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completely around the decay region. These
biased against events in which more than four
gamma rays were produced and reduced the
trigger rate from the decay KL'-37t', which
+as the main source of background.

The aluminum chambers were photographed
with 90' stereo and the brass chambers in side
view. Adox track-chamber 70-mm film was
used. 190000 pictures were taken at an aver-
age rate of 0.15 per machine burst. 77/o of
the data was obtained with the decay region
filled with a helium bag. In addition, 50000
pictures were taken with a carbon regenerator
placed in the Kl beam. 10- and 20-cm thick-
nesses of regenerator of density 1.55-1.68
g/cm' were used at distances of 150-250 cm
from the spark chambers. The branching ra-
tio of Kl '- 2w' was obtained by comparing the
rate observed for 2~' decay from regenerated
Ks' with that from Kl' free decay. The regen-
eration of Ks in helium gas is negligible.

The pictures were first scanned for events
with four gamma rays converted in the first
19 modules (38 gaps) of the aluminum section
of the spark chambers. All events with a clear
fifth or sixth gamma ray in the aluminum or
brass sections of the chamber were rejected.
Events with a dubious fifth gamma ray were
included and analyzed ignoring the dubious gam-
ma ray. (These represent only 3% of the events
in the final mass plot. ) All selected events
were measured using hand-operated image-
plane digitizers, and the following quantities
were measured for each gamma ray:

(a) Conversion point (estimated accuracy
+1 mm in real space).

(b) p-ray direction determined from the ear-
ly development of the shower in the aluminum

section of the chamber. The accuracy is main-

ly limited by multiple scattering and thus de-
pendent upon the energy of the gamma rays.
A typical error is 30 mrad.

(c) The number of sparks within the shower
in the aluminum section Ng and the brass sec-
tion N~. The counting was carried out in the
side view. Care was taken to cross-check the
results from different scanners and measur-
ers to ensure a uniform treatment of the data.

All measured events were analysed using
an Atlas (ICT) or CDC 6600 computer. A least-
squares fit was made to determine the decay
point using the measured gamma-ray directions.
Events in which the line joining the decay point
to the conversion points differed from the mea-

sured gamma-ray directions by greater than

100 mrad were reanalyzed using the three best
fitting gamma rays and if the fit was still bad,
the event was rejected (the loss was 3%). The

energies of the gamma rays were determined
from the spark count using the empirical re-
lation E& (MeV) = 8K~ + 24N& derived from pre-
vious data. ' This relation was checked using
regenerated KS events. The standard devia-
tion error for energy determination by spark
counting was found to be 25%. Small correc-
tions were made to the actual number of sparks
counted to make the average number of sparks
per event constant for each film (-2000 pictures,
giving -700 measured events). These correc-
tions were typically -10/o and were necessary
because of small changes in the multitrack
efficiency of the spark chambers, probably
resulting from small changes in gas conditions.

There are three possible ways to combine
four gamma rays from two neutral pions, but

the Monte Carlo calculation described below

indicated that the only important configuration
was that with the gamma rays from one ~' con-
verting in the chambers on the left and those
from the other vP in the chambers on the right.
The computed contribution from the other pair-
ings was about 2%. This was confirmed by
the regeneration data. The results presented
below were computed using the preferred pair-
ing. The energy of each 7t' was calculated us-
ing the opening angle @between the two gam-
ma rays (determined by joining the decay point
to the conversion points) and the ratio of the
gamma-ray energies D:

E =m (1+D)[2D(l-cosy)]
p 0

m, is the rest mass of the ~'. The energy E&
was compared with the energy F& obtained di-
rectly from spark counting, resulting in one
constraint for each 7t . Among the other quan-

tities calculated for each event were the mass
M, momentum Py, and direction 8 of the incom-
ing particle assumed to decay into 2m'. Genu-

ine 2m events should then have values of M
centered on the K' mass and values of 8 close
to zero. Selection of 2m' events can therefore
be based upon four constraints. It was found

that the application of an energy constraint
to each 7t' resulted in the number of background
events being highly sensitive to the exact en-
ergy calibration assumed for the spark cham-
ber. Therefore a single-constraint test of the
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FIG. 2. (a) Experimental mass distribution for re-
generated events. The dashed histogram is the 27t.

spectrum shape calculated with the Monte Carlo pro-
gram. (b) Experimental mass plot for free decay
events. The dashed line is the background spectrum
shape calculated with the Monte Carlo program for 37t'

decays. (c).Experimental mass plot for free decay
events with the Monte Carlo spectrum subtracted. The
dashed line is a fit by eye to the residual background.

2m' hypothesis was made, namely

fg Q ) /F

( 0.25& ) (0.25E
y 81 '

y 7|2

This quantity is insensitive both to the energy
calibration and to errors in computing the de-
cay point. Three further criteria were applied:
9 & 40 mrad, PA, & 1.5 GeV/c, and decay point
within 350 cm of the chamber. The last con-
dition was included to limit the decay to the
region inside the large gamma-ray anticoin-
cidence shield.

A mass plot, obtained from an analysis of
30000 pictures, for free decay events satis-
fying the above criteria is shown in Fig. 2(b).
The corresponding plot for regenerated events
is given by the solid histogram in Fig. 2(a).
In both cases a peak can be clearly seen at the
mass of the K'. All events in these plots have
been rescanned and remeasured. The events

were shown to have measurement errors of
+3 MeV for the mass, +15 mrad for 8, and +8%
for the distance between decay point and cham-
ber.

Before these spectra can be taken as evidence
for the decay K -2z, it is necessary to veri-
fy that 3~' events cannot produce a similar peak
at the mass of the K'. To check this a Monte
Carlo program was written to simulate both
2~' and 3m' events, including the effect of the
veto counters and the trigger requirements.
The true directions of the gamma rays were
smeared by adding Gaussian distributed errors
with standard deviations given by g(8) = 4.3+8900/
F. mrad, where E is the energy of the gamma
ray in million electron volts. The gamma-ray
energies were treated similarly using standard
deviations v(E) = 0.25 E. Both of these error
estimates were chosen to match the accuracy
expected in the experiment. The Kl momen-
tum spectrum used in the Monte Carlo calcu-
lation was that measured in the same beam
by Bohm et al. ' (These measurements were
made for momenta above 1.5 GeV/c and hence
the data were limited to exclude events below
this momentum. ) The simulated 4y events
were computed in the same way as the data and

subjected to the same selection criteria. The
dashed lines in Figs. 2(a) and 2(b) are the result-
ing spectral shapes for 2m' and 3m' decays,
respectively. The calculated distribution of
the 3m' events along the beam is highly sensi-
tive to the efficiency assumed for the veto coun-
ters and does not agree well with the distribu-
tion observed. Since it is impossible to make
a reliable calculation of the absolute anticoin-
cidence efficiencies, the spectral shape alone
is used. The free decay spectrum shows an
excess of events, compared with the Monte
Carlo spectrum, at high mass values, proba-
bly due to interaction of neutrons in the heli-
um filling the decay region. The 3m Monte
Carlo spectrum shows no indication of a peak
at the mass of the K', and the peak observed
from the data, both for regenerator and free
decay, has the width predicted by the Monte
Carlo calculation for 2v events. Figure 2(c)
is the difference between the free decay data
and the Monte Carlo 3m spectrum. Figure
3 shows 0' plots for free decay events in three
different mass intervals. The dashed line in
Fig. 3 (b) for the mass interval including the
K' mass is obtained by averaging the values
for the mass intervals above and below the K'
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mass [Figs. 3(a) and 3(c)], and Fig. 3(d) is the
difference between solid and dashed lines in
Fig 3(b). .An excess of events is seen for small
values of &'. The mass plot [Fig. 2(c)] and the
angular distribution [Fig. 3(d)] are taken as
definite evidence of the observation of the de-
cay'KL '- 2&'. The spatial distribution of the
decay points for the observed events agrees
well with that expected from the beam size
and is within the helium bag.

The number of free decay events is estimat-
ed from Fig. 2(c) by taking the area between
mass values of 460 and 540 MeV above the dashed
line shown, which was drawn to fit the resid-
ual background. This number is 90+ 22, where
the error includes an estimate of that result-
ing from the uncertainty in the background sub-
traction. The corresponding number from the
8' plot for 6 & 40 mrad [Fig. 3(d)] is 84+22.
The average value 87 + 22 is used below. Sim-
ilar treatment for the regenerator data gives
125 + 20, but this figure has to be corrected
for free decay events. Neglecting interference
effects, "the number of regenerated events

is 89+25.
To calculate the branching ratio for KI —2m',

it is necessary to know the relative efficiency
for detecting KL'- 2m' for free decay compared
with that for regenerating KS' and then detect-
ing KS'- 2m'. The regeneration probability
has been calculated including the effect of ab-
sorption of Kl ' and KS', absorption of gamma
rays from regenerated KS' decaying within
the carbon regenerator, coherent regeneration,
and incoherent regeneration within an angular
range of 40 mrad. The regeneration amplitude
f»(0) for carbon was taken from the measure-
ments of Bohm et al. ' for momenta between
1.8 and 3.7 GeV/c and from the value of Bott-
Bodenhausen et al. 2 at an average momentum
of 4.5 GeV/c. The value of If »(0) I' used in-
creases approximately linearly with momen-
tum from 9.2x 10 "cm' at 1.5 GeV/c to 32.0
x10 "cm' at 4.5 GeV/c. The relative detec-
tion efficiencies were obtained from the Mon-
te Carlo calculation. The branching ratio of
(KS - 2Ir )/(KS - all decays) was taken as 0.309
+ 0.022." (All relevant constants for the K'
decay parameters are taken from the review
of Trilling. ")

The deduced branching ratio at an average
momentum of 2.1 GeV/c is (KL —2Ir )/(Kf - all
decays) = (3.3+,",) x10 ', giving I'(KID-2II )
= (6.5+3') x 104 sec '. The errors quoted in-
clude an estimate for possible systematic ef-
fects from f»' which are assumed to be +10%.

Wu and Yang" have made a phenomenologi-
cal analysis of CP invariance of K' decay.
In their notation there are two complex param-
eters to determine,

amplitude (K '- II++ II )

+ amplitude (K '-m++II ) "+ ' += lq l expt'i@+

S
and

a.mplitude (K '- II'+ II')I = Iq I exp~i@
amplitude (K '- II' II')

S

These parameters can be expressed in terms
of two other parameters: &, which measures
the component with CI' =+1 in K~, and e',"
which depends upon the relative decay ampli-
tudes of K - 2II in the isospin 2 and 0 states:

Fj+ = 2[6+ f ],

'goo= p[6-2E ].
If the KI - 2& amplitude is pure ~I= 2, e' = 0
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and q« ——g+
17'+ I is (1.98a0.06)&&10 3,"' and Rubbia and

Steinberger" deduce a value of p+ = (34+ 13)'
if the mass of KL' is taken as greater than mass
of KS'." The following conclusions can be drawn
from the results of this experiment:

(a) The observation of 8't + 22 examples of RI.
—2w is a further proof of CP nonconservation
in K decay. Under CP conservation KI. - m

+ m' would be forbidden even if pions did not

obey Bose statistics. "
(b) If e' is zero (i.e. , pure AI=-, amplitudes),

the phase p, p p+ . The magnitude of the in-
terference between KI ' decay and regenerat-
ed Kg depends upon cp= p00-cd where pf- is
the phase change due to regeneration. Sever-
al experiments have measured p for copper
and carbon regenerators and the results are
reviewed by Rubbia and Steinberger. ' A rea-
sonable value for carbon regenerator at an
average momentum of 2. 1 GeV/c is -80'. In

this experiment the assumption goo p+ gives
rise to constructive interference and results
in a value of Irj»l = (4.8+,",) X 10-'. A change
in p of +10' from 80' produces a relative change
in Iq«l of +1%. Iq«1=4. 8&&10 s is three stan-
dard deviations greater than lg+ l and is con-
tradictory to the assumption of pure ~I = & am-
plitude and to the superweak theory of Wolfen-
stein. '

(c) The value of e and e' can be determined
by drawing an amplitude triangle, following
Wu and Yang" and Wolfenstein. " One possi-
ble solution has & approximately zero which
corresponds to a CP nonconservation from a
~I - 2 amplitude alone. "~'7

The deduced values of all relevant parame-
ters are given in Table I for both possible so-
lutions. Solution 1 is somewhat favored by the
value &,-&, of -30 deduced by Wolf. " Solution
2 is supported by the value 6,-6,= -(66 + 13)
deduced by Lee and Wu 's
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MEASUREMENT OF THE DECAY RATE OF K, -m +&
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An experiment to measure the decay rates
R(K,'-m'+~ ) and R(K,'-y+y) 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,'-m'+n')

It has been pointed out by many authors' that
a comparison of the decay rate R(K,o-ma+no)

with the well established CP-nonconser'ving
decay rate' R(K,'- m++~ ) 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

i rj„i = [R(K,-~'+~')/R(K, -~'+~')]'"
from

lq+ I=[R(K,' ~ +~ )/R(K;-p++~ )]&&'

is direct evidence that there is a CP-noncon-
serving I VIII ~

& amplitude in the decay K,'- m

+7T.

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

K,'- w'+m' extends to significantly higher en-
ergies than the major background K, - 3m in

the K,' center-of-mass system. In this system
the energy distribution of single y rays from

K,'- 2m' extends from 19 to 229 MeV in a uni-
form spectrum. The spectrum of y rays from

K,'-371' approaches an upper limit of 165 MeV

with zero slope. The observation of a small
shelf beyond this upper limit is evidence of

K,'-2m', and the comparison of the height of
this shelf with the number of y rays from K,'
- 3m' gives a direct measure of the ratio R(K2
- 2~')/R(K, '- 3~').

Figure 1 shows a plan view of the apparatus.
A beam of K, was produced by bombarding
with 3-Beg 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. x 6-in. aperture at 10 ft from
the target gave a nominal beam size of 12 in.
x12 in. at the detector, 20 ft from the target.
Typical intensities were 5&& 10' K,"s/sec at
a mean momentum of 250 MeV/c and 5x10'
neutrons/sec with mean momentum of 400 MeV/
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