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For 6 & 200 MeV one gets

=10510 '

rD +-Do, .rD +-D,o rD"-D
= 1:0,5:Bx10 '.

In view of the fact that, experimentally, 6 ap-
pears to be about 140 MeV, very nearly a pion
mass, and is not measured with high accuracy,
one may not be able to calculate the decay rates
of D* -D7T very accurately.
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FIG. 1. Decay rates lD D, and I'D D~ in the
charmed quark model: 4=—D*'-D .
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It is proposed that CP nonconservation arises purely from the exchange of Higgs bos-
ons.

Ever since the discovery' that CP conservation
is not exact, the mystery has been why it is so
feebly violated. ' In many proposed theories, ' one
must arrange to have CP to be approximately con-
served, by making the appropriate constants in
the Lagrangian to have sufficiently small values.
However, one would prefer a more natural ex-
planation.

Renormalizable gauge theories' of the weak and
electromagnetic interactions provide a mecha-
nism which could violate CP conservation with
about the right strength: the Higgs boson. The
coupling strength of a Higgs boson to a quark or
lepton of mass m is of order mGq'" (where GF is

the Fermi coupling constant), so that the exchange
of a Higgs boson of mass m H produces an effec-
tive Fermi interaction with coupling of order
Gqm'/m H'. For reasonable mass values, ' this is
"milliweak. " However, in order for the Higgs
exchange to appear as a natural explanation for a
feeble CP nonconservation, one must understand
why CP conservation is strongly violated in the
Higgs exchange, and noosphere else. In this paper,
I wish to present a realistic gauge theory, in
which CP nonconservation automatically arises
in just this way. '

We assume an SU(2) U(l) gauge theory, ' with
the usual four quarks'. 6', and 6', have charge + ~
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and 2, and &, have charge ——,. The left-handed quarks form two doublets (II'„X,), while all right-hand-
ed quarks are SU(2) singlets. The only scalar bosons which can couple to the quarks then are the dou-

blets (p„',p„'), and their charge conjugates. In order to insure that strangeness and charm conserva-
tion are not violated by p' exchange, we must assume that there are at most two scalar doublets cou-
pled to the quarks, with a Yukawa interaction of the form'

2 2

&r = Z I I, &Iz(@I *+II.+PI *&&i)+ Z I I& IiIS(V'2 6II. —%2 &&I.)+H.c ~ (I)
&sf"-1

[A label 6 or 8 denotes multiplication with (I+@,)/2 or (I -y, )/2. ] In general, y, and y, could be
charge conjugates, but I assume here that they are not. ' The interaction wi.ll automatically take this
general form, provided we assume that there is some sort of discrete symmetry which only allows y,
(y,) to couple to 'Z„(6'„) quarks

I am not yet imposing either exact or approximate CP conservation on the Lagrangian. In particular,
the matrices I";,~ "~ are still perfectly arbitrary. The p„' will have vacuum expectation values A.„, yield-
ing mass matrices which in general are neither diagonal nor even Hermitian. However, we can always
define new quark fields

UL R+I R (2)

(with umtary U alld I Illatl'lees) so tllat tile corresponding ma, ss matrices are real and diagonal ~

I ~2)g gU -1
1 J 0 P R 2 I,

O

Further, we can define the phases of the new quark fieMs so that the 2X 2 matrix UI, VI,
' is real and

orthogonal,

cosec s~n~c
J ~

g g

The gauge interactions can therefore be rewritten in terms of the usual Cabibbo-mixed doublets, so
that they automatically conserve CP whether or not we assume that CP is a good symmetry of the La-
grangian or the vacuum

The yukaw»nteraction (I) can now be rewritten in terms of the new quarks. Using Eqs. (2) (4)
find

+r = (~I*) pg (mcdSdl, + mcSIISI ) +A2 p2 (m„ugul, + mcCSCl)

+(X,*) 'y, '*[mc cos8, dzul, -md sin8, d„cI, + m, sin8, s„ul, +m, cos8, s„cl)
—A2 (p2 (m„cos8c IIII dl, + m„sln8c uIISI —mc S1118cCII dl, + m c COS8c CIISI ) +H C,

This interaction wiG also conserve CP, provided that one assigns to the scalar fields a suitable CP-
transformation phase. [The CP properties of the quark fields are fixed by Eqs. (2)-(4).j However, for
a wide class of theories, CP ail/ not be conserved by the scazm. propagator@. In particular, the ex-
change of a single Higgs boson leads to an effective milliweak Fermi interaction

+(md COS8c dzuI, md S1I18c dBCI. + mc S1118c81IuI + mcCOS8cSIICl, )

x (m„cosHc uIIdl, + m „S1118cu~sl, —m c S1118ccIIdl, + m c cos8c cIIsl ) +H,c,

with a single unknown parameter

W = {T{y,'*q, ')). . ./l. ,+l,

This interaction will violate CP conservation, because A is in general cornp1ex.
The nonconservation of CP can be easily checked f'or a fairly broad class of models. In order to pre-

serve the rather successful SU(2) @U(l) predictions' for the strengths of neutral currents, I now as-
sume that all the scalar fields form SU(2) doublets (y„', rp„o) For sim. plicity, I also suppose that the
Lagrangian is invariant under separate reflections under which any one of the y„(and perhaps some
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fermions) changes sign. Discrete symmetries of this kind are needed anyway to insure that it is only

y, and y2 that couple to X& and t&. The most general quartic polynomial that is invariant under these
reflections and SU(2)ISU(1) is of the form

P(V) =Z,M, '(0', 0,) +Z..&,.(p, V,)(V', 0'g+Z„~,.(V, 7V,)(V'. 7V. ) +Z,.e..(V, 0'3(V. pd. (6)

Herrniticity requires that M„' be real and a„, and
b„, be real and symmetric, while c„,need only be
Her mitian.

For three or more p doublets, this polynomial
need not conserve CP. It is invariant under a CP
transformation p„- exp(i8, )y„* if and only if c„,
has phase + exp(i8„—i&/. For this to be possible
for some set of 0„, all the quantities c„,c„c,„
would have to be real. A direct ca,lculation for
the case of three doublets shows that if cy2c23c3y
is not real, then CP is actually not conserved,
and the quantity (7) is complex. Further, even
if P(y) is required to conserve CP, it can be
shown that there will always (for three or more
doublets) be at least a finite range of the parame-
ters a, b, c, and I for which CP conservation
is spontaneously broken.

Let us now consider the experimental irnplica-
tions of this sort of theory.

(1) The Higgs exchange produces a CP-noncon-
serving milliweak interaction with &S =1, ~C =0.
Inspection af (6) shows that 4I = ~ terms dominate
by large factors m,/m„„as required" if a milli-
weak interaction is to imitate the successful pre-
dictions of the superweak theory. The effect of

terms involving c quarks may be dynamically sup-
pressed, but if we ignore such effects, the domi-
nant interaction here is Am, m, sin0, cos0, s~c~c~
xdL, . In addition, there is a superweak interac-
tion produced by exchange of a Higgs plus a ~
boson; this contribution to sd - ds (at energies
and momentum transfers of order m, ) is less
than the usual 2H contribution by a factor of or-
der m, 'A/GF. It is not clear how to use these re-
marks to calculate observable parameters, but if
we take (6) at face value, we would expect m, m,
xImA/GF to be of the order of the phase of K'- 2s
(relative to (KD~M

~

K')'I'), or 3.25 x 10 '. If we al-
so assume a maximal CP violation then ImA =

I A I

= GF/mH', withm, =3m, =1500 MeV, this gives
m H= 15 GeV, not an unreasonable value. '

(2) There is also a CP and P-n-onconserving
milliweak interaction with ~S = ~C =0, so that one
expects the neutron to have a detectable electric
dipole moment. To get a rough idea of its magni-
tude, we can neglect the strong interactions, and
calculate the electric dipole moments of the d and
u quarks produced by the virtual Higgs exchange.
The results" for mH'»m„„„q are

2 2

D,=, m„cos 0, ln, + m, sin 0, ln
em„ImA 2 2 m H 2 ~ 2

247t 2 8

2 2

D„=— ", m„cos 0, ln 2+m, sin 0, lnem„ImA
u 48&2 d

d ms

For illustration I take m„= m~ = 300 MeV, m, = 500
MeV, and m, = 1500 MeV. Using previous esti-
mates ImA = 3.2x10 'Gz/m, m, and mH= 15 GeV,
I find D„=1.6&10 "e cm and D„=—0.5&10 "
e cm. A simple quark-model calculation then
gives the neutron electric dipole moment as (4D,

D„)/3, or abou—t 2.3x10 "e cm. The most re-
cent experimental result" is (0.4 + 1.1) x 10 24

e cm. In view of the great uncertainties surround-
ing the calculation, it would be premature to call
this a real contradiction, but any appreciable fur-
ther improvement in the precision of these mea-
surements mill be likely to confirm or refute the
existence of a milliweak interaction of the type
predicted here.

(3) By applying to the leptons the same con-
siderations as to the quarks, we can infer that
the leptons will have CP-conserving gauge inter-

actions, and a CP-nonconserving Higgs interac-
tion of the form

~' =( q*) m~(g q j"zj g + ps p'zv~z) +H.c.
(Higgs couplings are negligible for electron-type
leptons. ) Here p, may or may not be independent
of tI| ] and (It 2. It is tempting to suppose that y, is
the third independent doublet needed to allow CP
violation, but this is not necessary. In general
the quantities (T(cp, ,'*,y, 'j)/A, ,*A, will be com-
plex, so that there will be a sernileptonic CP-non-
conserving milliweak interaction. This will pro-
duce small triple- scalar-product correlations in
muonic decay modes. In particular, the Higgs ex-
change would produce an effective f form factor
in K» decay, with Im(f /f„) being of order 10 '.
The observation of such a CP violation in K» de-
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cay, together with the nonobservation of similar
CP-violating effects in electronic processes such
as the P decay, would be a clear indication that it
is the Higgs bosons that are responsible for CP
violation.

(4) The acceptability of this theory of CP viola-
tion could be affected by the experimental evi-
dence on the number of quark flavors. At pres-
ent, the situation is unclear. Even if it were
found that new quarks must be introduced in or-
der to account for bumps in e'e or p'p channels
or to cancel Bell- Jackiw anomalies associated
with new heavy leptons, the essential features of
the present theory could still easily be preserved,
provided that there is some unbroken conserva-
tion law which prevents mixing of the additional
quarks with u, d, s, and c. The present theory
would, however, be ruled out if the reported
anomalies in high-energy antineutrino-nucleon
scattering were found definitely to be associated
with new quarks or right-handed currents.

Suppose that Higgs exchange really does turn
out to be the source of CP violation. Gauge theo-
ries would then provide a very attractive inter-
pretation of all the inversions. It may be that
none of them, C, P, T, or CP, is an g priori
symmetry of the Lagrangian. The fact that the
strong and electromagnetic interactions conserve
C, P, and T would be explained by the circum-
stance that the right- and left-handed fermions
happen to furnish isomorphic representations o~

the unbroken gauge subgroups of color and charge. "
The fact that the weak interactions conserve CP
approximately would be explained by the circum-
stances that there are four quarks, and that the
quarks are lighter than the Higgs bosons. The
polynomial part of the Lagrangian would violate
CP conservation strongly, because there is no
reason for it to behave otherwise.

I am grateful for valuable conversations with
many colleagues, especially Alvaro De Rujula,
Howard Georgi, Sheldon Glashow, Roman Jackiw,
Ben Lee, T. D. Lee, and Gerard 't Hooft.
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A relativistic oscillator model gives an expression for meson emission as a function of
the fractional de-excitation e, k&, and the meson mass. From this, a form for Q~ )
in terms of z is derived; it agrees with electroproduction experiments. The same ex-
pression predicts enhanced single-photon and, thereby, anomalous charged-lepton pair
production.

A relativistic oscillator model, ROM I, had
been found to describe quantitatively many fea-
tures of hadron-hadron' and lepton-hadron colli-
sions. ' I proceed to exploit its predictive powers
to explain some old phenomena (the sea-gull ef-
fect)' and to predict new ones (anomalous photon
and charged-lepton emission).

The model envisages the de-excitation of a had-
ron as proceeding through successive energy
states, q, , of a one-dimensional oscillator. The
energy of the ith meson, k, , is q, , —q,

In Ref. 1, I derived the differential probability,
d'P, describing each emission in terms of the
square of the transverse momentum, k~', given
to the meson and the fractional energy, n, given
to the meson. 4

d2P(1 —a)/dadk, =C(1 —a) a '(1+ uP), (1)

where

(u = (k~'+ m')/4 nm, ', n = ko/q,

m is the mass of the emitted meson, and C and

m, ' are constants of the model. '
In Ref. 1, I showed that this expression gives

rise to an average k~', which increases with the

P' =dP/dn= mrna'C(1 —n) . (4)

This is not directly comparable with the data.
We must average (3) over all n's occurring over
many events. Starting at an initial excitation en-
ergy, q„ the hadron de-excites through succes-
sive states, q, .

]~y ~g ~~~ ~y ~y =
y

y, = q, /q„n, = k, /q, , = 1 —v,. /y, ,
The average contribution to the mean-square

number of emissions which, in turn, increases
logarithmically with the square of the center-of-
mass energy s. Using a best fit to the data in
this reference, I obtain

m, = 0.30 + 0.05 GeV/c'.

In the next section, I will simplify by taking m =0;
this approximation is justified for z mesons.

From Eq. (1), one can obtain the average
(k~'(a)) per emission:

(k, '(n)) =mam, = ap, '.
I also calculate the emission probability, P', ob-
tained by integrating Eq. (1) over k~',
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