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We give an updated analysis on various CP-violating effects in the Weinberg three-Higgs-doublet
model of CP violation. Because of the improved estimate of the %-’ mixing and of the K-, transi-
tion, the sign of €' /€ is predicted to be the same as that of the chiral suppression of CP-odd K —2m
amplitudes (owing to the presence of tadpole contributions) and is most likely to be positive, con-
trary to previous calculations. The neutron electric dipole moment d, due to neutral-Higgs-boson
exchange at the one-loop level is reexamined and is found to be below the present experimental limit
for reasonable Higgs-boson mass. However, the Weinberg's three-gluon operator arising from
charged-Higgs-boson exchange will produce an excessive d, even if the charged Higgs bosons are
uncomfortably light. We conclude that the Weinberg CP-violation model is not necessarily incon-
sistent with experiment of measuring €' /€, but it tends to give too large a value of d,,.

I. INTRODUCTION

All the recent interest in the Weinberg three-Higgs-
doublet model of CP violation' seemed to focus on the
calculation of the neutron electric dipole moment (EDM)
d,. Bigi and Sanda’? have reexamined the prediction on
d,, due to charged-Higgs-boson exchange and concluded
that the lower bound is comparable to the existing experi-
mental upper limit. A possible relationship between d,
and €' due to the charged Higgs boson was derived by
Booth, Briere, and Sachs.? Pal and Pham* investigated
the contribution from charged-Higgs-boson exchange be-
tween two quarks in a neutron and found that it is much
smaller than the usual single-quark EDM. Similar con-
tributions but with neutral-Higgs-boson exchange were
studied by Valencia,” motivated by the observation made
by Anselm et al.® that neutral-Higgs-boson-induced d,, at
the one-loop level can be substantially large due to the
fact that the scalar coupling of the Higgs boson to the nu-
cleon is proportional to the nucleon mass rather than to
the light-quark mass. The calculation of Anselm et al.
was reconsidered by Cheng and Li’ in the light of experi-
mental new information on the scalar and pseudoscalar
couplings of the Higgs boson.

Very recently, Weinberg® has discovered a three-gluon
operator which could potentially make a very large con-
tribution to d, through neutral- or charged-Higgs-boson
exchange and concluded that CP violation in the Higgs
sector is unnaturally small. However, the anomalous di-
mension of this three-gluon operator was found in Ref. 9
to have the same magnitude but opposite sign to the pre-
vious calculation.!® This changes a QCD renormalization
enhancement factor of 740 into a suppression by 740,
significantly relaxing the constraints on CP violation in
the Higgs sector. Nevertheless, as we shall see in the
present paper, the Weinberg’s gluonic operator arising
from charged-Higgs-boson exchange can still threaten to
produce an excessive d,, .

It has been argued from time to time that the predic-
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tions of €' /€ and d, in the Weinberg CP-violation model
are not compatible with experiment. First, €' /€ was pre-
dicted to be negative with magnitude of order 0.007 (plus
large errors),'""!'? which is inconsistent with either the
NA31 result'? (3.3+1.1)X 1073 or the E731 preliminary
result'* (—0.441.4+0.6)X 1073, Second, the one-loop
contribution to the neutron EDM from neutral-Higgs-
boson exchange can easily produce a too large d,,, as first
noticed by Anselm et al. The purpose of the present pa-
per is to give an updated analysis of the above-mentioned
CP-violating effects.

This paper is organized as follows. After a brief over-
view of the model in Sec. II, we study in Sec. III the con-
straints on the CP-violating parameters derived from e.
Section IV is devoted to the calculation of € /€. In Sec. V
we reexamine the neutron EDM. Discussion and con-
clusions are given in Sec. V1.

II. MODEL: AN OVERVIEW

It is well known that if a discrete symmetry is imposed
on the Lagrangian to ensure natural flavor conservation
(NFC), spontanous CP violation cannot occur in the sca-
lar sector which has only two Higgs doublets ¢, and ¢,."
It is perhaps less known that intrinsic or soft CP noncon-
servation is also absent in the two-Higgs-doublet model if
NFC is imposed from the outset. Therefore, in order to
break CP one needs either a third Higgs doublet ¢; or
any number of scalar singlets mixing with ¢, and ¢,. CP
nonconservation in the Weinberg three-Higgs-doublet
model stems from the nontrivial phase differences of the
vacuum expectation values and/or from the complex
quartic terms in the Higgs potential. If CP is broken
spontaneously, the Kobayashi-Maskawa (KM) quark
mixing matrix is real'® and CP violation arises solely from
Higgs-boson exchange.

The Yukawa interaction of the charged and neutral
Higgs bosons with quarks in the mass eigenstates reads
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where K is a real Kobayashi-Maskawa (KM) matrix, M,
and M, are diagonal mass matrices for the up- and
down-type quarks, respectively. The coupling constants
a; and f3; are in general complex, whereas g;’s are real.

CP violation in the charged-Higgs-boson sector comes
from the imaginary part of the off-diagonal Higgs-boson
mass-matrix elements and is sometimes characterized by
the imaginary part of the transition propagator:

(T{$*.¢7 1),
viv,
— ImZ,,

=V2Gr——— , (3)
qu_m%z

ImA,(g)=Im

which is related to the couplings a; and B; in Eq. (1) via

— 2 Ima;ff
ImA,(9)=2V2G; 3 ——

5 @)
i=1 4 —my

On the other hand, the breakdown of CP in the propaga-
tor of the neutral Higgs boson arises from the mixing of
the scalar and pseudoscalar fields:

Im(T{¢3,¢%}) —  ImZ
ImA,l(q)z—#i=V2GFﬁ
vy | g —mj
i=1 —mHi
Im( T{¢%,43}) ImZ ®
ImAy(lg)= ——2"28 =36, — 2
22 | 2 F 2 2
v, q*—m3
- S 83i8ai
=2V2Gy ¥ ———5,
i=1 qz_mle,.

where we have assigned ¢; to couple to di. For max-
imum CP violation in the Higgs sector, the quantities
ImZ;; are generally of order unity. For example, assum-
ing one of the charged Higgs bosons (say ¢,) is much
heavier than the other, we then have!?

ImZ,, ~2Im(a,f})=—21Im(a,B3;)
= —2 cotf,tanf,sin20,sind , (6

with 8; and 8 being the Higgs-boson mixing angles and
phase defined in complete analogy to the KM quark mix-
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ing matrix. Recall that the analogous quantity in the
KM model is the rephasing invariant

ImJ =c,c,c35%5,5555 , (7

using the KM parametrization for the quark mixing ma-
trix. Maximum CP violation requires'® ¢, =1/V3,
c;=1/V2, ¢c;=1/V'2, and sg=1. This corresponds to
ImJ,,,=1/(6V'3) and is not realized in nature.

III. CONSTRAINT ON Im 4

The parameter ImA4,, or Im(aB*) is constrained by
CP violation observed in the kaon system:

1 .
e=——(e, +2&,)e'™*
2\/2 m §0

€,=ImM,,/ReM ,, &,=Ima,/Reaq, ,

(8)

where a,, is the isospin-zero amplitude of K —27. Since
ImM , in the Weinberg model is known to be dominated
by the long-distance contribution,!” it suffices to just con-
sider the AS=1 CP-odd Lagrangian induced by the
charged-Higgs-boson penguin diagram'®

L_=fdo"(1 +y5AsG, 9)

(in our convention £ =.L , +iL _) where'

Gr g
- e o m 12]" Im(a;Bf A x
1 1
+
2(1""XU) (l*xij)z
—— ' a1l a0

(1=x;?  x;

with A, =K 4K, ;,x;;=m}/mj; . We shall see shortly that

one of the charged Higgs bosons must be light enough in
order to get € large enough. Assuming mpy >>my and

m,>>my , it is easily seen that the top-quark contribu-
tion to f is negligible because A, >>A,. Hence,
2

. my
L m,m2sin6-cos6Im(a,B}) [In—; 3

m2 2

c

(11

It should be stressed that there exists a crucial difference
between the W- and Higgs-boson penguin diagrams: the
latter does not correspond to a local four-quark operator
as the loop integral does not give a factor of k2 canceling
the pole in the gluon operator.

The dispersive effects on the imaginary part of the
KO-K ° mass matrix arise from the 7, 7, and 1’ poles:
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where the parameters 6 and p are introduced via
(sl LIK®) =(1)2(1+8)(7°LIK®) ,

(14)
(olL 1K) =—2(2)p(7°LIK®) ,

so that the deviation of & from zero and p from unity im-
plies the breakdown of SU(3)-flavor symmetry in the
K -74 transition, and nonet symmetry in K -7, respective-
ly. Both the 1/N, approach?® and the theoretical
analysis of the experimental measurement?! of 1,7’ —y¥
rates indicate an -7’ mixing angle 6~ —20°.

The SU(3)-breaking parameter 8 is estimated to be 0.17
in Ref. 22. As for the nonet-symmetry-breaking parame-
ter p, we have shown recently?® that it can be uniquely
determined by the radiative decay K; — ¥ in conjunc-
tion with the direct emission of K, -7 7~y. We found
p to be 0.781+0.05.2* As a result,

dmy(ImM ) p = —22L(KOLL |70 (a0lL L KO
mg—m:

(15)

If 6= —10° and p=1 are employed as done previously in

Ref. 12, the coefficient in Eq. (15) will become
—0.7/(m} —m?%). We thus see that the sign of
(ImM |, ), p flips for realistic values of 6 and p. As will be
seen later, it will affect the prediction on the sign of €' /e.

To evaluate (ImM,); p numerically we need to know
the CP-odd matrix element (7°|.L _|K®)=FfA, . It has
been computed in the MIT bag model and was found to
be'® Ag,.=0.4 GeV? for a,=1.2>?® This together with
the experimental value?’ (7°.L,|K°)=2.578Xx10""
GeV yields

4mK(ImM12 )LD

=-9.7x1071¢ GeV?.

2
Im(a,B7) MH, 3
2

rfl].[1 m;

(16)

Using the bag-model result!® for (K°£_|K°) we have
checked that the dispersive contribution to ImM, is
indeed quite large compared to the short-distance one,
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(IliZ )LD >>(ImM]2 )box' Since go/em Wlll be Shown in
the next section to be of order —0.01~ —0.07, we find
from Egs. (8) and (16) that

2
Im(a,BF) my
BD T 3 0.024-0.027 GeV-2,  (17)

where use of |€|=2.27X 1072 has been made.

It is evident from Egs. (6) and (17) that the existence of
a light charged Higgs boson is generally required in the
Weinberg model in order to accommodate € unless v; is
unexpectedly high. The present experimental low limit
on the charged-Higgs-boson mass®® m, . >19 GeV im-

plies
Im(a,B87)>2.4. (18)

If charged Higgs bosons are not seen in Z° decay at the
CERN e "e ™ collider LEP, the lower bound of m e+ will

be pushed to 45 GeV and Im(a,87)>9.2, which is un-
comfortably large.

IV. CALCULATION OF €' /€ (Ref. 29)

In order to reduce theoretical uncertainties in calcula-
tions we will use the formula

280
€, t2&

=1
22

£ (19)
€

to compute €' /€. The reason is that the result of £,/¢,,
and hence €' /€ does not depend on the detail of the CP-
odd matrix element {7|.L _|K ). Previous estimates indi-
cated an €' /€ to be either = —0.007 (Refs. 11 and 12) or
~ — 5 (Ref. 30), depending on whether or not dispersive
contributions to ImM |, are included.

It was first pointed out in Ref. 11 that the CP-odd am-
plitude K—27 induced by .L_ involves an additional
pole contribution arising from the strong-interaction
scattering K7m— K followed by a K-—vacuum weak
transition, viz.,

<7T+‘IT_LL_|KO>=<7T+7T_|°£—|K0>direct
+pole term , (20)

with

pole term=S5—-(0L _|K®) @1
mg

and S being a K strong vertex. This tadpole contribu-
tion was not considered in the original analysis of Ref.
30. To see the importance of the pole term, we write
down the lowest-order chiral Lagrangian for strong in-
teractions:
f2
L= '8—”Tr[(a#U ruhH+mMiu+uTMm), 2

where M is the meson matrix, and the meson matrix U
has the general expression®!
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T

(23)

A different realization of chiral symmetry corresponds to
a different value of a;. From Eq. (22) we find
S =(aymg /2f2) and hence the tadpole contribution is
a, dependent. Since £ _ transforms as (3;,3;) under
chiral transformations, the lowest-order chiral represen-
tation for .L _ must be of the form Tr(AsU). It is then
obvious from Eq. (23) that the direct K — 27 weak ampli-
tude is proportional to a;. More precisely,!?

(77 LK) et = —iﬁ

S

as

5 (7°1L _|K®) .

(24)

Since the physical amplitude should be independent the
value of a;, the pole term and the direct CP-odd ampli-
tude must compensate each other, as also indicated by a
realistic calculation;!? that is, the £ _-induced K —27
transition vanishes to lowest order in chiral symmetry.!!

Going beyond the lowest-order chiral expansion, both
the direct weak amplitude and the pole term will receive
a;-independent contributions from the higher-derivative
chiral Lagrangians. Unfortunately, we do not know how
to compute higher-order contributions to the matrix ele-
ments {77|L_|K )4 and (0l.L_|K) in terms of
present techniques. Nevertheless, defining a suppression
factor D,

(rrlL _|K)Y=(mm|L_|K) 4D > (25)

we anticipate that D is of O(m,z(,m,z,)/Ai because the
four derivative contributions are suppressed by factors of
p’/A}, where A,=27mf_ =830 MeV (Ref. 32) is a
chiral-symmetry-breaking scale. It should be stressed
that D =1 in the earlier calculation of Sanda and Desh-
pande®® as the pole term was not considered by them.
Because of the nonlocality of the Higgs-boson penguin di-
agram due to the gluon field, the vacuum-insertion
method is not suitable for evaluating the .£_induced
transition amplitudes. Following Ref. 11 to choose a; =1
in Eq. (24) [this simply amounts to a redefinition of D in
Eq. (25)] we obtain

1

<7T+1T_|,£~\KO>=—i\/§f (7L_|K)D . (26)

T

From Egs. (26) and (15) it is evident that £,/€,, is in-
dependent of the detail of the matrix element {7|.L _|K ),

as we promised before. Using the experimental value of
(rrr |L1K®)=2.745X 1077 GeV,” we find

& =—0.196D , (27)

m
which is of order —0.01 to —0.07. Since §,/€,, <<1, it
follows from Eq. (19) that

’

%EO.OI7D~(O.4—6.O)XIO_3 , (28)
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The central value of NA3l measurement '3
(3.3+£1.1)X 10~ ? is fitted provided that
D=(0.37 GeV/A,)* . (29)

This is indeed what we expected before, namely, D is of
O(mg,m2)/A3.

We notice that the sign of €' /€ in previous calcula-
tions®® 1112 is predicted to be opposite to that of D be-
cause of the negativity of the matrix element (ImM,); p-
Since D is most likely to be positive (unless the tadpole
contribution dominates over the direct amplitude), the
Weinberg model of CP violation seems to be consistent
with the NA31 measurements of €' /€.

V. NEUTRON ELECTRIC DIPOLE MOMENT

In this section we review the calculations of the neu-
tron EDM in the Weinberg model of CP violation. Espe-
cially, we wish to reexamine the potentially hazardous
contribution to d, from neutral-Higgs-boson exchange.
The present experimental bound is*

d™<1.2X10 % ecm . (30)

A. Quark electric dipole moment

The quark EDM due to charged-Higgs-boson exchange
is given by>*

_ V36, *
1 122 m,Im(a,B7)
x |3 5 17 )
X |7 ut i
2(1—&.)2 s anit Ty, x|k Gla)
for charge —+ quarks, and
V26, .
4= T et
% X; 11—3x,-1 T
;(l—xi)z X5 1—x, nx; (K

for charge £ quarks, where x; =m 2/m ,2,1. It is easily seen

that d; >>d,, and the dominant contribution to d; is due
to the ¢ quark. Numerically,

id;=—-9X10"* ecm . (32)

It should be stressed that this is the EDM for the current
down quark, whereas the quark-model relation
d,=3%d,—1d, is valid only for constituent quarks. It
seems to us that the prediction —9X1072® ¢ cm should
be viewed as a lower bound on d,,

B. d, from neutral-Higgs-boson exchange

The quark EDM from neutral-Higgs-boson exchange is
proportional to m; and hence is negligible compared to
that due to charged-Higgs-boson exchange. Moreover,
we just mentioned an intrinsic difficulty: what is the con-
nection of the EDM or the color dipole moment of the
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current quark to d, is rather unclear. This problem is
circumvented if we let the neutral Higgs boson couple to
the neutron directly, that is, we wish to calculate d,
directly without worrying about the quark EDM.

Since the neutron carries no electric charge, the photon
vertex must be of the magnetic type. The neutron EMD
reads®

dn —Hn

1
8mimi

Xzfoxkzdkz[

X<0',H,')kfaFa(kz)fHFH(kz) 5

1+2mp /k?
(1+4mp /k*)'?

1

(33)

where (o;H;)=1Im(T{¢?,4°}), p,=—1.91 nuclear
magneton is the neutron magnetic moment, f, and fy
are the scalar and pseudoscalar couplings, respectively, of
the Higgs boson with the neutron, and F,(k?) as well as
Fy(k?) are the corresponding form factors. More pre-
cisely, we need to evaluate the neutron matrix elements

fo=—(V2G)" 23 {nlm,gqln) ,
q

_ (34)
fa=—(V2Gp)'"? 3 (nlm,giysqin) .
q
Under heavy-quark expansion,*>®
2 % #
M Gh s — — 2 -GG +0 :
3 87 mh2
s (35)
_ . 1 o
MpGniysqp— =5 g -GG +0 _E?] ,
T my

where the subscript 4 denotes a heavy quark, p is a typi-
cal hadronic mass scale, GG=G,;G", GG

=€,,,50""G a8 Consequently,

f,=—(V2G)"* | m B, +myB;+mB,
a F uu d~d ss

~{rfaooin)

—(V26:)"*|m,C,+m, C;+m,C,

% 66
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’

fu=

where B, =(nl|auln), C,=(nlmiysuln);... .

Since the nucleon mass can be expressed in terms of
the nucleon matrix elements of GG and light-quark scalar
densities, B; and since B, + B, is fixed by the experimen-
tal measurement of the pion-nucleon o term o, ~55
MeV, we find (for details of the derivation, see Refs. 36
and 37)

2333
m,B,=18 MeV, m,B;=39 MeV ,
(37)
aS
m,B, =376 MeV, <n 2 GG n>=—113 MeV ,
T
and hence
fo=—(V2Gr)"20.58my . (38)

The result of —(V2G)!/?0.27my was obtained by An-
selm et al.® as the effect of strange quarks was not con-
sidered by them. As to the pseudoscalar coupling, we
have outlined in Ref. 36 a scheme for computing the nu-
cleon matrix elements of light-quark pseudoscalar densi-
ties and of GG based on the 1/N, argument. Using Egs.
(3.8) and (3.9) of Ref. 36 for the neutron and noticing that
the singlet axial-vector coupling g'{’~0 inferred from the
recent European Muon Collaboration measurement on
the proton polarized structure functions,*® we find>*

m,C,=419 MeV, m,C,=—772 MeV ,

(39)
a,
m,C,=—165 MeV, <n 2 GG n>=-236 MeV .
T
This leads to*'
fu=(V2Gp)"7%0.36my, , (40)

which is to be compared with the result (V2G)'/22.5my
obtained in Ref. 6 in which g'? is taken to be
%g‘,f’=0.75. As for the form factors F, and Fy, we shall
follow Ref. 7 to take

—1
2
F, (kY= H—:F ,
2 o 41)
n

with M ~ 1.5 GeV. Since the Higgs-boson mass is much

larger than the characteristic scales of the form factors,

the Higgs-boson propagator can be set at k2=0.
Substituting Eqgs. (38), (40), and (41) into (33) yields

d,=1.6X10"*(0H ), e cmGeV?, (42)

where (0H ), is the average mixed propagator of the
neutral Higgs boson at k2=0. It is customary to assume
that CP violation in the charged or neutral Higgs propa-

gator is approximately the same, ie., ImA4,
~ImA,,~ImA,,. Asaresult
ImZ Im(a,B7)
Im( T{6°,¢%) )g=2(0 H g~ — 1~ ———— . (43)
mHO mH+

It follows from Egs. (18), (42), and (43) that d,, ~ 1 X 10724
ecm (m, =20 GeV is being used), which is still too
large by an order of magnitude. However, we should no-
tice that the CP-odd quantity Im 4, or { T{é; *,¢5 } ) is
constrained by the observed K; —mm data, whereas
ImA,, or (ocH) is not. As the charged-Higgs-boson
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mass increases, the lower limit on Im(a,8}) must also in-
crease (e.g., by adjusting the VEV’s so that vy >>v,,v,) in
order to accommodate € [see Eq. (17)]. Indeed,
Im(aB* )/m;+ is fairly insensitive to the change of m121+.
Since neutral-Higgs-boson exchange does not contribute
to K; —m, there is no reason for the neutral Higgs bo-
son to be light and for ImZ,, increasing with the Higgs-
boson mass. Hence, it is more natural and plausible to let
ImZ, be of order unity and take a more realistic value of
m . We then find

2

100 GeV ’ (44)

d,~2X10"%
mHo

which we believe is more sensible than previous esti-
mates. Therefore, we conclude that the neutron EDM
generated by neutral-Higgs-boson exchange is consistent
with experiment for any reasonable Higgs-boson mass.

Several remarks are in order.

() Anselm et al® obtained an estimate
d,~7.4X1072(ogH), ecmGeV? which is different
from our Eq. (42) by a factor of 5. The difference comes
mainly from the evaluation of Higgs-scalar and -pseudos-
calar couplings, as we explained before. Following the
assumption (o H )~Im(aB*)/m} . ~0.18 GeV~? made
by Anselm et al., one recovers their original result
d,~1.3X107%2 e cm. However, we notice that the value
of Im(aB*)/m}z{+ employed in Ref. 6 is too large by a
factor of 25. Also, (o H )~0.18 GeV ~? corresponds to
CP violation mediated by a neutral Higgs boson of mass
~3 GeV, which is unrealistically too light. A more plau-
sible estimate yields d, ~7X1072® (100 GeV/mHo)2 if
one utilizes the Higgs-boson couplings given in Ref. 6.

(ii) As pointed out by Weinberg,® the coefficient of the
P- and T-odd four-gluon operator,

0,=LE(GG)NGG) , (45)

produced in integrating out neutral Higgs boson and
heavy quarks (Fig. 1), is not suppressed by light-quark
masses or small mixing angles. Using the heavy-quark
expansion given by Eq. (35), it is straightforward to show
that

_32
6472

¢ Gral{oH), . (46)

The neutron EDM may be estimated by naive dimension-
al analysis®?¢ to be of order

FIG. 1. The Feynman diagram contributing to the operator
O, given in Eq. (45).
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4

s
=3v2 ANoH), , 47)

64

8g(1)
41

d

Gr

n

where A,=2mf, (Ref. 32) is the chiral-symmetry-
breaking scale, and g,(u) is the strong coupling at the
running scale u relevant for the evaluation of d,. Follow-
ing Ref. 8 to choose g,(u)/4m==1/V6, we obtain

100 Gev.

2
d,~2.5x10"% ecm. (48)

mHo
Of course, a concrete estimate of the contribution of the
four-gluon operator O, to d, is ready by using Eq. (33)

with f, and fj receiving contributions from gluon fields
only. Repeating the same calculation yields

100 GeV
m

2
d,~2x10"% ecm, (49)

HY

which demonstrates that the naive dimensional analysis is
indeed valid for an order-of-magnitude estimate. The
contribution of O, to the neutron EDM is smaller than
Eq. (44) by an order of magnitude since Higgs-boson cou-
plings f, and f are not dominated by the heavy-quark
contributions.*®’

(iii) Meson-loop contributions to d, have been estimat-
ed in Ref. 42 to be of order —1X1072* ¢ cm, but it is
difficult to nail down the large uncertainties associated
with the calculation of various hadronic matrix elements.

C. d, from three-gluon operator

Recently, Weinberg has ascertained that the following
dimension-6, P- and T-violating three-gluon operator,®

(93:—ng“chng;ch”,, , (50)

obtained from a heavy-quark loop with a Higgs-boson ex-
change can threaten to produce an excessive d, since it
involves neither light-quark masses nor small mixing an-
gles.

Considering a two-loop diagram with a charged-
Higgs-boson exchange as depicted in Fig. 2. As pointed
out in Ref. 43, Weinberg’s three-gluon operator begins to
appear only at the scale when the b quark is further elim-
inated from the effective theory obtained in integrating
out ¢ quarks. It is thus necessary to take into account the
difference in the renormalization-group equations be-

(b)

FIG. 2. Feynman diagrams contributing to the operator O,
given in Eq. (50). Figure 2(b) actually does not contribute to Os.
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tween the ¢ and b-quark masses and below the b-quark
mass. The QCD renormalization factor is given by*’

_ [&tmy) 707 [ gylme) |78 [ gy |75
gs(mt) gs(mb) gs(mc) ,

(51)

where v, = —18 (Ref. 9), y,=—14/3, B,=(33—2n)/6

for n flavors of quarks. This is to be compared with the
evolution factor
—108/23

g (p)

2.(m) (52)

found in the neutral-Higgs-boson-exchange mode. Nu-
merically, the QCD renormalization effect amounts to in-
creasing the contribution of charged-Higgs-boson ex-
change to d, by a factor of 5 compared to neutral-Higgs-
boson exchange.

The contribution of Fig. 2 to the neutron EDM can be
estimated by the naive dimensional analysis to be**

8(u)
dn:4><10_2]§ —'u Imzlzh’(mt,mb,mH)
=1.96X10"**ImZ,h’'(m,,m,,m,) e cm (53)
with*
,_1m d m! 3
h'~——7 |1— 3 —In—pr—=
my mg mg 2
m} m}
TESUATS W (54)

2 4
mg 2 my

Since ImZ |, ~2 Im(a,B}), it follows from Egs. (17), (53),
and (54) that

1X107* ecm for m, =20 GeV ,
4X10"* ecm for mH+=45 GeV ,

~

n

(55)

where m, ~ 100 GeV is being assumed. It is evident that
even if charged Higgs bosons are very light, the predicted
neutron EDM is too large by an order of magnitude. As
for neutral-Higgs-boson exchange, the quantity
ImZ,,/ m,zlo is not subject to the constraint derived from
observed CP violation in the K°—K © system. Moreover,
since Weinberg’s operator is already present at the top-
quark mass scale, QCD renormalization effects are
stronger than that in the case of charged-Higgs-boson ex-
change [see Eqgs. (51) and (52)]. Therefore, the neutron
EDM induced by the operator @5 due to neutral-Higgs-
boson exchange is safely below the present experimental
bound for reasonable neutral-Higgs-boson mass.
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VI. DISCUSSION AND CONCLUSIONS

In the present paper we examine the CP-violating
effects €' /€ and the neutron EDM within the framework
of the Weinberg three-Higgs-doublet model of CP viola-
tion. In order to get € large enough, one of the charged
Higgs bosons in this model should be light enough (of or-
der 20 GeV) if the vacuum expectation values v,, v,, and
vy are of the same order of magnitude. However, if the
light Higgs boson is not seen experimentally, in order to
implement the observed CP violation in the K%K © sys-
tem it will require that vy >>v,,v, or Im(aB*) be uncom-
fortably large.

There is an additional tadpole term which plays the
role of chiral suppression on the physical CP-odd K — 27
amplitude. Owing to the improved estimate of the n—7%’
mixing and of the K7, transition, we found that the
sign of €' /€ is the same as that of the chiral suppression
factor D and is most likely to be positive, contrary to pre-
vious calculations. The NA31 measurements of €' /€ is
easily accommodated in the Weinberg CP-violating mod-
el.

The neutron EDM due to charged-Higgs-boson ex-
change is potentially larger than that from neutral-
Higgs-boson exchange since CP-nonconserving parame-
ters in the former are subject to the constraint derived
from €, while the latter does not, that is, the neutral
Higgs particle is not necessarily light. We advocate that
since the scalar and pseudoscalar couplings of the Higgs
boson are not dominated by heavy quarks, a plausible d,,
induced by neutral-Higgs-boson exchange is about an or-
der of magnitude smaller than the present experimental
bound. However, the Weinberg’s three-gluon operator
arising from charged-Higgs-boson exchange will produce
an excessive d, even if the charged Higgs bosons are very
light.

We conclude that the Weinberg three-Higgs-doublet
model is not necessarily inconsistent with experiment of
measuring €' /€, but it tends to give too large a value of
d,. The model will be definitely ruled out if the neutron
EDM is not seen in forthcoming experiments capable of
meausring the d, to the accuracy of 1 part of 10~ % e cm.
This will then imply that CP violation mediated by
Higgs-boson exchange is not solely responsible for
K, —>mm.

ACKNOWLEDGEMENTS

I wish to thank R. Pisarski and G. Valencia for bring-
ing Ref. 9 to my attention. This work was supported in
part by the National Science Council of the Republic of
China.

IS, Weinberg, Phys. Rev. Lett. 37, 657 (1976).

2L 1L Bigi and A. I. Sanda, Phys. Rev. Lett. 58, 1604 (1987).

3W. J. Booth, R. Briere, and R. G. Sachs, Phys. Rev. D 41, 177
(1990).

4P. B. Pal and T. N. Pham, Report No. UMHEP-322, 1989 (un-
published).

5G. Valencia, Phys. Rev. D 41, 1562 (1990).

SA. A. Anselm, V. E. Bunakov, V. P. Gudkov, and N. G.
Uraltsev, Phys. Lett. 152B, 116 (1985).

’T. P. Cheng and C. F. Li, Phys. Lett. B 234, 165 (1990).

8S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989).

9E. Braaten, C. S. Li, and T. C. Yuan, Phys. Rev. Lett. 64, 1709



2336

(1990).

103, Dai and H. Dykstra, Phys. Lett. B 237, 256 (1990).

13, F. Donoghue and B. R. Holstein, Phys. Rev. D 32, 1152
(1985).

12H. Y. Cheng, Phys. Rev. D 34, 1397 (1986).

3H. Burkhardt et al., Phys. Lett. B 206, 169 (1988).

143 R. Patterson, Phys. Rev. Lett. 64, 1491 (1990).

135G. C. Branco, Phys. Rev. Lett. 44, 504 (1980).

16], Dunietz, O. W. Greenberg, and D. D. Wu, Phys. Rev. Lett.
55, 2935 (1985).

17Y. Dupont and T. N. Pham, Phys. Rev. D 28, 2169 (1983); D.
Chang, ibid. 25, 1318 (1982); J. Hagelin, Phys. Lett. 117B, 441
(1982).

18Effects of the electromagnetic penguin diagram, the Z°
penguin diagram, and isospin violation are not considered in
the present paper. Unlike the KM model, the top quark here
does not play any dramatic role as m H <<m,.

193, F. Donoghue, J. S. Hagelin, and B. R. Holstein, Phys. Rev.
D 25, 195 (1982).

20y, Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985); G.
Grunberg, Phys. Lett. 168B, 141 (1986).

21See, e.g., F. J. Gilman and R. Kauffman, Phys. Rev. D 36,
2761 (1987).

22). Donoghue, B. Holstein, and Y. C. R. Lin, Nucl. Phys. B277,
651 (1986).

23H. Y. Cheng, Phys. Lett. B (to be published).

24The assumption of nonet symmetry is equivalent to excluding
all nonpenguin contributions (i.e., the so-called “figure-eight”
graphs). A fit to the K; —7yy data yields two solutions for
p=~0.7-0.8 and 0.2-0.3. Therefore, one solution indicates
that nonet symmetry holds at the level of (20-30)%, while
the other represents a badly broken nonet symmetry. For-
tunately, the study of the structure-dependent K; —7 7"y
decay in the large-N. approach enables us to pick up one of
the solutions unambiguously (Ref. 23).

250ne can also apply the so-called “naive dimensional analysis”
(Ref. 26) to estimate Ay .. The result is surprisingly close to

HAI-YANG CHENG 42

the bag-model estimate. However, the running scale for
a,(p) relevant for the neutron EDM should be such that
a ()~ %77' as pointed out in Ref. 8.

26 A, Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).

2TH. Y. Cheng, Int. J. Mod. Phys. A 4, 495 (1989).

28Y. J. Behrend et al., Phys. Lett. B 193, 376 (1987).

29This section follows the unpublished paper by H. Y. Cheng,
Report No. IP-ASTP-10-88, 1988 (unpublished).

30A. 1. Sanda, Phys. Rev. D 23, 2647 (1981); N. G. Deshpande,
ibid. 23, 2654 (1981).

313, A. Cronin, Phys. Rev. 161, 1483 (1967).

32H. Y. Cheng, Phys. Rev. D 36, 2056 (1987). The chiral-
symmetry-breaking scale A,=2mf, is consistent with the
upper bound 2V 27 f ., estimated in Ref. 26.

33K. F. Smith et al., Phys. Lett. B 234, 234 (1990).

34G. Beall and N. G. Deshpande, Phys. Lett. 132B, 427 (1984).

35M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Phys.
Lett. 78B, 443 (1978).

36H. Y. Cheng, Phys. Lett. B 219, 347 (1989).

37T. P. Cheng, Phys. Rev. D 38, 2869 (1988).

38, Ashman et al., Phys. Lett. B 206, 364 (1988); Nucl. Phys.
B238, 1 (1989).

39The nucleon matrix elements { N|5iyss|N ) and {(N|a,GG|N)
violate isospin symmetry, as noticed in Ref. 40. Our Eq. (39)
is numerically in agreement with G. Veneziano, Mod. Phys.
Lett. A 4, 1605 (1989).

40D. J. Gross, S. B. Treiman, and F. Wilczek, Phys. Rev. D 19,
2188 (1979); G. Lopez Castro and J. Pestieau, Phys. Lett. B
222, 459 (1989).

410ur result for f is two times as small as that given by Cheng
and Li (Ref. 7).

42X . G. He, B. H. J. McKeller, and S. Pakvasa, Int. J. Mod.
Phys. A 4, 5011 (1989).

43G. Boyd, A. K. Gupta, S. D. Trivedi, and M. B. Wise, Phys.
Lett. B 241, 584 (1990); D. Chang, W. Y. Keung, C. S. Li, and
T. C. Yuan, ibid. 241, 589 (1990).

4“D. A. Dicus, Phys. Rev. D 41, 999 (1990).



