ref. @9#. The above result is obtained in the so-call
super-KM basis@20# by making use of the mass insertio
approximation method.

As we mentioned, we assume that the CKM matrix is r
and the soft SUSY breaking terms are the only source for
complexity of the amplitudeM12. The relevant contribution
to CP violation comes from the terms proportional
(d12)LR and (d12)RL in the above expression. Going to th
basis where the down quark mass matrix is diagonal,
mass insertion (d12)LR is given by

~d 12
d !LR5U1i~Yd

A! i j U j 2
T , ~24!

where U is the matrix diagonalizing the symmetric dow
quark mass matrix. The most relevant contributions in
above equation are

~d 12
d !LR.U11~Yd

A!12U22
T 1U12~Yd

A!22U22
T 1U13~Yd

A!33U23
T ,
~25!

which implies that Im(d 12
d )LR is of the same order a

Im(Yd
A)12 and indeed it is found to be of order 1024 and the
3-4
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same for (d12)RL . Moreover the values of Im(d12)LL and
Im(d12)RR are nonzero unlike in the universal case, but
smaller than (d12)LR .

Also we estimate the chargino contribution to«. It is
found that it is proportional to (d13

u )LR(d23
u )LR . The ampli-

tude for the chargino box contribution toK0-K̄0 mixing can
be written as

M12
chargino.2

K13K23aW

216mq̃
2

1

3
mKf K

2 ~d13
u !LR~d23

u !LR

3F2132S mK

ms1md
D 2

x f6~x!G , ~26!

wherex5(mx6 /Mq̃)2. The values of (d13
u )LR(d23

u )LR are two
orders of magnitude larger than the values of (d12)LR

2 but
because of the smallness of the coupling it is found that
amplitude of the chargino contribution is one order of ma
nitude less than the gluino amplitude. Thus the main con
bution to« is due to the gluino exchange. However, this
not necessarily true in the case of nonvanishingfB .

Using the above values of the mass insertions we
determine the SUSY contribution to«. Figure 1 shows« in
terms of sina8 for u.0.8 rad andm3/2.100 GeV.

Also we give the values of« in terms of u in Fig. 2,
which shows that the nonuniversality between the soft su
symmetry breaking terms is preferred to enhance the SU
CP violating contribution. Finally, we present the values
« as a function of the gravitino mass in Fig. 3.

It is interesting to note that form3/2;100 GeV we obtain
large values of«, which even exceed the experimental lim
2.231023. Thus we have a constraint on (m3/2,a8) from the
experimental limit on«. For instance, in case ofa85p/2 we
find thatm3/2.120 GeV.

FIG. 1. The values of« versus sina8 where the goldstino angle
u.0.8 rad. andm3/2.100 GeV.
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We can proceed analogously for other values ofQ i j
u,d . For

example, the Ramond-Roberts-Ross textures lead to
similar results. As another exmaple, we can take the c
with nH1521, nH2522, andni521 for the other matter
fields. This case leads to a degenerateA matrix, i.e., Ai j

u

5Aud i j andAi j
d 5Add i j . However, note that theseA param-

eters in general haveCP phases independent of the gaugi
mass unlike the case where every field has the same mod
weightni521. Consistently with our previous general co
siderations on the necessity of nondegeracy of theA matrices
to have sizableCP violating contributions, in this case«
turns out to be smaller thanO(1023).

IV. ELECTRIC DIPOLE MOMENT OF THE NEUTRON

The supersymmetric contributions to the EDMN inclu
gluino, chargino, and neutralino loops. Since we are con

FIG. 2. The values of« versusu where a8.p/2 and m3/2

.100 GeV.

FIG. 3. The values of« versusm3/2 where the Goldstino angle
u.0.8 rad. anda8.p/2.
3-5
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KHALIL, KOBAYASHI, AND MASIERO PHYSICAL REVIEW D 60 075003
ering the case with vanishingfB , the gluino contribution is
dominant. For the EDM of the quarku andd it amounts to
@9#

dd
g/e52

2

9

aS

p

mq̃

Mq̃
2 M1~x! Im~d 11

d !LR , ~27!

du
g/e5

4

9

aS

p

mq̃

Mq̃
2 M1~x! Im~d11

u !LR , ~28!

wheremg̃ is the gluino mass,Mq̃
2 is the average squark mas

The functionM1(x) is given by

M1~x!5
114x25x214x ln~x!12x2 ln~x!

2~12x!4
. ~29!

As we explained in the last section, by using the electrow
breaking condition we can write all the spectrum in terms
m3/2, u, aS , andaT . Then the EDMdq

g/e is given in terms
of these parameters. We use the nonrelativistic quark m
approximation of the EDMN:

dn5
1

3
~4dd2du!. ~30!

The mass insertion (d11)LR is given by

~d 11
d !LR5~UTYd

AU !11.U21~Y21A21
d !U111U21~Y22A22

d !U21.

In our case, we find that thed11 is only one order of magni-
tude less than thed12. Unless the phases appearing
(d 11

d )LR are small, we would expect the imaginary part
this latter quantity to be of order 102521026. This implies
that the gluino contribution to the EDMN in this model is
order of 10225e cm. Recently it has been shown that t
above EDMN contributions can interfere destructively w
other contributions in some regions of the SUSY parame
space@5,6#. In Sec. III, we have shown that there exists
relatively large region of the the parameter space to enha
« with nonuniversalA parameters. Thus, it may be possib
to find some cancellation with other contributions allowi
for the EDMN to be suppressed to values below 10225e cm.
To find such a parameter space, a detailed analysis is ne
in particular with the inclusion of the effects offB ~we plan
to provide it elsewhere@16#!. Other than such a cancellatio
as we said, the nonuniversal cases could include the
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specially fine-tuned case where onlyCP phases ofA ele-
ments contributing to the EDMN are suppressed.

Finally we comment on theDS51 CP violating param-
eter «8/«. In our case, where (d12)LR and (d12)RL give the
important contributions to theCP violation processes in
kaon physics, the relevant part of the effective Hamilton
HMeff

for DS51 CP violation is

Heff5C8O81C̃8Õ8 , ~31!

whereC8 and O8 are given in Ref.@9# and C̃8 can be ob-
tained fromC8 by exchangeL↔R and the matrix element o
the operatorÕ8 is obtained from the matrix element ofO8
multiplying them by (21). Since we have (d12)LR approxi-
mately equal to (d12)RL , then C8 is very close toC̃8 and
hence, the value of«8 is very small. This cancellation be
tween the different contributions to«8 is mainly due to the
symmetric nature of the trilinear and/or Yukawa matrices
adopted. It has recently been shown that in the absenc
such cancellation it is possible to obtain large values of«8/«
~compatible with the experimental results of NA31 a
KTeV! using the flavor changing trilinear scalar terms of t
soft breaking sector@22#.

V. CONCLUSIONS

We have studiedCP violation in the SUSY model with
the nondegenerateA terms derived from superstring theor
This type of nonuniversality has a significant effect in t
CP violation. We have shown the region of the parame
space where we have SUSY contribution for« of order
1023.

It is interesting to investigate effects of nonuniversality
otherCP aspects, e.g., detailed analysis of the EDMN. Al
the effect of the nondegearcy of theA terms is important in
studying theB physics.

We have considered the case where the dilaton field
only the overall moduli field contribute to SUSY breakin
and in this case only one independentCP phasea85aT
2aS appears in theA parameters. It would be interesting t
discuss multimoduli cases@21#, where several independen
CP phases appear.
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