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A new current && current weak interaction is constructed from the neutral vector and
axial-vector currents which preserves the hypothesis of conserved vector current, uni-
versality, lepton conservation, and CPT invariance, but violates CP conservation. The
complete weak interaction Hamiltonian is shown to be in agreement with present experi-
ments.

+ sin&(V —A) + l
(4-i5) (-)

where 6) =0.26 is the Cabibbo angle and the charged
leptonic current is

I ' '= py (l, -y )v +er (I-r )v .
5 p, A. 5 e (3)

Within the vector and axial-vector octets there
are four components from which the hadronic
part of the neutral current ~"' can be built: the
components labeled4 3, 6, 7, and 8. Heretofore,
only the vector U-spin singlet VC3+ ( ~~3)

which is the hadron electromagnetic current, has
been thought to play any role in nature. Here we
shall investigate the possibility that the remain-
ing neutral components 6, 7, and 3 —W3x8, which

Sometime ago Cabibbo' constructed an elegant
universal form of the V-A current&current the-
ory'~3 of CP-conserving weak interactions from
the charged vector and axial-vector currents
whose hadronic parts had been postulated by
Gell-Mann' to generate SU(3) ()() SU(3) under equal-
time commutation. In this note we discuss how

the neutral vector and axial-vector currents,
which necessarily exist if the SU(3) (3 SU(3) alge-
bra is to be physically meaningful, can be used
to construct a neutral current& current weak in-
teraction which, together with the charged cur-
rent&current interaction discussed by Cabibbo, '
is consistent with all present experimental infor-
mation on weak interactions, including the ob-
served violation of CP invariance. '

Consider the weak-interaction Hamiltonian

fJ—(Gy+2)[g&g(+)g(-) +J(-)j'(+)) y J(0)J'(0)]

where G is the Fermi constant and where J'+'
= J' ) t and &' ' are, respectively, charged and
neutral currents whose hadronic parts are com-
posed from the vector and axial-vector octets. '
The universal form of the charged current intro-
duced by Cabibbo' is

) = cos6(V-A)

comprise the U-spin triplet, form the hadronic
part of the neutral weak current ~' ' in a univer-
sal manner. Specifically, we consider the follow-
ing form for J'":

(0) (3-W3x 6)= cosy V+A

6—i7+i sin(0(V+A)
A.

i sing(V+A—) + I . (4)
6+ i7 (0

A. A.

The new angle p is to be regarded as a fundamen-
tal quantity to be determined empirically. For
the neutral lepton current we take

&
'"= v r (1+y )v +v r (I+y )v .

p, A. 5 p, eA. 5 e

Possible variants of this theory will be analyzed
elsewhere.

Some general features of this interaction are
the following:

(i) It is of the currentxcurrent form2~~ with
both the charged and neutral vector hadron cur-
rents obeying the conserved vector current (CVC)
hypothesis of Feynman and Gell-Mann since they
belong to the same octet as the electromagnetic
current.

(ii) Lepton number is conserved separately for
muons and electrons.

(iii) The interaction is universal' in the sense
that the hadron and lepton parts enjoy the same
algebraic properties. (The electromagnetic in-
teraction is universal in this sense, also. )

(iv) The hadron part of J'0) can be obtained by
a rotation of (V+A)(3 ~3 ) about the 6 direction
through the angle p just as the hadron parts of
J(+) can be obtained by a rotation of (V—A)(l" ~2)

about the 7 direction through the angle 2~.
(v) The neutral current &'0' is V+A while the

charged currents ~' ' are V-A. Thus, v& and

ve are four-component neutrinos which need not
be massless. Their right- and left-handed com-
ponents interact entirely differently.
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(vi) The neutral current&& current interaction
violates CI' invariance but, of course, CI'T re-
mains valid. [For this reason the charged cur-
rents are symmetrized in Eq. (1).] To lowest or-
der, the CI' nonconservation occurs only in the
~8= +1 nonleptonic interactions, as will be dis-
cussed.

Next let us systematically examine the conse-
quences of this neutral current-current interac-
tion in the light of present experiments.~ = 0 nonleptonic interactions. —To lowest or-
der the &~ = 0 nonleptonic part conserves CI'.
Therefore, neglecting higher orders in the Fer-
mi constant, the neutron electric dipole moment

is zero, in agreement with the present experi-
mental upper limit of about' 10 2 e cm.

There are parity-nonconserving &S = 0 pieces
in both the neutral and charged current& current
interactions which contribute to the observed
parity mixing in nuclear levels. '

~S = +1 nonleptonic interactions. —The strange-
ness -changing (&S = + I) nonleptonic interaction
contains a CP-conserving part proportional to
sin~cos0 and a C&-nonconserving part propor-
tional to sin+ cosp. In both parts there are only

1 3~I= y and &I= 2 pieces so there is a "no &I= 2

rule" for the &- 27t amplitudes':

W2(m'm' I H IK') -(w+n I H IK')

=v 2(w+w IHIK+). (6)

The CP-nonconserving effects in &-2~ can be
conveniently discussed in terms of the complex

parameters'

and

(m+w
—IH IK ') ImA i ImA

0 2 i 52-50
+ (m+n I H I K— ) ReA v 2 ReA

0 0

(w~v I H IK ) ImA ImA
2 i 52-50

0
(8)

where AI exp(i5I) is the amplitude for the K' to decay into an outgoing 2w state with isospin I = 0 or 2

and E'p chl, ra cteriz es the eigenve cto r s of the m as s matrix:

)
(1+e,) IK') + (I-e„)I I7')

S L [2(1+ le I')]"'

corresponding to the (complex) eigenvalues ML and MS, respectively. By convention, we define IF' )
=CP IK') which differs from Wu and Yang' who require instead that A, be real. Their parameters e

and e' in our notation are

& = &, + i ImA, /ReA, (10)

ImA, i(5, 5,)—
v2 ReA,

'
To actually calculate these parameters we would need to know the mass matrix. However, we can es-
timate eo and e and show le'I« i@I as follows: Since the CP nonconservation is small, eo can be ex-

pressed in terms of the difference of the off-diagonal mass-matrix elements and the difference of the

eigenvalue s:

(K I H ln) (n I H IKO) —(Ko I H ln) Q I H IKo)
260(ML™s)= E -E

K n

(12)

We obtain a crude estimate of ep and ~ from the on-mass-shell contribution of the 2m intermediate

state in Eq. (12) which gives

1 IDlA +gt7T

v2 ReA,
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when the empirical mass difference is used.
From the Hamiltonian we find

IIHAO Sing COSQ

R

ImA, sing cosy a,
(15)

where a„a,', and a, are, respectively, the
(real) reduced matrix elements corresponding to
the two &I= 2 and the one ~I= 2 independent am-
plitudes. The approximate validity of the &I= 2

rule, as evidenced in the suppression of the &+

-ad+no

decay rate, requires la, I =20 la, I and

hence,

ImA, ', a, 1

ImAO dao+ ao 10 (16)

provided there is no accidental cancellation be-
tween the two independent &I= ~ amplitudes. The
result Ie'I « I e I is basically a consequence of
the &I= 2 rule being valid to about the same de-
gree for both the CP-conserving and CP-noncon-
serving amplitudes in this theory.

Since le'/E' I is small we can write

'000/0+- 1 3& /&

s(5,—50+ gv)
(17)

which shows that while p«&p+ in this theory
they do not differ by much, say about 25 / if we
take the estimate (16) as a guide. This disagrees
with the early measurements' of igloo I but is con-
sistent with the most recent result. "

Finally, from Eqs. (13) and (14) we estimate
that

x Q I (V+2) IIP). (19)

The vacuum intermediate-state contribution to
~'"is easily found to be about 50 sin'p eV. The

(18)

to agree with the measurements' of Ig+ l and
Re&.

~~ = +2 nonleptonic interactions. —The neutral
current ~ current interaction allows &~ = +2 non-
leptonic weak interactions in lowest order which,
however, conserve CP. Thus there is a first-
order contribution &~'" to the mass difference
AM= ML, -MS given by

b.M =&2G sin yggY I(&+A) In)
1 . 2 0 6+i7

pion intermediate-state contribution can in prin-
ciple be evaluated in terms of the K)3 form fac-
tors f+ and f; however, the convergence of the
integral over intermediate pion energy depends
on the unknown asymptotic behavior of these form
factors. If the effective cutoff is around a pro-
ton mass the contribution turns out the be com-
parable in magnitude with but opposite in sign to
the vacuum contribution. [In general, the sign of
the contribution of an intermediate state in Eq.
(19) will be positive (negative) if the state is ev-
en (odd) under CP.] Although we are unable to
compute the complete sum over intermediate
states, the terms which we have estimated indi-
cate that this first-order contribution to the
mass difference &M'" is comparable in magni-
tude with the usual second-order contribution
and with the observed mass difference l&M I

- 5
X 10 ' eV for lp I -10 ', which is the estimate
obtained above [Eq. (18)] from the observed CP
nonconservation in &L, —2r.

There will also be &~ = +2 nonleptonic decays
possible in lowest order such as -" -N+ ~, how-
ever, such amplitudes are proportional to G sin'p
and hence are comparable with second-order
weak interactions.

Semileptonic interactions. —The elastic scatter-
ing v+p -p+ & can occur in lowest order through
the neutral currents with an amplitude compara-
ble with that for v+p -n+I+, in apparent contra-
diction with the experimental upper limit" of 3 ~o

for the ratio of these cross sections. However,
recall that since the neutral current is ~+~ rath-
er than t/' —& only the elastic scattering of right-
handed neutrinos is large; the elastic scattering
of the usual left-handed neutrinos still vanishes
in lowest order. In the CERN neutrino experi-
ment" the flux of these right-handed neutrinos
was no doubt negligible since they are rather dif-
ficult to produce.

Right-handed neutrinos can be obtained from
various strangeness-changing decays, e.g. , Z+

-p + v+ v and &+-w++ &+ &, but these branching
ratios are suppressed by sin'p and thus are
quite small (-10 '). The possible &S= 0 decay
modes, e.g. , Z'-A+ v+ v and g -m'+ v+ v, are
even more rare although they occur with ampli-
tude G cosp since they must compete with elec-
tromagnetic decay rates.

Leptonic interactions. —Another new feature of
the neutral current&current theory is the occur-
rence of elastic (right-handed) neutrino-neutrino
scattering in lowest order; but this seems vir-
tually impossible to observe, although it might
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be of some theoretical interest.
In general, since the C& nonconservation oc-

curs in the weak-interaction Hamiltonian, there
are no large effects to be expected such as an
asymmetry in q-m++m +m- or g-n++m +y,
time-reversal noninvariance in nuclear y' emis-
sion, or the occurrence of g —m +e++e —.
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The effective single-particle weak parity-nonconserving potential is recalculated in-
cluding parity-nonconserving one-pion exchange forces and the two-body correlations in-
duced by the hard cores in the nucleon-nucleon potential. The circular polarization of
the y ray from the 482-keV transition in ~8~Ta is calculated to be -(0.2+0.1)x 10 . The
measured value is -(0.06 +0.01) && 10 4, showing that the observed parity nonconservation
in nonleptonic M = 0 transitions is in agreement with the Cabibbo theory of weak interac-
tions.

The current-current theory of weak interactions predicts a weak force between nuclei which can in
principle be detected through its parity-nonconserving effects. The attempts to calculate such effects
and the attempts to observe them have been recently reviewed by Okun. ' The circular polarization
measurements of Lobashov et al.' and Boehm and Kankeleit are shown in Table I, and the asymmetry
measurements of Abov et al. ' and Warming et al. ' are shown in Table II. Also shown in the tables are
the results of calculations reported in the literature. 7 " It is noticeable that the calculations overes-
timate the effect. It was pointed out by Adams' that the hard core of the nucleon-nucleon potential, in
keeping the nuclei in the tail of the weak potential, may provide an explanation of this overestimate.

In the present Letter we show that this is in fact the case, and in taking the hard-core correlations
into account we significantly improve the agreement with experiment. We also include in the calcula-
tion the strangeness-changing weak currents which induce a one-pion exchange, parity-nonconserving
potential between nuclei. " Enhanced by its long range, and suppressed by the factor sin'8~, the net
effect is 25 /p of that of strangeness-conserving currents. The relative sign of the two contributions
is not fixed by experiment, nor by any reliable theoretical arguments. '~ (The sign of G is taken as
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