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I. INTRODUCTION

When discussing supersymmetric extensions to the stan-
dard model~SM!, most authors choose to incorporate the
Kobayashi-Maskawa model ofCP violation @1#. In the mini-
mal supersymmetric standard model~MSSM!, as in the SM,
this can successfully explain the experimental observations
of CP violation ~which admittedly are in rather short sup-
ply!. However, there are many other possible sources of
CP violation in the MSSM, such as phases on trilinearA
couplings and bilinearB couplings. In fact writing the super-
potential of the MSSM as

W5hUQLH2UR1hDQLH1DR1hELH1ER1mH1«H2 ,
~1!

where generation indices are implied@and where the left-
handed superfields contain the antiparticles, with the vacuum
expectation values~VEVs! of the Higgs fields (v1 and v2)
defined such thatmu5hUv2, md5hDv1, and me5hEv1#,
CP violation can appear in any of the soft supersymmetry-
breaking terms which consist of mass-squared scalar terms,
gaugino masses, and scalar couplings of the form

2dL5mi j
2 zizj*1 1

2 MAlAlA1AUq̃L* h2ũR1ADq̃L* h1d̃R

1AEl̃ * h1ẽR1Bmh1«h21H.c., ~2!

where again, generation indices are suppressed, thelA are
the gauginos, and thezi are generic scalar fields. In the case
that the couplingsA, MA , andmi j

2 are all degenerate at the
grand unified theory~GUT! scale,

AUi j
5AhUi j

,

ADi j
5AhDi j

,

AEi j
5AhEi j ,

mi j
25d i jm0

2 ,

MA5m1/2, ~3!

there are four physical phases describingCP violation which
were ennumerated in Refs.@2,3#. Two of these are the usual
u angle and Cabibbo-Koboyashi-Maskawa~CKM! phase. As
pointed out in Ref.@2#, only the relative phases betweenA
andB andm1/2 are physically significant since the phase on

m1/2 may be removed by a suitableR rotation. Thus, the
other twoCP phases are those on (Am1/2* ) and (Bm1/2* ) ~de-
notedfA andfB , respectively!.

Thus, a scenario which is complimentary to the one usu-
ally considered, is one in whichCP violation arisesonly in
the soft-supersymmetry-breaking terms, with the CKM ma-
trix being entirely real. In fact this possibility had earlier
been considered in Ref.@2# for degenerateA,MA , and scalar
masses at the GUT scale. Here it was found that the direct
CP violation parameter,«8, was generally too large. The
subsequent work by Duganet al. discouraged any further
attempts in this direction, since they placed quite severe lim-
its on the values offA andfB by using experimental bounds
on the electric dipole moments~EDMs! of the neutron and
electron. Typically one imposes

fA,fB& few31023. ~4!

Such small phases are unable~by themselves! to generate the
CP violation parameters (« and«8) of theK-K̄ system. The
usual choice is to take these phases instead to be exactly
zero, in which caseCP violation leaks into the scalar cou-
plings only through the running of the renormalization group
equations. The resulting dipole moments are enhanced over
those in the SM, although probably not measurably so@4,5#.

More recently, it has been demonstrated that, with the
commonly adopted set of supersymmetry parameters,fA is
far less constrained thanfB @6# ~and we independently re-
produce these findings!. This might give hope that theCP
violation in theK system could arise purely from phases on
theA terms. The purpose of this paper, therefore, is to reex-
amine whether theCP violation could resideonly in the
soft-supersymmetry-breaking terms, and to what extent such
a scenario would be ‘‘fine tuned.’’ In the next section we
show that, withdegenerate Aterms at the GUT scale, it is if
fact not possible to generate sufficiently large values of«
because of cancellations that occur.

We then go on to consider more general forms for the
soft-supersymmetry breaking. Since in this context EDMs
are generated from flavor diagonal terms, and« from off
diagonal terms, one might expect that is possible to avoid
bounds from EDMs@such as those in Eq.~4!# whilst at the
same time generating reasonable values of«, if rather than
being degenerate, theA parameters have an off-diagonal
‘‘texture.’’ In the light of recent work on supersymmetry
breaking in string theory, this is a reasonably well-motivated
assumption. In fact, one of the properties of the supersym-
metry breaking in these theories is that there are only large,
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nontrivial phases on theA terms, precisely when one expects
there to be a high degree of nondegeneracy~that is when
supersymmetry breaking is dominated by the moduli rather
than the dilaton!. ~In addition, sinceCP is an exact~discrete
gauge! symmetry of the string theory, its appearance in the
Yukawa couplings is not particularly easy to explain.!

We shall see that one can indeed explain theCP violation
observed in theK-K̄ system with a rather simple nondegen-
erate structure for the soft-supersymmetry breaking. We then
go on to discuss the expected pattern ofCP violation in the
B-B̄ system in this picture.

First let us discuss the procedure we have used. This is
based on the very complete analyses of the ‘‘constrained’’
MSSM by Kaneet al. @7# and Bargeret al. @8#. As in Ref.
@5#, we have used two-loop RGE evaluation of gauge and
Yukawa couplings and have minimized the full one-loop
Higgs potential to determine the parametersm andB, includ-
ing contributions from matter and gauge sectors, but retain-
ing the full flavor dependence in the RGEs. The process is as
described in Ref.@5# except here, of course, we must allow
for more general choices of supersymmetry-breaking param-
eters at the GUT scale. This requires a few modifications.

The first is to the equations for the electric dipole mo-
ments, which now receive significantleft-left contributions
from diagrams involving one Higgs vertex and one gauge
vertex @9#. Let us define the diagonalizations of the mass
matrices as

squarks :Vq̃
†M q̃

2Vq̃5mq̃
2 ,

neutralinos :VN
†MNVN5mx0,

charginos :UC
†MCVC5mx6, ~5!

where the squark mass-squared term is of the form

~ q̃ L
† ,q̃ R

† !M q̃
2S q̃Lq̃RD , ~6!

and

M ũ
25S mU

2 1Kdm
ŨLL

2
K† v2KAU1mUmv1 /v2

v2AU
†K†1mUmv1 /v2 mD

2 1dm
ŨRR

2 D ,
M

d̃

2
5S mD

2 1dm
D̃LL

2
v1AD1mDmv2 /v1

v1AD
† 1mDmv2 /v1 mD

2 1dm
D̃RR

2 D ,
and where thedm2 contain the renormalized squark mass-
squared terms and also generation independent contributions
from theD terms. We are using the down-quark diagonal
basis, andK is the CKM matrix @mU5 diag(mu ,mc ,mt)
5KhUv2 #. We find the following chargino contributions to
the quark electric dipole moments:1

dd52
1

3

e

32p2(
i

2
~VC!2i~UC!a i*

mx
i
6

3 ImS da2hD
†K†FVũFdS mũ

2

mx
i
6

2 D Vũ
†G

LR

hU
†

2da1hD
†K†FVũFdS mũ

2

mx
i
6

2 D Vũ
†G

LL

Kg2D
11

,

du5
2

3

e

32p2(
i

2
~VC!a i~UC!2i*

mx
i
6

3 ImS da2hU
† FVd̃FuS m

d̃

2

mx
i
6

2 D Vd̃

†G
LR

hD
†K†

2da1hU
† FVd̃FuS m

d̃

2

mx
i
6

2 D Vd̃

†G
LL

K†g2D
11

, ~7!

where we have defined the functions

Fd5
1

~12x!3
@5212x17x212x~223x!lnx#,

Fu5
1

~12x!3
@226x14x21x~123x!lnx#. ~8!

For the case we are considering, the CKM matrix will of
course be real. For the gluino contributions we find

dd52
eas

9pmg̃

ImS FVd̃GS md̃

2

mg̃
2 D Vd̃

†G
LR

D
11

,

du5
2eas

9pmg̃

ImS FVũGSmũ
2

mg̃
2 D Vũ

†G
LR

D
11

, ~9!

where we have defined the function

G5
1

~12x!3
@12x212xlnx#. ~10!

The neutralino contributions, which were also included, were
found always to be small.

The second modification is to the conditions which indi-
cate whether the minimum obtained is global, or whether
there are other minima which may have broken color or
charge~CCB!, or directions in which the potential is un-
bounded from below~UFB!. Necessary conditions were de-
duced in Refs.@10#, and have been exhaustively generalized
in Refs.@11,12#. Since here we are considering the possibil-
ity of large nondegeneracy in theA terms, it is especially
important to use the flavor violating conditions of Ref.@12#
which take a particularly simple form. The CCB conditions
are

1This corrects Eq.~23! of Ref. @5# in which the quark charges
were omitted.
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uAUi j
u2<uhUkk

u2~muLi
2 1muRj

2 1m2
21m2!,

uADi j
u2<uhDkk

u2~mdLi
2 1mdRj

2 1m1
21m2!,

uAEi j
u2<uhEkku

2~meLi
2 1meRj

2 1m1
21m2!, ~11!

where iÞ j , k5 Max(i , j ), andm1
2 and m2

2 are the scalar
mass-squared terms for the Higgs, and the UFB conditions
are

uAUi j
u2<uhUkk

u2~muLi
2 1muRj

2 1meLp
2 1meRq

2 !,

uADi j
u2<uhDkk

u2~mdLi
2 1mdRj

2 1mnm

2 !,

uAEi j
u2<uhEkku

2~meLi
2 1meRj

2 1mnm

2 !, ~12!

wherepÞq andmÞ iÞ j . For the diagonal terms we used
the more complete expressions given in Ref.@11#.

The« parameter was calculated using the expressions for
the MSSM of Refs.@13,14#. Since the SM contributions are
insignificant here~see below!, the main contributions are
from chargino and gluino box diagrams. To demonstrate our
nomenclature, we shall present the full chargino terms for
left-handed external quarks here. The contributions to the
mixing matrix elements are

M12~K !5
BKhK f K

2MK

384p2 @ASM1AH61Ax61Ag̃#,

Ax65(
ab

2

(
i j

6 g2
4

mxa

2 @g2~VũL
† K !2

i ~VC!a
12~VũR

† hU
† !2

i ~VC!a
2 #

3@g2~VũL
† K !2

j ~VC!b
12~VũR

† hU
† !2

j ~VC!b
2 #

3@g2~K
†VũL! i

1~VC
† !b

12~hUVũR! i
1~VC

† !b
2 #

3@g2~K
†VũL! j

1~VC
† !a

12~hUVũR! j
1~VC

† !a
2 #

3F̂~mi
2/mx6

a2 ,mj
2/mx6

a2 ,mx6
b2 /mx6

a2
!, ~13!

where we have defined the 633 matrices (Vq̃L) i
a5(Vq̃) i

a ,

and (Vq̃R) i
a5(Vq̃) i

a13 , and whereF̂ represents combina-
tions of Inami-Lim functions@13#. ~The terms with right-
handed quarks are expected to be insignificant for the chargi-
nos since they are suppressed by Yukawa couplings.! For the
gluino contributionAg̃ , we used the approximations of Ref.
@14# which include all chiralities of external quarks.

The mass-insertion approximation was also used for the
«8 parameter~see Ref.@14# and references therein!. In view
of other uncertainties, this was sufficient for the present
analysis. Other possible FCNC effects were also checked
using the expressions of Ref.@14#, except forb→sg, for
which the full expressions of Ref.@15# were used.

II. THE DEGENERATE MSSM

Before considering more general soft-supersymmetry
breaking, we shall first discuss the effect of having degener-
ate boundary conditions as in Eq.~3!, but following Ref.@6#
allow the phasesfA andfB to be nonzero. In this case it is

not possible to generate the experimentally observedCP
violation if there is noCP violation in the CKM matrix.

The reason why becomes apparent when one considers
the leading supersymmetric box diagrams. Consider for ex-
ample the potentially significant contribution to« from the
chargino/up squark box with external left-handed quarks.
This diagram may be approximated by the box diagram with
a single mass insertionM ũLR

2 on the squark lines, and top-
quark Yukawa couplings,hU on two vertices. The contribu-
tion is of the form

«} Im@~hUM ũRL
2 K !12

2 1~K†M ũLR
2 hU

† !12
2 #. ~14!

This corresponds to the cross term inAx6 of Eq. ~13! when
the Inami-Lim functions are expanded and the leading linear
terms taken. Since we are assuming noCP violation in the
CKM matrix, thenK†5KT andhU

† 5hU
T . It is convenient to

define the matricesAU such thatAU5hU•AU . The degener-
ate boundary condition corresponds toAUi j5Ad i j , and

«}@~hUAU
† hU

T !12
2 2~hUAU* hU

T !12
2

1~hUAUhU
T !12

2 2~hUAU
ThU

T !12
2 #. ~15!

In the event that theAU matrix is symmetric, this contribu-
tion completely vanishes. Inspection of the renormalization
group equations~see for example Ref.@15#! shows that for
degenerate boundary conditions this is the case to leading
order. The matrixAU is in fact found to be symmetric to
typically one part in 104 at the weak scale.

This greatly suppresses any contribution to« from
chargino box diagrams and similar arguments apply to the
other box diagrams too. In order to demonstrate this, we
shall consider a ‘‘typical’’ point in parameter space where
A5500 GeV, m05300 GeV, m1/25100 GeV, tanb55,
and m1ve. Minimizing the effective potential gave the
values2 B52116 GeV andm5187 GeV. The dependence
of the EDM of the neutron onfA andfB is shown in Fig. 1.
The contour 1.1310225 clearly agrees with the results in
Ref. @6#. In the region which is shown in the plot, the value
of « was never found to exceed 2310211. @Note that this
suppression occurs because the CKM matrix is real; if one
allows the usualCP phase into the CKM matrix, the super-
symmetric contribution to« is O(1024!#.

III. MORE GENERAL PARAMETERS

Before presenting some more general patterns of soft-
supersymmetry breaking, let us say a little about how non-
degenerate supersymmetry breaking can arise in string
theory. Recent progress in this area has shown that theA
term for a coupling,hi jk , between three superfields,i jk ,
may at tree level be written schematically in the form@16–
18#

Ai jk;2m1/2~11ei ~gT!cotuFi jk !hi jk , ~16!

2These results were verified using a different minimization routine
to within 610 GeV by P. L. White.
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where the angleu describes the Goldstino direction, and
where the VEV of the dilaton is assumed to be real. When
u5p/2 the supersymmetry breaking is along the dilaton di-
rection, and whenu50 it is in the direction of moduli de-
scribing the size and shape of the compactification. The
phase on the second term is the putative source ofCP vio-
lation and representsCP violation in the VEVs of the
moduli. Such spontaneous breaking ofCP by moduli has
been discussed for orbifolds in Ref.@18#. The function
Fi jk is a function of the moduli VEVs and vanishes in a
number of interesting cases outlined in Ref.@17#. The first
case is obvious when supersymmetry breaking is dominated
by the dilaton and cotu50. However, it is also clear that in
this casefA50 and the soft-supersymmetry breaking cannot
be the source ofCP violation. The moduli dependent term
also vanishes for renormalizable couplings in which all the
fields come from untwisted sectors, or have weight21 un-
der certain duality transformations~for instance all renormal-
izable couplings in theZ23Z2 orbifold satisfy this criterion!.
Thus, one can identify a number of possibilities for generat-
ing an off-diagonal structure in theA terms, all of which
require supersymmetry breaking to be dominated by the
moduli with cotu@1.

The off-diagonal Yukawa couplings come from nonrenor-
malizable terms whereas the diagonal ones are renormaliz-
able.

The nondegeneracy is generated by one-loop corrections,
with theA terms being zero at tree level. This possibility has
been discussed recently in the context of FCNCs in Ref.
@19#.

The nondegeneracy is generated for couplings involving
fields with weights other than21 ~for example in the third
generation only!.

These possibilities, together with the recent observation
that the pure dilaton breaking scenario breaks charge and
color @20#, make the assumption of nondegeneracy a reason-
able one.

It is beyond the scope of this paper to discuss soft-
supersymmetry breaking in string theory in any great depth,

and we shall instead select a number of ‘‘textures’’ to ana-
lyze. Here our aim will be merely to demonstrate the possi-
bility that CP violation comes only from the soft-
supersymmetry breaking. As we shall see in the next section,
the experimental signatures of this scenario are quite strik-
ing, so that for the moment they are of more immediate
interest.

In order to anticipate the effect of various patterns of soft-
supersymmetry breaking, it is useful to think in terms of the
leading mass insertion approximations. It is customary to
consider the parameters

d i j
q5

M q̃i j

2

m̃2
, ~17!

where m̃ is an ‘‘average’’ sfermion mass. From the limits
derived in Ref.@14#, it is clear which are the important ele-
ments corresponding to each process provided that the gluino
diagrams are the dominant contribution. The EDMs of the
neutron and electron impose quite severe limits on the imagi-
nary diagonal components in the left-right blocks, (d11

d )LR ,
(d11

u )LR , and (d11
e )LR . The flavor changing neutral currents

on the other hand impose bounds on the off-diagonal com-
ponents;b→sg constrains (d23

d )LR and (d23
d )LL ~weakly! and

DmK depends on (d1i
d )LL , (d1i

d )LR , and (d1i
d )RR where i

Þ1. Large values of these should be avoided, although
DmK must inevitably be affected. The parameters« and«8
depend most strongly on (d12

d )LL and (d13
d )LR . There are,

however, relatively few constraints on (d iÞ j
u ) and in addition

hD is almost diagonal at the GUT scale. If we maintain the
assumption that theA terms include factors of the Yukawa
couplings, this suggests that in the basis we are using, off-
diagonal terms inM

d̃

2
should be generated radiatively from

terms inAU .
We shall, therefore, consider the following ‘‘textures’’ for

theA matrices and the squark masses at the GUT scale:

AUi j
5AhUi j

1S 0 dA12hU12
dA13hU13

dA21hU21 0 dA23hU23

dA31hU31
dA32hU32 0

D ,

ADi j
5AhDi j

,

AEi j
5AhEi j ,

mi j
25d i jm0

21dm2,

MA5m1/2,

fB50. ~18!

The parameterdm2 represents off diagonal terms which may
also be generated in the mass-squared matrices. From now
on we shall imposefB50 to avoid large EDMs, assuming
that an explanation for this lies in the mechanism which
generates them term @16,18#.

FIG. 1. The EDM of the neutron for the degenerate case with
A5500 GeV,m05300 GeV,m1/25100 GeV, and tanb55 with
m51ve. The contours are 1.1310225 ~thick solid!, 5310225 ~dot-
ted!, and 10224e cm ~solid!. The jagged line dilineates the region
above which one cannot find a minimum. The other constraints
were not imposed for this diagram.
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For simplicity we shall introduce the real parameters
dA, andfdA , and consider the following three symmetric
structures:

AUi j
5AhUi j

1dAeifdAS 0 hU12 0

hU21 0 0

0 0 0
D , ~19!

AUi j
5AhUi j

1dAeifdAS 0 0 hU13

0 0 0

hU31 0 0
D , ~20!

AUi j
5AhUi j

1dAeifdAS 0 0 0

0 0 hU23

0 hU32 0
D . ~21!

For each of these possibilities there is a seven-dimensional
parameter space consisting of (A, m0, m1/2, tanb, dm2,
dA, fdA) in addition to the sign ofm. The results are shown
in Figs. 2–4 forfdA5p/4.3 The vertical bounds in these
figures are from CCB and UFB constraints, and the horizon-
tal bounds are fromDMK constraints.

As one might expect, the first texture is not very efficient
at generating« ~since the relevant contribution in the RGEs
is Cabibbo suppressed!, however, there is a large region in
each of the remaining two cases which can successfully ex-
plain the observed value of« whilst avoiding all other ex-
perimental constraints. In addition the value of«8 was in
each case found to be very small:

U «8

« U&1026 ~22!

along the«52.331023 contour. In this sense the experi-
mental signatures are expected to be ‘‘superweak’’ with no
observable directCP violation. The picture ofCP violation
here is, therefore, more consistent with the results on«8 from
E731 than those from NA31~see for example Ref.@21# and
references therein!.

For B physics the picture is rather unusual. InB physics,
because of the similar decay times of the two eigenstates,
one cannot disentangle the direct and indirectCP violation
using just one process. Instead one comparesCP violation
for different processes using the parameters@22#

FCPV~ f !5 argS qp r̄~ f ! D , ~23!

where q/p is associated with the mixing betweenBo-B̄o

given by

q

p
5AM12* 2 iG12*

M122 iG12
, ~24!

3This is the maximal case. Smaller values offdA may be com-
pensated by larger values ofdA. For @** em ** # very small values
such as those considered in Ref.@18#, this may be considered to be
a fine-tuning in the sense that for the example of string derived soft
terms, one requires the Goldstino to have almost no dilaton compo-
nent.

FIG. 2. The allowed (dm2, dA) parameter space for Eq.~19!.
The allowed region is below the jagged line. The solid line is the
contour«52.331023.

FIG. 3. The allowed (dm2, dA) parameter space for Eq.~20!.

FIG. 4. The allowed (dm2, dA) parameter space for Eq.~21!.
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whereuq/pu'1. The parameterr̄( f ) is related to the direct
CP violation in the decayB→ f . Neitherq/p nor r̄ is phase-
reparametrization invariant, and thus cannot be indepen-
dently observed.

In the SM, ther̄( f ) receive contributions from tree-level
W-exchange diagrams, and different phases from the KM
matrix appear according to the channel considered, leading
to a determination of the angles in the unitarity triangle@22#.
The pattern ofCP violation here is in sharp contrast, since
contributions to directCP violation arise only through pen-
guin diagrams which in addition to being one-loop, are sup-
pressed by factors of Yukawa couplings. Therelativephases
of the variousr̄( f ) are thus small with respect to the SM,
and the picture ofCP violation is close to that of the ‘‘su-
perweak’’ models in the tree-level approximation.~One-loop
penguin diagrams may be significant for processes which are
Cabibbo suppressed at tree level.! There is therefore a basis
~i.e., the one which we are using! in which all ther̄( f ) are
approximately real for every process and hence all the
FCPV are given by

FCPV'2 arg~M12!. ~25!

Moreover we find that, for the three examples studied here,
this phase is insignificant, in accord with previous analyses
of the B system in the constrained MSSM@13#. Thus one
concludes thatfor the B system there is little detectable CP
violation. ~Some higher-loop contributions such as finite
contributions to the Yukawa couplings, may be detectable
for some Cabibbo suppressed processes.!

IV. CONCLUSION

We have shown that the experimentally observedCP vio-
lation could be generated in the soft-supersymmetry breaking

sector of the MSSM rather than the Yukawa couplings. It is
possible to avoid constraints from EDMs and FCNCs by
choosing an off-diagonal texture for the trilinear couplings.
The experimental signatures of this type ofCP violation are
markedly different from those in the SM or the ‘‘con-
strained’’ MSSM. Generally theCP violation is expected to
be of the ‘‘superweak’’ variety, arising only through mixing,
with little direct CP violation. For theB system the rela-
tively small contribution to mixing means that there will be
no detectableCP violation at all~modulo possible one-loop
effects!.

This picture seems an attractive prospect for a number of
reasons. For example, if this scheme is correct, then in con-
junction with other FCNC processes, one has access to rather
direct information about physics occuring at the Planck
scale, specifically the nature of the supersymmetry breaking
fields and their VEVs.

Another promising aspect is that of baryogenesis. In order
to generate a sufficient baryon number in the SM and even
the MSSM, one generally requires additionalCP violation
beyond that in the CKM matrix. Here however theCP vio-
lation responsible for the value of« could easily be sufficient
to generate the observed baryon number since it is a ‘‘hard’’
violation; CP violation in the SM for example is typically
suppressed atT@mt by a factorO(mquark

12 /T12) whereas here
the suppression need only beO(m̃2/T2). This will be the
subject of future work.
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