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Ruling out the Weinberg model of spontaneousCP violation
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There have been many declarations of the death of the Weinberg model of spont@fauslation.
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 valaés KA-K° mixing, the
neutron electric dipole momeEDM), the branching ratio ob— s+, and the earlier upper limit og’/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 modél Bfviolation with the data. The latest results from
Belle and BaBar on sin@ allow the small values of this parameter which occur naturally in the Weinberg
model. However, in this model, the recently measured value okRe)=(1.92+0.25)x 10" 2 cannot be
made compatible with the branching raBgb— sy) = (3.15+ 0.54)x 10" . As a result we conclude that the
Weinberg model is now confidently and conservatively ruled out.
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. INTRODUCTION (less than 0.06for the parameter sin2which here we de-
fine as the parameter that characterizesGHeviolation in
The origin ofCP violation remains one of the outstanding B— J/ K decays[9,10. The present result§11] from
problems of modern particle physics. Although the standargge|le [0.4 " Saxstat)” 594 sys)] and BaBar (0.120.37
model (SM) of CP violation based on the Kobayashi- +0.09) on sin  allow such small values of this parameter,
Maskawa(KM) mechanism is consistefit] with observa-  ajthough the earlier combined result from ALEPH, OPAL,
tions of CP violation in Ks andK, mixing [2] and inKs|  and the Collider Detector at FermilaiEDF) (0.91+0.35)
—mm decay amplitudeg3], there are intriguing hints, from [12] favored larger values. Therefore these considerations do
consideration of baryon asymmetry of the univefdp that ot rule out the Weinberg model, and to determine whether
other sources o€ P violation may exist. These nonstandard or not the model is consistent with present day data we have
sources ofC P violation could occur as well as, or instead of, tg turn to the other observables.
the SM source. In early discussions o€ P violation in the neutral kaon
Models based on additional Higgs bosdis6] provide  system, it was assumed that only the short-distance contribu-
alternatives which explain the existing laboratory dit&4  tions from theCP violating AS=2 box diagrams, due to
and produce the larg€P violation required for baryon either two charged Higgs particles, or one charged Higgs
asymmetry{4]. Such models also allo@ P symmetry to be  poson plus on&V exchange, are responsible for the measured
broken spontaneous|¥,8] and therefore give an interesting yalye of ¢; then, since the charged Higgs couplings to light
explanation of the origin folCP violation. The minimal  fermions are proportional to the fermion masses a very large
model of this type satisfying the requirement of a vanishingc p violating coupling is required to fit the data. If this same
tree level flavor changing neutral curreiinatural flavor — CPp violating parameter is then used for the calculation of
conservation’) is a model of spontaneo@P violation with ¢’/ the contribution is much larger than the experimental
three Higgs doublets proposed by Weinbgggand refined  value [13,14). It was later shown that there are important
by Branco[8]. We shall refer to it as the Weinberg model |ong distance contributions te due to the Higgs induced
from here on. As=1 CP violating operators, and that if these are taken

It has frequently been claimed that the Weinberg model isnto account, the model can be made consistent with the
in conflict with the data on the following: the value of sii2  ghservede and €’/ € [15,16].

the ratioe'/€; the e parameter irk °-K° mixing; the neutron Previous studies have claimed that although the Weinberg
electric dipole momen{EDM); the branching ratio ob  model is consistent witkC P violation in the kaon system, it
—SYy. has problems with the neutron electric dipole moment

First of all, the Weinberg model predicts small values(EDM) [17] and the branching ratio fds—s+y [9,10]. These
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analyses have relied on optimistic estimates of the accuracy The ALEPH, OPAL, and CDF data reported in 1999 gave
of the calculations of relevant hadronic matrix elem¢at. sin 28=0.91+0.35[12], which is in conflict with the above
After briefly describing the Weinberg model &fP vio-  limit at the 20 level. However at ICHEP2000, Belle and
lation, we review the current experimental and theoreticaBaBar reported preliminary resulf&1], which when aver-
status of each of these observables individually, and theaged with the above, give siB20.49+0.45, consistent
discuss the constraints placed on the Weinberg model by thgith the above limit at the 75% level. Thus the present gin 2
total ensemble of data. We find that it is possible to rule outmneasurements do not rule out the Weinberg model.
this model definitively only if one imposes simultaneously

the new constraints from the recently measured value of IV. €'/e IN THE WEINBERG MODEL
Re(e'/€)=(1.92+0.25)x 10 3 [3] and the branching ratio
B(b—sy)=(3.15-0.54)x 10" * [19]. The dominant contribution te'/ e in the Weinberg model

Therefore, because of the stronger constraints imposed kg from the flavor changing gluonic dipole interaction given
recent data, one can now declare that the Weinberg model &l [9]
spontaneou£ P violation is ruled out in spite of the rela-

tively large hadronic uncertainty. H(sdg)=igijSUM,,)\aGgV(l— vs)d,
Il. THE WEINBERG MODEL OF CP VIOLATION 7 Ge 1 ViV im(at [F (m2/m2 )

In the Weinberg model, three Higgs doublets are intro- 2 1672 s Vi POLF (MM,
duced. The spontaneous breakdown of gauge symmetry then 5, 2
induces massive Higgs eigenstates for the charged Higgs par- —Fa(m] /mHz)] UL
ticles, and introduces a mixing matrix specifying the interac-
tion eigenstates of the Higgs doublets in terms of the mass 1 X 3 1,
eigenstates. Being a>33 mixing matrix between charged F3(x)=§m — 5+ 2x=5x"=Inx], )
particles, the matrix contains exactly one irreducible com-
plex phase, thus inducinGP violation. After spontaneous where i is summed over u, ¢ t and g

symmetry breaking, there are two physical charged and five—_[as(mH)/as(M)]M/(%ﬁan) is the one loop QCD correction
neutral Higgs particles. AEP violation in flavor changing  factor[21] in which n; is the number of quark with mass less
processes in this model is dominated by exchange of chargeflan ... To obtain this correction factor we will use one loop
Higgs particles, we concentrate our attentioin on this Contri'running for as with the starting valuexg(m,)=0.119. The
bution. The interaction Lagrangian for the coupling of the cqntribution to €'/e is dominated by the lightest charged
two charged Higgs particlesHg” andHy) to fermions[20]  piggs exchange. In our later discussions, we will asstie

can be written as is the lighter one and the other is very heavy and its effects
314~ 12T n N N can be neglected.
L=2%GU[VicuMp(aiH] +azH )R+ MyVim(B1H] Theoretical analyses fo¢'/e are conventionally carried

out in terms of the isospin amplitud&, for K— 7. Ex-

.
+B2H;)LID+H.C, @ pressinge’/ e in terms ofA,, one obtains

whereR(L) = (1% ys5)/2, andMy p are the diagonal up and .

down quark mass matrices. The parametgrandB; , which e(f_) v ( Im A, _ 'mAO) &)
satisfy Im(@,87)=—Im(a,B3), are obtained from the di- €] 2|¢] \ReAy ReAg)’
agonalization of the charged Higgs mass matrix. The KM

matrix elementsV;; can be made all real at tree level as awherew=ReA,/ReAy~1/22.2.

consequence of spontanedD® violation. The dominant gluon dipole operator E) generates a
nonzero value only foA,. Calculating the decay amplitudes
IIl. sin2 B IN THE WEINBERG MODEL is our most difficult task, because of our poor understanding

of the strong interaction at low energies. Theoretical calcu-

It is well known thatCP violation in B decays will even- |ations for the real part of the amplitudes can be easily off by
tually provide crucial constraints on models@P violation g factor of two to three. For this reason we use the experi-
when sufficient data are available. This is especially true ofnental value for R&,=33.3x10 8 GeV 2 to minimize
the gold-plated mod8— J/yKs. the error in the calculation o&'/e. But we still have to

In the Weinberg modelCP violating contributions to the  calculate ImA,. This requires the evaluation of the matrix
decay amplitudes and tB°—B° are both proportional to element({(7m),|O|K). Here (@), indicates the isospih
Im(a187). The Higgs contributions to the decay amplitudes =0 component and)= gsmg)\agWGgV(l— ys)d.
are suppressed, relative to the SM contributions, by addi- A naive PCAC(partial conservation of axial vector cur-
tional factors ofm.m,/m? , while the mixing is suppressed reny calculation[22,23 gives
by a factor ofmﬁ/mﬁ. These suppression factors lead to
small CP violating phases and result in a very small value ((m)o|O|K)= —2\/3_/2[m§m5/(mu+ ms)](mﬁfK/fw)
for sin 28 [9,10], |sin 28]<0.05. (4
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with m3=~1 Ge\2. A bag model calculatiofil4] of V. € IN THE WEINBERG MODEL

. o—a . A successful model fo€ P violation must to be able to
An=(m"|s\%0,,GL" (1~ v5)d[K) (5 produce the experimental value ferin this model the short

_ distanceA S=2 interaction gives too small a value feyand

gives the dominant contribution actually comes from long distance

effects, which in turn are generated BYP violation due to

Ak-~0.4 GeV, the gluonic dipole interaction. Following Reff16] we as-

sume the contribution te is from 7, 7, 7’ poles with one

and with the use of current algebra thi$] gives a value for  cp conserving and on€P violatingK to , 5, »' transi-

(7)o O|K) similar to that of Eq(4). tion. One hag16]
It was later realized that the above result is incorrect be-

cause an important “tadpole” contribution due to the

K-vacuum transition caused by the same operator had been le|= 5
neglected. This contribution cancels the above PCAC result \/EmKAmLfs(mK_mﬂn-)
exactly[16,27. In a chiral perturbation theory approach, this

means that the leading order contribution vanishes as ex- mz—mz[ 1 2
pected from the Feinberg-Kabir-Weinberg theorgtf]. A k=1+ s | 5(1+ o)cosf+2 zpsing
nonzero value fot (7)o O|K) can only be generated pf K K
order in chiral perturbation theory, and can be estimated to

2 2
myg—m:; 1 2
be [23] + %[ \[§(1+ 5)sing—2 \[gpcose
mg —m>

3 my f2 , 8
<<m>o|c9|+<>=—11\f5m T TR, (6) ©
S T
whereAm, _g is the mass difference of the long- and short-

whereB, is a fudge factor representing the potential uncerJived neutral kaonsg is the »— »" mixing angle, ands and
tainty in the above estimate. We assume fis of order 1. p parametrize SUB) and U3) breaking effects, respectively.

Ff KgsmsAKﬂTH K

2

2

Using this matrix e|ement, we obtain In the Sug) I|m|t, 5:0, in the ug) I|m|t, p:1 Hﬂ'K is the
CP conservingAS=1, K— 7 transition amplitude which is
¢ © 3 m, f2 determined from current algebra to Bha6] H,«=2.578
e(:) = NPT 11\[§m +Smd f—3mﬁmf,fBo %1078 GeV2. H,«=TfgsmAx, is the CP violating K —
€ 0 S T

transition amplitude due to the gluonic dipole interaction,
X(1-Q,, ) expressed in terms of the matrix elemexyt, of Eq. (5).

e Here the QCD coupling constagt is evaluated at the kaon
scale and is not well determined. Following Re&6], we use
gs=4m/+/6 in the matrix element calculation. Far,, one
_ . should take the values used in conjunction with the models
where the numerical value follows from the experimentalseq 1o calculate relevant matrix elements; for example in
values fore and ReAo, and the isospin breaking correction the hag model calculation it is in the range of 0.3 to 0.5 GeV
factor (1, ,,=0.25 given in Ref[24]. 27).

To produce the recently observed value &fe within The parameterd], 8, p, and the theoretical calculation of
30, fBy has to be in the range+(0.69-1.57) A, _, introduce uncertainties. At present, there are two pos-
X 107*° GeV 2 For a given Higgs mass, tH@P violating  sible values—11° and—22° [28] for the mixing angle6.
parameter Img;3%) is determined by the value d¢f Only ~ The SU3) breaking paramete$ is theoretically estimated

B, is determined by the data. Remember that the differen29- The best fif30] K —yy andK— w7y gives a U3)
leading order contributions cancel each other. However, nuPréaking parametep=0.78. However,p in the range of
merically the value obtained from E(Z) with Bo=1 is not ~ 0-7-1.3 is not ruled out. Using=—22°, 6=0.17, andp
much smaller than the individual leading terms before can=~0-78, one obtains«=0.2. Most of the previous calcula-
cellations, suggesting th&,=1 is the maximum value of tons used this value for. However, the value fok is very

B, and hence that the corresponding low value Forf sensitive to the specific values of the parameters involved,

=0.69x 10 1° GeV ?, represents its probable lower bound, 07 example, with 6= —11°(=22°), p=1.3, and &

. =0.17(0.0), x is approximately—0.9 (—0.95). The mag-
Nevertheless, we conservatively all@®y to vary from 0.5 to . / -
2 in our estimate to account for possible uncertaint2s, nitude ofx can change by a factor of four or five. Within the

i ~ . allowed parameter space, can vary between 0.2 te- 1.0.
The most conservative range fdr is then (0.35-3.1) \yg note that the sign of changes in the allowed range of

%1071 GeV 2. ThusT smaller than 0.38107'° GeV 2  parameters, which implies that the relative signecdind e’
in magnitude is unlikely to generat€'/e as large as ob- can change.

served. Note that is positive becausB,, calculated in Ref. The uncertainty in the valug .« is also quite large. A bag
[23], is positive. model calculation givesA,x=0.4 GeV? [14]. Major

=1.7x10"(GeV?)fBy, 7
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sources of uncertainty include the determination of the nueancel each other and result in a very small neutron EDM.
merical values ofag at the kaon decay scale, of the bag Here we will not entertain this possibility. We will instead
radiusR, and of the strange quark masg in bag model single out the variously potentially large valence quark con-
[27]. A factor of two to three times increase M, is not  tributions and require that each of them satisfies the experi-
ruled out. In view of these uncertainties, we considermental constraints.

(k,Ax,) in the rectangle with corner®.2, 0.4 GeV) and The contribution of charged Higgs exchange to the neu-
(—1.0, 1.2 GeV) to be allowed by present experimental tron EDM is well constrained by fixing th€P violating

and theoretical estimates. Of the two extreme valuesiaget parameter Img,8%) to fit €'/e and e. The contributions
(02,04 GeV) and seth) (~1.0, 1.2 GeV), set@isthe o noyiral Higgs exchange are much less constrained.
one mostly used in the literature, while $b} represents the Even in the charged Higgs case we need to use the theoret-

most conservative values far and Ay, . . . ~ N .
We find that if the parameters of s are used to fie, ~ ICal expression forf to extract Img,f7), and this intro-
the parameteﬁ is determined to be 2.5610~1° Gey -2 ducc_es a sensitivity to the values _of the KM elements because
. ) ~ ™ " the internal charm and top contributions are comparable and
However, if set(b) is usedf can be negative and as small as can add constructively or destructively depending on the
0.17x107'° GeV % in magnitude. There are solutions fer relative sign of combinations of the KM matrix elements.
with T in the ranges (0.85-2.58)10 *° GeV 2 and also  This also introduces uncertainties in the calculations. The
with T near—0.17x1071° GeV 2. The allowed range of  case where the contributions tend to cancel will result in a
associated witle is thus quite large, and it has a large over-large Im(a;87) and lead to difficulties with other data as
lap with that determined frora’/e for positive¥. discussed below. We will use values of the KM matrix ele-
ments within the errors given in Ref2] such that terms
contribute constructively. Specifically, for later discussions,
we use V,q=0.9741, V,=0.221, Viq=—0.220, V.
The experimental bound on the neutron ED#},, has =0.9740, andV,s;= —0.040.
been used to provide restrictions on the model, and has been The charged Higgs boson contribution to the neutron
claimed to rule it ouf17]. The neutron EDM can be gener- EDM is strongly restricted. The dominant term comes from
ated by the exchange of neutral and charged Higgs particldse down quark EDM. Using the valence quark model, we
[31-34. It is not impossible that these contributions may have

VI. THE NEUTRON ELECTRIC DIPOLE MOMENT

4 8 _  VedFaAmimp )+ ViFo(mi/my )
d,~ §dd=§emdf

VeaVesFa(M2/mg )+ mgVigViFa(mi/mg )’

Fz(x)z—ﬁ[(S—SX)(l—x)+(4—6x)lnx]. 9

Here we have neglected the small QCD correction to thesters we have introduced, and since a wide range of the
electric dipole operator from the gluonic dipole operator in-parametef is still allowed, we will not consider the possible
duced by operator mixing. The leading QCD correction fac-contributions from exchange of neutral Higgs bosons in our
tor for the electric dipole operator is given 1] 7, estimates.

=[as(my)/ arg(p) 1133200,

Using T=(0.35-3.1)x 10 '° GeV ? determined from
€'l e, and allowing the lightest charged Higgs mass to range
from its lower bound around 70 GeV to several hundred The CP conserving process— sy can place constraints
GeV, we estimate the charged Higgs contribution to the neuen theCP violating parameters of the mode,10], because
tron EDM as (0.25—3.5% 10 24my/300 MeV)ecm. Note the CP violating amplitudes contribute to the total rate. In
that d,, is proportional to the light quark mass. This intro- the Weinberg model, although ttisy interaction is con-
duces a further uncertainty because it is not clear whether thgirained to be small, the correspondibgy interaction is
current or the constituent mass should be used. There aenhanced by a factor of~(mZm,/mZmg) (Vi,Vis/VesVea)
also other uncertainties due to the off shell nature of the~1C°. Due to this enhancement factor, the predicted branch-
quarks[35]. ing ratio ofb— sy may be in conflict with experimental data.

The neutral Higgs boson exchange gives a contributiorsing the leading log result and normalizing the branching
which is not well determined. Even the sign of the contribu-ratio due to charged Higgs contribution to the SM one, we
tion is unknown. Since it is not related to the other param-have[36]

VIl. b—sy IN THE WEINBERG MODEL
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Br(b—sy)=7.1X10 %[(0.313+0.273,)?+(0.273,)?], ~300 MeV is used, the model may be in trouble. We know
of no convincing argument for preferring one mass over the
|31|2F1(mt2/ma1)/3_ Re(alﬁ’f)Fz(th/mﬁl) other, and therefore conservatively use the current quark
ri=1+ , mass to estimate limits. The valuesfofrom €'/¢€, €, andd,

2 2
Fa(mi/my) then have a region of consistency, as do the values con-

. - strained byB(b—sy), €, andd,.
Im(ayB7)Fa(mi/mp ) However, there is a definite conflict between the limits on

f2=~ F,(m2/m2) ’ 10 % fom e'/e and B(b—sy). The latter requiregf|<0.17
oW X107 Gev'?2, and the former requires 0.35
X ) X101 GeV ?2<f<3.1x10 ° GeV 2. As we have been
Fa(x)= m[(?—Sx—Sx )(1=%) careful to make very conservative estimates of the allowed
range off (in the hope of finding that there was still a small
+x(12—18&)Inx]. region of parameter space in which the model is consistent

In the above we have neglected the small contribution fronYVith the data, the gap between these allowed regionsffe
the gluonicbsg interaction.CP conserving amplitudes gen- unbridgeable. Thus we conclude that the Weinberg model is

erate the first term in the brackets, andcontains all of the ~ fuled out by the recent data fef/e and forB(b—sy). _
contributions dependent om,. There are both SM and One of the attractive features of the version of the Wein-

Weinberg model contributions, and there is a region in paP®rd model we discuss here is ti@P violation is generated
rameter space where that 8¢ conserving contributions of SPontaneously, rather than being put in by hand. If we aban-
the SM and of charged Higgs exchange mutually cancel. Théon this attractive feature, and expli@P violation is intro-

CP violating amplitudes generate, which contributes sig- duced into the Higgs interaction, as in Efj), as well as into

nificantly. The branching ratio increases with Higgs mass fofh® W interaction by a phase in the KM matrix, this new
fixed T model (which we will call the modified Weinberg modebk

The experimental branching ratig19], B(b—sy) not ruled out. The constraint froln— sy requires that the

_ . contribution toe’/ e from the Higgs interaction is small, and
=(3.15+0.54)x 10 4, has recently been confirmed by Belle . I X N .
[11]. For the 95% C.L. upper bound 480" * for b— sy the main contribution to thi€ P violating parameter is just

_ ] o the same as that of the SM. As has been pointed out in Ref.
[19], we f|nd2 that there are solutions withf|<0.17  [1]there are large uncertainties in the SM calculations due to
x1071° GeV * for the charged Higgs mass greater than 70our poor understanding of the hadronic matrix elements. One
GeV. For larger values ah,, tighter constraints are placed can find allowed regions in parameter space in which the
on [f[. Cutting the photon energl,, to be larger than 2.1 experimental value foe'/€ is produced in the SM, and thus
GeV to ensure that the contribution is indeed due to thén the modified Weinberg model as well. On the other hand,
penguin diagram contribution considered here, the centradince the charged Higgs exchange can also contribute appre-
value of the branching ratio is reduced slightly to 2.97ciably to € in this model and can partially cancel the KM

% 10" *. The allowed range, at fixef for the Higgs mass is contribution, as a result the KM phase can have a larger
restricted at the upper end by this reduction. For exampledllowed range than that in SM and can easily accomodate the
[f|=0.17x1071° GeV 2 is consistent with the reduced larger value ofe’/e. Also, in this model, the value af, can
branching ratio for 70 Ge¥m,<110 GeV. There is a re- Stil be as large 35310_25(md/300 MeV) ecm, very dif-

gion in which the constraints of from b—sy, €, and the ferent from the tiny value of the SNB2]. And sin25 can

. L . . take the large values characteristic of the SM.
neutron EDM are consistent. But it is not possible to simul- 9
H H !
taneously satisfy the constraints frdm-svy and frome’/e. ACKNOWLEDGMENTS
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