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%'e show that if CP violation occurs through the exchange of charged Higgs bosons as recently proposed by

steinberg, then P (and hence CP) is also violated through the exchange of neutral Higgs bosons. %'hereas

KI ~2m is not affected by this additional interaction, the neutron electric dipole moment is, and its value can
be we11 within experimental limits.

Recently, steinberg' proposed a gauge theory of
CP nonconservation through the exchange of
edged Higgs bosons. This interaction was shown
to be "naturally" milliweak in strength, and obey
the AI= ~ rule in KL 2m. Its contribution to the
neutron electric dipole moment D„was estimated
to be about 2.3X10 '4e cm, which is only some-
what bigger than the experimental result of (0.4
+ 1.1}X10 "ecm. In this note, we point out that
there is an additional contribution to D„because
parity (and therefore CP) is necessarily violated
as well in such a scheme through the exchange of
neutra/ Higgs bosons. Therefore, although D„ is
still expected to be of the order of 10 "e cm, its
exact value cannot be determined from K~- 2m

data alone.
Consider first the most general gauge-invariant,

renormalizable Higgs potential for taboo doublets,
which is also invariant under the discrete trans-
formation 4,- -4j}&.

V= -0, 4,4, —p2 4,42+h, (4,4,) +h, (424,)'

+f,.(4,4,)(~.4.)+g,.(4,4.)(4.4,)
+ k„(et e,)'+ k~ (4,'c,)', (1)

where 4, = (Q'„Q',) and 4, = (Q,', &j&',). I et Q'„Q', ac-
quire complex vacuum expectation values v,/v 2,
v, /&2, respectively, and define

v~ II, +sX~
W2 ~v

I

(2)

where Iv, l, Iv, l
and the relative phase between v,

and v, are determined by the condition that the
shifted potential has no terms linear in any of the
fields H„H, or lv, l

'y, —lv, l 'x, . In the tree ap-
proximation, the three respective constraint equa-
tions are
-i,'IV, I+&,I VI'+-'(f +»g„)lv, llv. l'

+ Reu„(v,*v,}'IV,I
'=0, (2)

-i .'IV,
I +h. lv. l' + 2(f,.+g,.)lv, l'Iv. l

+Rek»(v,*v,)'IV, I
'=0, (4)

lA2+As

-A3 -iB

t-A 2+ iB

-A, +iB

A, +A3

—iB

-A. ~
—iB

-A. , + iB

Imk»(v,*v,) =0 .
The mass matrix is then given by

[=2g IV I'lv I' —Rek (v'v )'] ~'~' + @'@'» 1 2» 1 2
lv IR lv I2

+ [-,'g»IV, I'Iv, l'+k»(v,*v,)'] ~',~' + ~'@'

+&,IV, I'H, '+h, lv, l'H, '+ (f»+g,.) lv, llv, lH, H, ,

~,(H, H,
)(

y, g,
)

where we have only used the constraints (2) and
(4). We see therefore that because of (5), the co-
efficient of Q, P', /v, v, has no imaginary part, and
the state lv, l 'x, —IV, I

'y, does not mix with H, or
0,. Together, they imply that CP is conserved by
the Higgs propagators. " In fact, the first two
terms of (6} become simply the mass-squared
term for v, 'Q', -v, 'Q,', which is just the ortho-
gonal state to the would-be charged Goldstone bo-
son, as expected.

For three {or more) doublets, however, the sit-
uation is quite different. The Higgs potential (1)
can be easily generalized by permutation of the in-
dices 1,2, 3. Let us define

&.=- -2 g,.lv, l'Iv. l' —Re&»(v,*v.)',
Bg

—= Imk»(v ~+ v 2)

c,= -a (f»+ g») lv, l'lv, l'- Re&„(v,*v,)',
D~- -Re%»(v~+v~)

h', =-h, lv, l',
and similarly for the other permutations, then the
constraint (5) is replaced by

B,= B = B (~B} (2)
and the 3x3 mass-squared matrix for the charged
states v, 'Q'„v, 'Q,', v, 'Q,' is given by'
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h', -C3 -C2

h,
' -C,

h~ (10)

whereas the analogous 6X6 matrix for the neutral
states lvil 'Hi lv21 'H. Iv31 'H~. Iv, l 'x„lv. l 'x„
lv, l '1t, has the following form:

Since the parameter 8 is not Iequired to be zero,
CP is in general violated by the phgygeg Higgs
propagators, as pointed out by %einberg. ' But
since the same parameter also mixes H and X

states, P must be violated as well by theineutxal
Higgs propagators. Specifically, we can show'

that, at zero momentum transfer,

&Vi 42& v3

-D3 0,+D3
~h~~~ v, '= lv, l'+ lv, l'+ lv, l' and n = &,&, + &,&,
+ +3A, —8 '. The analogous expression for H, X

mixing is then

x [H'lv, I'(C, + C, —h,') —a'lv, I'(C, + C, —a', ) + D,(Iv, l'+ lv, I') [C,(C, —C) —C, h', + c,h,']
-D, lv, l'[C, (C, + C,)+ h,'(C, —h,')]+D, lv, I'[C,(C, + C,)+ 1,'(C, —1,')]), (12)

where m„. . . , m, are the masses of the five physical neutral Higgs bosons. We note that if lv, l
= Iv, l

= lv, l

and D, = D = D, then

&H, X,&+ &H2X.&+ &H, X,& =0.
Thus the sign of any particular (H& 11;) is arbitrary.

In the standard four-quark gauge model, ' the Yukawa interactions of the Higgs bosons with the quark
fields can be chosen as follows'.

&2(v, ) 'P, (m, sin& su~ + m~ c os&du~ + m, cos&sc~ —m~ sin&dc~),

-&2 v, 'Q,'(m„c os&udI + m„sin&us& —m, sin&cdi + m, cos&cs~) + H. c. ,

+ lv, l
'H, (m~dd+ m, ss)+ilv, l '}t,(m, dy, d+ m, sy,s),

+ lv, l

'
H( mu u+m, cc) —ilv, l

'y, (m„uy, u+m, cy,c),
where the subscript I. denotes left-handed, and 6) is the Cabibbo angle. Higgs exchange then leads to effec-
tive milliweak Fermi interactions which do not conserve CP. They are

(m8 sln&sui + mg cos&dug + mq cos&scg —mg stn&dcg)
V~+ V~

&& (m„cos&udr + m„sin&us@, —m, sin&cd~ + m, cos&csr, ) + H.c. , (15)

which was used in Ref. 1, and

(mydd +

PB&ss)(meed

y5 d+ m&sy5s) & &2 (m uu + m, cc)(m„u y, u + m, cy,c) + (H „X,), (H, X,) terms
l~ y I

which was not.
For ICOSI

= 1 processes such as K~-2s, only (15) contributes, and so the result of Ref. 1 is not altered.
However, for nS =0 effects such as the neutron electric dipole moment D„, both (15) and (16) will contrib-
ute. [We have shown explicitly in (11) and (12) that both CP-violating effects are proportional to a single
nonzero parameter 8 ]Since the es.timate given in Ref. 1 for D„ is based only on (15), the fact that it is
somewhat larger than the experimental value should not be too distressing. Once (16) is also included, the
electric dipole moments of the d and u quarks become

D =Im '
— I -cos I9ln +r~~ 'ssn'8ln + ' ' -- "- m 'ln

12v2 " m„' ' m, ' Iv, l' 24w' ' m, '

(18)
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where ~~„,~ are typical masses for charged and

neutral Higgs bosons, respectively. (The apparent
factor-of-2 difference between our expressions and
those of Ref. 1 is due to the &2 difference in our
definitions of the vacuum expectation values. )

Without the extra terms introduced by (16), the
neutron electric dipole moment D„=(4D, D„)-/&

was estimated by Weinberg to be D„-"-"2.3X10 "
e em, whereas the most recent experimental val-
ue' is (0.4+ 1.1)x 10 "e cm. However, with the
inclusion of these extra terms in (17) and (18),
such an estimate is not so easily done, because
although the sign and magnitude of Im(P, &p2)/

v ~ v, are determined from KI,- 2~ data, those of

(H, x,) and (H, X,) are not. But we do expect all
terms in (17) and (18) to be comparable in magni-
tude, so barring accidental eaneellations, D„ is
still of the order of 10 e cm and rn& should be

roughly equal to m„, which is estimated to be
about 15 QeV in Ref. 1.

In conclusion, we have shown in this note that
the neutron electric dipole moment D„ in Wein-
berg's gauge theory of CP nonconservation is not

derivable from KL, —2m data alone. But its value
is still expected to be of the order of 10 "e cm
and ean very well be within experimental limits.
We have also investigated elsewhere' the case of
P and CP nonconservatlon through Higgs exchange
in gauge models with right-handed charged cur-
rents, and found a bound on L)„which agrees with

data. A substantial parity violation in g' gm7t is
also predicted. Details are given in Ref. 2.
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