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of the theory. It has been shown by Schwinger'
that a three-dimensional covariant theory will
be invariant under the group of proper, ortho-
chronous Lorentz transformation, if the ener-
gy density, T (x), obeys the equal-time com-
mutator relation

-i[T"(x),Too(x')] = -[T '(x)+r '(x')]e 5(x-x').
k k k

The energy density operator in our theory is

00, k . , 0T (x) =+go, (1/i)D g+zmfy f+4F E
kl kl

+ (e/8m)(yy o qq)&„+-,'F0 Ok Ok

The Schwinger relation can be verified eith-
er by means of the technique of extended oper-
ators' or simply by direct computation. This
completes the verification of the Lorentz in-
variance of our interacting system.

I wish to express my sincere gratitude to
Professor Julian Schwinger for his guidance
and encouragement. It is my pleasure to thank
T. M. Yan for helpful discussions.

*Work supported in part by the U. S. Air Force Office
of Scientific Research under Contract No. AF 49(638)-
1380.

fJohn Parker Fellow.
~F. Giirsey and L. A. Radicati, Phys. Rev. Letters

13, 173 (1964); A. Pais, ibid. 13, 175 (1964);
F. Gursey, A. Pais, and L. A. Radicati, ibid. 13, 299
(1964); B. Sakita, ibid. 13, 643 (1964); Phys. Rev.
136, B1759 (1964); A. Salam, R. Delbourgo, and
J. Strathdee, Proc. Roy. Soc. (London) A284, 146
(1965).

G. S. Guralnik and T. W. B. Kibble, Phys. Rev. 139,
B712 (1965).

3Throughout this paper we use the following notations:
g ~=(-1, 1, 1, 1); all Greek indices p, v, ~ ~ ~ vary from
0 to 3 and all Latin indices i,j, ~ ~ vary from 1 to 3.
Repeated indices are to be summed over; the y ma-
trices are chosed as y =antisymmetric and imaginary,
o. =1, y1, =y o.~ =symmetric and imaginary, (y, y )
= —+», 0»=2i[y&y„j,, y5=y y y y . The dots between
the field operators indicate that the latter are sym-
metrically (or antisymmetrically) multiplied.

4T. D. Lee, Phys. Rev. 140, B967 (1965).
5For the calculation of stress tensor see, e.g. ,

J. Schwinger, Phys. .Rev. 82, 914 (1951); 91, 713
(1953).

6J. Schwinger, Phys. Rev. 127. 324 (1962).
7J. Schwinger, Nuovo Cimento 30, 278 (1963); Phys.

Rev. 132, 1317 (1963).

K P INTERACTIONS AT LOV1' MOMENTUM*

John A. Kadyk, Yona Oren, Gerson Goldhaber, Sulamith Goldhaber, t and George H. Trilling
Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received 25 July 1966)

An analysis is given of about 1200 K2 p interactions of the types JI ~, ~ 7t+, »d &gP
at a mean E2momentum of 300'Mev/c. The relation between these reactions and the
scattering lengths from K+ and E experiments is discussed, and a substantial I' wave
is reported in the A ft'+ reaction.

lvVe have studied the K,'p interactions around
300 MeV/c. ' As pointed out by Biswas, ' a mea-
surement of the ratio R of Ky to hyperon pro-
duction in the K2op reaction can resolve the
ambiguity between the solutions for the com-
plex zero-range scattering lengths obtained
in low-energy K p experiments. ' ' The latest
status of these solutions is that Kim obtained
a unique answer4 in accord with the 2 inter-
pretation for the Y*(1405), while Sakitt et al. '
obtained two ambiguous solutions. Our deter-
mination of R shows that the only acceptable
solution is the one consistent with the Dalitz-
Tuan interpretation of the Yo*(1405) as a K1V

virtual bound-state resonance. e Thus, while
the negative-strangeness amplitudes in the K, 'P

interactions are purely in the isospin T = 1 state,
our results coupled with those from K+P, K+d, '
and K p experiments determine the spin and
parity of the T = 0 resonance Y,*(1405) to be

Furthermore, we find a considerable
amount of P-wave amplitude to be present in
the reaction K20+ P —Ao+ m+, in which a strong
forward-backward asymmetry is observed in
the production distributions. A possible source
of this P-wave amplitude seems to be the pres-
ence of the Y,~(1385) resonance, which lies
below the KX threshold.

Experimental technique. —The experimental
layout at the Bevatron is illustrated in Fig. 1.
A K+ beam (-800 MeV/c) wa. s produced from
a target placed in the external proton beam
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Exte

nearly every instance, and, in combination
with kinematic fitting, we obtain a unique ident-
ification of the decay particle. For A' and Z'
prodUction, the events look the same at the
scan table, but there is only a 3' overlap after
the kinematic fitting. From our data we have
evaluated the ratio 8 given by

o(K,'p) o(K, 'p)
o (Y') o(A'm+)+ 2o(Z'Vr+)' (4)

beam
torget

In the S-wave zero-effective-range approxima-
tion, the relevant cross sections are related
to the strangeness=+1, T = 0, and 1 scattering
lengths a, and a, which are real, ' and the strange-
ness= -1, T= 1, complex scattering lengthA. ,
=a, + ib, by'

FIG. 1. Experimental arrangement at the Bevatron,
with detail of 25-inch hydrogen bubble chamber and
charge-exchange target.

of the Bevatron. The K+ beam was focused
to a small spot on a charge-exchange target
near the 25-inch hydrogen bubble chamber'
creating the K,' beam. Pions and protons ac-
companying the K beam were deflected ver-
tically by an electrostatic separator so as to
miss the charge-exchange target, orbit through
the bubble-chamber fringe field, and be stopped
far enough away to cause no appreciable back-
ground. With 1000 K+ particles incident on
the target, about one K,' entered the chamber
each pulse, and aK, ' decay or interaction oc-
curred, on the average, every 17 pictures.
To date about 1200 interactions that lead to
a visible A' or K,' decay have been analyzed.
This represents approximately half of our avail-
able sample.

The interactions considered here are' the
following:

and
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where k is the momentum of the K,' in the over-
all center of mass. This ratio is a function
of K,' energy, and because of interference in
the K,'p reaction between the strangeness +1

K,'+P -K,'+P, K,'- w++ m 403 events,

—A'+ w+, A'- m +p 481 events,

-Z'+~, Zo-y+A',+

h'- rr + p 332 events. .

(2)
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Of the various potential sources of scanning
bias in the analysis of these reactions, near-
ly all are of the order of a few percent at most,
and have been corrected for. The ambiguities
between reactions are quite small. Because
of the low energies involved, the K,' and A'
decays can be recognized at the scan table in

0
500 6001000 200 300 400

P~, ( Kz ) (Mev/c)

FIG. 2. R vs K2 momentum. The uncertainties in
the predicted values of B are indicated by the shaded
bands based on the quoted errors in the K and K ex-
periments. The data points are the result of the pres-
ent experiment.
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and -1 scattering amplitude, it turns out to
be quite sensitive to the differences between
the two K p solutions. An earlier determina-
tion of R was made by I uers et al." on the
basis of 111 events. For their determination
in the lowest momentum range, they obtained
R = 0.4 to 0.9 at P (K', ') = 230 MeV/e, which lies
about midway between the two solutions, and
thus could not resolve the ambiguity.

We have evaluated the ratio R in five momen-
tum intervals. The result is given in Fig. 2

and Table I, along with the predictions based
on the scattering-length determination from
the experiments of Sakitt et al. ,

' and of Kim4
at low energy, and from Tripp at somewhat
higher energies. " From Fig. 2 we conclude
that the correct set of solutions is the one giving
the smaller values for B." This is the set that
predicts a KN bound state near 1405 MeV. We
further conclude that our data agree well with
the prediction for R based upon the T = 1 scat-
tering lengths from Kim' s experiment, but dif-
fer considerably from that based upon the pre-
ferred solution of Sakitt et al. ' These predic-
tions also depend upon the strangeness=+1 scat-
tering lengths, which are assumed from pre-
vious K+ experiments. It should be pointed out
that above 250 to 300 MeV/c one may expect
a breakdown of the zero-effective-range approx-
imation and that the theoretical predictions in
this region may not be quite correct.

In the K P experiments below 300 MeV/c,
there has been no need to assume amplitude
other than S wave in order to explain the ob-
served distributions. ' '~" In Fig. 3 we show
the variation of the Aom+ angular distribution
with momentum (see also Table I). At the low-
est momentum there is only a small amount
of P wave compared with S wave (about 15%
in the amplitude). As the momentum increases,
a strong backward peak appears in the distri-
butions, indicating the presence of a larger
amount of P-wave amplitude (40%%uo in the ampli-
tude). Table I gives the results of fitting these
curves to I.egendre polynomials. Expansions
to orders higher than second do not improve
the fits significantly except perhaps in the 250-
to 300-MeV/c region. The presence of such
a substantial amount of P wave in the T= 1 state
may be explained in terms of the Y,*(1385)res-
onance, which lies 50 MeV below the KN thresh-
old. The high-energy tail of that resonance ex-
tends into the energy region being studied in
this experiment. We have calculated the expect-
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FIG. 3. Corrected c.m. angular distributions for A 7I' production from the reaction K +p A +7I'+. The produc-
tion angle is defined here to be the direction of the A relative to the K2 in the over-all center of mass. The total
number of events is 481. The dashed curves represent the best fit to the data, as given in Table I.

ed amount of P wave from the Y,*(1385), using
the Breit-Wigner formula with energy-depen-
dent widths, and find substantial agreement
with the observed asymmetry, except in the
lowest momentum interval. Here the predict-
ed P-wave amplitude is somewhat in excess
of that observed. " We observe no significant
A' polarization, which implies that the S- and
P-wave amplitude vectors must be relatively
real.

The angular distributions for K,og production
are much more isotropic, and can be fitted to
a linear function of cos0, except for the high-
est momentum region (see Table I). One would

expect less asymmetry to appear in this reac-
tion than for A' n+ for two reasons: (1) The P-
wave amplitude is still smaller, since the phase-
space and barrier-penetration factors are more
inhibiting than for the Ao channel and (2) the
P-wave amplitude vector resulting from the
tail of the Y,*(1385) is expected to be approx-
imately real and negative, while the S wave
is largely imaginary due to the strong absorp-
tion. As a consequence, the two vectors are
nearly out of phase.
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The polarization direction would be expected
to be along the normal to the decay plane of
process (l), defined by

N=p x(p +p ), (2)

where PA, P+, and P are unit vectors along
the directions of the A', the positron, and the
electron in the Z' center-of-mass system.
We have looked for such an effect in 907 events

Bernstein, Feinberg, and Lee' and S. Bar-
shay' have suggested that the observed viola-
tion of time-reversal invariance (T) in K2' de-
cays could be accounted for by the existence
of a T-nonconserving electromagnetic interac-
tion of the strongly interacting particles. This
suggestion has been supported by recent evi-
dence from the charged decay of the q'. Such
an interaction could also give rise to a polari-
zation of the A in the Dalitz decay of an unpo-
larized Z

Z'- A'+ e++ e-.

of this type used in our determination of the
relative parity of the Z and A.'~'

In the one-photon exchange approximation,
a polarization along the normal (2) requires
a violation Of T but is consistent with parity
conservation and with charge conjugation in-
variance of the electromagnetic interactions
of the leptons. Polarization of the A' can also
arise from the decay of polarized Z' hyperons.
In these experiments, the Z"s are thought

to originate from interactions at rest of K
mesons or Z hyperons on unpolarized protons
which will produce unpolarized Z ' s. In any

case, in the one-photon approximation, the
direction of the normal (2) is independent of
the Z spin, ' hence, a A polarization correlated
with the Z spin direction will not affect our
results.

The presence of a T-nonconserving interac-
tion would, in general, give rise to a nonzero

A

mean value for the quantity N Pp, where N

is a unit vector in the direction of the normal


