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There have been many declarations of the death of the Weinberg model of spontaneousCP violation.
However, these studies relied on the assumption of unrealistically small errors in the theoretical uncertainties
in the calculations of the relevant observables, and a realistic estimate of the errors shows that the Weinberg

model cannot be ruled out on the basis used in the past—the experimental values one in K0-K̄0 mixing, the
neutron electric dipole moment~EDM!, the branching ratio ofb→sg, and the earlier upper limit one8/e. In
this paper we use these realistic estimates of the theoretical uncertainty, together with the recent experimental
results to study the consistency of the Weinberg model ofCP violation with the data. The latest results from
Belle and BaBar on sin 2b allow the small values of this parameter which occur naturally in the Weinberg
model. However, in this model, the recently measured value of Re(e8/e)5(1.9260.25)31023 cannot be
made compatible with the branching ratioB(b→sg)5(3.1560.54)31024. As a result we conclude that the
Weinberg model is now confidently and conservatively ruled out.

DOI: 10.1103/PhysRevD.63.096005 PACS number~s!: 11.30.Er, 12.15.2y, 12.60.Fr
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I. INTRODUCTION

The origin ofCP violation remains one of the outstandin
problems of modern particle physics. Although the stand
model ~SM! of CP violation based on the Kobayash
Maskawa~KM ! mechanism is consistent@1# with observa-
tions of CP violation in KS andKL mixing @2# and inKS,L

→pp decay amplitudes@3#, there are intriguing hints, from
consideration of baryon asymmetry of the universe@4#, that
other sources ofCP violation may exist. These nonstanda
sources ofCP violation could occur as well as, or instead o
the SM source.

Models based on additional Higgs bosons@5,6# provide
alternatives which explain the existing laboratory data@7#
and produce the largeCP violation required for baryon
asymmetry@4#. Such models also allowCP symmetry to be
broken spontaneously@6,8# and therefore give an interestin
explanation of the origin forCP violation. The minimal
model of this type satisfying the requirement of a vanish
tree level flavor changing neutral current~‘‘natural flavor
conservation’’! is a model of spontaneousCP violation with
three Higgs doublets proposed by Weinberg@6# and refined
by Branco@8#. We shall refer to it as the Weinberg mod
from here on.

It has frequently been claimed that the Weinberg mode
in conflict with the data on the following: the value of sin 2b;
the ratioe8/e; thee parameter inK0-K̄0 mixing; the neutron
electric dipole moment~EDM!; the branching ratio ofb
→sg.

First of all, the Weinberg model predicts small valu
0556-2821/2001/63~9!/096005~6!/$20.00 63 0960
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~less than 0.05! for the parameter sin 2b which here we de-
fine as the parameter that characterizes theCP violation in
B→J/cKS decays @9,10#. The present results@11# from
Belle @0.4520.44

10.43(stat)20.09
10.07(sys)# and BaBar (0.1260.37

60.09) on sin 2b allow such small values of this paramete
although the earlier combined result from ALEPH, OPA
and the Collider Detector at Fermilab~CDF! (0.9160.35)
@12# favored larger values. Therefore these considerations
not rule out the Weinberg model, and to determine whet
or not the model is consistent with present day data we h
to turn to the other observables.

In early discussions ofCP violation in the neutral kaon
system, it was assumed that only the short-distance contr
tions from theCP violating DS52 box diagrams, due to
either two charged Higgs particles, or one charged Hig
boson plus oneWexchange, are responsible for the measu
value ofe; then, since the charged Higgs couplings to lig
fermions are proportional to the fermion masses a very la
CP violating coupling is required to fit the data. If this sam
CP violating parameter is then used for the calculation
e8/e, the contribution is much larger than the experimen
value @13,14#. It was later shown that there are importa
long distance contributions toe due to the Higgs induced
Ds51 CP violating operators, and that if these are tak
into account, the model can be made consistent with
observede ande8/e @15,16#.

Previous studies have claimed that although the Weinb
model is consistent withCP violation in the kaon system, i
has problems with the neutron electric dipole mome
~EDM! @17# and the branching ratio forb→sg @9,10#. These
©2001 The American Physical Society05-1
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analyses have relied on optimistic estimates of the accu
of the calculations of relevant hadronic matrix elements@18#.

After briefly describing the Weinberg model ofCP vio-
lation, we review the current experimental and theoreti
status of each of these observables individually, and t
discuss the constraints placed on the Weinberg model by
total ensemble of data. We find that it is possible to rule
this model definitively only if one imposes simultaneous
the new constraints from the recently measured value
Re(e8/e)5(1.9260.25)31023 @3# and the branching ratio
B(b→sg)5(3.1560.54)31024 @19#.

Therefore, because of the stronger constraints impose
recent data, one can now declare that the Weinberg mod
spontaneousCP violation is ruled out in spite of the rela
tively large hadronic uncertainty.

II. THE WEINBERG MODEL OF CP VIOLATION

In the Weinberg model, three Higgs doublets are int
duced. The spontaneous breakdown of gauge symmetry
induces massive Higgs eigenstates for the charged Higgs
ticles, and introduces a mixing matrix specifying the intera
tion eigenstates of the Higgs doublets in terms of the m
eigenstates. Being a 333 mixing matrix between charge
particles, the matrix contains exactly one irreducible co
plex phase, thus inducingCP violation. After spontaneous
symmetry breaking, there are two physical charged and
neutral Higgs particles. AsCP violation in flavor changing
processes in this model is dominated by exchange of cha
Higgs particles, we concentrate our attentioin on this con
bution. The interaction Lagrangian for the coupling of t
two charged Higgs particles (H1

1 andH2
1) to fermions@20#

can be written as

L523/4GF
1/2Ū@VKMMD~a1H1

11a2H1!R1MUVKM~b1H1
1

1b2H2
1!L#D1H.c., ~1!

whereR(L)5(16g5)/2, andMU,D are the diagonal up an
down quark mass matrices. The parametersa i andb i , which
satisfy Im(a1b1* )52Im(a2b2* ), are obtained from the di
agonalization of the charged Higgs mass matrix. The K
matrix elementsVi j can be made all real at tree level as
consequence of spontaneousCP violation.

III. sin 2 b IN THE WEINBERG MODEL

It is well known thatCP violation in B decays will even-
tually provide crucial constraints on models ofCP violation
when sufficient data are available. This is especially true
the gold-plated modeB→J/cKS .

In the Weinberg model,CP violating contributions to the
decay amplitudes and toB02B̄0 are both proportional to
Im(a1b1* ). The Higgs contributions to the decay amplitud
are suppressed, relative to the SM contributions, by a
tional factors ofmcmb /mH

2 , while the mixing is suppresse
by a factor of mb

2/mH
2 . These suppression factors lead

small CP violating phases and result in a very small val
for sin 2b @9,10#, usin 2bu,0.05.
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The ALEPH, OPAL, and CDF data reported in 1999 ga
sin 2b50.9160.35 @12#, which is in conflict with the above
limit at the 2s level. However at ICHEP2000, Belle an
BaBar reported preliminary results@11#, which when aver-
aged with the above, give sin 2b50.4960.45, consistent
with the above limit at the 75% level. Thus the present sinb
measurements do not rule out the Weinberg model.

IV. e8Õe IN THE WEINBERG MODEL

The dominant contribution toe8/e in the Weinberg model
is from the flavor changing gluonic dipole interaction give
by @9#

H~sdg!5 igsf̃ mss̄smnlaGa
mn~12g5!d,

f̃ 5
GF

A2

1

16p2VisVidIm~a1* b1!@F3~mi
2/mH1

2 !

2F3~mi
2/mH2

2 !#hg ,

F3~x!5
1

2

x

~12x!3F2
3

2
12x2

1

2
x22 ln xG , ~2!

where i is summed over u, c, t and hg
5@as(mH)/as(m)#14/(3322nf ) is the one loop QCD correction
factor@21# in which nf is the number of quark with mass les
thanm. To obtain this correction factor we will use one loo
running for as with the starting valueas(mZ)50.119. The
contribution to e8/e is dominated by the lightest charge
Higgs exchange. In our later discussions, we will assumeH1

1

is the lighter one and the other is very heavy and its effe
can be neglected.

Theoretical analyses fore8/e are conventionally carried
out in terms of the isospin amplitudeAI for K→pp. Ex-
pressinge8/e in terms ofAI , one obtains

ReS e8

e D'
v

A2ueu
S Im A2

ReA2
2

Im A0

ReA0
D , ~3!

wherev5ReA2 /ReA0'1/22.2.
The dominant gluon dipole operator Eq.~2! generates a

nonzero value only forA0. Calculating the decay amplitude
is our most difficult task, because of our poor understand
of the strong interaction at low energies. Theoretical cal
lations for the real part of the amplitudes can be easily off
a factor of two to three. For this reason we use the exp
mental value for ReA0533.331028 GeV22 to minimize
the error in the calculation ofe8/e. But we still have to
calculate ImA0. This requires the evaluation of the matr
element^(pp)0uOuK&. Here (pp)0 indicates the isospinI
50 component andO5gsmss̄lasmnGa

mn(12g5)d.
A naive PCAC~partial conservation of axial vector cur

rent! calculation@22,23# gives

^~pp!0uOuK&522A3/2@m0
2ms /~mu1ms!#~mK

2 f K / f p!
~4!
5-2
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RULING OUT THE WEINBERG MODEL OF . . . PHYSICAL REVIEW D 63 096005
with m0
2'1 GeV2. A bag model calculation@14# of

AKp5^p0us̄lasmnGa
mn~12g5!duK& ~5!

gives

AKp'0.4 GeV3,

and with the use of current algebra this@16# gives a value for
^(pp)0uOuK& similar to that of Eq.~4!.

It was later realized that the above result is incorrect
cause an important ‘‘tadpole’’ contribution due to th
K-vacuum transition caused by the same operator had b
neglected. This contribution cancels the above PCAC re
exactly@16,22#. In a chiral perturbation theory approach, th
means that the leading order contribution vanishes as
pected from the Feinberg-Kabir-Weinberg theorem@16#. A
nonzero value for̂(pp)0uOuK& can only be generated atp4

order in chiral perturbation theory, and can be estimated
be @23#

^~pp!0uOuK&5211A3

2

ms

ms1md

f K
2

f p
3 mK

2 mp
2 B0 , ~6!

whereB0 is a fudge factor representing the potential unc
tainty in the above estimate. We assume thatB0 is of order 1.

Using this matrix element, we obtain

ReS e8

e D5
v

A2ueuReA0

11A3

2

ms

ms1md

f K
2

f p
3 mK

2 mp
2 f̃ B0

3~12Vh1h8!

51.73107~GeV2! f̃ B0 , ~7!

where the numerical value follows from the experimen
values fore and ReA0, and the isospin breaking correctio
factor Vh1h850.25 given in Ref.@24#.

To produce the recently observed value fore8/e within
3s, f̃ B0 has to be in the range1(0.69–1.57)
310210 GeV22. For a given Higgs mass, theCP violating
parameter Im(a1b1* ) is determined by the value off̃ . Only

f̃ B0 is determined by the data. Remember that the differ
leading order contributions cancel each other. However,
merically the value obtained from Eq.~7! with B051 is not
much smaller than the individual leading terms before c
cellations, suggesting thatB051 is the maximum value o
B0 and hence that the corresponding low value forf̃ , f̃
50.69310210 GeV22, represents its probable lower boun
Nevertheless, we conservatively allowB0 to vary from 0.5 to
2 in our estimate to account for possible uncertainties@25#.
The most conservative range forf̃ is then (0.35–3.1)
310210 GeV22. Thus f̃ smaller than 0.35310210 GeV22

in magnitude is unlikely to generatee8/e as large as ob-
served. Note thatf̃ is positive becauseB0, calculated in Ref.
@23#, is positive.
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V. e IN THE WEINBERG MODEL

A successful model forCP violation must to be able to
produce the experimental value fore. In this model the short
distanceDS52 interaction gives too small a value fore, and
the dominant contribution actually comes from long distan
effects, which in turn are generated byCP violation due to
the gluonic dipole interaction. Following Ref.@16# we as-
sume the contribution toe is from p, h, h8 poles with one
CP conserving and oneCP violating K to p, h, h8 transi-
tion. One has@16#

ueu5
f̃ kgsmsAKpHpK

A2mKDmL2S~mK
2 2mp

2 !
,

k511
mK

2 2mp
2

mK
2 2mh

2 FA1

3
~11d!cosu12A2

3
r sinuG2

1
mK

2 2mp
2

mK
2 2mh8

2 FA1

3
~11d!sinu22A2

3
rcosuG2

,

~8!

whereDmL2S is the mass difference of the long- and sho
lived neutral kaons,u is theh2h8 mixing angle, andd and
r parametrize SU~3! and U~3! breaking effects, respectively
In the SU~3! limit, d50; in the U~3! limit, r51. HpK is the
CP conservingDS51, K2p transition amplitude which is
determined from current algebra to be@16# HpK52.578
31028 GeV2. H̃pK5 f̃ gsmsAKp is theCP violating K2p
transition amplitude due to the gluonic dipole interactio
expressed in terms of the matrix elementAKp of Eq. ~5!.
Here the QCD coupling constantgs is evaluated at the kaon
scale and is not well determined. Following Ref.@26#, we use
gs54p/A6 in the matrix element calculation. Forms , one
should take the values used in conjunction with the mod
used to calculate relevant matrix elements; for example
the bag model calculation it is in the range of 0.3 to 0.5 G
@27#.

The parameters,u, d, r, and the theoretical calculation o
AKp , introduce uncertainties. At present, there are two p
sible values211° and222° @28# for the mixing angleu.
The SU~3! breaking parameterd is theoretically estimated
@29#. The best fit@30# KL→gg andK→ppg gives a U~3!
breaking parameterr50.78. However,r in the range of
0.7–1.3 is not ruled out. Usingu5222°, d50.17, andr
50.78, one obtainsk50.2. Most of the previous calcula
tions used this value fork. However, the value fork is very
sensitive to the specific values of the parameters involv
for example, with u5211°(222°), r51.3, and d
50.17(0.0),k is approximately20.9 (20.95). The mag-
nitude ofk can change by a factor of four or five. Within th
allowed parameter space,k can vary between 0.2 to21.0.
We note that the sign ofk changes in the allowed range o
parameters, which implies that the relative sign ofe ande8
can change.

The uncertainty in the valueApK is also quite large. A bag
model calculation givesApK50.4 GeV3 @14#. Major
5-3
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sources of uncertainty include the determination of the
merical values ofas at the kaon decay scale, of the ba
radius R, and of the strange quark massms in bag model
@27#. A factor of two to three times increase inApK is not
ruled out. In view of these uncertainties, we consid
(k,AKp) in the rectangle with corners~0.2, 0.4 GeV3) and
(21.0, 1.2 GeV3) to be allowed by present experiment
and theoretical estimates. Of the two extreme values, se~a!
~0.2, 0.4 GeV3) and set~b! (21.0, 1.2 GeV3), set~a! is the
one mostly used in the literature, while set~b! represents the
most conservative values fork andAKp .

We find that if the parameters of set~a! are used to fite,
the parameterf̃ is determined to be 2.56310210 GeV22.
However, if set~b! is used,f̃ can be negative and as small
0.17310210 GeV22 in magnitude. There are solutions fore

with f̃ in the ranges (0.85–2.56)310210 GeV22 and also
with f̃ near20.17310210 GeV22. The allowed range off̃
associated withe is thus quite large, and it has a large ove
lap with that determined frome8/e for positive f̃ .

VI. THE NEUTRON ELECTRIC DIPOLE MOMENT

The experimental bound on the neutron EDM,dn , has
been used to provide restrictions on the model, and has b
claimed to rule it out@17#. The neutron EDM can be gene
ated by the exchange of neutral and charged Higgs part
@31–34#. It is not impossible that these contributions m
th
in
c

g
e
e

o-
r t

a
th

tio
u
m

09600
-

r

-

en

es

cancel each other and result in a very small neutron ED
Here we will not entertain this possibility. We will instea
single out the variously potentially large valence quark co
tributions and require that each of them satisfies the exp
mental constraints.

The contribution of charged Higgs exchange to the n
tron EDM is well constrained by fixing theCP violating
parameter Im(a1b1* ) to fit e8/e and e. The contributions
from neutral Higgs exchange are much less constrain
Even in the charged Higgs case we need to use the the

ical expression forf̃ to extract Im(a1b1* ), and this intro-
duces a sensitivity to the values of the KM elements beca
the internal charm and top contributions are comparable
can add constructively or destructively depending on
relative sign of combinations of the KM matrix element
This also introduces uncertainties in the calculations. T
case where the contributions tend to cancel will result in
large Im(a1b1* ) and lead to difficulties with other data a
discussed below. We will use values of the KM matrix e
ments within the errors given in Ref.@2# such that terms
contribute constructively. Specifically, for later discussion
we use Vud50.9741, Vus50.221, Vcd520.220, Vcs
50.9740, andVts520.040.

The charged Higgs boson contribution to the neutr
EDM is strongly restricted. The dominant term comes fro
the down quark EDM. Using the valence quark model,
have
dn'
4

3
dd5

8

3
emdf̃

Vcd
2 F2~mc

2/mH1

2 !1hgVtd
2 F2~mt

2/mH1

2 !

VcdVcsF3~mc
2/mH1

2 !1hgVtdVtsF3~mt
2/mH1

2 !
,

F2~x!52
x

6~12x!3 @~325x!~12x!1~426x!ln x#. ~9!
the
e
our

In

ch-
.

ing
we
Here we have neglected the small QCD correction to
electric dipole operator from the gluonic dipole operator
duced by operator mixing. The leading QCD correction fa
tor for the electric dipole operator is given by@21# hg

5@as(mW)/as(m)#16/(3322nf ).

Using f̃ 5(0.35–3.1)310210 GeV22 determined from
e8/e, and allowing the lightest charged Higgs mass to ran
from its lower bound around 70 GeV to several hundr
GeV, we estimate the charged Higgs contribution to the n
tron EDM as (0.25– 3.5)310224(md/300 MeV)e cm. Note
that dn is proportional to the light quark mass. This intr
duces a further uncertainty because it is not clear whethe
current or the constituent mass should be used. There
also other uncertainties due to the off shell nature of
quarks@35#.

The neutral Higgs boson exchange gives a contribu
which is not well determined. Even the sign of the contrib
tion is unknown. Since it is not related to the other para
e
-
-

e
d
u-

he
re
e

n
-
-

eters we have introduced, and since a wide range of
parameterf̃ is still allowed, we will not consider the possibl
contributions from exchange of neutral Higgs bosons in
estimates.

VII. b\sg IN THE WEINBERG MODEL

The CP conserving processb→sg can place constraints
on theCP violating parameters of the model@9,10#, because
the CP violating amplitudes contribute to the total rate.
the Weinberg model, although thedsg interaction is con-
strained to be small, the correspondingbsg interaction is
enhanced by a factor of (;mt

2mb /mc
2ms)(VtbVts /VcsVcd)

;105. Due to this enhancement factor, the predicted bran
ing ratio ofb→sg may be in conflict with experimental data
Using the leading log result and normalizing the branch
ratio due to charged Higgs contribution to the SM one,
have@36#
5-4
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Br~b→sg!57.131024@~0.31310.273r 1!21~0.273r 2!2#,

r 1511
ub1u2F1~mt

2/mH1

2 !/32Re~a1b1* !F2~mt
2/mH1

2 !

F1~mt
2/mW

2 !
,

r 252
Im~a1b1* !F2~mt

2/mH1

2 !

F1~mt
2/mW

2 !
, ~10!

F1~x!5
x

12~12x!4 @~725x28x2!~12x!

1x~12218x!ln x#.

In the above we have neglected the small contribution fr
the gluonicbsg interaction.CP conserving amplitudes gen
erate the first term in the brackets, andr 1 contains all of the
contributions dependent onmt . There are both SM and
Weinberg model contributions, and there is a region in
rameter space where that theCP conserving contributions o
the SM and of charged Higgs exchange mutually cancel.
CP violating amplitudes generater 2, which contributes sig-
nificantly. The branching ratio increases with Higgs mass
fixed f̃ .

The experimental branching ratio@19#, B(b→sg)
5(3.1560.54)31024, has recently been confirmed by Bel
@11#. For the 95% C.L. upper bound 4.531024 for b→sg

@19#, we find that there are solutions withu f̃ u<0.17
310210 GeV22 for the charged Higgs mass greater than
GeV. For larger values ofmH , tighter constraints are place
on u f̃ u. Cutting the photon energyEg to be larger than 2.1
GeV to ensure that the contribution is indeed due to
penguin diagram contribution considered here, the cen
value of the branching ratio is reduced slightly to 2.
31024. The allowed range, at fixedf̃ , for the Higgs mass is
restricted at the upper end by this reduction. For exam
u f̃ u50.17310210 GeV22 is consistent with the reduce
branching ratio for 70 GeV<mH<110 GeV. There is a re
gion in which the constraints onf̃ from b→sg, e, and the
neutron EDM are consistent. But it is not possible to sim
taneously satisfy the constraints fromb→sg and frome8/e.

VIII. DISCUSSION

No constraint is yet placed on the model by the results
sin 2b from ALEPH, OPAL, CDF, BaBar, or Belle. If the
current quark massmd;10 MeV is used, the resulting valu
of dn satisfies the experimental limit as long asf̃ ,2.56
310210 GeV22. However, if constituent massmd
09600
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;300 MeV is used, the model may be in trouble. We kno
of no convincing argument for preferring one mass over
other, and therefore conservatively use the current qu
mass to estimate limits. The values off̃ from e8/e, e, anddn
then have a region of consistency, as do the values c
strained byB(b→sg), e, anddn .

However, there is a definite conflict between the limits
f̃ from e8/e and B(b→sg). The latter requiresu f̃ u<0.17
310210 GeV22, and the former requires 0.3
310210 GeV22< f̃ <3.1310210 GeV22. As we have been
careful to make very conservative estimates of the allow
range off̃ ~in the hope of finding that there was still a sma
region of parameter space in which the model is consis
with the data!, the gap between these allowed regions forf̃ is
unbridgeable. Thus we conclude that the Weinberg mode
ruled out by the recent data fore8/e and forB(b→sg).

One of the attractive features of the version of the We
berg model we discuss here is thatCP violation is generated
spontaneously, rather than being put in by hand. If we ab
don this attractive feature, and explicitCP violation is intro-
duced into the Higgs interaction, as in Eq.~1!, as well as into
the W interaction by a phase in the KM matrix, this ne
model ~which we will call the modified Weinberg model! is
not ruled out. The constraint fromb→sg requires that the
contribution toe8/e from the Higgs interaction is small, an
the main contribution to thisCP violating parameter is jus
the same as that of the SM. As has been pointed out in
@1# there are large uncertainties in the SM calculations du
our poor understanding of the hadronic matrix elements. O
can find allowed regions in parameter space in which
experimental value fore8/e is produced in the SM, and thu
in the modified Weinberg model as well. On the other ha
since the charged Higgs exchange can also contribute ap
ciably to e in this model and can partially cancel the KM
contribution, as a result the KM phase can have a lar
allowed range than that in SM and can easily accomodate
larger value ofe8/e. Also, in this model, the value ofdn can
still be as large as 3310225(md/300 MeV) e cm, very dif-
ferent from the tiny value of the SM@32#. And sin 2b can
take the large values characteristic of the SM.
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