VoLuME 2, NUMBER 6

PHYSICAL REVIEW LETTERS

MarcH 15, 1959

search, U. S. Army.

!Signell, Zinn, and Marshak, Phys. Rev. Lett. 1,
416 (1958). A careful reading of this reference leaves
no doubt regarding the recognition by its authors of the
existence of serious limitations on the potentials dis-
cussed by them.

p, 8. Signell and R. E. Marshak, Phys. Rev. 109,
1229 (1958).

3Stapp, Ypsilantis, and Metropolis, Phys. Rev. 105,
302 (1957), referred to in text as SYM.

Fischer, Pyatt, Hull, and Breit, Bull. Am. Phys.
Soc. Ser. II, 3, 183 (1958).

By introducing the orbital angular momentum oper-
ator explicitly in the interaction Hamiltonian, one can
arrange for the vanishing of all but the L =1 interaction
effects. In a certain sense, therefore, the curves X
refer to a “‘potential.”
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It has been clear for some time that the ex-
perimental data relating to strange-particle de-
cays are suggestively close to the values predic-
ted by the AI=3 selection rule.!>? The largest
discrepancy has been between the limits®,?2

0.28<B<0.38, (1)

predicted for the neutral branching ratio B

= P(K,"~1°+1°)/[P(K,°~71° + 71°) + P(K,°~7* +77)], and
the values B=0.14+0.06 found in the Columbia
propane bubble-chamber experiment,* and B
=0.06 (one event) in the MIT iron-plate cloud-
chamber experiment.® The prediction (1) is ob-
tained, instead of the prediction B=1/3 of the
“pure” Al=% rule, if one assumes enough Al

=3/2 to account for the decay K*—27.

The particle-mixture theory of Gell-Mann and
Pais predicts, for the fraction f of short-lived
(k,°) decays,

f=K,°/(allK%) =1. )
This result is expected from CPT invariance
alone, i.e., CP invariance is not needed.® If, as
seems likely, the 27 modes constitute practically

all the short-lived decays,* and K,°~27 is negli-
gible,” Egs. (1) and (2) can be combined to pre-
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dict, for AI=1%,
0.31 <Ry <0.36, 3)

where Ry = P(K *~7*+77)/(allK°).

The corresponding experimental results (pre-
vious to the present experiment) are Ry =0.42
+0.05 (Columbia), * and Ry =0.46+0.08 (Michigan
propane chamber).® These are only in fair agree-
ment with the prediction (3), but when combined
with Columbia’s B/2=0.07 give f=0.49+0.08, in
good agreement with the particle-mixture pre-
diction (2).

At the time of the CERN conference, we pre-
sented preliminary results, based on 450 decay
events observed in our hydrogen bubble chamber,
for Ry, and for the A branching ratio R,.* The
Al'=% rule predicts® the value

R, =P(A=p+77)/(allA)=2/3. (4)

Our preliminary values were in good agreement
with the predictions (4) and (3). We reported no
results on the K,°~7°+7° mode at that time and
thus could not check the predictions (1) and (2).

We have now completed our analysis, and re-
port on a total of 1091 events. Our data show no
contradictions with the predictions of the AI=1
rule. On the contrary they are in remarkable
agreement with them.

We have observed 227 double events (D =227)
in which both the A and the K° decay within the
prescribed “fiducial volume” inside the chamber
via their charged modes A=p+7~ and K,°~7*+7°.
There are 594 events in which only the A is ob-
served to decay via its charged mode (A =594),
and 270 events in which only the K,° is observed
to decay via its charged mode (K =270). For
each of the 864 single V’s, the production and
decay dynamics of the observed particle checks
with the hypothesis of associated production via
either 77 +p-A +K° (A production) or 7~ +p—-2°
+K° (Z° production).

The branching ratios Rg and Ry, and the “true”
number of associated productions, n(true), are
given by

Ry =[D/(A+D)]ng,
Ry =[D/& +D)lny,
and
n(true) =[(A+D)(K + D)/D]n,,

where NKs Mp» and 7, are escape corrections
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which would be unity for an infinite chamber.
The 7’s are calculated by averaging over
smoothed “true” distributions in the production
position and angle. We require that for a A or
K° to be “detectable” its charged decay must oc-
cur beyond 0.3 cm from the production point and
must lie within the fiducial volume. The fiducial
volume is defined by the requirement that all de-
cay tracks be at least 2 cm in length. In the
small fraction of single V’s in which the produc-
tion and decay dynamics of A and K°® overlap
when curvature and angle measurements alone
are used, we measure ionization on the positive
decay fragment, to distinguish protons (A decay)
from 7t (K,° decay).

The calculated averages of the #’s vary by only
a few percent over the entire incident-pion mo-
mentum range, and differ by only a few percent
between the A and X° production modes. There-
fore we quote here only the “grand average”
over all the “true” distributions, which yields
the calculated values U 1.249, 1y =1.398, and
7,=1.097. In performing the averages we use
our lifetime values 74, =0.94+0.05X%107!° sec
and 7, =2.72+0.16 X107!° sec. We also calculate
the derivatives with respect to lifetimes, with
the results AlnRy =+0.193Aln7, and AlnRp
=+0.149Aln7g. The contributions of uncertain-
ties in lifetimes to the uncertainties in Ry and
R, are negligible.

The observed counts, D, A, and K must be re-
placed by D/e,, A/€,, and K/¢,, where €, and ¢,
are scanning efficiencies for finding double and
single V’s. By rescanning 30% of the film we
find for “detectable” decays, €,=0.995+0.005,
and €, =0.976+0.008.

The values of Ry and Rp obtained at the var-
ious beam momenta, 0.95 and 1.03 Bev/c (below
%° threshold), and 1.09, 1.12, and 1.23 Bev/c
(above x° threshold) agree within the errors.
Similarly the momentum-averaged A -production
results agree within one-third standard devia-
tion with the Z°-production results. We there-
fore present only the grand average results, for
the fractions of charged decays, and total num-
ber of associated productions,

Ry =0.339£0.020, (5)
R, =0.6270.031, )
n(true) =2020 +100. (7)

We turn now to the decay K,°~7°+7° We have
seen three events consistent with this decay

mode; in each case there is an associated
charged A decay. In one case a 7° undergoes a
“Dalitz decay” into e*+e” +y. In this other two
cases one of the 7°-y rays produces an electron
pair in the liquid hydrogen. From our experi-
mental K° momentum distribution we find the
7°-y-ray spectrum by assuming isotropy in the
K° and 7° decay. Combining this with the known
pair-production cross section per hydrogen
atom, and including a probability for Dalitz-de-
cay of 2.5x1072 per K,°, we find a total detection
efficiency per K,° of 3.5%1072, Our three events
thus correspond to 3/3.5x1072 =86 +50 decays.
The number of accidental counts due to chance
coincidences from unassociated electron pairs is
estimated from the frequency of pairs, and the
chance of fitting the decay dynamics. The result
is that less than 0.2 accidental count is expected.
(No correction was made.) There were 227
decays K,%-7" +7”, associated with charged A
decays. Therefore, independent of assumptions
as to the value of f=K,°/(all K°), and independ-
ent of escape corrections, we find for the frac-
tion B of neutral K,° decays

B=86/(86+227)=0.27+0.11, (8)

which is consistent with prediction (1). We com-
bine the charged and neutral results (5) and (8)
to obtain

£=0.47+0.080, (9)

in good agreement with the particle-mixture-
theory prediction (2).

The disagreement between our results (5), (8),
and (9) and those of other groups may be ex-
pressed as follows. Both Eisler et al.* and we
find the “expected” f=%, but disagree on the ad-
mixtures of charged and neutral K,° decays.
However, if we combine all experiments without
imposing the constraint f=3 then our charged K,°
decays dominate statistically, whereas in the
neutral decays the Columbia and MIT results
prevail (7+1 =8 events to our 3 events). The in-
ternal consistency is furthermore not bad— a ¥?
probability of 18% for the charged decays, and
20% for the neutral. The resulting charged and
neutral world averages are R, (U.C., Col.,*
Mich.?)=0.354:0.018, and B(U.C., Col.,* MIT?)
=0.141 £ 0.037. (The error on B reflects only the
counting statistics.) In the absence of other de-
cay modes of the (short-lived) K,° these combine
to give £=0.424+£0.026, in disagreement with
prediction (2). If, instead, f=3% is assumed,
then 18+ 6% of the K,° decays would have to occur
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by an as yet unknown mode. We believe that it
is instead more reasonable not to combir the
experiments, and to attribute the disagreement
to statistical bad luck or systematic error. The
¢ probability that our charged fraction is con-
sistent with the Columbia-MIT neutral fraction
is then about 1073,

We next consider the decay A—~n+7°. We have
found two Dalitz decays and one y conversion
corresponding, presumably, to this mode. In
each case there was an associated charged K,°
decay. The three events correspond to 171 +100
neutral A decays. Combining these with the 227
double V’s, we find RA =227/(227+171) =0.57
+0.14. Since we have good reason for believing
that the associated-production hypothesis is
valid and that there are no prominent A decay
modes other than the two considered here, this
last result can be combined with result (6) for
the charged decays. We thus obtain the weighted
average

RA=0.62410.030. (10)

Result (10) is in excellent agreement with the
AI=% prediction R =2/3, and with other deter-
minations by groups at Columbia, *”® Michigan, ®
and MIT, ®°"8 as well as with results of the Berke-
ley K™ -capture experiment.® A least-squares
weighted average of these results gives R A(U.C.,
Col., Mich., MIT) =0.637 +0.020.

Finally, Dalitz' and Pais and Treiman'® point
out that if the AI=% rule is valid one expects
wE~1* +71" +7° = 2w(K*~37). Furthermore,
the decay rate w(K,°~n*+ 7~ +7°) should be ex-
ceedingly small compared with the correspond-
ing K,° rate, ' so that we may attribute any ob-
served 7t + 7~ +7° decay to the K,°.

We have seen one such decay. The event was
associated with a charged A decay. However,
we would easily detect this decay mode if it oc-
curred as a single V. Corresponding to the total
number of associated productions, n(true)=2020,
there should be 1010 K,%’s. Combining the
known K* branching ratios'! and lifetimes'? and
the AI=% rule, one obtains the prediction
w(K~7++ 7 +7° =2.4%10° sec”’. The average
potential time for K”s was 3.5x107!° sec. We
therefore expect to find 2.4x10%x3.5x1071°
%1010 = 0.85+0.10 decays K,’~7"+7~ +7° Our
single event is thus consistent with the AI=3
rule.'3

In summary, we find that our 1091 associated-
production and decay events are in remarkably
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good agreement with the predictions of the AI=3
rule.

This makes the total experimental evidence
for Al=% fairly impressive: (a) The decay
E —n+71- occurs, if at all, much less frequently
than E =A+7~. This can be understood if the
Z has I=% and the AI=% rule holds. (b) The
strong inhibition of K*-27 relative to K,°-~2r
follows from the AI=3 rule, if the K has zero
spin and I'=3. (c) The admixture of AI=% re-
quired to admit the observed K*-27 rate is in
good agreement with our K,°~27 branching ratios.
(d) The A branching ratio agrees with (but does
not require®) AI=3. (e) The branching ratio'!,?
PE =nt 477 +1° /P ~1* +21°) agrees with (but
does not require**) AI=3. (f) The results of
Cool et al.'’® on T~ decay asymmetry are most
easily explained by (but do not require) Al=3.
(g) Our one K,’-7*+7”~ +7° agrees (as well as
one event can) with Al=3.'°
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According to the principle of charge independ-
ence, the ratios of the cross sections for the
two reactions p+d-n*+H® and p +d—-n°+ He®
should be exactly a factor of two. This statement
should be true both for the total cross section
and the differential cross section. A previous
attempt to establish this ratio has been made! in
which measurements of E and dE/dx were used
to identify the He®. Owing to the large back-
ground of protons and deuterons, this separation
was difficult to achieve. In order to measure
the cross section for the second reaction, both
the 7+ and the H® in coincidence were detected.

In the present experiment the differential cross
sections for these two reactions were measured
by counting only the heavy particles. First of
all a momentum analysis was performed in order
to substantially reduce the background. This
momentum analysis was performed with the aid
of a magnet which has been previously described.?
The deflected particles were counted with a quad-
ruple coincidence arrangement consisting of three
counters in coincidence and the last one in anti-
coincidence. An absorber was placed between
the last of the three counters and the anticoinci-

dence counter. Upon the receipt of a signal show-
ing that a particle had stopped in the absorber

the pulse height in the third counter was meas-
ured with a 50-channel pulse-height analyzer.
This measurement of pulse height served to dis-
tinguish the H® and He® from the background of
protons and deuterons.

The external proton beam from the University
of Chicago’s synchrocyclotron was focused into
a spot about 1/2 in. in diameter on a polymerized
CD, target. The thickness of this target was
chosen to be approximately 0.8 mm. This was
necessary because the range of the lowest mo-
mentum He® particle is only 4 mm of plastic
scintillator. The secondary particles from the
target were then deflected by the magnet into the
counter telescope. The whole system of proton
beam pipe, target, and magnet was maintained
under vacuum at a pressure of a few microns.
The experiment consists of taking CD,-C differ-
ences at various magnet current settings and
measuring the pulse-height spectrum at each
setting. The magnet can approach within 8 de-
grees of the forward direction without the proton
beam striking the magnet, and the maximum
angle of emission of either of the heavy particles
is 15 degrees. We have measured the production
of these heavy particles from 8 to 13 degrees in
the laboratory system for the low-momentum
portion of the spectrum. Owing to the small
range of the He® particles, it was necessary to
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FIG. 1. The differential cross sections for the reac-
tions p+ d—nt + H® and p+d—n"+ He® with 450-Mev
protons. The measured cross sections for the second
reaction have been multiplied by a factor of two in order
to facilitate a direct comparison. The cross sections
are given in arbitrary units which are, however, ap-
proximately microbarns/steradian.
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