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The recent proposal of Weinberg that CP violation occurs through the exchange of charged Higgs bosons is
examined in detail for gauge models with right-handed charged currents. We find that parity must be violated
as well through the exchange of neutral Higgs bosons. In a five-quark model, this effect could be considerably
bigger than that of the usual weak interaction, and should be looked for in ' — yam and '~ Y70 as a test of this
whole theoretical framework. Other interesting phenomena are the enhanced production of certain Higgs bosons and
a value for the neutron electric dipole moment which is within experimental limits.

I. INTRODUCTION

Recently, Weinberg' proposed that CP noncon-
servation is solely due to the exchange of charged
Higgs bosons. In the standard four-quark gauge
model,” this can be achieved at the expense of hav-
ing three or more Higgs scalar doublets, although
only one is needed for quark and vector-boson
masses. In this scheme the value of the neutron
electric dipole moment is expected to be of the or-
der 107** e cm, although its estimated value® (2.3
%X 107 e cm) is somewhat higher than the experi-
mental limits. In this paper, we apply Weinberg’s
idea to gauge models with right-handed charged
currents, where the Higgs sector must already
consist of a doublet and a triplet.® In order to have
CP violation we now need only one additional dou-
blet. Furthermore, we find that parity must be
violated as well through the exchange of neutral

Higgs bosons. (This also happens in the model of
Ref. 1 and will contribute an extra term to the neu-
tron electric dipole moment.) This new effect could
be considerably bigger than that of the usual weak
interaction in certain cases, and its detection in
P’ = ymrm or P’ - 4m° could serve as a test of the basic
idea of CP nonconservation through Higgs exchange.
In Sec. II, the Higgs sector is analyzed and the
nonconservation of P and CP explicitly shown. In
Sec. III, we take the specific five-quark model of
Ref. 3 and identify those processes in which P and
CP are violated through Higgs exchange. The case
sing =0 (corresponding to a charm-conserving neu-
tral current) is dealt with in detail. CP violation
in K, - 27 as well as the neutron electric dipole
moment are determined by the same parameter
which also leads naturally to large parity-violating
effects in ¢/~ ¢Yrm and ¢’ -~ Y7°. Finally in Sec. IV,
we conclude with a summary and some remarks.

II. THE HIGGS SECTOR

In SU(2) X U(1) gauge models of weak and electromagnetic interactions with right-handed charged cur-
rents, two Higgs multiplets (one doublet and one triplet) are needed to make sure that all quarks have ap-
propriate masses. The structure of this minimal Higgs sector has been fully analyzed in Ref. 3. However,
if one more doublet is added then, in general, spontaneous breakdown of P and CP will occur. To show
how this comes about explicitly, we write down the most general gauge-invariant, renormalizable Higgs

potential for two doublets and one triplet

V= —i 2318, — 2810, — 5120 1+ By (B18,)2 + hy(B1D,)% + hy( 818, )(D]D,) + hy(815,)(2]®,)
+hy(®18,)2 + h¥(1®))2+ [he(B]®,) + hX(8]8,) | ®1®)) + [h,(3],) + KE(8],)|(®]®,)

+f o)+ £ (818, (7 7)) + £ (B]®,) (7 +T) + £ (2]®,) (7 + 7)) + £ ¥(D1®,) (7 + 7))
+f4(‘1’r7<1>1) 7] +f5(‘1);¥¢2) T+ fo(B]TD,) o T +f (DI TS,) 7, (2.1)
where &, = (¢!, 09, &,=(¢%, 69, and fj=(n,,n,,M,). Since hy, kg, b, f, f need not be real, there are 22 in-

dependent parameters in V.

Let ¢2, ¢2, n° acquire vacuum expectation values vl/\/'Z_ , vz/w/i' , ua/ 2, respectively, and define

v H. +i v H.+i
¢357—2L—<1+—r—r_1:x1>, ¢3EF;(1+T‘—I‘21;:1X2>’ =% +6, (2.2)
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where |v1 I , |vz|, v,, and the relative phase between v, and v, are determined by the condition that the
shifted potential has no terms linear in the field. In the tree approximation, the four constraint equations
are

—“1217}1' +h1|v1 |3+%(h3+h4)|vl| |02|2+Reh5(v;“vz)2|v1|"

+3Re (htvy) | vy | +3 Relhv¥v,) |0, 2|0y | ™ +5(F 05— F ) |01 | v+ 5 Relf 0, — F)vFvgvs| v, | = (2.3)
— 1,20, | + Byl vy |3+ 5 (g + By |0, |2 |0, | + Reby(vFv,)?| v, |
+ 3 Re(h,v*v,) |v,| +3Relhw}v,) |0, |20, | +3(F 205 - F5) |2, vy + % Re(f 305 — fo)v¥o,0,| v, =0, (2.4)
320y + 3 0+ 3(2f 0y — f ) |2, |2+ 42 05 = F5) | 22| 2+ 3 Re(2f 0, = F)v¥v, =0, (2.5)
[Imhy(v}v,)? + 5 Im(htv,) | v, |2 + 3 Im(hv¥v,) |0, |2+ % I(f 05 = Fvtos]| v, |t |0, | =0 (2.6)
For charged states, the mass matrix is now given by
[—p2+hy o |2+30,| 0, |2+ Re(hgv¥v,) + 3(F 05+ f )0 J0 10T
+[=2+ |0, |2+ 304 |0, |2+ Re(h,0¥0,) + 5(F 205+ F5)vs Jb3003
+(-u32+f0032+f,|v,|2+f2|v2|2+2Ref3vi"vz)17'11*
+ Bhawwk + hootv, + 5k |0, |2+ 30, |0, |2 +5(F 0+ F )0, Jo 103+ Hec.
+(Bf v, +3f v + Hae. + (3f 50, +3fio)e3nt + He.  (2.7)

If the coefficient of any nondiagonal term such as ¢;¢} has an arbitrary phase, then CP is violated. Speci-
fically, the coefficient of ¢J¢%/v¥v, must have a nonzero imaginary part.! This is true in general for (2.7)

since

Imhy(v}v,)2 + 3 Im(hgw}v,) |0, |% +3 Im(h,010,) |0, |2 + 4 In(f 05+ fo)0Fv,05 =2 Imf o v,0, (2.8)

is not required to be zero. Notice that if 7 is
absent, then f,,f, are absent and by (2.6),
Imh,(v}0,)? + 3 Imhy(}v,) | v, |2 + 3 Imh,(v}0,) |0, |2=0,

so there is no CP violation. Similarly, if either

®, or &, is absent, then f is absent in (2.7) and the
same conclusion holds. (In Ref. 1, CP violation is
achieved by using three or more doublets.) Let us
define

A, E%fs | 1)2|21)3 +2 Ref s0fv,0.;

A, =31, |0, |20, + 3 Ref v,

A,=—3h, lvl lz |Uz | ? - Rehg(v}v,)?
-z Re(hsvtv,) Ivl ’2 -3 Re(h,vtv,) ]Uz |2
—E Re(f v, +f o) vFo,0,,

B=3 Imf w¥v,v,;

then because of (2.3) to (2.6), the mass matrix (2.7)
becomes

A +A, A,-iB . A,+iB .,
[‘Z oN M o7 v ¢1¢;+ Z*U 1M
A, +zB A +A, ’B -
- v, v ¢2¢1 ﬁd’zd’z ¢27]’
A,-iB _ A, +iB __ A1+A2 _
T+ e *. 2.10
o0, n¢3 ™ n ¢2+——v:z— nn ( )

r

To extract the effect of CP violation due to the
propagator {¢7¢3, we need to invert the above
mass matrix. It can be shown that at zero momen-
tun transfer,

<¢>1¢5) % B

2.1

v¥v, v, A’ ( )
(¢ __lwl* B 212
EC RTINS %1
<¢2"7 ;) (2.13)

vz"‘?v3 vy A

where v?= |v, |2+ |v,|2+v,2 and A=A,4,+ 4,4,
+A A, - B%, Details on how to obtain these exact
results are given in the Appendix.

For the neutral states H,, X,, H,, X,, and G, we
make the following important observation: Where-
as the linear combination (|o, |+ |v,|%"12(| v, | X,

+ lvz|x2 ) is absorbed by the neutral vector boson,
the orthogonal state (|o, |2+ |v,]|922(| 2, | X,

- |vl Ixz) represents a bona fide physical degree of
freedom and will in general mix with H,, H,, and
G, thereby causing parity violation when coupled
to fermions. For the Higgs potential (2.1), the mix
mixing comes about mainly through the terms
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(Imhy(v¥v,)? + 3 Im(kgv}v,) |0, |2 +3 Im(h,010,) | v, 12]

X1 Xe | (Hy ﬂ.)
x <W'|v2|> (lvll tTor) (214
and

Im(f ,v, —%fs)vag <|z>§_l| - x—2>G (2.15)
1

lv, |
Therefore, if the parameter B in (2.9) and (2.11)
to (2.13) is nonzero, then by (2.6), either (2.14) or
(2.15) or both must be nonzero as well; i.e., CP
violation through chavged Higgs exchange neces-
sarily implies P violation thvough neutval Higgs
exchange. This ia also true for the model of Ref.
1, and as a result there is an additional contribu-
tion in that model to the neutron electric dipole mo-
ment which can be adjusted to fit the data. (Details
are given in a separate paper.*)

III. EFFECTS OF HIGGS EXCHANGE
IN THE FIVE-QUARK MODEL

We choose the specific five-quark model of Ref.
3 because it is consistent with the present data on
neutral currents as well as inclusive neutrino and
antineutrino scattering.3:%:¢

In this model, besides the usual left-handed dou-
blets (u,d;),,(c,sc),, there is also a right-handed
doublet (u cos¢ +c sing, b) . We will discuss first
the case sing =0, which corresponds to the model
of Ref. 5. Modifications due to sing # 0 will be
dealt with later.

We assume throughout that quarks and leptons
are coupled to &,= (¢}, ¢2), &,= (32, —¢;), and 7,
although &, could be replaced by ¢,.°> The quark-
Higgs couplings are easily obtained from (3.13) of
Ref. 3. The ones involving charged Higgs bosons
are

V2 (v})"p1(m, sinOSuy + m, cosd duy + mybu, +mgcosd3c, —m, sinbdc,)

+V2 v, p4(m, sindTd, — m, cosOTs;) + V2v, 'n*(m, cosb7d, +m, sinfus,) + V2 v, (m bu,) + H.c. (3.1)

For d-s transitions, CP violation occurs through
the effective interaction

A¢19 mgm, sinf cos63c,Td,
V0,
2 -
N <f*1:> mgm, sinf cosO3Su,ud; , (3.2)
193

where m, has been neglected versus m,. Notice
also that {¢37") is not involved. Using (2.11) and
(2.12), we now write down the effective CP-violat-
ing amplitude

2B

. 2 - - 2 - -
~o78 m sinb cos8(v,2m Sc,edy + |v, |°mSu ad,) .

(3.3)
The requirement of I =3 dominance’ implies that
vim, > |v,|*m, . (3.4)

But v, is known to be very small compared to v,
from neutral-current data,*”*® so we must have

vszlvzl«lﬂlzvo- (3.5)

The parameter ImA of Ref. 1 is to be identified
with -2v,2B/v,2A in (3.3); so as far as AS=1,
AC=0 processes such as K; - 27 are concerned,
we have the same results. Notice that if &, is re-
placed by &, in (3.1), only the second term in (3.3)
will survive, and there will be no I =% dominance.
To obtain the neutron electric dipole moment,
which is a AS=AC=0, CP-violating effect, we note
that (3.1) would be identical to the corresponding

r
expression of Ref. 1 if b were absent and »,”'7* re-
placed by —(v,)"'¢};. Accordingly, the electric di-
pole moments of the d and # quarks are given by1

em; B (luv,l 2 2 i
Dd_ﬁ# K < 5 m,”“cos Gln—T
2 2

-2y m,?sin*0 In —”5-> ,

° e (3.6)

em, B lv,|? 2

D,= -4 — <m 2cos?61n X

T T 241 A p, d 4

2 02 my’
+mg°sin“f1n —m—s,>,
which would be the same as in Ref. 1 if ‘1)2|2 were
replaced by —»,%. But since |v2|22 0, we have the
following numerical bounds on D, and D,;

D,<0.71"x10"%*ecm, D,=0, (3.7
assuming that m,~m,;=0.3 GeV, m;~0.5 GeV,
m,=~1.5 GeV, m,~15 GeV, sin®0=0.06, and Im A
= ~20,’B/v*A ~3.2 X 107G o/m¢m, as in Ref. 1. Us-
ing the quark-model expression (4D, — D,)/3 for
the neutron electric dipole moment D,, we get

D,<1.0x10"* ecm. (3.8)
Furthermore, if |v,|%=v,2, then

D,~-0.2%x10"** ecm. (3.9)

Both values are compatible with the most recent
experimental result® of (0.4+1.1) X 10"2* ecm.
Notice that if (3.4) does not hold so that |v,|2> 0.2,
then D, would be outside experimental limits.
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So far, we have not considered the effect due to
neutral Higgs exchange. However, it turns out

that for our case it does not contribute significantly

J

to D,. To see this, we write down the analogous
expression to (3.1) for neutral states:

|o, | H,(m dd + m Fs +m,bb) + | v, |- H,(m ) + vy~ Gm g — m, cos8(db 5+ bdy) — m, sinb(Sh, + bs;)]

+i | vy | "Xy (m dy d+ m Sy s + My ) —i | v, | Xy(mTrc) . (3.10)

Since |, |"' < |v,|™, v,™, we need only consider
X, mixing with H, or G for parity-violating effects.
However, these do not contribute to D,. On the
other hand, for the model of Ref. 1, a significant
contribution does exist, and could in principle
lower its calculated value of 2.3 X 107** ecm for
D, to within experimental limits. Details will be
given elsewhere.

The largest effective parity-violating interaction
from (3.10) is

L (H, Xy

- m2(Tc)(Tyqe) - (3.11)
2

This contribution is not only enhanced by 2,2 in the
numerator, but also by the presence of Iv2|2 ~p2,
a small parameter, in the denominator. If m, is
the typical mass for a neutral Higgs boson, the
strength of the coupling can be estimated to be

G f(me®/m®) 0,2/ |vy]?). For m, about 5 GeV and
vy/|v,| 10, we have a factor-of-10 enhancement,
although the effect could be much larger (see later
discussion). An ideal situation for the observation
of this effect is the Zweig-rule-suppressed decay
' ~ymm. This amplitude is approximately 107! to
1072 times that of the usual strong interaction.
Thus we anticipate a parity-violating effect of the
order of one part in a hundred to a few parts in a
thousand. The matrix element for the decay can
be written as

M’ (p) = (@I (k) (k,))
= €, €, [ "o+ (RERY + Ry RS, + (R RS+ RE RO,
+1€429p, (R + k), fs ] (3.12)

The parity-violating part f, ~ (1072 to 107%) X f,. De-
termination of f, will require polarization mea-
surements of ¥ and ¥’, but with the abundant oc-
currence of this decay, the experiment should be
feasible.

We have suggested in Ref. 3 that the exchange of
G can give rise to the AI =% rule in nonleptonic de-
cays. In the limit sin¢ =0 this effect can still be
obtained if we require

_TTE . (3.13)

r

This in turn requires

me® (HyX) o
SN 100.

(3.14)

Thus retaining the AT =% rule through G exchange
requires the parity-violating effect in ¢/ - Y77 to
be further enhanced by a factor of about 10. Ac-
tually, a better process is ' —yn° This is de-
scribed in Ref. 10.

Because the charged Higgs bosons are respon-
sible for CP-violating effects, they are expected
to be quite massive, say, 15-20 GeV. However,
the neutral Higgs bosons could have smaller
masses. From (3.10) it is easy to see that G
couples to z#u and its strength can be estimated as

myvo . 1 Yoy

82 ey 2 (3.15)

Thus the production®! of these bosons is sup-
pressed by two orders of magnitude compared to
an electromagnetic process and, once produced,
their dominant decay isinto charmed states through
G—-H,-Tc.

So far, we have limited our discussion to the
case sing =0. The presence of sing, however,
will lead to a charm-changing neutral current, and
gives rise to many interesting processes. We have
discussed some of these in Ref. 3:

D*=m* 4 pt 47,

Do..u*+ [T (3.16)

DO ptip”.
Note that D* - K* + u*+ 1~ are not allowed. A furth-
er test would be the reaction

Yp=~D+m. (3.17)

This proceeds through Z exchange in our model,
and could be of the same order as the Cabbibo-
enhanced reaction =D + K. Zweig-rule suppres-
sion of the strong decays of ¥ should make these
reactions observable,

Our discussion of CP violation in K; -~ 77 is not
altered significantly by the sin¢ terms. However,
there is a new contribution to the electric dipole
moment of the u quark from the neutral Higgs sec-
tor. The dominant contribution to the effective
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Lagrangian is

. (X6 C 2o o
i Tv—:m mm, cos’¢ sin®¢ e yCuy .

(3.18)
The experimental limit on the neutron electric di-
pole moment leads to a constraint on the Higgs
mass:

my> 20 cos¢ sing -Z—° GeV. (3.19)

3

For sing ~v,/v,, we have m,>20 GeV. For larger
values of sing, however, the neutral Higgs mass
has to be even larger and the interesting parity-
violating effect discussed earlier becomes unob-
servable,

Finally, since neutrinos are massless, only &,
couples to leptons, and because |vl |'1 is assumed
to be very small, lepton-Higgs couplings are neg-
ligible as in the standard model and lead to no ob-
servable effect.

IV. SUMMARY AND CONCLUSION

We have demonstrated the possibility of having
P and CP nonconservation through the exchange
of Higgs bosons in gauge models with right-handed
charged currents. In the five-quark model,**® we
have shown the connection between the CP viola-
tion in K; = 27 and the neutron electric dipole mo-
ment. The latter is derived from the former and
found to be within experimental limits. Further-
more, we predict in the case sing = 0 (correspond-
ing to a charm-conserving neutral current) that
there is a large parity-violating effect in ¢’ = ymr
and ¥’ -~ ym°. If sing # 0 (corresponding to a charm-
changing neutral current) then this effect does not
have to be so big; but in that case processes such
as ¥ - Dr would be greatly enhanced. A detailed
experimental investigation of the above can there-
fore tell us if CP nonconservation does occur
through Higgs exchange and not by some other
mechanism.

It is of course highly desirable that an actual
Higgs boson be produced; but in our model the
charged Higgs bosons are probably too heavy
(15-20 GeV) to be seen in e*e” collisions, whereas
the neutral ones with the exception of G have small
couplings to ordinary matter. Because of this, it

is even more importanti to look for parity violation
in ' = ymm and P’ - P7°. After all, this is the first
process ever suggested that can prove, at least
indirectly, the existence of Higgs particles. The
theoretical impact of such a discovery would be
strong indeed.

APPENDIX: GENERALIZED PROPAGATOR
FOR HIGGS BOSONS

Since after spontaneous symmetry breakdown
the mass matrix of the Higgs sector is no longer
diagonal, it is useful to have a method of obtaining
directly the propagator (¢}7¢j). Letting M;; be a
nonsingular Hermitian mass-squared matrix, then
there exists a transformation  which diagonali-
zes M; i.e.,

QMQ = (A1)
so that
M“a}")=)\(")aé") , (Az)

where A ‘™ are of course the eigenvalues and
eigenstates of M, respectively. At zero momentum
transfer, the propagator is given by

Q.9 - - -
(@ioy) 2-_—%\:&: AT Q= =My, (A3)

where the inverse mass-squared matrix M ~! can
be evaluated by the usual method of cofactors.

But the Higgs mass-squared matrix will contain
(at least) a zero-mass state s (corresponding to
the longitudinal component of the appropriate vec-
tor boson), so M is in general singular. How-
ever, we can add the term A s*s to M, and then
diagonalize the sum in the usual way. But in
evaluating the propagator (¢,T¢> », we must subtract
out the contribution due to s. The result, at zero
momentum transfer, is

cofactor(M +2,);, — cofactor(M),,
det(M +X,) :

(¢1¢,)= -lim
(A4)

To obtain (2.11) to (2.13), we have used the above
formula with

- 1B+ Vby - v

s T(lo Pro,Pr ) 2" (A5)
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