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It has been pointed out in the past that the
hypothetical vector mesons of weak-interaction
theory could well enjoy strong interactions of
the form fW&'twi H, where H is some function
of hadron fields, without directly contradict-
ing experimental information on low-energy
processes. ' This possibility now seems much
more attractive since it provides a "simple"
explanation for the recently discovered failure
of the high-energy cosmic-ray muon flux to
obey the "sec8" law. ' On the other hand, it
is not clear that it is consistent with the rath-
er detailed picture of low-energy weak process-
es which has been built up over recent years,
so the question must be re-examined with some
care. Et is the purpose of this paper to present
a theory of strongly interacting 5"s which main-
tains all the important features of the conven-
tional theory for low-energy weak processes,
while permitting significant deviations from
them at high energies. The appearance of new
physics at. high energies seems an inescapable
consequence of giving the W's strong interac-
tions, and should be regarded as a challenge
to experiment rather than as a defect of the
theory.

%e wish to describe a system comprising
leptons, hadrons, and a single, charged, vec-
tor meson. The Lagrangian should differ from
the conventional one only by the addition of a
strong-interaction term quadratic in the vec-
tor-meson field. For reasons which will be-
come apparent as we go along, we choose

where W is the vector-meson field; I"» —- B&g „
-8~5'&,' 8 is a. scalar object. constructed out
of hadron fields, involving no derivatives, and
invariant under SU(3) @SU(3) transformations
on the hadron fields; ZI, is the usual hadron-
ic Lagrangian; S~ is the free Lagrangian for
leptons; and J& is the usua, l weak current,

+Jh l

=Py (1-y )v +sy (I-y )~,

J = cosg (p -A ) + sin8(V -A ).
mt . Kf Kt

p, p, p.

This differs from the usual theory of boson-
mediated weak interactions only through the
addition of 21W = -4F» (Ii i""S. Such a theory
is, of course, not renormalizable because of
the derivative coupling of the vector meson,
In spite of this, we shall be able to prove in-
teresting theorems about the theory, and show
that, if it exists, it does not lead to a contra-
diction with what we know about weak interac-
tions. The same does not seem to be true of
the simple renormalizable theories which one
can write down. In any event, recent progress
in quantum field theory' leads one to hope that
nonrenormalizable fields may eventua, lly be
put on a, sound mathematical basis, so that there
is no real reason to abandon the richness pro-
vided by nonrenormalizable theories.

Let us first study the strong-interaction prop-
erties of this theory and verify that the usual
conservation laws hold. The hadron fields are
presumed to provide a representation of SU(3)
@SU(3). If we set g=O and make an infinites-
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gu y (1-y )v (BJW IA).
5 v~

On the other hand, the equation of motion for
W implied by the Lagrangian of Eg. (1) is

W =(g/m )J +(g/m )S G
2 2 v

p, W p, ~ vp,
'

gG =F (1+S).
pv pv

(2)

Therefore, the matrix element may be rewrit-

imal transformation on the fields such that 5$'&
=0 and 5(~ is given by the appropriate repre-
sentation of SU(3)%SU(3), then 52=5ZI . This
is because S is taken to be an SV(3)QSU(3) in-
variant. Since 8 contains no derivatives of ha-
dron fields, Noether's theorem guarantees the
existence of currents whose commutation and
divergence properties are the same as if the
total Lagrangian were just Zh. In particular,
if Z& conserves isospin and strangeness, so
does g (g = 0). Partial conservation laws retain
their usual form: If canonical partial conser-
vation of axial-vector currents holds for Zh,
it holds for the full strong-interaction part of
2 as well. There is, of course, one new con-
servation law —conservation of 5' charge —since
vector mesons interact strongly in oppositely
charged pairs. We make the usual identifica-
tion of the weak hadronic currents with the gen-
erators of SU(3)I2ISU(3) defined by Noether's
theorem

There is one new feature as far. as electro-
magnetic interactions are concerned. The elec-
tromagnetic current of strongly interacting
particles is Q&

—-Q&&+Q&~, where Q&& is the
charge current of hadrons and Q&~ is the charge
current of W's. The SU(3) properties of Q&"
are as usual, while Q&li commutes with the
generators of SU(3). The electromagnetic cur-
rent therefore has an SU(3)-singlet piece in
this theory. This does not affect any predic-
tions based on U-spin invariance. It does af-
fect leptonic decays of the y and & mesons,
as well as some hyperon magnetic moments.
At present there is no conclusive evidence against
the existence of a singlet term. '

We now turn to the question of semileptonic
weak interactions. Since the coupling constant

g is small, we may safely write the matrix
element for the process A -B+l + vi as

ten as

(g /m )u y (1-y5)v
2 2 Itj.

V~

x ((B i J IA)+iq (Bi G iA)),
VP

1

2 G u y (1-y )v (B I J IA),
5 v~ p,

(3)

which is all one needs for the soft-pion theo-
rems. Notice also that, according to Eg. (2),
8&W& ——8I"J&". Therefore, any theorem depend-
ing only on the divergence properties of the
weak current (such as Adler sre'suit on the
connection between forward lepton production
by neutrinos on protons and pion-proton scat-
tering) remains true.

The theory of nonleptonic weak interactions
differs in no way from the usual picture. The
soft-pion theorems on s-wave hyperon decays
depend only on the fact that generators of the
form V+A commute with the weak Hamiltoni-

where q& is the four-momentum transfer be-
tween 8 and A. If we set g /m~ —-G~/v2 and

let q = 0, this is identical to the usual expres-
sion for semileptonic-decay amplitudes. There-
fore, for zero momentum transfer, we recov-
er the predictions of Cabibbo theory and con-
served vector currents (CVC). When q x 0,
the picture is more complicated. We evident-
ly do not have strict equality of the electromag-
netic and strangeness-conserving vector weak
current. Indeed, for a transition between two
spin-one-half states, qu(B I G» lA) will look
just like a vector magnetic moment and would
lead to deviations from the weak magnetism
expected from standard CVC theory. On the
other hand, it is perfectly easy to choose the

strong coupling of the 8" so that, at least in the
lowest order of perturbation theory, (BiG»JA)
=O(m~ '). There seems no reason to doubt
that the full theory could not have this proper-
ty, in which case the anomaly would be suppressed
in low-energy experiments but would be visi-
ble in sufficiently high-momentum-transfer
neutrino experiments.

Similar remarks hold concerning soft-pion
theorems for semileptonic decays. In all in-
teresting reactions, q/m~ is small enough
that the contribution of 6~v to the matrix ele-
ment may be neglected. To a good approxima-
tion, the amplitude for A. -B+j +v~ becomes

810
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an. This remains true because the currents
to which 5' couples are again of the form V-A,
and the SU(3)QSU(3) generators commute with

W~.
We can also verify that the effective coupling

constant for muon decay is the same as that
for semileptonic decays in spite of the strong
9" interactions. The matrix element for p,

-e- + ve + v & is, to lowest order in g,

gu y (1—y )u uy (1-y )v P (q),
2 p, V

V~ 5 P, 5 Vi PV

where P» is the covariant 8' propagator and

q ls the momentum transfer between p and vp
In terms of the spectral function a(p, ) defined
by

(OIW ()W (0)iO)=(2w) fd pe(p )s' '"&(p )(g -P P /p ),
P, V PV P, V

we have

(g„„-q„q„/v')
(q) = du'~(u')

PV g —p,

On the other hand, we conclude from Eq. (2)
and the fact that Eof (1+S) is the canonical mo-
mentum conjugate to Wi j that

a( )[w ( ), w. (o)]= (i/m ')~ .5(x).

Taking the vacuum expectation value of this
commutator, we get the familiar-looking sum
rule

fdic

v(V, )/p, =1/mW,

which implies that

P (0) =g /m
p, v p, v W

Since 0 is positive and equal to zero for p,
' less

than the physical mass p, w of the W (remem-
ber that in calculating P~v we include only the
strong interactions), we easily see that P»(q)
differs from P»(0) by at most O(q'/p, 'W).
For muon decays this difference is certainly
negligible, and the effective matrix element
is, to a good approximation,

g m u y (1-y5)u u y (1-y5)v
2 2 p.

W v& 5 P. e P. 5 ve

On comparing with the semileptonic-decay am-
plitude for small momentum transfer [Eq. (3)],
we see that the coupling constants are equal
in the usual sense (remember that Gy/v2 =g /
m W'). Therefore lepton-hadron universality
survives.

Finally, we must consider the new weak pro-
cesses which are induced by a strong W cou-
pling. These have been considered in some
detail by Ericson and Glashow, ' so we shall
restrict our attention to what seems the most
important of them: neutrino-proton scattering.

In a theory of strongly interacting W's this pro-
cess is superficially of the same order in the
weak coupling as v+ p - I++n and could well
be seen in high-energy neutrino experiments.
We can show, however, that the amplitude for
v+p —v+ p must vanish at zero energy and will
be suppressed relative to the usual process
at moderate energies.

Consider the amplitudes for forward vp and
vP scattering, in the approximation of neglect-
ing the lepton masses'.

M(vP) =A(W)u P(1-y ) )

M (vp) =A (W)V g(1-y )v,
V 5 V'

where P and q are the proton and neutrino mo-
menta, respectively, and W=q p. Crossing
symmetry tells us that A (W) = -A (-W). How-
ever, the total strong interaction Lagrangian
of our system is invariant under W&—W&j.
This means that, to lowest order in the weak
interactions (order g ), A(W) =A(w). Therefore,
we have the crossing property A (W) = -A (-W),
which means that A (W) ~ W, for W= 0. With-
in the regime of strong interactions for the
W it is easy to arrange that the scale of vari-
ation for A be determined by the mass of the
W (at least to lowest order in perturbation the-
ory, as in the discussion of CVC). Then one
would expect vp scattering to be suppressed
relative to v+p - I++ n by O(w/mw'). If the
mass of the W is large enough, this is consis-
tent with the limits set by high-energy neutri-
no experiments.

We can summarize these remarks as follows'.
It is possible to give the intermediate boson
strong interactions and to maintain all the usu-
al theorems about weak interactions which ap-
ply to zero momentum transfer. Theorems
about the semileptonic interactions which hold
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at nonzero momentum transfer to leptons are
no longer exact, but receive corrections which
can be suppressed by the TV mass, and may
well be small in the energy range so far explored.
At sufficiently high energies, however, one
should find significant deviations from the usu-
al picture of weak interactions, e.g. , the ap-
pearance of first-order-weak neutrino-proton
scattering. It does not seem possible to avoid
these unpleasant features if one is forced to
introduce strong interactions for the W. It is
at least a comfort that many of the features
of standard weak-interaction theory can be main-
tained while opening up the possibility of many
new types of weak processes to explore at high
energies.

It is a pleasure to thank Professor S. Glashow
for many conversations essential to the gene-
sis of this paper.
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»ing algebra of currents and partial conservation of axial-vector currents (pCAC), Suzuki' h»
shown that in a CP-conserving theory with Cabibbo-type vector-axial-vector charged current-cur-
rent interaction, one obtains a strict 4I = 2 rule for K-meson nonleptonic decays in the limit of soft
pions, even if the interaction was a mixture.

The present note is to remark that in a theory in which CI' nonconservation is attributed to phase
angles between normal octets of vector and axial-vector currents, as proposed by Glashow, ' Suzu-
ki's argument regarding the validity of the ~I = 2 rule will hold for the CP-conserving part only if
g =+@, and it will hold for the CP-nonconserving part only if $ = -y; y and $ are the phase angles
for the strangeness-preserving and strangeness-changing axial currents, respectively. This will
suggest, as q& is known to be small' from P-decay experiments, that $ should also be small, contrary
to Glashow's conjecture that it could be very large. The choice of $ = p will have the interesting con-
sequence that it will allow finite 4I = 2 transition in the soft-pion limit only for the CP-nonconserv-
ing amplitude but not for the CP-conserving one; both facts are supported by present experiments. '
Furthermore, the success of current-algebra applications to the decays K-3w' and F-X+ n' will
be preserved if $ =y. Further consequences of the choice (=y (with both of them small) are discussed.

To prove the statements mentioned above, we define our current in the form proposed by Glashow':

= [(V +iV )+ (A +iA )e ]cos8+ [(V +iV )+ (A +iA )e ) sin8.1 . 2 1 . 2 iy 4 5 4 . 5 i$

The weak interaction is assumed to have the current-current form'

H =G(J Z j+J jJ ).
p, p, p, p.

To establish Suzuki's result on isospin selection rules in K- 3~ and K- 27t decays, it is sufficient
to consider only the K-2m decay amplitude, for which one needs to consider only the I48l =1 pari-


