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Aspects of soft and spontaneousCP violation
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~Received 15 September 1998; published 8 January 1999!

We study four different models forCP violation: the standard Kobayashi-Maskawa~KM ! model, the aspon
model of spontaneous breaking, and two models of soft breaking. In all except the standard model, the strong
CP problem is addressed and solved. Testable predictions for the area of the unitarity triangle and for (e8/e)K

are emphasized. The issue ofCP violation may well become the first place where the standard model of
particle theory is shown definitively to be deficient. There are two reasons for expecting this to happen:~1! the
strong CP problem is still not understood in the unadorned standard model and~2! the KM mechanism,
although unquestionably present, may not provide the full explanation ofeK and (e8/e)K .
@S0556-2821~99!04003-5#

PACS number~s!: 11.30.Er, 12.60.2i, 13.25.Es, 13.25.Hw
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I. INTRODUCTION

There are several models for describingCP violation by
scalar dynamics. SpontaneousCP violation @1,2# is one of
the interesting schemes, especially whereCP is broken si-
multaneously with SU(2)L3U(1)Y . This kind of model has
been widely studied~see e.g. Refs.@3–5#!.

There are other models in which heavy quarks and sca
are introduced andCP violation is originated in the heavy
scalar sector. TheCP violation is transported to the ordinar
quark sector through the Yukawa interactions among a he
quark, ordinary quark, and heavy scalar. At the same ti
an attempt is made to resolve the strongCP problem. These
models may be divided into two classes by the existenc
the tree level flavor changing neutral current~FCNC!.

There are two typical models without the tree lev
FCNC. In one class of model only right-handed quarks h
Yukawa interactions with heavy quarks and scalars@6#,
while in another class only left-handed quarks have
Yukawa interaction@7#. In both modelsCP is violated in the
heavy mass terms softly or spontaneously.

A typical model with the tree level FCNC is the aspo
model @8#. This model is widely studied~see, e.g. Refs
@9,10#!. In this model one vectorlike SU(2)L doublet of
quarks are introduced. Those quarks have same charges
and down types of ordinary quarks. Two heavy SU(2L
3U(1)Y singlet scalars have vacuum expectation val
~VEVs! which breakCP spontaneously. Another model wit
tree level FCNC is given in Ref.@11#, where unlike the mod-
els considered here, no additional U~1! symmetry occurs.

In this paper we study constraints and predictions of
above two models of softCP breaking comparing with thos
for the aspon model. These considerations are timely bec
experiments are underway to measure both Re(e8/e) and the
CP asymmetries inB0 decays. In fact, there are two expe
ments each to measure both effects. The former is be
measured by the NA-48 experiment at CERN, and by
E799/E832~KTEV! experiment at FermiLab. The latter
being studied by the BaBar detector of thee1e2 storage ring
0556-2821/99/59~3!/036004~9!/$15.00 59 0360
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PEP-II experiment at SLAC and by the BELLE experime
at the KEKB factory.

The layout of the paper is as follows. In Sec. II we d
scribe in detail the different models we shall analyze. In S
III the constraints arising fromeK are derived. The predic
tions for e8/e are given in Sec. IV. In Sec. V the constrai
of B-B̄ mixing is discussed. Section VI covers theCP asym-
metry predictions for neutralB decay. In Sec. VII the lower
limits on Q̄ are calculated, together with the correspondi
lower limits on the neutron electric dipole moment. Fina
in Sec. VIII the different predictions are summarized.

II. MODELS

Here we shall list four different models forCP violation
which exemplify all of the ideas we are considering. At t
end of the paper we shall summarize the similarities a
differences of the experimental predictions. Thus the hurr
reader could read just this section and that summary
sample the main points: the intervening sections prov
technical details.

A. Standard model

The first model is just the standard model~SM! with the
Kobayashi-Maskawa~KM ! mechanism@12# of explicit CP
violation. Principally, we are interested in models which a
solve strongCP ~as all the other three will!. The standard
model requires an additional mechanism, e.g., the Pec
Quinn mechanism@13# or massless up quark~see, e.g. Ref.
@14#! to accomplish this. Nevertheless, it forms an essen
comparison for all the other cases.

B. Two models„types L and R… of soft CP breaking

The class of models we consider for softCP violation is
constructed by adding two SU(2)L singlet scalarsx I (I
51, 2) with hyperchargeYx and one nonchiral quarkQ to
the standard model. TheseQ and x I carry the opposite
charges of an extra U(1)new symmetry. The hypercharge ofQ
©1999 The American Physical Society04-1
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is determined in such a way that the Yukawa interactio
among x I , Q and the ordinary quarkq are allowed:YQ
5Yx1Yq . The Yukawa interactions in the models can
written as

LY52(
I 51

2

(
i 51

3

hi
I@Q̄qix I1q̄iQx I* #, ~2.1!

wherehi
I is a real Yukawa coupling.

CP is softly broken by the mass term ofx I . The models
in this category are divided into two types by the chirality
the ordinary quarkq which couples toQ andx I : in the first
type ~type R), q is a right-handed down-type quark,Yq
521/3 @6#; in the second type~type L), q is a left-handed
SU(2)L doublet quark,Yq51/6 @7#.

Let us explain details of these models for softCP viola-
tion. The scalar potential forx I is given by

Lx5 (
I ,J,K,L51

2

l̄ IJKLx I* xJxK* xL1 (
I ,J51

2

M̄ IJx I* xJ,

~2.2!

where l̄ IJKL and M̄ II 5M̄ II* are real quantities andM̄12

5M̄21* is a complex quantity. The interaction betweenx I and
the ordinary SU(2)L doublet Higgs scalarH is given by

LxH5S H†H2
v2

2 D (
I ,J51

2

l IJx I* xJ, ~2.3!

wherel IJ is real. The mass eigenstatex I8 is given by a uni-
tary rotation

x I85 (
J51

2

UIJxJ , ~2.4!

whereU is a suitable unitary matrix.
After rotatingx to the mass eigenstatex8 as in Eq.~2.4!,

the Yukawa interactions become

LY52(
I 51

2

(
i 51

3

@ f Ii Q̄qix I81 f Ii* q̄iQx I8* #, ~2.5!

where f Ii 5(J51
2 UIJ* hi

J is a complex Yukawa coupling.
An important combination forCP measurement isXi j

I

[ f Ii* f I j . The fact that the original Yukawa couplinghi
I is

real leads to
03600
s

Im~Xi j
I 52!52Im~Xi j

I 51!. ~2.6!

C. Aspon model

Here the complex scalarx I has a vacuum expectatio
value ~VEV! which spontaneously breaksCP ~aspon model
@8#!. In the aspon model the U(1)new is gauged, and the
gauge boson acquires its mass from the VEV ofx I . Q and
q have same charges (Yx50, YQ5Yq), and they have com-
plex mass mixing. Accordingly, there exist tree-level flav
changing neutral currents~FCNC! mediated by the aspon
gauge boson andx I .

Let us briefly review the relevant part of the aspon mod
In the aspon modelq can be the left-handed doublet quark
or the right-handed down-type quarks, in the simplest v
sions. In the present analysis we fixq to be the left-handed
doublet quarks for definiteness.1 All the couplings in the sca-
lar potentials in Eqs.~2.2! and ~2.3! are real, andCP is
spontaneously broken by the VEV ofx I :

^x1&5
1

A2
k1eiu, ^x2&5

1

A2
k2 . ~2.7!

As a result the light quarksq mix with the nonchiral heavy
quark Q. The mass matrix, in the weak basis where 333
submatrix for down sector is diagonal, is given by@9#

Md5S md 0 0 F1

0 ms 0 F2

0 0 mb F3

0 0 0 MQ

D , ~2.8!

where

Fi5hi
1^x1&1hi

2^x2&. ~2.9!

This mass matrix is diagonalized by a biunitary transform
tion, KL

†MdKR . The approximate form of the transformatio
matrices are given by@9#

1In the concluding Sec. VIII we mention the difference in pred
tions for anR-type aspon model.

FIG. 1. Box diagram contributions toK0-K̄0 mixing in the mod-
els of softCP breaking.
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KL51
12

1

2
ux1u2 x1x2*

ms
2

md
22ms

2
x1x3*

mb
2

md
22mb

2
x1

x2x1*
md

2

ms
22md

2
12

1

2
ux2u2 x2x3*

mb
2

ms
22mb

2
x2

x3x1*
md

2

mb
22md

2
x3x2*

ms
2

mb
22ms

2
12

1

2
ux3u2 x3

2x1* 2x2* 2x2* 12
1

2(
j 51

3

uxj u2
2 ,

KR51
1 x1x2*

mdms

md
22ms

2
x1x3*

mdmb

md
22mb

2

md

MQ
x1

x2x1*
msmd

ms
22md

2
1 x2x3*

msmb

ms
22mb

2

ms

MQ
x2

x3x1*
mbmd

mb
22md

2
x3x2*

mbms

mb
22ms

2
1

mb

MQ
x3

2
md

MQ
x1* 2

ms

MQ
x2* 2

mb

MQ
x3* 1

2 , ~2.10!
u
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where

xi[Fi /MQ . ~2.11!

In the weak basis the aspon gauge boson does not co
to light quarks. However, due to the mixing with the hea
quarkQ, light quarks in terms of the mass eigenstates cou
to the aspon gauge boson. This induces FCNC’s:

L A
FCNC~down!52gAa i j d̄L8

igmdL8
jAm, ~2.12!

where

a i j .xixj* , ~ i , j 51,2,3!,

a4i5a i4* .2xi* , ~ i 51,2,3!,
~2.13!

a44.12(
i 51

3

uxi u2,

with Am being the aspon gauge boson andgA the gauge
coupling. In addition to the above FCNC’s in the left-hand
sector there exist FCNC’s in the right-handed sector. Ho
ever, the coupling is suppressed by the mass ratiomi /MQ ,
where mi5(md ,ms ,mb). Similarly, flavor changing cou-
plings tox I are suppressed bymi /MQ . So we will neglect
these couplings below.
03600
ple
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-

III. CONSTRAINT FROM eK

In the SM,eK arises from theW1W2 exchange box dia-
gram, and is proportional to a combination of CKM angl
and to sind whered is the KM phase, and therefore gives
constraint between these SM parameters. Now we study
other models defined in Sec. II. The parametereK is given by

eK5
eip/4

2A2
F Im M12

Re M12
12

Im A0

Re A0
G . ~3.1!

The second term is related toe8/e, and much smaller than
the first term as we shall see below.

The dominant contribution to ImM12 is given by the
scalar-heavy quark exchange box diagram shown in Fig
for the models of softCP breaking, and by the aspon gaug
boson exchange tree diagram shown in Fig. 2 for the as
model. The effectiveDS52 Hamiltonian derived from the
contribution, for typeR soft breaking, is given by

HDS52
~new! 5

1

v2
Csd

~R!~ s̄RgmdR!~ s̄RgmdR!, ~3.2!

FIG. 2. Tree level aspon gauge boson exchange contribution

K0-K̄0 mixing in the aspon model.
4-3
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where

Csd
~R!5

1

6~4p!2

v2

MQ
2 (

I ,J51

2

Xsd
I Xsd

J F~r I ,r J!, ~3.3!

with r I5MI
2/MQ

2 . The functionF(r I ,r J) is defined by

F~r I ,r J!5
3

~12r I !~12r J!
2

3r J
2

~12r J!
2~r I2r J!

ln r J

1
3r I

2

~12r I !
2~r I2r J!

ln r I , ~3.4!

where the normalization ofF(r I ,r J) is taken asF(1,1)51.
For typeL soft breaking, and for the aspon model, the effe
tive coupling is the same as Eq.~3.2! with the helicities
switched fromR to L, and with the coefficientCsd

(R) replaced
by Csd

(L) , and Csd
(A) , respectively. The formula forCsd

(L) is
exactly as forCsd

(R) in Eq. ~3.3!. We will give the formula for
Csd

(A) later.
As in the SM, ReM12 is dominated by the contribution

from W-charm exchange box diagram. This is given by

HDS52
~KM ! 5

1

v2
Csd

~KM !~ s̄LgmdL!~ s̄LgmdL!, ~3.5!

where

Csd
~KM !5

1

8p2

MW
2

v2
~Vcs* Vcd!

2SS mc
2

MW
2 D . ~3.6!

The functionS(x) is so-called Inami-Lim function@15# and
S(mc

2/MW
2 ).3.4831024. Vcs and Vcd are corresponding

elements of the quark mixing matrixuVcs* Vcdu.0.22. Note
that the mixing matrix for the models of softCP breaking is
real and orthogonal, and the 333 submatrix of it in the
aspon model is also real and orthogonal to a very good
proximation@16#.

Since QCD respects parity invariance, it may be enou
to assume that two operators in Eqs.~3.2! and~3.5! give the
same hadron matrix elements. ThenueKu can be expressed a

ueKu.
1

2A2
U Im Csd

~R,L,A!

Csd
~KM ! U . ~3.7!

The experimental valueueKu52.2631023 gives a constraint
to uIm Csdu:

uIm Csd
~R,L,A!u.1.4310210. ~3.8!

This smallness ofuIm Csd
(R,L,A)u is easily understood by sma

Yukawa couplingf Ii .
To estimate the size of the Yukawa couplings, we c

assume that their real and imaginary parts are compara
equateMQ andMI and arrive, from Eq.~3.3!, at
03600
-

p-
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v
MQ

X̄sd
~R,L !.331024, ~3.9!

where we have defined (X̄sd)
25 1

2 uIm Xsd
I 51( I 51

2 Re Xsd
I u us-

ing the fact that ImXsd
I 5252Im Xsd

I 51 . Of course, the corre-
sponding Yukawa couplings involving the third family, e.g
X̄bd , X̄bs are not constrained byeK . It seems natural to say
that MQ is bigger than the weak scale, and then Eq.~3.9!
gives the lower boundX̄sd

(R,L)*331024.
In the aspon model

Cds
~A!52S v

k D 2

~x1* x2!2, ~3.10!

wherek is the scale of U(1)new breaking. The combination
of Eqs. ~3.8! and ~3.10!, as is well known@9,17#, gives a
constraint onk, using information fromQ̄ ~see Sec. VII!.
The parameterx3 is not constrained byeK .

IV. PREDICTIONS FOR REAL PART OF „e8/e…

In the standard model, an enormous effort has gone
calculating directCP violation, characterized by the quantit
Re(e8/e) ~see, e.g., Refs.@18–21#!. There remains some un
certainties in the prediction due to the quark masses, e
cially ms , the QCD scaleLQCD, and certain hadronic matrix
elements. One quoted range is@19#

ReS e8

e D5~3.663.4!31024. ~4.1!

In particular, a vanishing result results from an acciden
cancellation~rather than a symmetry!. The parametere8 is
given by

e852
ei ~p/21d22d0!

A2

Re A2

Re A0
F Im A0

Re A0
2

Im A2

Re A2
G , ~4.2!

whereAI are the isospin amplitudes inK→pp decays and
d I are the corresponding final state interaction phases.

To estimate the contributions to the imaginary part of t
K→pp decay for the models of softCP breaking, let us
consider the gluon penguin diagram shown in Fig. 3. F
type R soft CP breaking model the chiralities ofs and d

FIG. 3. Gluon penguin diagram contribution to the imagina
part of theK→pp decay for the models of softCP breaking.
4-4
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quarks in the external lines are different with those for
W-exchange contribution. Then it is convenient to define
following operators:

Q3854~ s̄RgmdR! (
q5u,d,s

~ q̄RgmqR!,

Q4854 (
q5u,d,s

~ s̄RgmqR!~ q̄RgmdR!,

Q5854~ s̄RgmdR! (
q5u,d,s

~ q̄LgmqL!,

Q68528 (
q5u,d,s

~ s̄RqL!~ q̄LdR!. ~4.3!

By using these operators, theDS51 effective Hamiltonian
for type R soft CP breaking model is given by

HDS51
~new! 5

1

v2
C̄sd

~R!(
i 53

6

n i~Mnew!Qi8~Mnew!, ~4.4!

whereMnew is a scale around masses of new particles, a

2
1

3
n3~Mnew!5n4~Mnew!52

1

3
n3~Mnew!5n6~Mnew!

5
as~Mnew!

256p
. ~4.5!

Here C̄sd
(R) is expressed as

C̄sd
~R!5

v2

MQ
2 (

I 51

2

Xsd
I F̃S MI

2

MQ
2 D , ~4.6!

where

F̃~r I !5
4

3~12r I !
F7229r I116r I

2

6~12r I !
2

2
r I~322r I !

~12r I !
3

ln r IG . ~4.7!

The effective Hamiltonian for the typeL soft CP breaking is
obtained by switching the helicitiesR to L andL to R in the
above expressions andC̄sd

(L)5C̄sd
(R) .

To obtain the amplitudes forK→pp we need
to study the renormalization group evolution of the co
ficients. This is done by using the method describ
in, e.g., Refs. @20,21#. The resultant coefficients
are @n3(mc),n4(mc),n5(mc),n6(mc)#5(21.2,1.5,0.8,4.7)
31024, where we have takenMnew5MW for simplicity. As
is well known, the gluon penguin diagram gives a contrib
tion to only isospin zero channel. We use the valu
in Ref. @21# for the hadron matrix element
(^Q38(mc)&0 , ^Q48(mc)&0 , ^Q58(mc)&0 ,^Q68(mc)&0)5(20.01,
20.19,0.09,0.28)(GeV)3. By using the experimental value
ReA053.3331027 GeV and ReA251.5031028 GeV
with ueKu52.3631023, Re(e8/e) from the gluon-penguin
diagram is given by
03600
e
e

-
d

-
s

UReS e8

e D U.~7.731022!uIm C̄sd
~R,L !u. ~4.8!

Assuming that the real and imaginary parts of the Yuka
coupling are comparable, and using the value in Eq.~3.9!
estimated fromeK , we obtain

UReS e8

e D U.231025
v

MQ
&231025 ~4.9!

for the models of softCP breaking. Note that Re (e8/e) can
be of order 1024 if we allow that the imaginary part is bigge
than the real part ofXsd

I , Im Xsd
I ;103ReXsd

I . The predic-
tion in Eq. ~4.8! is more reliable than the corresponding pr
diction in the standard model because there is no expecta
of delicate cancellation between diagrams.

In the aspon model the dominant contribution is given
the aspon gauge boson-heavy quark exchange penguin
gram, and Re(e8/e) is estimated as@22# Re(e8/e)&1025.

V. B0-B̄0 MIXING

In addition to theW-exchange box diagram contributio
the scalar-heavy quark exchange box diagram contribut
Bd-B̄d mixing in the models of softCP violation. The effec-
tive Hamiltonian derived from the new contribution for th
type R soft CP breaking model takes the same form as th
for DS51 effective Hamiltonian given in Eq.~3.2! with s
replaced byb, and similarly for the typeL soft CP breaking
model and the aspon model. This should be compared w
the W-top exchange diagram contribution, which takes t
same form as that in Eq.~3.5! with s andc replaced byb and
t. Again it may be enough to assume that the two opera
with different chiralities give the same hadron matrix e
ments. Then let us compareCbd with Cbd

(KM) .
The experimental value of the top quark mass,mt

5175 GeV, givesCbd
(KM) .(3.4631023)(VtbVtd). In the

models of softCP breaking the quark mixing matrix is rea
and orthogonal, and the unitarity triangle is flat. In the asp
model the imaginary parts of the mixing matrix arise fro
the imaginary parts of the small quantitiesxi , and the 3
33 submatrix is real and orthogonal in good approximatio
So the current experimental valueu(Vud* Vub)/(Vcd* Vcb)u
.0.35 leads tou(Vtd* Vtb)/(Vcd* Vcb)u.0.65, and uVtd* Vtbu
.5.931023. This impliesCbd

(KM) .1.231027. On the other
hand, when we assume that the Yukawa couplings are in
pendent of the generation in the models for soft or sponta
ousCP violation considered in this paper,Cbd is roughly of
the same order asCsd :uCbd

(R,L,A)u;uCsd
(R,L,A)u;10210. This

value is much smaller thanCbd
(KM) , and negligible. This situ-

ation is similar toh50 in the standard model, which is no
excluded by the experiment@16,23,24#.

In the case of generation-independentYukawa couplings,
CP violation in Bd-B̄d mixing is much smaller for the sof
and spontaneousCP breaking models than that for the SM
On the other hand, we can admit generation-dependent
Yukawa couplings, and expect thatCbd is larger and roughly
4-5
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of the same order asCbd
(KM) ; uCbd

(R,L,A)u.1027. For the mod-
els of softCP breaking this corresponds to

v
MQ

uXbdu.731023, ~5.1!

whereXbd is the average value ofXbd
I 51 andXbd

I 52 . ~Note that
Im Xbd5Im Xbd

I 5152Im Xbd
I 52 .) For the aspon modeluCbd

(A)u
.1027 leads to

v
k

ux1* x3u.231024. ~5.2!

For the typeR soft breaking model ImXbd is strongly
constrained byQ̄, uIm Xbdu&231024 @see Eq.~7.6!#. So the
above constraint~5.1! for uXbdu leads thatuReXbdu is much
bigger thanuIm Xbdu. This implies that theCP violation in
Bd-B̄d mixing in the typeR soft breaking model is much
smaller than that in the SM even if we introduce t
generation-dependent Yukawa coupling. For the typeL soft
breaking model and the aspon model, however, the c
straint fromQ̄ is not strong, so that theCP violation in the
Bd-B̄d mixing can be as big as in the SM.

Similarly, for Bs-B̄s mixing, we may expect thatCbs is as
large asCbs

(KM) . In such a case, theCP violation in theBs-B̄s

mixing for the typeL soft breaking model and the aspo
model can be as large as in the SM. On the other hand,
to the constraint fromQ̄, for the typeR soft breaking model
it is much smaller than that in the SM.

VI. NEUTRAL B DECAYS AND CP ASYMMETRIES

The CP violation in the neutralB meson decays is ex
pressed by the product of the two quantities measuring
indirect and directCP violations, respectively,

l~Bq→X!5S q

pD
Bq

Ā~B̄q→X̄!

A~Bq→X!
, ~6.1!

whereBq is Bd or Bs . In the SM this quantity measures th
angles of the unitarity triangle. This corresponds to the te
in the requirement that

Vub* Vud1Vcb* Vcd1Vtb* Vtd50. ~6.2!

The angles between the first and second, second and t
and third and first terms are calledg, a, andb, respectively.
The KM model predicts a sizeable area of the triangle
volving, e.g., sin 2b.0.65 @24#.

To study the quantityl in Eq. ~6.1! in the soft and spon-
taneously broken models, let us consider four cases for
coefficients of the four-Fermi operator as in Eqs.~3.2! and
~3.5!. ~An alternative analysis of new physics and the qu
tity l is in Ref. @25#.!

The first case corresponds to generation-indepen
Yukawa couplings. The other three cases involve genera
dependence, in particular where the third generation cou
more strongly than the second~case 2!, the first ~case 3! or
03600
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both ~case 4!; these lead, in general, to a deviation from pu
superweak phenomenology. The four cases are explicitly~1!
uIm Cbdu;uIm Cbsu;uIm Csdu; ~2! uImCbsu;uIm Csdu and
uIm Cbdu;uCbd

(KM) u; ~3! uIm Cbdu;uIm Csdu and uIm Cbsu
;uCbs

(KM) u; ~4! uIm Cbdu;uCbd
(KM) u and uIm Cbsu;uCbs

(KM) u.
The first factor (q/p)Bq

in Eq. ~6.1! measures the indirec

CP violation. In the present models, up to corrections
order 1022, it is given by the quantity with modulus one,

S q

pD
Bq

.
Cbq

~KM !1Cbq

uCbq
~KM !1Cbqu

. ~6.3!

Then for ImCbq;Im Csd we find Im (q/p)Bq
&1022. Note

that any nonvanishing value for Im (q/p)Bq
comes from the

approximation involved in Eq.~6.3!. On the other hand, for
uIm Cbqu;uCbq

(KM) u as in 2, 3, and 4~as in the SM!, which is
possible for the aspon model and the typeL soft breaking
model, the ImCbq becomes less negligible and so it is co
venient to define

S q

pD
Bq

.ei2b̃q. ~6.4!

The second factor (Ā/A) in Eq. ~6.1! measures directCP
violation in neutralB meson decays. NeutralB meson decays
are described byb̄→q8q8̄q9 at the quark level. In this cas
the ratio ofW-exchange penguin contribution to the tree co
tribution is roughly@26#

Apenguin
~KM !

Atree
;~4–10 %!

Vtb* Vtq9

Vq8b
* Vq8q9

. ~6.5!

In addition, there is a contribution from the scalar-hea
quark exchange penguin diagram in the soft breaking m
els, and a contribution from the aspon gauge boson-he
quark exchange penguin diagram in the aspon model.
ratio of the new penguin contribution to theW-top penguin
contribution is given by

Apenguin
~new!

Apenguin
~KM !

;
C̄bq9

C̄bq9
~KM ! , ~6.6!

where C̄bq9 and C̄bq9
(KM) are analogues ofC̄sd in Eq. ~4.4!.

This ratio is estimated by the ratio of the couplings:

C̄bq9

C̄bq9
~KM ! ;5 S v

MQ
D 2 Xbq9

Vtb* Vtq9

for the soft breaking models,

S v
k D 2 x3xq9

*

Vtb* Vtq9

for the aspon model,

~6.7!

wherexd,s5x1,2. For ImCbq9;Im Csd , the imaginary part
of this ratio is very small, and the new contribution is neg
gible compared with the KM-penguin contribution. Whe
uIm Cbq9u;uCbq9

(KM) u, the imaginary part of this ratio can be o
4-6
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TABLE I. Values of Iml(Bq→X) for the examples of the neutralB meson decay modes.~1!–~4! correspond to four cases discussed
text. A zero indicates that the value is small,&O(1022). The column indicated by ‘‘SM’’ shows the predictions in the SM@26#.

~1! ~2! ~3! ~4! SM

b→cc̄s Bd→cKS 0 sin 2b̃d
0 sin 2b̃d

2sin 2b
Bs→Ds

1Ds
2 0 0 sin 2b̃s sin 2b̃s

2sin 2b8

b→cc̄d Bd→D1D2 0 sin 2b̃d
0 sin 2b̃d

2sin 2b
Bs→cKS 0 0 sin 2b̃s sin 2b̃s

2sin 2b8

b→cc̄s Bd→p1p2 0 sin 2b̃d
0 sin 2b̃d

sin 2a
Bs→rKS 0 0 sin 2b̃s sin 2b̃s

2sin 2(g1b8)

b→ss̄s Bd→fKS 0 sin 2b̃d sin 2ãs sin 2(b̃d1ãs) 2sin 2(b2b8)
Bs→h8h8 0 0 sin 2(b̃s1ãs) sin 2(b̃s1ãs) 0

b→ss̄d Bd→KSKS 0 sin 2(b̃d1ãd) 0 sin 2(b̃d1ãd) 0
Bs→fKS 0 sin 2ãd sin 2b̃s sin 2(b̃s1ãd) sin 2(b2b8)
,
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order one in the typeL soft breaking model, while it is small
&1021, in the aspon model. Then if

U VtbVtq9

Vq8bVq8q9
U<1, ~6.8!

the tree diagram dominates over penguin diagram@26#, and
the directCP violation in theB system is small. This corre
sponds to the processesb→cc̄s, b→cc̄d, andb→uūd. On
the other hand, if tree diagrams are forbidden, the peng
diagram dominates, and

Ā

A
;

C̄bq9
~KM !

1C̄bq9
*

C̄bq9
~KM !

1C̄bq9

. ~6.9!

This is forq85d or s. WhenuIm Cbq9u;uCbq9
(KM) u in this case,

it is convenient to parametrize

Ā

A
.ei2ãq9, ~6.10!

whereãq9 is of order one in the typeL soft breaking model,
&1021 in the aspon model, and very small in the typeR soft
breaking model.

In Table I we show examples of neutralB meson decay
modes with values of Iml(Bq→X) for the four cases dis
cussed above. One can read from Table I specific feature
the present models. For example: ifCP assymetry inBd
→KSKS were large, then it indicates a clear deviation fro
the standard model, and those for tree dominant decay m
are the same: Iml(Bd→cKS).Im l(Bd→D1D2)
.Im l(Bd→p1p2). On the other hand, if it were small, a
CP violations inBd decays are small.

If we focus just on the ‘‘gold-plated’’ decay modeB
→cKS ~top row of Table I!, where the SM predicts an un
mistakable largeCP asymmetry, then in the typeR soft
breaking model one must have condition 1 and hence a
smallb (b,1022); in the typeL soft breaking model or the
aspon model onecan admit conditions 2 and 4 and henc
large effectiveb. However, if we impose that the Yukaw
03600
in

of

es

ry

couplings are generation-independent, all except the SM
dict a CP asymmetry in this mode too small to be detecte

VII. COMPATIBILITY WITH UPPER BOUND ON Q̄;
LOWER BOUNDS ON ELECTRIC DIPOLE MOMENTS

It is interesting to estimate thelower bound onQ̄ and
hence on the neutron electric dipole momentdn , for the
different models. First recall that in the standard mod
where the strongCP problem is unresolved—and require
an additional mechanism such as the Peccei-Quinn symm
@13# or a massless up quark~see, e.g., Ref.@14#!—there is no
such lower limit because there is no reason to makeQ̄ small.
If one simply puts the bareQ̄ equal to zero~without moti-
vation! then it has been pointed in Ellis and Gaillard@27# that
there is a finite correction at two loops of;10216 and an
infinite renormalization at seven loops which is even smal
;10232 if one arbitrarily puts in a cutoff equal to the Planc
mass. But these are not really predictions for a lower bou
because there is fine-tuning unless there is an additio
mechanism.

The value ofQ̄ is strongly constrained by the experime
of the neutron electric dipole momentQ̄<10210. In the
models considered in this paper the determinants of m
matrices of quarks are real, and the resultantQ̄ is zero at tree
level. However, it is generated at some loop level throu
corrections to the mass matrixQ̄5Im $tr@M 21dM #%, where

FIG. 4. Three loop diagram which gives a correction to t
imaginary part of thed mass matrix in the model for typeR soft CP
breaking.
4-7
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TABLE II. Summary of results for the threeCP violation models compared to the SM.n denotes the
unitarity triangle determined from neutralB meson decays. A query? denotes notnecessarilypure superweak
~essentially zeroe8/e and a flatn), but becomes so if the Yukawa couplings are generation independe
that case, the first two rows in the last three columns become indistinguishable. Values in parenthese
weaker bounds for the case of generation-independent Yukawa couplings, to be compared to gen
dependent ones.

KM R-type soft L-type soft Aspon

Se8e D few 1024 ? ? ,1025

n big flat ? ?

Q̄ axion? .10213 (10213) .10211 (10214) .10212 (10215)

dn 10232 .10228 (10228) .10226 (10229) .10227 (10230)
-

-

, w
-

-
in

to

e
o

o
of

a
am

he
es-

e
tion
M is the tree level mass matrix.
In the aspon model a contribution toQ̄ appears at one

loop level due to the mixing between the heavy scalarx I and
the ordinary Higgs bosonH given in Eq.~2.3! @9#. This con-
tribution is estimated as@16#

Q̄5
lx2

16p2
, ~7.1!

wherel is an average value ofl IJ in Eq. ~2.3! andx is an
average value ofuxi u in Eq. ~2.11!. From a one-loop correc
tion from the quark box diagram a lowest value ofl and
henceQ̄ are estimated as@17#

l*
x2

16p2
, Q̄*

x4

~16p2!2
. ~7.2!

This by using the upper bound ofQ̄ implies x2&1023.
When the Yukawa couplings are generation independent
obtain k&33104 GeV by combining this with the con
straint~3.8! from eK . The assumptionk.v gives the lower
boundx2*1025, which leads toQ̄*4310215, and hence
dn*4310230e cm. As discussed in Sec.~V! one can admit
uCbd

(A)u is as large asuCbd
(KM) u by using the generation

dependent Yukawa couplings. In such a case the comb
tion of Eqs.~7.2! with the constraint~5.2! from Bd-B̄d mix-
ing, we obtaink&103 GeV ~rather thank&33104 GeV).
Equation ~5.2! with the assumptionk.v gives the lower
bound ux1* x3u*231024, which combined with Eq.~7.2!

leadsQ̄*2310212, and hencedn*2310227e cm.
In the model for typeR soft CP breaking the corrections

to the imaginary part of the mass matrix of the down sec
first arise at two-loop level, as pointed out in Ref.@6#. We
estimate this asQ̄.l f 2/(16p2)2, where l is an average
value of l IJ in Eq. ~2.3! and f is an average value of th
Yukawa couplings. Different from the case of the asp
model~where the top quark contributes!, a lowest value ofl
is here estimated from a one-loop correction from the b
diagrams ofdown-typequarks. The resultant lowest value
Q̄ is estimated asQ̄*@ f 4/(16p2)3#(mb /v)2, which leads
only to f 2&1. This constraint is not strong. However,
stronger constraint comes from the three-loop diagr
03600
e

a-

r

n

x

shown in Fig. 4. The correction from the diagram to t
imaginary part of the mass matrix of the down sector is
timated as

dMd;
as

4p

1

16p2v2

1

16p2
VT~Mu!2VM dXI , ~7.3!

whereas.0.12 is the QCD coupling andV is a real orthogo-
nal KM matrix. The contribution toQ̄ is calculated by mul-
tiplying the abovedMd by (Md)21 and taking trace. Since
Md is included between two Hermitian matrices indMd ,
enhancement factors arises from (Md)21. The resultant cor-
rection toQ̄ is given by

Q̄~down!;
as

4p

mt
2

~16p2!2v2F ms

md
VtsVtd Im X12

I

1
mb

md
VtbVtd Im X13

I 1
mb

ms
VtbVts Im X23

I G . ~7.4!

By using (md , ms , mb).(8, 150, 4800) MeV and
(Vtd , Vts , Vtb).(5.931023, 4.331022, 1), the above
expression becomes

Q̄~down!;@9.031023Im Xsd
I 16.7ImXbd

I 12.6ImXbs
I #

31027. ~7.5!

Then the constraintQ̄&10210 gives

uIm Xsd
I u&0.1,

uIm Xbd
I u&231024, ~7.6!

uIm Xbs
I u&431024.

When we demanduCbd
(R)u.uCbd

(KM) u consistently with the
above upper bound, we need to requireuReXbd

I u@uIm Xbd
I u.

Then the bounds forMQ and Q̄ are same as those for th
generation-independent Yukawa couplings. The combina
of the upper bound~7.6! with the constraint obtained from
eK @Eq. ~3.9!# gives the upper bound forMQ : MQ

(R)&8

3104 GeV. The lower bound forQ̄ may be obtained from
4-8
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the lower bound forX̄sd (X̄sd*331024) derived fromeK .
The result isQ̄*3310213, and hencedn*3310228.

In the model of typeL soft CP breaking, a contribution to
dM arises at two-loop level2 from the diagram similar to the
one for the typeR soft breaking model, while the three-loo
diagram similar to the one in Fig. 4 does not contribute toQ̄.
So the dominant contribution toQ̄ is estimated asQ̄
.l f 2/(16p2)2. Similarly to the aspon model, a lowest valu
of l is estimated from a one-loop correction from the b
diagram ofboth up-typeand down-type quarks. The result
ant value ofQ̄ is thus estimated asQ̄* f 4/(16p2)3, which
leads to f 2&0.02. For the case of generation-independ
Yukawa couplings the combination of this upper bound w
the constraint from eK gives an upper bound fo
MQ : MQ&23105 GeV. The boundX̄sd*331024 leads
to Q̄*2310214, and hencedn*2310229e cm. On the
other hand, when we requireuCbd

(L)u.uCbd
(KM) u, the combina-

tion of f 2&0.02 with the constraint obtained fromBd-B̄d
mixing gives an upper bound forMQ : MQ&7
3102 GeV. A lower bound forX̄bd can be derived from the
Bd-B̄d mass difference@Sec. ~V!#: X̄bd*731023, which

2This two-loop contribution is due to Sheldon Glashow.
.

ev

g,

N.

03600
t

leads to f 2*731023. From this lower bound the lowe
bound for Q̄ is estimated asQ̄*10211, and hencedn
*10226e cm, quite close to the experimental limit.

VIII. SUMMARY OF PREDICTIONS

The predictions of the different models we have stud
are collected together3 are in Table II. From this table we se
that the predictions for the different models are very div
gent and therefore when the quantity (e8/e) is measured
with an accuracy of 1024, and theCP asymmetry inB
→cKS is measured to determine whether or not sinb
.1022 we will be able to exclude models. As mentioned
the Introduction we expect that both of these measurem
will be completed within perhaps 2 or 3 years.
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that light left-handed quarks couple to the new quarks. If we repl
this by an aspon model withq5 right-handed down-type quarks

the lower limits onl and Q̄ in Eq. ~7.2! are each reduced by
factor (mb /v)2;1023.
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