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IP(892), 0.84&M(K z ) & 0.94;

(1236), M(p7t ) & 1.5;

p, 0.66&~(~+~-) &0.86;

0.75&M(m m' mo) & 0.81.

The reflection of the decay angular distribution of
the 4 (1236) produces the broad enhancement at a
mass of about 2.8 GeV in Fig. 1(c). It also produces a
broad enhancement of about the same number of events
under the L region.

~~An explanation for the Kx~ peaking at threshold for
any fixed Km mass can be found in the double-Regge-

pole model, which gives a good qualitative fit to the
threshold enhancements that we see.

~2We have investigated the momentum transfer and de-
cay angular distribution of this threshold enhancement
as a function of?& mass and find no significant anom-
alies in the L region.

~3See Refs. 1 and 3; also note that some other experi-
menters observed the absence of a IP(890)7t. decay
mode for the L enhancement. [J.Andrews, J. Lach,
T. Ludlum, J. Sandweiss, H. D. Taft, and Z. L. B'erger,
Phys. Rev. Letters 22, 731 (1969).]

~46. F. Chew and A. Pignotti, Phys. Rev. Letters 20,
1078 (1968).
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The rate of the CP-nonconserving decay KL —2~ has been measured relative to that
of KL —3x using a monoenergetic E beam and a nearly 4& solid-angle detector system
employing lead-plate spark chambers and shower counters. The measured branching
ratio 1.31%+0.18% (statistical) W5% (systematic) leads to a value for the CP-noncon-
servation parameter l000 ( of (14.1 +3.4) x 10

We report a, measurement of the branching ra-
tio (KL, -2ne)/(Kf, '-'3m ) which is then used to
determine the CP-nonconservation parameter

A number of measurements of this impor-
tant parameter have been published, but their dis-
agreement, and the unusual experimental difficul-
ties of the measurement, encourage further ef-
forts. Some of the previously published values

re' ' (18+")x 10 (24 + 5) x 10
( 2 + 7)x 10—', (5.1 + l.2) x 10 ', (4.8 a 1.9)x 10
and (13+ 4)x10 '. Other results lying between
these disparate values have emerged at topical
conferences and in preliminary reports, but
these have not yet reached publication.

This experiment was designed to detect all KL'
—3m' as well as KL'-2m' decays and to provide
internal checks on possible systematic errors.
Important features included (a) a "monochromat-
ic"KID beam, (b) a counter trigger which strong-
ly rejected neutron-induced events while accept-
ing 3m and 2m' decays with nearly equal efficien-
cy, (c) a thick lead-plate spark-chamber detector
which subtended nearly 4n solid angle for KL
-2s' decays, and (d) normalization to Kl '-3w'
decays, which were observed mainly as five-

shower and six-shower events. Photon energies
were measured by spark counting.

KL' mesons were produced from the reaction
n P -K A' just below K'Z' threshold; their decay
was observed in the photon-converting chambers
nearly surrounding an air-filled, 1-m~ cubical
volume centered 6 m from the hydrogen target.
Those entering the decay volume had a momentum
of 530+ 50 MeV/c (full width at half-maximum).
The momentum distribution was calculated from
the measured ~ spectrum at the H, target and
agrees with measurements of KL, momentum
from m+n ~' decays in which both showers are
observed. To convert and reject photons from
the hydrogen target, a filter, consisting of layers
of lead and scintillator, was placed between the
target and the chamber system. The lead thick-
ness (10 cm) was optimized to remove photons
and retain KL,"s.

The rear (down-beam) spark chamber present-
ed about 8 radiation lengths, and the four side-
wall chambers about 7, to photons entering with
normal incidence. For each chamber the first
four-gap module had Al plates for identification
of entering charged particles. In front of each
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FIG. 1. Vertical section through detecting system.
Vertices of all four-shower events having no tunnel
counts are projected on this plane. 2& events have a
similar distribution. The fiducial volume boundaries
are 5 cm from the chambers.

side chamber, and following the Al module in the
rear chamber, were planes of plastic scintillator
also detecting charged particles and providing an
anticoincidenee signal when desired. Trigger
counter units, each composed of scintillator and
Cherenkov radiator (Lucite), were arrayed in two
banks after the first and second radiation lengths
of lead modules in the rear chamber (see Fig. 1).

Loss of photons through the open face of the
cube was largely reduced by the tunnel-shaped
gamma-ray shower counter shown in Fig. 1. The
walls of this structure, consisting of lead sheets
with scintillation and Cherenkov counters, pre-
sented 6-8 radiation lengths for photon detection,
thus contributing to the recognition of correct
photon multiplicity in events not delivering all
their photons into the spark chambers.

The trigger conditions for pulsing the spark
chambers were (1) a signal from the w beam
counter system, indicating that a pion had en-
tered the hydrogen target and did not remain in
the beam beyond it, (2) no response from the
gamma filter counters, (3) no response from the
scintillators in front of the lead chambers, and
(4) coincident response of at least two of the trig-
ger units embedded in the rear chamber and sep-
arated by two or more intermediate units. This
chamber design and triggering system allowed
the recognition of about 95% of the KLO-3w' back-
ground simply by the observation of five or more
showers. The application of kinematical relation-
ships, aided by the known interval of Kl' momen-
tum and by spark counting, provided the identifi-
cation of the KL, -2m events.

Various modes of operation contributed to the
understanding and calibration of the system. In

addition to the principal triggering condition de-
scribed above, associated with neutral final
states yielding two or more showers, we also
changed conditions so as to trigger on charged fi-
nal states of KI' decay by requiring two or more
nonadjacent S counters and two or more R coun-
ters in coincidence (see Fig. 1). Data with C and
Be regenerators were taken in both neutral and
charged final-state modes. Brief periods of run-
ning with empty H, target and runs with random
chamber triggering during Bevatron beam pulses
indicated a negligible number of non-target-asso-
ciated events and a low probability (=4%) for ac-
cidental tracks in the chamber system.

A total of 464000 neutral-free decay and 170000
charged-free decay pictures were taken. The
neutral decay pictures show 20000 K decays in
the fiducial volume with the rest mostly blank or
with gammas clearly from chamber or lead-filter
interactions. Of these, -1000 (primarily four-
shower, but including some five-shower events)
were selected for measurement. The charged-de-
cay pictures, two thirds of which have been ana-
lyzed, show 5000 leptonic and 1000 w+m n' decays
in the fiducial volume.

The efficiency of the chamber system was ob-
tained by a Monte Carlo program using a library
of case histories of showers of known energies
obtained from observation of KL'- m+n' m' decays.
Until the regenerator data and all of the m+m n'

decays are processed, the library is being sup-
plemented at the low- (&25 MeV) and high- (&220
MeV) energy ends by synthetic events whose
shower structure, spark counts, and angular er-
rors are deduced by extrapolation from the exist-
ing library. These extrapolations were checked
and limits on their uncertainty set by comparing
the resulting Monte Carlo predictions with the
neutral-decay data. P reliminary measurements
of regenerated Ks'-2m' decays give an estimate
of detection efficiency consistent with these meth-
ods. The low soft-photon background permitted
use of a two-spark minimum for shower identifi-
cation, although regenerator studies indicated
that 2w' events seldom gave showers with less
than four or five sparks.

A vertex, or decay point, was determined for
each four-shower event, thus establishing the di-
rection of the KL,

' from the 8, target and the di-
rections of the four photons. The first approxi-
mation to the vertex was obtained by extrapolating
backward into the decay volume along lines deter-
mined by the initial portions of the showers to lo-
cate. an optimum intersection. This point was
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then varied by a search procedure so as to mini-
mize a fitting parameter related to the lateral
displacements of the initial sparks of each shower
from straight lines drawn from the variable de-
cay point through the first spark of each shower.

Two different methods of analysis were used.
They gave mutually consistent values for the num-
ber of 2m' four-shower events in the data.

Method A. —%'e utilized knowledge of the Rl.'
momentum vector to transform the photon direc-
tions into the K rest frame. From momentum
and energy conservation and the K mass we calcu-
lated the photon energies. The photons were then
paired in the available combinations as if each
pair came from a m', and using these calculated
energies to resolve the quadratic ambiguity, a
unique direction for each n' was determined. A

weighting factor W(8„8,) was calculated for each
pairing case, based upon the probability that the
observed opening angles ~, and 0, between photons
of each pair should arise from n 's of the requi-
site momentum. The case with the largest value
of W was selected as the preferred pairing. The
relative directions of the two m"s were then found

by calculating cos(9», which should be -1 for a
2m' decay observed with correct pairing and no
experimental error. A distribution of the values
of cos8„~ was collected from all four-shower
events, and cuts were made by assigning a mini-
mum value to the weight W and then a maximum
value to cos8~~. The results from analysis by
method A are shown in Fig. 2.

Method B.—Here we made no initial assumption
about the momentum or mass of the primary par-
ticle from which the four photons derived, but re-
quired that they came from an intermediate state
of two w"s; also, we used spark-count informa-
tion. The photon momenta were calculated from
four kinematic relationships, two from conserva-
tion of transverse momentum and two of the form
(m&0) =2p p-(1-p'p. ). All pairings giving physi-
cally possib/e photon energies were kept at this
stage.

At this point we introduced a vertex search op-
eration that varied the vertex position by small
amounts from its initial location until a minimum
was found for the fitting parameter

where Eg,. = energy of ith shower inferred from
spark count, E~~ = energy of this shower obtained
by kinematic calculation using the vertex position
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FIG. 2. Distribution in cos&~~ for all events, for
events passing the opening-angle cut, and for events
vrith 37r background subtracted. Solid lines show
Monte Carlo predictions.

in question, 46)i = angular deviation of initial di-
rection of ith shower from photon direction line
drawn from the vertex, and (48(ES.)) = rms value
of b0 observed for showers of this energy. The
pairing with the smallest )(' is then chosen. (2tr'
events are correctly paired 90% of the time. ) A
momentum P and mass M for the primary parti-
cle was then calculated. %'e next required that
the momentum fall within the interval 530+ 100
MeV/c, as allowed for K mesons in our experi-
ment. The solutions surviving this cut were plot-
ted in a frequency distribution as a function of
mass (see Fig. 3). A clear 2tr' peak near the K
mass can be seen superimposed upon a back-
ground of solutions arising from 3w' final states
yielding only four visible showers. This 3m dis-
tribution peaks in the range 300 to 350 MeV.
Monte Carlo calculations show a rapid and uni-
form fall above 350 MeV. In addition, the distri-
bution for a class of five-shower events that were
analyzed as four-shower events, because brems-
strahlung might have been the source of the fifth
shower, shows just this shape.

The 2tr peak is one bin (20 MeV) low. Analysis
shows that. a slight departure from linearity in
the relationship between spark count and shower
energy can account for this, the departure being
in the direction of spark-count deficiency at high
energy.
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FIG. 3. Mass distributions for (a) all events with
430 MeV/c P «630 MeV/c, (b) events from {a) also
having X2 ~ 10, (c) probable five-shower events ana-
lyzed as four-shower events, 430 MeV/c P 630
MeV/c, and (d) events from (c) also having X ~10.

Special features of the Monte Carlo program
deserve mention. Representations of the results
of decays of the Kl.o into 3m and 2w final states
in our chamber system were generated from a
library of measured case histories of gamma
rays of known energy arising from Kl.'- m+~

-two visible showers. The two charged-pion
tracks determined the decay vertex and thus the
true photon and KL, directions. Kinematic analy-
sis then gave the energy of each photon with an
uncertainty small compared with that in neutral
decays. By use of the same measuring techniques
employed for neutral decay, the shower-direction

deviation, the spark count, and the shower geo-
metric structure were obtained for each photon.
The mean shower-direction deviation was 11 deg
for 100-MeV gammas, 7 deg for 200 MeV, and

5 deg for 300 MeV. These errors increase the m'

-2y opening-angle distribution width in the K
rest system by 10 deg. The ratio of energy from
spark count to energy from kinematics was be-
tween —,

' and ~ for 50%, & and & for 69%, and ~
and 2 for 90% of the showers. The spark-count
calibration constant found in this way (5.0 MeV/
spark for tracks at normal incidence) predicted
correctly the total number of sparks observed for
six-shower events where the full energy of the K
is visible.

The Monte Carlo program used these case his-
tories (via a random table look-up) to provide
shower directions and spark counts with realistic
errors and correct energy dependences. In addi-
tion, the representation of the events was over-
laid upon the real structure of the spark-chamber
array, thus allowing for efficiency losses due to
structural features or to a shortening or loss of
a shower in the scintillation and Cherenkov coun-
ters. This also determined whether or not such
an event would register in the appropriate combi-
nation of scintillator and Cherenkov counters to
generate a chamber trigger pulse.

The Monte Carlo program correctly predicted
the observed gamma penetration depths, shower
angular deviations, shower multiplicities, spark
counts, and absolute trigger efficiency for 3m'

events. The percentages of showers of given
multiplicity observed for events without tunnel
counter signals (80% of all events) were as fol-
lows: 7, 4%, 6, 59%; 5, 30%, 4, 6%', and 3,
1%. The seven-shower percentage was slightly
larger than that expected from accidental shower
rates observed during the random pulsing runs.
Using the 7-to-6 ratio to correct the above per-
centages for accidentals, we get: 6, 60%, 5,
32%', 4, 7%, and 3, 1%. The 371' Monte Carlo
predictions are: 6, 59%', 5, 33%', 4, 7%', and 3,
1 9o.

The Monte Carlo affects the result directly only
through the ratio t~/t, s, = (probability for a Sm de-
cay to trigger)/(probability for a. 2' decay to
trigger and give four showers) This ratio. is
quite insensitive to changes in the Monte Carlo
program —both to refinements added during its
development and to variations deliberately intro-
duced to test its sensitivity to experimental er-
rors. We find t~/t, s, =0.219/(0. 156&&0.715)=1.96
+ 0.1.
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The number of 2m' decays was calculated with a
maximum-likelihood program by fitting the ex-
perimental data with a superposition of 2m', 3m',

and air-regenerator Monte Carlo distributions in
the relevant variables [method A: W(8„8,) and

cos8„„; method B: P, M, and y']. The regener-
ated contribution was held fixed at the amount ex-
pected for a total diffraction-regeneration cross
section of 21 mb per "air nucleus. " Method A
gives for n„ the number of 2H four-shower de-
cays in the entire sample, 130+24, with 96 and
51 having cos8v~ & -0.92 in Figs. 2(a) and 2(b),
respectively. Method 8 gives n, =106+ 14 with
75 and 45 having I& 430 MeV in Figs. 3(a) and
3(b), respectively. The likelihood function is
found to be Gaussian about its maximum; the
quoted error is taken at the e "points. The
agreement between the two methods further con-
firms the beam momentum value (used in method
A but not in B) and the spark-count calibration
(used in B but not in A).

Two systematic corrections must now be made
to this total, one of 1.08+0.01 for loss of events
due to a fifth accidental shower or an accidental
tunnel count and one of 1/(0. 93+ 0.07) for four-
shower selection efficiency which was found to be
less than unity for part of the data. A partial tri-

pie scan has shown that the scanning efficiency
for K's is essentially unity. A further systematic
error of +19 events is also assigned to n„com-
pounded guadratically from the (primarily non-
statistical) difference between methods A and B
(+16 events), the variations within each method
with changes in cuts used to select the sample
for maximum-likelihood analysis (+7 events), and
the experimental uncertainty in the spark-count
calibration and size of angular errors (+8 events).
Finally we obtain n, =133+ 18 (stat. ) + 24 (syst. ) as
the number of 2m four-shower events in our data.

From this number, the 2m /3m branching ratio
R is found from R = (te/t2s, ) x (n /n ), where n is
the total number of Sm decays observed, includ-
ing those with tunnel counts. The ratio does not
directly depend on the efficiency assumed for the
tunnel counters since (1) the tunnel counter is not
used in the trigger electronics, (2) all 2w' events
with four showers in the chambers by definition
can have no gammas detected in the tunnel, and
(3) essentially all 3v events show three or more
showers in the chambers, making their detection
efficiency independent of the tunnel efficiency.
The final result for the branching ratio is R
= 1.96(133/19 967) = 0.0131+ 0.0018 (stat. ) + 0.0025
(syst. ).

This value leads to an Ir)«I of

Rx ll'(lf '-3m')/I'(K '-all)l x lf'(& '-all}/1'(K '-2v')Ix (~ /~ )I 8 S L

= [14.1+ 1.9 (stat. ) + 2.8 (syst. )]x 10

where an additional systematic error of +6 % has
been included reflecting the uncertainty in the
lifetimes and branching ratios used in this calcu-
lation. v
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