
VOLUME 8, NUMBER $ FHYSI CAL REVIE%' LETTERS FEBRUARY 1, 1962

TEST OF CJ CONSERVATION IN NEUTRAL K-MESON DECAY

R. G. Sachs
Physics Department, University of Wisconsin, Madison, Wisconsin

S. B. Treiman~
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received January 5, 1962)

The time dependence of charge asymmetry ef-
fects in leptonic decay of neutral K mesons, ob-
served and reported on in the foregoing Letter by
Ely et al. ,' is a source of valuable information on
certain crucial aspects of the weak interactions. '

There is a general class of weak-interaction the-
ories' picturing them as being generated, either
directly or possibly through intermediate bosons,
by the interaction with itself of a weak current
having vector and axial vector transformation
properties. In setting up their theory, Feynman
and Gell-Mann3 presumed that the strangeness
change 6,8 =2 mas forbidden and mere thereby led
to impose on the strangeness-changing part of the
weak current the selection rule

where dQ is the change in electric charge. The
supposition that AS =2 is forbidden may be tested~
and evidently has been confirmed'&' by measure-
ments of the K, -K, mass difference. On the other
hand, the results reported by Ely et al. ,

' taken to-
gether with present evidence on the K, -K, mass
difference, suggest that the reaction K ~n'++e
+v, for which

(2)

in fact takes place. Thus there appears to be a
direct violation of the selection rule Eq. (I). It
is worth noting that in the case of leptonic decay,
Eq. (2) implies hI, = $; hence the dI = & rule is also
violated by the leptonic decays.

If these results are borne out by further experi-
ment, me must conclude that the above-mentioned
class of theories is not capable of describing the
strangeness-changing leptonic decays. In addi-
tion, the possibility would open up for testing CP
invariance of the weak interactions in new mays.
It is this aspect of leptonic decay of neutral K
mesons mhich will concern us here.

The data in hand at the present time are too
limited to allom any reliable tests of the question
me shall raise here; and the main experimental
concern has been to establish reliably whether or
not the b,S=EQ rule is indeed violated. If, how-

ever, the rule does in fact break domn, then, as
further data accumulate, it should become possi-
ble to test for novel aspects of CP symmetry.

Let us then turn directly to the implications of
CP noninvariance for leptonic decay of neutral K
mesons. Consider the reaction K ~m +e++y,
for which AS = b.Q. The matrix element has a well-
defined structure characterized by a sum of terms,
each term being the product qf an electron-neutri-
no function and a form factor depending on the in-
variant momentum transfer between K meson and
w meson. ' To simplify the discussion, let us as-
sume for the moment that only one such term con-
tributes to the matrix element, as indeed would
be the case if the weak Hamiltonian contained only
terms of the type V and A. The corresponding
form factor will be denoted by f. According to
the CPT theorem, the form factor for the reac-
tion K ~ m++e + v is then f (up to a possible ir-
relevant minus sign). Similarly for the AS = -b,Q
reactions, K'~n++e +v and K' ~m +e++ p, we
have form factors g and g, respectively.

If CP invariance is valid for all weak interac-
tions, the K, and K, states are defined by

K, =(Ko+K )/v2,

K, =(K'-K')f&2,

where K =(CP)K' In this sit.uation: (i) K,0~2@
is strictly forbidden; (ii) the reactions K, ~ w

+e + v and K,' ~ m++ e + v are equally probable;
(iii) the form factors f and g are real. 2

Let us now entertain the possibility that CP in-
variance is violated, but only for the strangeness-
changing leptonic decays. (The evidence for CP
invariance in the nonleptonic decays is rather
compelling; see below. ) Since the states K, and
K, are determined mainly by the dominant nonlep-
tonic process K 2m, the expressions Eq. (2)
mould remain true in good approximation. Hence
the items (i) and (ii) above would continue to hold
in good approximation, as they in fact do experi-
mentally. ' But the leptonic decay form factors
may now be complex. The relevant form factors
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for K, and K, decay are given by

K, «m +e +v, (f+g)/v2 =a„

K, «m +e +v, (f -g)/v2 =a„

K, «w +e +v, (g +f )/&2=a, *,

K2«w +e +v, (g*-f )/&2= a2- (4)

The Ke3 decay spectra may be expressed in
terms of certain amplitudes A„A, which are
products of a„a„respectively, and an energy-
and spin-dependent factor arising from the elec-
tron-neutrino wave functions. Thus, in the stand-
ard fashion, ' we find for the decay curve at time
t for a beam which at t =0 was pure K"

R(v +e + v) = &(IA, I'exp(-X, t) + IA, I'exp(-a, t)+2 IA, I IA, I exp[--,'(a, +a,)t]cos(nmt+y)j,

R(m +e + v) = &(IA, I' exp(-X, t) + IA, I' exp(-X, t) -2 IA, I IA I exp[-~(i, + a,)t] cos(nmt - y)] . (5)

Here Am is the K, -K, mass difference, X, and x, are the K, and K, decay rates, and y is the phase
difference between A, and A, .

The total K&3 decay curve, irrespective of charges, is

R = IA I'exp(-x t)+ IA I'exp(-X t) -2IA I IA I siny exp[-~(x +x )t]sin(&mt),
e3 1 1

(6)

while the K~3 charge asymmetry curve is

A =R(m +e +v) -R(w +e +v) =2IA I IA I cosy exp[--,'(X +x )t]cos(&mt).
83 1 2 1 2

( IA, I ') /( IA, I ') & 6. (8)

Taken at face value this is, of course, a result
which implies the occurrence of n,S = -hQ reac-
tions.

Moreover, if bS =n, Q and n,S = -n, Q processes
both occur, we have the possibility of testing
whether the relative phase q of A, and A, does
actually vanish, i.e. , whether CP invariance is
valid here. There are two rather straightforward
ways in which the test can be carried out. One
consists of improving the determination of the
total decay curve and charge asymmetry to the
point that the data yield reliabl. e separate values
of the independent quantities ( IA, I') /( IA, I') and

The generalization of these results in the case
for which there is more than one form factor is
straightforward. The amplitudes A~ are then lin-
ear combinations of the form factors a-, the co-
efficients being functions of the energies and

spins. '
It should also be noted here that observed inten-

sities will usually involve a spin sum and a weight-
ed integral over the spectrum. The appropriate
sum and integral will be denoted by angular brack-
ets, as in ( IA, I'), etc.

The AS =5,Q rule [g=0 in Eq. (4)] implies A,
=A, and therefore, of course, y =0. But the fit
of the data to the theoretical curves Eq. (5) (with

y set equal to zero) presented in reference I indi-
cates an experimental ratio

(Ae 3)

/(Re

3�
) the latter being proportional to

( IA, I IA, I cosy) /( IA, I'+ IA, I') when X,t « l. In
order to make maximum use of their data to re-
solve the hS = n, Q question, Ely et al. ' have com-
bined these independent quantities by assuming
y =0. In this connection it should be noted that an
accurate determination of the ratio ( IA, I') /( IA, I')
of K, to K, partial rates is itself sufficient to re-
solve the n,S = A@ question, whether or not CP is
conserved in leptonic decays.

The other method for determining y would con-
sist of a search for the characteristic third term
on the right-hand side of Eq. (6) by measuring ac-
curately the total decay curve as a function of
time.

Notice that according to Eq. (4) the possibility
y e 0 can arise only if the bS = sQ and bS = -b, Q
transitions both occur and if their respective am-
plitudes f and g are out of phase.

This is a unique situation. Aside from phenom-
ena connected with neutral K-meson decay, weak-
interaction effects are in practice always detected
only in lowest order of the weak couplings. Thus
various classes of coupling, nonleptonic, leptonic
b,S=bQ, leptonic hS=-dQ, etc. , do not interfere
with one another; and each test of CP invariance
is internal to the class. Therefore, even if CP
invariance is found to be valid in this sense, the
question of over -all invar iance of the weak inter-
actions remains open," the coupling constants re-
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ferring to different classes may have different
phases. This possibility can be tested only by
study of the decay of neutral K mesons, where
the leptonic AS=+hQ terms interfere M. oreover,
here the states K, and K, are determined by sec-
ond order transitions' which again involves inter-
ference between classes.

Tests of CP invariance for AS0 reactions have
thus far been carried out only for nonleptonic proc-
esses." The large magnitude of the asymmetry
parameter i.n A~ p+m, A~ n+m, and Z+~p+w
decays" constitutes good evidence for CP invari-
ance in the nonleptonic interactions. The small
branching ratios (&0.3$') for the process K, «2s
is further evidence for this conclusion. "

However, as we have seen, any violation of CI
invariance in the leptonic interaction would also
result in the appearance of K2 ~ 2m transitions and
a charge asymmetry in K, decay [in violation of (i)
and (ii) above] through interference effects, but
the effects are then expected to be smaller than
the presently observed upper l.imits. '

The relevant experiments to test for CP invari-
ance in the strangeness-changing, leptonic inter-
actions are the following:

(1) Independent determination of the charge
asymmetry in EP decay and of the ratio of the
K, ~ s++e++ (v, v) partial rate to the K, v++ e+

+(v, v) partial rate.
(2) A detailed measurement of the total electron

rate curve, Eq. (6). Concrete evidence for the in-
terference term would establish violation of CP
invariance with respect to the relative phases of
bS=+b, Q couplings.

(3) Further effort to determine the K2 ~2s branch-
ing ratio and the charge asymmetry in leptonic de-
cay of the K,.

(4) Measurement of the muon polarization normal
to the decay plane in the K 3 modes of the K or
K,' decay. The former has a bearing only on inter-
nal (to aS =b,Q) CP invariance while the latter also
involves the interference between n,S =+A@ transi-
tions.

(6) Standard tests for CP invariance in leptonic
decay of hyperons. These again are only "inter-
nal" tests.

Further, let us note that if both ~S = hQ and bS
=-b,Q transitions occur, their respective ampli-
tudes f and g could well behave differently with
energy; indeed the coupling types (scalar, vector,
tensor) could appear with different weights. In ef-
fect, the amplitudes A, and A, of Eqs. (6) and (7)
could depend differently on energies and spins.
Among the experiments which would bear on this

possibility, we mention the following:
(6) Measurement of the pion energy distribution

in the Kg3 and K&3 modes of the neutral K meson.
Ultimately the time dependence of the spectra will
be of great interest.

(7) Measurement of the longitudinal polarization
of the leptons in the K 3 and K 3 modes of the
neutral K.

Finally, of obviously great interest is the follow-
ing:

(6) Performance of the charge asymmetry exper-
iment for the K 3 mode of the neutral K meson.

The authors are indebted to Professor Fry and
Professor Camerini for the opportunity to see the
data of reference 1 and to discuss it with them be-
fore publication.
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The single-pion exchange model (SPEM) of high-
energy particle reactions provides an attractively
simple picture of seemingly complex processes
and has accordingly been much discussed in recent
times. ' The purpose of this note is to call atten-
tion to the possibility of subjecting the model to
certain tests precisely in the domain where the
model stands the best chance of making sense.

Consider a collision between particles p and k

(labelled here by their four-momenta) which re-
sults in two groups of outgoing particles, (pl', .. . ,

p ') and (kl', ..., kz'). We restrict ourselves to
configurations where the outgoing particles, as
viewed in the barycentric system, form two well-
defined narrow cones and we partition the particles
accordingly into the two groups {p~'}and {k~'}. We
suppose, in addition, that the selection rules per-
mit the exchange of a single pion: p+k «{p '}+v
+k «{p.'}+{k.'}. Define the invariant momentum
transfer n. =p -Qpf'=gk. ' -k. Regarded as a
function of 6', the transition amplitude has a pole
at 6' = -p' (p=pion mass), corresponding to the
diagram of Fig. 1. The residue involves a product
of the amplitudes, M(p+v «{p~'}) and M(k+v «{k.}),
which describe, respectively, the indicated phys-
ical processes. The point 6'= -p' of course lies
outside of the physical domain for the reaction p
+k «{p&'}+{k~'}.Nevertheless, in the SPEM pic-

ture one accepts the diagram of Fig. 1 as repre-
senting the dominant contribution at small enough
physical bP. Indeed one hopes that the only con-
figurations which are ever very probable are those
in which there is some partition of final particles
corresponding to not too large b'.

It is clear that, given information on the physical
reactions p+v «{p;}and k+v «{k~'}, one is led on
the basis of the diagram of Fig. 1 to quite definite,
and testable, predictions. In less optimistic appli-
cations, however, one envisages allowing for at
least some additional, unspecified dependence
on the variable 4', to correct for off-the-mass-
shell effects at the vertices and in the pion prop-
agator. '

FIG. 1. Diagram for single-pion exchange.
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