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The decay parameters of A p+m have been determined to be n =+0.65 +0.02, P
= -0.10 +0.07, @=+0.75 +0.02. Under time-reversal invarianoe, p jn = -tan(ds-dp), where

6+ and 6& are appropriate pion-nucleon scattering phase shifts; from this experiment
P/n = —0.16 + 0.10 =-tan(S' +55') in good agreement with the known value of (ds —5p) = 6 5'
+ 1.5'.

The observation of I'C nonconservation in
K decay' combined with the assumption of the
validity of the I'CT theorem implies the viola-
tion of time-reversal invariance in physical
processes somewhere. We report here a spark-
chamber experiment to study time-reversal
invariance in the decay A'-p+m

For the process A'-P+m the polarization

Pp of the decay proton is given by

(n+PA q )q +p(PAxq )+rq x(PAxq )

p I+nP q

where PA is the polarization of the A, qp is
a unit vector along the direction of the proton
momentum in the center of mass of the A,
and n, P, and y are the decay parameters giv-
en by Lee and Yang. ' In the convention used
here o. is the helicity of the decay protons from
unpolarized A', hyperons.

Thus P = 2 Ims ~P/(Is I'+ IP I') is proportional
to the quantity Pp (PA&&qp), which is odd un-

der the time-reversal operation. Hence, ne-
glecting final-state interactions, if time-rever-
sal invariance is valid in this decay, P =0, and
s and P must be relatively real. Including the
final-state interaction between the outgoing
proton and pion, s and P are given by s=s'exp(its)
and p =p' exp(i5p), where s', p' are real, and

5s and 5p are the s and p ~ -p scattering phase
shifts at the appropriate center-of-mass en-
ergy. Thus, if time-reversal invariance is
valid, P/n = -tan(5s-5p). The test of time-re-
versal invariance in hyperon decay then is a
comparison of & determined by & = -arctan(P/n)
with 5s-5p given for v -p scattering exper-
iments. Since the time- reversal parameter
P depends on the interference of the s- and P-
wave amplitudes, the test is only sensitive if
both s and P are appreciably different from

zero. In the decay A'-p+n it is known' that
s and p are roughly comparable, and since good
data exist on the final-state interaction, this
decay mode provides a good test for time re-
versal invariance. '

The decay parameters for A' -P+ w were
measured several years ago by Cronin and Over-
seth' (Co). The experiment reported here is
essentially a repeat of the CO experiment mod-
fied to increase sensitivity in the determina-
tion of P and increased in statistics by a factor
of 10. The details of the experiment and of the
analysis will be published elsewhere. Polar-
ized A' hyperons were produced by associated
production by 1070-MeV/c m mesons on the
protons of a polyethylene target. The Ao decay
is observed in a thin-plate spark chamber and

the polarization of the decay proton is deter-
mined from the scattering of the proton in a
carbon-plate spark chamber. The experiment
was run at the Princeton-Pennsylvania Accel-
erator where a total of 1 250000 spark-cham-
ber pictures were taken at an average rate of
one per second. One in four of these pictures
showed a A decay, and one in 30 of the A~ de-
cays had a proton with a scatter useful for po-
larization analysis, yielding a sample of 10 000
good events.

The analyzing power graphs compiled by Pe-
terson' were used in the analysis. Peterson
gives polarization analyzing powers for protons
on carbon for four cases of ~E, the maximum
inelasticity in the scatter that goes unresolved.
Graphs are given for &E=O, 10, 30, and 50
MeV. We believe the graphs for ~E =30 MeV
to be appropriate in this experiment, although
results will be given for all four cases.

The first sample studied extensively consist-
ed of 5309 selected events where the proton
range calculated from kinematics agreed with

391



VOLUME 19, NUMBER 7 PHYSICAL REVIEW LETTERS 14 AUGUST 1967

the observed range to an uncertainty of two

sparks, i.e. , to within +20 MeV. The Ao po-
larization was determined in 3 intervals of
the laboratory production angle for use in the
subsequent analysis. Analysis of the proton
scattering to the left or right with respect to
the direction plab & (nxqp) determines n and

y, and with respect to (n&&plab) gives p/n,
where n is perpendicular to the production plane.
In the whole analysis the results are determined

by maximizing the appropriate likelihood func-
tions, and errors are taken to be the e ' ' points
on the curves. No geometrical approximations
are made in the analysis and the relativistic
spin transformation in going from center of
mass to the laboratory has been included in

all cases.
The results for this selected sample of 5309

events are n =+0.650+0.024, P/ n=-0. 16+0.13,
and y & 0. In the analysis, the value of y is
determined from y=+(1—n' P')'~'-but the sign
is determined directly. The average polari-
zation of the sample wa, s 58%. Geometrical
bias in the sample can be examined by deter-
mining a parameter o. ' in a manner analogous
to the determination of n. %hereas o. is deter-
mined by studying the left-right scattering asym-
metry of the proton with respect to the appro-
priate direction, n is similarly determined

by studying the up-down asymmetry with re-
spect to the same direction. In the absence
of bias, n' =0. Experimentally it was found

that a' = -0.002 + 0.024. The results given above
are for the &E =30 MeV graph of analyzing
powers. In Table I the results are presented
for the other choices of analyzing-power da-
ta. It is clear that the results are insensitive
to analyzing-power assignment. %e find that
a 10% increase in analyzing power increases
n by less than 3%.

Since the results were found to be insensitive
to analyzing-power assignment, the sample

Table II. Results from this experiment compared
with results from previous experiment (CO).

p/n
arctan(p/n-)

number of events

Present
experiment

+0.645 + 0.017
-0.16 + 0.10

9.0' + 5.5'
10 130

CO

+0.62 + 0.07
+0.28 +0.40
-15' + 20'

1156

was increased by relaxing the proton-range
agreement requirement. In A decay the pro-
ton opening angle is small (typically less than
8' in this experiment), and the calculated pro-
ton momentum depends sensitively on this an-
gle. However, in the analysis for the decay
parameters this uncertainty only affects the
assignment of analyzing power to the event which
depends on the energy of the proton at the time
of scatter. In addition to the 5309 events with
good range fits, the enlarged sample included
3680 events in which the scattered proton stopped
in the carbon-plate chamber and 1141 events
in which the scattered proton left the chamber.
For those additional events which stopped in
the chamber the analyzing power was based
on the residual range observed. For the 1141
events where the proton left the chamber a con-
stant analyzing power of 0.52 was assigned to
each event. The value of analyzing power equal
to 0.52 was the average of the 5309 selected
events, and that value gave e = 0.65 for the 1141
events. The results of likelihood calculations
for the large sample using the ~E = 30-MeV
tables are presented in Table II, where they
are compared with results of CO. The results
of the larger sample are essentially the same
as the subsample but, of course, the errors
are smaller.

The results for the decay parameters for
A' -P + w determined from this experiment
are summarized in Table GI. The errors quoted
are larger than statistical to include a -5%

Table I. Results for 5309 selected events for analyz-
ing-power determinations given by Petersona for sev-
eral choices of scattering inelasticities Ag. Table III. Summary of the results of this experiment.

0 (elastic)
10 MeV
30 MeV
50 MeV

0.674 + 0.024
0.670
0.650
0.637

-0.13 + 0.13
-0.15
—0.16
-0.17

n =+0.65 + 0.02

P = -0.10 + 0.07
y=+0.75 +0.02

p/n =-0.16+0.10
arctac(p/n -) = 9.0' + 5.5'

Q [/[a [
= O.3S+O.01

a
Ref. 5.
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uncertainty in analyzing-power assignments.
The quantities measured directly in this ex-
periment are n, P/n, and the sign of y. Since
n &0, the helicity of the decay proton is posi-
tive, and y & 0 means that s wave predominates
over p wave in this decay. Since the errors
for the decay parameters are interrelated,
it is desirable to express our results in terms
of the more orthogonal quantities e, p defined
by

P = (1—n')"' siny,

y = (1-o.')"' cosy.

In this parametrization the results for the ex-
periment can be stated as n =+0.65+ 0.02 and
p=-8'+6 .

The test for time-reversal invariance comes
from comparing 6 = —arctan(P/n) with the ap-
propriate m -p scattering phase shifts. Assum-
ing the M= 2 rule' applies in this decay, the
phase shifts appropriate to the problem are
the 1=2 m -P phase shifts at 37 MeV. Barnes
et al. ' have measured these phase shifts and
their data give 5g —5p = 6.5 a 1.5,' to be com-
pared with 9.0'+ 5.5' determined for ~ in this
experiment. The results of this experiment
are consistent with time-reversal invariance
in this decay.

Three other direct tests of time-reversal
invariance in weak interactions have been pub-
lished. Results from free-neutron decay, '

K&3
decay, ' and P decay of polarized nuclei" are
all consistent with time-reversal invariance.

If the PC nonconservation occurs in the weak
interactions, the expected degree of time-re-
versal-invariance violation in this experiment
is model dependent. If the violation occurs
in the ~- 2 component, as is suggested from
the results of K'-2m' experiments, " large
violation would not be expected in this decay
since A decay does not appear to violate the
~I= & rule to any large degree. If the PC non-
conservation were due to the electromagnetic
interaction, "the eff ect here would presumably
be less than 1% and would go undetected in this
experiment.
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