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MEASUREMENT OF THE DECAY RATE OF K,° - 7°+7° *

James W. Cronin, Paul F. Kunz, Winthrop S. Risk, and Paul C. Wheeler
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 28 November 1966)

An experiment to measure the decay rates
R(K,’~n°+7°) and R(K,®~y +v) is in progress
at the Princeton-Pennsylvania Accelerator
(PPA). With a small fraction of the expected
data analyzed, we find that we can draw a sig-
nificant conclusion from the value we obtain
for the decay rate R(K,°—~7°+7°).

It has been pointed out by many authors® that
a comparison of the decay rate R(K,® - 7°+7°)
with the well established CP-nonconserving
decay rate? R(K,>—~7"+7~) can lead to definite
conclusions about the source of the CP viola-
tion in the decay of the K.,° into two pions. In
particular a difference in the amplitude ratio

160 | = [R(Ky = 7° +7°) /R (K, - 1° +7°) /2
from
In,_1=[R (K2°~7T++1T_)/R(K10 - n++77_)]”2

is direct evidence that there is a CP-noncon-
serving |A7}> 3 amplitude in the decay K,° ~7
+7.

Our technique of measurement uses the fact
that the energy spectrum of the y rays from

K>~ m°+7m° extends to significantly higher en-
ergies than the major background K’ ~ 37° in
the K,° center-of-mass system. In this system
the energy distribution of single y rays from
K,° - 27° extends from 19 to 229 MeV in a uni-
form spectrum. The spectrum of y rays from
K,° - 31° approaches an upper limit of 165 MeV
with zero slope. The observation of a small
shelf beyond this upper limit is evidence of
K,° - 21°, and the comparison of the height of
this shelf with the number of y rays from K,°
~ 37° gives a direct measure of the ratio R (K,’
- 21°)/R(K,° - 31°).

Figure 1 shows a plan view of the apparatus.
A beam of K,° was produced by bombarding
with 3-BeV protons an internal Pt target 1.5
in. long. The K,° beam was defined by a tapered
collimator placed at 90° to the incident proton
beam. The 6-in.Xx6-in. aperture at 10 ft from
the target gave a nominal beam size of 12 in.

x 12 in. at the detector, 20 ft from the target.
Typical intensities were 5x10* K,”’s/sec at

a mean momentum of 250 MeV/c and 5x 107
neutrons/sec with mean momentum of 400 MeV/
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FIG. 1. Plan view of experimental apparatus.

c. Most of the neutrons were below the 7° pro-
duction threshold. Two sweeping magnets, each
with [Bdl=6x10° G cm, swept the beam free
of charged particles. Two inches of lead were
inserted to filter the y-ray component of the
beam. The decay region was enclosed with a
helium bag for most of the runs, and the beam
channel was filled with helium.

A pair spectrometer was used to observe the
laboratory energies of y rays emitted at large
angles with respect to the K,° beam. The y
rays converted in a 0.02-in.-thick Pb radiator
sandwiched between two 12-in.x12-in. X $-in.
scintillation counters A and B. Eight such con-
verting units were placed along the length of the
beam. The converted electrons were observed
in a wide-gap spark chamber 8 ft longx 14 in.
highx 12 in. deep and then were deflected by
a 72-in.Xx18-in. magnet with a [Bdl=1.4x10°
G cm. Beyond the magnet was a conventional
narrow-gap spark chamber with a row of ten
12-in. X 24-in. counters (C) behind it. The to-
tal thickness of the spark-chamber system be-
tween the counters was 0.12 g/cm?®. An event
was triggered by a coincidence between (AB)
and any two nonadjacent C counters. Stereo
views of both chambers were recorded on a
single frame. The momentum of the K,° me-
son was measured by recording with an oscil-
loscope the time of flight of the K,° between
the production target and the detector. The
beam of the PPA during this experiment was
delivered on the target in 1.5-nsec wide bunch-
es, 67 nsec apart. Knowledge of the K momen-
tum allowed us to transform all y rays to the
center-of-mass system. The trigger rate was
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7 counts/min. About 1 count/min was an event
which showed an electron-positron pair. This
rate was in agreement with the rate computed
using the PPA beam survey.® Most of these

y rays were expected to be from K,° - 37°. The
data here represent about 2000 such decays.

The detection efficiency and resolution of the
pair spectrometer have been carefully calcu-
lated with Monte Carlo techniques. Ingredients
in the calculation include consideration of brems-
strahlung loss and multiple scattering in the
converter, multiple scattering in the foils and
gas of the spark chamber, variation of conver-
sion efficiency with the incident y-ray energy
and angle, and errors in the determination of
the K momentum by time of flight. Another
ingredient in the calculation is the K,° momen-
tum spectrum of the beam. This was directly
measured in a previous PPA experiment.*

The detection efficiency of the pair-spectrom-
eter as a function of center-of-mass y-ray en-
ergy is zero below 100 MeV and rises linear-
ly thereafter. The efficiency for detection of
a single y ray from K,° - 37° is (13.4+0.5)%
of the efficiency for detection of a single y ray
from K,° - 27°. This result assumes that the
Dalitz plot for K,° -~ 37° is uniform. The ener-
gy resolution of the apparatus for a monoener-
getic v ray is about 4% full width at half-max-
imum and there is a net downward shift of 1.6%
due to bremsstrahlung energy loss. In the wide-
gap chamber the curvature of each track in the
fringe field of the magnet permits an unambig-
uous correspondence between the tracks on
either side of the magnet. Thus the momentum
of the electron or positron can be measured
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independently of the multiple scattering in the
converter. The energy resolution is significant-
ly improved by this technique. The resolution
can be directly observed if a sufficient number
of events of the type K,° -~y +y can be seen,
since this decay gives a monoenergetic 249-
MeV y ray in the center-of-mass system.

The events were measured in a two-stage
process to speed the analysis. First, angles
of deflection of the electron and positron were
measured in the top view only and momenta
calculated directly, without detailed reconstruc-
tion or consideration of the variation of the
magnetic field integral. This rapid measure-
ment yielded the y-ray laboratory energy with
5% accuracy. With the rapid measurement
we could not detect the effect of scattering off
pole tips or make any careful check that each
track was continuous. Of the 2000 events mea-
sured by rapid analysis, events with labora-
tory energies greater than 154 MeV were then
subjected to remeasurement with full spatial
reconstruction, and transformed to the center-
of-mass system.

About 65% of these events survived the fine
analysis. Events were eliminated if either of
the tracks hit the pole pieces or did not inter-
sect properly when extrapolated through the
magnet. Two percent of the events were elim-
inated which did not come from the beam vol-
ume. Events were selected to have K momen-
ta between 150 and 450 MeV. This requirement
eliminated the possibility of ambiguities in
momentum which occur if an event has appre-
ciable probability of being associated with two
different proton bunches on the target.

The energy spectrum of the events which
passed the fine analysis is plotted in Fig. 2.
The solid lines drawn are the Monte Carlo curves
of the distribution expected for K,° - 27° and
K,°~2y. The large peak below 150 MeV is the
spectrum of K,° -~ 37° cut off by the requirement
that the laboratory energy exceed 154 MeV.
The shelf of 27° events and the 2y peak are clear-
ly evident. The width of the 2y peak indicates
our resolution calculations are essentially cor-
rect. Detailed Monte Carlo calculations for
the tail of the 37° distribution show that its con-
tribution to the y spectrum above 180 MeV is
completely negligible. The appearance of the
data also supports this conclusion. There are
four events in the region from 260 to 400 MeV
which constitute a true background. The ori-
gin of these events is uncertain.
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FIG. 2. Distribution inEq_p,. for events measured
with the fine analysis for y-ray energies greated than
154 MeV in the laboratory. There is an event at E¢ 1
= 365 MeV not shown on the figure. The solid lines
are the expected distributions from the Monte Carlo
calculations.

Tests were made to establish that the events
were coming from the decay of particles in
the beam and not from interactions of either
the neutron constituent or the K,”’s themselves.
Neutron interactions are expected to produce,
by production of low energy 7s, a y-ray spec-
trum which would be similar to the K,° ~ 37°
spectrum. K,”’s in the beam can interact to
produce by charge exchange K* which can de-
cay in flight to 7¥7° giving a background in the
region of the 27° y rays. To check these back-
grounds, 15% of the data was taken with air
in the decay region instead of helium. The in-
teraction probability is five times greater in
air than in helium. There was no observed
change in the over-all rate of detection of ¢
rays to a precision of 6%. There was no ob-
served change in the rate of events in the range
170<E 1. <230 with a precision of 25%. (We
denote E ,,, as the center-of-mass y energy.)
A second check was made to demonstrate that
events were not being produced by interactions
in the converting counter sandwich itself. Lu-
cite squares 7 in.x12 in.x12 in. were inserted
in the converter sandwich between the anticoin-
cidence and the lead. There was no change in
the over-all rate to a precision of 5%. There
was no change in the rate for events in the range
170<E; 1y, <230 to a precision of 15%. Esti-
mates of the possible magnitude of these effects
place them to be entirely negligible, confirming
the experimental checks. The possibility of
K* leaking through the sweeping magnets is
completely negligible.

The wall facing the apparatus may serve as

27



VoLUME 18, NUMBER 1

PHYSICAL REVIEW LETTERS

2 JANUARY 1967

a source of y rays produced by the interaction
of stray high-energy neutrons. The material
of the wall was changed from concrete to lead
with no observed change in total rate. All data
runs were made with a lead wall.

In short, experimentally or by estimation,
we can find no background which significantly
alters the conclusion that the y-ray spectrum
comes from the three decay modes considered.
(A fraction of idientified 37° y rays come from
K,’~nt+7~ +7° which has essentially the same
spectrum as the 37° y rays.) The only other
physical process which could confuse the analy-
sis is K,°~7"+77 +y. The end point of its y
spectrum is at 171 MeV, and the branching
ratio is estimated to be <0.3% of all decay modes.
The mode K,°-7°+7°+y is a quadrupole tran-
sition and is unlikely.

Figure 3 shows the entire center-of-mass
spectrum measured with the rapid analysis
system. The Monte Carlo calculation of the
energy spectrum fits the data quite well, and
the various spatial distributions of the events
are also in agreement with what is expected.
For normalization purposes one quarter of the
film was measured with both analysis systems.
It was found that (64+ 4)% of the rapid analy-
sis events with E, p, <160 MeV pass the fine
analysis.

The events with E, ,,, <160 MeV contain a
negligible amount of 27° events and hence are
37° events. In the rapid analysis we observed
1992 events with E, ,,, <160 MeV, which gives
1290+ 80 events, had all the events been mea-
sured with the slow program. Alternately,
the fraction of 37° events computed by Monte
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FIG. 3. Distribution in E; 1y, for all events mea-
sured with the rapid analysis system. The solid line

is the distribution expected from the Monte Carlo
calculation for K,'—3n0,
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Carlo to be above 154 MeV in the lab is 0.138
+0.007. The 193 events in the 37° peak of Fig. 2
give 1400+ 125 37° events, had all the events
been measured with the fine analysis. We take
as the number of 37° events observed the aver-
age of these two determinations. Correcting
for the fraction of events K, =77 +7~ +7° we
find a total of 1160+ 90 37° events.

The interval 180<E. ,, <225 MeV contains
61 events. The computed resolution indicates
that there are two events expected in this in-
terval from the tail of the 2y peak. Using the
four events beyond 260 MeV as a guide, we
estimate two events of this type to be in the
interval. The fraction of 27° events expected
to lie in this interval is computed to be 52.3 %,
leading to a total number of 109+ 15 27° events
corresponding to the 1160+ 90 37° events. Con-
sidering that 37° events yield six y rays per
decay and 27° events, four y rays per decay,
we find the ratio

R(K,° = m°+7°)
R(KL -7 +7°+7°)

_(6)(109+ 15)(0.134+ 0.005)
(4)(1160+ 90)(1)

=(1.89+0.31)x 102,

Using the branching ratio R(K,’ - 37°)/R (K,°
- charged modes) =0.30+ 0.033 given by Trill-
ing,® we find a ratio

R(K, - 1°+7°) B s
R(K,® — charged modes) (6.721.1)x107%.

This is to be compared with the current world
average® for the ratio
R(K2°—1r++1r_)

R(K,° - charged modes

) =(1.96+0.12)x 1073,
The 33 events under the K,° -7y +y peak lead
to a branching ratio

RK, =y +y)
R(K,? - all modes)

=(7.4+1.6)x107%,

This result disagrees with the value (1.3+0.6)
x10~* found by Criegee et al.”

We find |7y,1=(4.9+ 0.5)x 1072 which is con-
clusively different from In,_1=(1.94+0.09)
x1073. We have searched for large systema-
tic errors and have not succeeded in finding
any which is larger than the statistical error.
We therefore conclude that a [AJ]> 3 transition
contributes significantly to the CP-nonconserv-
ing decay K, -7 +7. The experiment is still
in progress, and we hope to reduce substantial-
ly the error of |7y | in the future.
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SUM RULES FOR BARYON RESONANCE WIDTHS
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Recently sum rules’ for strong interactions
have been derived on the basis of a dispersion-
theoretic approach. In such derivations, one
makes assumptions? concerning the high-ener-
gy behavior of scattering amplitudes, which
specify the convergence properties of the rel-
evant dispersion relations. If the dispersion
integral is approximated by a sum consisting
of intermediate resonant states, the masses
and widths of different resonances are related.
Thus AFRF consider pm forward scattering
and show that

2_n. 2 _ 2 2
gcpp‘n =0; £ opr —4gp ﬂﬂ/mp . (1)

The interesting feature of relations (1) is that
they are the well-known coupling-constant re-
lations?® that follow from the considerations

of higher symmetries. This suggests the pos-
sibility that some of the results of higher sym-
metries can be derived from certain dynami-
cal requirements. With this point of view, we
consider meson-baryon scattering within the
framework of SU(3) symmetry and discuss the
relations between masses and widths of bary-
onic resonances with different total angular
momentum J,

The invariant amplitudes A(v,#) and B(v,t)
in meson-baryon scattering have different as-
ymptotic behavior.* Thus, if A(v,t)y=sv% (t),
B(v,t)5=—v® (£)-1, In a Regge-pole model,
a(t) refers to the dominant Regge trajectory
in the crossed P+ P—~B+B t channel. Now,
from our present knowledge of the meson mass
spectrum, it is reasonable to assume that o ()
<0 (¢ =<0) for 27, 10, 10* trajectories. Conse-
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