PHYSICAL REVIEW D

PARTICLES AND FIELDS

THRD SERIES, VoL. 7, No. 7

1 April 1973

Three-Body Decays of K° Mesons*

M. L. Mallary, D. M. Binnie,f J. D. Gallivan,{§ R. Gomez, C. W. Peck, F. J. Sciulli,

B. A. Sherwood,|| A. V. Tollestrup, and J. D. Van Putten**
California Institute of Technology, Pasadena, California 91109
(Received 9 June 1972)

We have measured the time distributions of the e 7,

77e*v, and 7" 171" modes from

initially pure K ’s in a spark-chamber experiment performed at the Bevatron. From 1079

K 5 events between 0.2 and 7K lifetimes, we find ReX =—0.070+0.036, ImX =0.107+J:3%
This result is consistent with X =0 (relative probability=0.25). From 148 K — 7* 7”1’ events
in the same fiducial volume, we get ReW =—-0.05%0.17 and ImW=0.39*3-33. (“W” is variously
known as 71* "% and x +¢y.) Our results are consistent with W=0 (relative probability =0.30).

I. INTRODUCTION

The observation of the decays' K¢ — n*7~ and of
interference between K § and K § decays into 27
provides convincing evidence of CP violation with
an amplitude of about 2x10-% of the CP -conserving
part. Present evidence? is consistent with the as-
sumption that the effect arises from physical K §
and K  states which are not eigenstates of CP. Un-
der this assumption, the Hamiltonian which de-
termines the eigenstates of the K ° K ° system is
not invariant under CP. There have been numerous
theoretical conjectures® regarding the origin of the
CP violation, ranging from a “superweak” inter-
action with a coupling constant of about 10-8 of the
weak coupling all the way to a maximal violation
in the electromagnetic interactions.

One class of theories*'® would require a large (or
maximal) violation in the three-body K ° decays.
For the leptonic decays,

K°—n*+e™ +7, (1a)
K°—~nt+e +7, (1b)
K°=m+e*+v, (1c)
K°—=m"+e* +v, (1d)

i

there are (assuming CPT invariance) two complex
amplitudes: Reactions (1b) and (1d) proceed through
a AS =AQ transition, while (1a) and (1c¢) through a
AS = -AQ transition. If we define X_=ratio of am-
plitudes for reactions (1a)/(1b), and X, =ratio of
amplitudes for reactions (1c¢)/(1d), then CPT in-
variance requires

X,=X*.

Of course, the selection rule AS=AQ predicts X,
=X_=0. A maximal CP violation* in the leptonic
decays would have |ImX |~1.

The three-body pion decays which we shall con-
sider,

Ke—mt 4+ +7° (2a)
Ko—a*+m +1°, (2b)

primarily occur with final states of total isotopic
spin I=1. This is due to centrifugal barriers im-
peding other states.® If we define the complex am-
plitude for reaction (2a) as_ Ye'? and the amplitude
for reaction (2b) as -Ye~*?, then CPT requires
Y=Y and CP requires both ¢ =¢ and Y =Y. Cabib-
bo” has shown that, assuming CPT invariance and
the | AT| =3 rule for nonleptonic decays, the rates
for K¢ and K3 decay are, approximately,
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MK ~ntr 1) =3PT(K* -n*n*n") cos?[3(¢ - 9)],
(32)
T(K=ntr 1% =3PT(K* ~n*7*n") sin?[ 3(¢ - 9)],

(3b)

where P =a* 7~ 1%/ n*n*n~ phase-space ratio.
Using recent data® on the K%, K * decay rates,
Eq. (3a) gives ¢ — ¢ =50°£6°, predicting

J

| =3

FKg~atnn’) _ 40,017

m —0.150_0.023 .
If the discrepancy between the K and K * rates is
really due to CP violation (and not to a small | AT |
=3 amplitude), the magnitude is similar to the
maximal CP violation described by Glashow.?

In this experiment we have produced K “’s by
associated production and observed their decays as
a function of time. Neglecting terms of order ¢,°
the time distribution for leptonic decays is ex-
pected to be (+ is for positive electrons)

1 1
FrHf)=|1+X,Pe”"/"s +|1 =X, Pe""/"L £ [2(1 -| X, |*) cosAmt — 4 ImX , sinAm¢] exp [—%t( —+ T—ﬂ , (4)
N L
while the time distribution for 37 decays is
1 1
F37(t)=|Wke~*'"s +e~"/"L +2[ (ReW) cosAmt — (Im W) sinAmt] exp[—%t ('r_ + T—)] R (5)
N L

where Am=m, -~ mg, Tg and 7, are the lifetimes
of K$ and K9, respectively, and

_ (37l Hu| Ks)
(3ulH,| K.
Neglecting terms of order e,

|[YP-|YP
T v A0 . V-1012
Rew | Ye'?+Te 7|2

6)

and
_+2YY sin(¢ - 9)
ImW = |Ye'? +Ye '?P °

Therefore, to order €, CPT invariance requires
ReW=0 while CP invariance requires W =0 (as-
suming that the I=1 37 state is dominant).

II. THE APPARATUS

The decay distributions for K°— n¥e*v and K°
- n*7~7° were measured using the apparatus shown
in Fig. 1. Events of the two types were collected
simultaneously using two different counter trigger
requirements. Separate runs were also made with
a trigger designed to favor K°-~n*7~ events for
the purpose of calibrating the apparatus and de-
termining the K ° beam momentum and angular dis-
tribution. (See Sec.V.)

The K° - n*7” Trigger

The K ° particles used in this experiment were
produced in two brass targets (target detail shown
in Fig. 1) by the reaction 77 + B, et = A° +K °
+other. The 7~ beam originated on an internal
target at zero degrees in the LBL Bevatron. Its

r
momentum was 2.85 GeV/c. After passing through
upstream counters S1, S2, S3, the 7~ beam en-
tered the production-decay region of the apparatus
(Fig. 1) through beam counter S4 and a hole in the
beam veto counter S4V. After passing through S4,
the beam traversed an optical spark-chamber
module. It then entered the first target (7'1) trig-
gering counter C,. A neutral trigger was sig-
naled by the requirement C, * V,. That is, the 7~
interacted in 71 without producing forward charged
secondaries that would trigger V,. One third of
the pions that did not interact in 71 (10% inter-
acted) would subsequently strike 72 (24 in. down-
stream), where they might interact to satisfy its
trigger requirement (C, * V,). The two-target con-
figuration was chosen to get as many K — nev events
as possible at early lifetimes, where F~(¢) is
sensitive to X, Even though T2 received only §

the beam of 71, the high event acceptance from

T2 caused it to produce as many accepted early
lifetime events as T1. The mean K ° momentum
accepted by the apparatus was 2.4 GeV/c. There
were 6 spark chamber modules downstream of T'1
and 2 downstream of T2. This allowed the K ° about
T and 2 K ¢ lifetimes, respectively, in which to
decay.

Figure 1 illustrates a typical #*7~ event in the
apparatus. The K° which was produced in 71
travels to a point where it decays into two charged
secondaries (dashed lines). As the 7* and 7~ fan
out from the decay point they leave a “vee” in the
optical spark chambers of the decay region. At the
end of this region one of them must trigger counter
S5. This counter defines the entrance aperture to
the momentum spectrometer region and determines
that the neutral which was produced in one of the
targets has decayed in the decay region. S5 wasa
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FIG. 1. Experimental apparatus: S3, S4, beam
counters; S4V, beam veto counter; S5, counter defines
the end of the decay region; SC’s, thin plate spark cham-
bers; GC, gas Cerenkov counter; MH, hodoscope with
15 horizontally oriented counters; RH, hodoscope with
32 vertically oriented counters; shower spark chambers,
18 plates with a total of 2.7 radiation lengths; shower
counters (vertical orientation), 14 counters with two
radiation lengths of lead between two slabs of scintilla-
tor; targets (below), three centimeters of brass followed
by two millimeters of lead; C;, counter in front of target
i demands incoming beam particle; V;, veto counter in
back of target i demands no charged, forward secon-
daries.

3 -in.-thick scintillator to minimize triggers
caused by neutron stars and y conversion in its
material. Each of the 7 spark chamber modules
in the production-decay region had 0.01 radiation
lengths of material, most of which was aluminum
foil.

After passing through S5, the two charged
secondaries traversed the first spark chamber
module of the momentum spectrometer region.
They then entered the gas Cerenkov counter
where they traversed ~30 in. of Freon-12 at a
pressure of 1 atm. Under these conditions the
momentum thresholds for electrons, muons, and
pions are 0.01, 2.3, and 3.0 GeV/c, respectively.
This counter had an efficiency of >97% for detect-
ing electrons. This efficiency was independent of
the decay point (in the production-decay region)
to 1.2%. The pion rejection ratio was (69+7) to 1.
The Cerenkov light was viewed by two optical sys-
tems, one on each side at the center line. The
phototube pulse height for each system was part of
the recorded data. The Cerenkov counter, how-
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ever, was not included in the K — 7* 7~ trigger.

Directly downstream of the rear window of the
Cerenkov counter, near the center of the magnet,
the two charged secondaries passed through the
multiples hodoscope (MH). This hodoscope con-
sisted of 15 scintillators 60 in. long, 1 in. wide,
and $ in. thick oriented with their length hori-
zontal and their width vertical. The trigger re-
quirement of this hodoscope was that exactly 2
counters trigger, indicating two charged secondar-
ies. The two triggered counters had to be sepa-
rated by at least one counter that did not trigger.
Directly behind this hodoscope was a spark cham-
ber.

On leaving the rear of the spectrometer magnet,
the secondaries traversed another spark chamber
(2 chambers, one on each side of the apparatus)
and then passed through the rear hodoscope (RH).
This hodoscope had a total of 32 counters which
were in two banks of 16. The normal to each bank
was at 16° to the beam line so that the average
secondary trajectory was perpendicular to it.

This was also the case for the chambers directly
in front of this hodoscope as well. Each of the 32
counters was 42 in. high, 4 in. wide, and ¥ in.
thick. The K°-n*7~ trigger requirement for this
hodoscope was that exactly 2 counters trigger.
This further reinforced the two-particle require-
ment of the multiples hodoscope.

Next the charged secondaries entered the shower
region of the apparatus. First they passed through
the shower chambers. These chambers had 18 -
in. gaps. The total material presented to an inci-
dent particle was 1.08 in. of aluminum and 0.54 in.
of lead for a total of 2.7 radiation lengths and 0.2
collision lengths of material. Again, the normal
to the chambers on each side of the center line was
at 16° to the center line.

Directly behind the shower chambers were the
shower counters. They consisted of 14 counters
in two groups. Each counter was 52 in. high and
10 in. wide, and consisted of 2 radiation lengths of
lead sandwiched between two 3-in.-thick scintilla-
tors. Each scintillator was connected to one photo-
tube. In order to minimize the attenuation effects,
the two tubes were connected at opposite ends of
the sandwich and their pulses were added elec-
tronically. The pulse height for each of the 14
counter pairs was part of the data recorded on
magnetic tape. Once again, the shower counters
were not included in the K °— 7~ trigger.

In summary, the K°— 77~ trigger counters S1,
S2, S3, and S4 in coincidence and S4V in veto to
define the 7~ beam. Next, the coincidence counter
in one of the targets had to trigger without the
corresponding veto counter, indicating an inter-
action with no charged forward secondary. Next,
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S5 had to trigger to indicate charged forward
secondaries from a neutral decay entering the
magnet. Then the multiples hodoscope and the
rear hodoscope each had to have two triggered
counters indicating two and only two charged sec-
ondaries in the spectrometer.

The K° > 7’ e¥ v Trigger

This trigger was similar to the K°— 7" trig-
ger, but it had one additional requirement: The
gas Cerenkov counter described above had to pro-
duce a pulse above a very low threshold. The re-
quirement on the multiples hodoscope that the two
counters which triggered be separated from each
other by at least one counter (1 in.) was the same
as in the K°—-7*7~ trigger. This demanded that
the events have opening angles in excess of one
degree, removing much of the triggering back-
ground due to e*e” pairs.

The K°® > n*nn® Trigger

This trigger differed from the K °- n* 7~ trigger
in three respects. First, the triggered counters
were required to be on separate sides of the rear
hodoscope array. Next, the sum of the pulse
heights in the shower counters on either side (7
counters in each sum) of the center line had to ex-
ceed the pulse of a 3 times minimum-ionizing
track. This requirement, in conjunction with the
previous one, was designed to bias towards ac-
cepting events with an associated y ray. Finally,
the two triggered multiples-hodoscope counters
did not have to be separated from each other. The
separation requirement was dropped because
charged tracks in K°- 7*7~7° events have some-

what smaller opening angles than K°- n*7~ events.

Data Recording

The optical spark-chamber data were recorded
with 3 Flight Research cameras on 35 mm double
frames. For each region of the apparatus (pro-
duction-decay, momentum spectrometer, and the
shower regions in Fig. 1), there was a separate
optical system and a separate camera. There
were 5x10% 2.4x10° and 2.7x10° pictures taken
for the K°—~n*7~ mode, the K°- 1*e*v mode, and
the K°— 77~ 7° mode, respectively. The digital
counter information (which counters triggered),
the pulse-height information for each side of the
gas Cerenkov counter, and the 14 shower counters
were recorded on magnetic tape for each event.
This was done with the aid of an on-line PDP-8
computer which also stored and displayed histo-
grams for monitoring the performance of the ap-
paratus.

| =3

III. DATA REDUCTION

K% > 1r*e‘:v(Ke3 )

The first step in isolating the 1079 final K, trig-
gers was a computer examination of the magnetic
data tape. First of all, events inconsistent with
the fast-trigger logic were filtered out. Then,
selection criteria were applied to the shower-
counter pulse heights; the two groups of shower
counters directly downstream of the two triggered
rear hodoscope counters were examined for an
electron pattern and a pion pattern. The electron
pattern required that the sum of the pulses in two
adjacent shower counters in the group had to be
greater than 1.7 minimum-ionizing. The pion pat-
tern required that one and only one counter in the
group had to have a pulse ranging from 0.5 to 2.6
minimum-ionizing. The shower-counter criterion
then was that there be an electron pattern in one
group and a pion pattern in the other. If the two
triggered rear hodoscope counters were separated
by less than five counters then only the electron
pattern was required. After this stage of the re-
duction, 67205 candidate events remained. On
the basis of 524 K,, events obtained without the
pulse-height selections, it is estimated that this
process was at least 75% efficient at selecting real
events. The fraction missed in the computer scan
showed no bias dependent on vertex positions of the
decaying vee.

The next step in the K, data reduction was a
visual scan of the shower chambers. Accepted
events had to have one pion and one electron, each
of which extrapolated to within 3 a counter of one
of the triggered rear hodoscope counters. Events
with extra tracks which extrapolated into these
counters were rejected. Events without a visible
shower (77 events) and events with two visible
showers (ee events) were rejected. The nrm events
were carried through the analysis, however, for
calibration purposes. Pion interactions were dis-
tinguished from electron showers on the basis of
whether or not there was a well-defined inter-
action vertex. Using an independently scanned
sample of events it is estimated that this stage of
the reduction was 96% efficient at retaining events
that met the criteria. The number of candidate
events left after this step was 14613, Most of the
rejected events were €lectron pairs.

The next step in the reduction process was a
visual scan of the production-decay region for 2-
prong neutral vees. In order to prevent scanning
inefficiencies from biasing the position distribution
of the decays, this scan was done independently by
two different scanners. If either scanner found a
vee, it was accepted. When their results were
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compared they were found to be individually 979
efficient at finding vees. The events which were
missed showed no position bias relative to the ac-
cepted events. The scanners noted the vertex posi-
tions from a template and any discrepancies of
greater than 1 in. in real space were examined by
a physicist.

The production-decay region scan began with a
search for two tracks in the elevation view which
extrapolated to the two multiples hodoscope coun-
ters involved in the trigger. T1 tracks had to ex-
trapolate to within two counters of a triggered
counter and 72 tracks to within three. Next, the
two tracks were required to form a vertex. The
longitudinal positions of the vertex in the two
views (elevation and plan) had to be visually con-
sistent with each other to 1 in. If a third track
entered or left the vertex it was rejected. Vees
that passed through two or more spark chamber
modules (out of a possible six) without opening
(separating into two distinguishable tracks) were
rejected. This was equivalent to rejecting events
with opening angles less than 2°. This rejected
most electron pair events, but did not seriously
affect the K, events. (Monte Carlo calculations
indicated that this cut removes about 0.19% of the
K., data.) In addition, if either prong of the vee
had a kink of more than 5° the event was rejected.
After this scan 3395 event candidates remained.

The pictures which passed the above scans were
then measured in the production-decay region and
the shower region. Candidates at this stage con-
tained a vee in the production-decay region and an
electron and hadron in the shower region. It re-
mained to choose those events in which these
tracks were continuous. The elevation positions
in the two regions were used to construct a
straight line through the apparatus for each track.
If these two lines missed the two triggered MH
counters by more than one counter (1 in.) the event
was rejected. 23% of the events were rejected for
this reason. The remaining events were fitted to
trajectories through the magnet and a vertex in
the decay region using the angles and positions as
measured in the shower and the production-decay
regions. If the ¥ for either track exceeded 100
((x?) =4) the event was rejected. This 2 cut re-
moved 11% of the candidates. The remaining 2226
events were then measured in the momentum
spectrometer region. New fitted trajectories were
calculated using all the spark chamber measure-
ments which were consistent with the first calcu-
lated trajectory (the moment resolution for this
fit was Ap/p~0.05). Then a series of consistency
cuts were made on the events. The y®/v was re-
quired to be less than 5 for each track; the charg-
es were required to be opposite; the momentum of

each track was required to be less than 4 GeV/c;
each trajectory had to be within 3 a counter of its
rear hodoscope counter and its multiples hodo-
scope counter; the electron had to have a shower
counter pulse greater than 1.2 minimum-ionizing;
and the pulse heights in the two sides of the gas
counter had to be consistent with the electron tra-
jectory. These cuts reduced the sample to 1691
events. 86% of the 535 rejected events violated
more than one criterion.

The events which reconstructed well were then
reexamined in the shower region and the produc-
tion-decay region by a physicist. The scanner
had been instructed to accept any doubtful events,
so there was room for a more stringent applica-
tion of the scanning criteria. In addition, the
added information of the trajectory parameters and
the pulse heights made it possible to resolve cer-
tain ambiguities. After this rescan, 1337 event
candidates remained. 85% of these 354 rejects
were removed by the rescan of the shower cham-
ber picture.

After the rescan a final group of cuts was applied
to the data, primarily to remove backgrounds
from y - e*e” and A°~ pe~v. (See Sec. IV.) An
electron-proton (M,,) invariant mass was calcu-
lated assuming that the pion was a proton (for both
charges of the pion). This mass was required to
be greater than 1.115 GeV. This removed 163
events, 19+ 6 of which were estimated to be true
A-B decays. The e-pair mass (assumes the pion
is an electron) was required to be greater than
0.030 GeV, removing 8 events. This cut should re-
move 97% of the e-pair events resulting from y
conversion in the spark chamber’s foil plates.
Finally, 86 events were removed with a fiducial
volume cut. This cut excluded events that decayed
in the first plate behind each target, reinforcing
the target veto counter requirement, and also re-
moved events in the last 2 in. of the decay region
(minimum track length was 2 in. or 5 sparks).

The final sample of K, events then consisted of
1079 events.

K-> 7' n%(K 13)

The sequence for the K °— 7*7~7° data reduction
was very similar to that for the K °— nev events.
There were 2.7X10°% K °~ 7* 777° pictures taken.
This was reduced to 1.5x10° pictures from the
start by taking only the T'1 events. T2 events would
be more susceptible to background, and improve
the sensitivity of the experiment only slightly.

A computer scan was performed which reduced
the data sample to 17234 pictures, retaining
K —a*1~n° events with 75% efficiency. The cri-
teria again contained consistency requirements be-
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tween the fast logic trigger and the information
stored on magnetic tape. In addition, it was re-
quired that there be a pion pattern in the shower
counters for each of the two triggered rear hodo-
scopes and at least one photon-shower pattern.
The pion pattern consisted of a pulse greater than
half minimum ionizing in either of two shower
counters downstream of the triggered rear hodo-
scope counter. The showering photon pattern was
a pulse greater than 1.2 times minimum ionizing
in any of the shower counters that were not re-
served for the pion pattern. The showering photon
pattern had to occur on the same side of the show-
er counters as the large pulse which caused the
original apparatus trigger.

The counters that satisfied the photon require-
ments were then examined in a visual scan of the
shower chambers. The scanner first looked for a
shower which would extrapolate into any of these
shower counters. Specific visual evidence for a
photon conversion was required. Each pion track
(two) had to extrapolate to within one counter of its
triggered rear hodoscope counter and had to pro-
duce at least three sparks in a row in the first of
the three shower chamber modules. If more than
one track extrapolated to a triggered rear hodo-
scope counter, the event was rejected. If either
candidate pion was an obvious electron, the event
was rejected. If the pion or any part of a pion in-
teraction entered the photon shower counter, the
event was rejected. Lack of a y ray was the
principal reason for rejecting events. This visual
scan of the shower chambers passed 4004 candi-
dates. The scanners’ efficiency was 95% on events
meeting the criteria.

The next step in the data reduction was a visual
scan of the production-decay region. First, two
tracks were located in the elevation view which ex-
trapolated into the triggered multiples hodoscope
counters. The tolerances on this extrapolation
were +2 counters for tracks that were more than
two spark chamber modules long (of a possible 6
modules) and 3 counters if the tracks were shorter
than two modules long. These tracks then had to
form vees whose vertices in the two views were
consistent to about 2 in. in space. If a track had a
kink of more than 5° the event was rejected. The
scan was performed twice, by two independent
scanners, who noted the positions of the vertex of
the vees. If an event was accepted by one scanner
and not by the other or if there was a discrepancy
of greater than 1 in. in the observed vertex posi-
tion then the event was examined by a physicist.
The two scanners were individually 97% efficient
at finding vees when they were compared to each
other. This scan retained 2357 candidates.

At this point the events were measured and re-

constructed in the same way as the K - mev events,
previously described. The same consistency cuts
on the reconstructed trajectories were applied,
leaving 1508 events.

The events which successfully reconstructed
were then reexamined in the shower chambers by
a physicist. 33% were rejected, leaving 1016 can-
didates. The principal reason for rejecting events
in this rescan was that the y ray was caused by a
pion interaction in the lead plates of the shower
chambers.

Next the reconstructed tracks were required to
satisfy certain geometric criteria. The y*/v for
each track had to be less than 5. The tracks were
required to have opposite curvature (opposite
charges). Finally, each track had to pass through
an appropriate aperture at the end of the produc-
tion-decay region. These cuts passed 898 events.

The event candidates at this point consisted of
three main types. These were K °— 7n*7~7° events,
K°— 7*71~ events with an associated y ray and
A°—~ pn~ events with an associated y ray. The lat-
ter two types are backgrounds which had to be re-
moved by kinematic cuts. The A° events were re-
moved by assuming that the positively charged
particle was a proton and the negative one was a
pion in order to calculate a A° invariant mass.
Events with masses less than 1.2 GeV were re-
moved. The K - n*7~ events were removed by as-
suming both tracks were pions and reconstructing
the 27 mass. Events with a two-pion mass greater
than 0.38 GeV were then removed. (See Sec. IV.)
These two background cuts left 158 events in the
K - n*71~n° category. These were reduced to the
final sample of 148 events by the same fiducial
volume cut used in the K, sample.

IV. REMNANT BACKGROUND
K->ntey

The sources of background which have been con-
sidered as possibly significant in the K,, sample
are shown in Table I with our best estimate of their
size. The neutron star background might arise
from neutrons produced in the targets and inter-
acting with the material in spark chamber plates
(0.003 collision lengths per module), although a
resulting 2-prong neutral vee with one 7 and one e
is unlikely. An upper limit for this background
was estimated from the excess of T1 vees whose
vertices lay in the target material of 72. On this
basis, there are less than 5 such events in the en-
tire sample.

The most significant source of background con-
sidered in designing the apparatus was the charged
two-body decays of Kg and A. These decays occur
10° times more frequently than the K, decays, thus
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TABLE I. Backgrounds in the K3 sample.
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Type of Number present Cut imposed on
background before cut final sample Estimated background after cut

Neutron stars <5 No cut <5
Kg—=2m, A—pT 7.8+10.0 No cut 7.8+10.0
Electron pairs
(a) External

conversions =9 Mgio->30 MeV =0.3
(b) Dalitz pairs 205 12+3
AB

decay,
A—p +e” +v 196 M,,>1.115 GeV 0.0
K production
(a) ™2 —=K%% <11 <11
(b) Kp =K% ~5+2 ~5%2
Total background in 1137 events 25+12;
<11 from K% production
T-e m-m
200
(o) (d)
1390 EVENTS 1105 EVENTS
éor TOTAL TOTAL

20

+26 EVENTS
[

2 0O 10 20 30 40 50
Z GC PULSE HEIGHT
@
(b)
& sof
‘;‘ »s b= +443
2 !
2 o = +3i
1.0 [N 1.2 l‘.3
Mpr - (GeV)
150} (©
1180 EVENTS
100 b TOTAL
Mg > 1160 MeV
50}
O T
2 4 8
M+~ (GeV)

100
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20
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NUMBER OF EVENTS
n
3

(e)

100 b=+514
O A A
O LI L2 13
Mg - (GeV)
)
535 EVENTS
100} TOTAL
Mg > 1160 MeV
50
0 i A
2 4 & 8
M+ (GeV)

FIG. 2. Distributions in (@), (d) pulse height for the gas Cerenkov counter; (b), (¢) invariant mass My, ; and (), (f)M
for the K 4 sample (7e) and K ,, sample (7). The latter sample was selected during the scan of the shower chambers
as consisting of two nonshowering particles. The 77 sample shows a large peak at low GC pulse height, corresponding
to triggering by noise and 6 rays. This sample also shows large component of A and K — 77 decays. The shaded events

have GC <8 and decay time S27;. No background is evident.
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requiring a large rejection factor (10°). This was
accomplished by the combined use of the Cerenkov
counter, the shower chambers, and the shower
counters to distinguish electrons from protons and
pions. An additional handle on this background is
the invariant mass calculated from the measured
momenta of the charged secondaries in observed
events. The two-body backgrounds were low
enough so that it was not necessary to remove
events on that basis. By comparing the “77 sam-
ple” (see Sec. ITII) with the data (“ne”), we were
able to estimate the magnitude of these back-
grounds. .

The pulse-height distributions in the gas Ceren-
kov counter (GC) are shown for the me and 77 sam-
ple in Figs. (2a) and (2d). The effect of the trig-
gering threshold bias can be seen in Fig. (2d). By
comparison, the events in the nme sample (2a) have
many more events at large pulse height. The in-
variant mass distributions in the 77 sample [(2e)
and (2f)] show peaks corresponding to A° and K °
two-body decay. The me sample [(2b) and (2¢)]
shows no such effect. From these distributions,
we see no evidence for significant background.

By investigating the invariant mass distribu-
tions as a function of cuts on the Cerenkov counter
pulse height, we have determined the amount of
such backgrounds in the ne sample with good pre-
cision, and determined the efficiency of this pro-
cedure on actual background. We estimate that
there are 7.8+ 10.0 such background events. This
is consistent with rejection factors of the shower
chambers estimated independently, which give
8.0+ 4.0 background events in the sample.

We emphasize that these background estimates
are without any cuts in either Cerenkov counter
pulse height or invariant mass. The background
can be reduced even further in order to demon-
strate insensitivity of our result to it. For ex-
ample, by removing events with p7~ invariant
mass less than 1160 MeV or #*7~ invariant mass
greater than 440 MeV, simultaneous with the
gas counter pulse height less than 8, we reduce
this background further by a factor of three.

The next potential source of background in Table
I is the e-pair production. This comes from y
rays converting in the production-decay region
(y+Z—e*e™ + Z) and from Dalitz decays of #°
(m°—~ e*e”y) resulting from neutral ¥ and A decays
(Ks = n°1° and A — n7°). The shape of the e¢*e-
mass distribution (see Fig. 3) indicates that the
y-ray conversion background is less than 9 events.
Studies of y-ray conversion in 0.25 radiation
lengths of lead placed in the production-decay re-
gion indicate that the mass cut M,+,->0.030 GeV

removes 97% of the conversion background, leaving

less than 0.3 events.

The number of e pairs from Dalitz decays of #°
resulting from K — 7°7° decays was determined by
a Monte Carlo calculation. This calculation indi-
cated that without the shower-chamber scan or the
M,..- cut there should be 880 such events in the
K,; sample. The e-pair rejection of the shower-
chamber scan was determined to be (43 +11)/1 by
scanning known e-pair events for “r-e¢” events.
This would leave 20 +5 in the data sample. The
Mg+ .- cut at 0.030 GeV reduces this background to
12+ 3 events. Moving the cut M,.,->0.060 GeV
further reduces it by a factor of 5. This was done
in one of the fits to check the sensitivity of X to
this background.

The A - pev background was estimated by com-
paring the p-e (assumes the pion is a proton) mass
of the 7" e~ events with that of the 77¢* events.
The excess of events in the region M,,<1.115 GeV
for the n*e” events was assumed to be caused by
A-B decay. This leads to an estimate of 16+ 8
background events before the mass cut at 1.115
GeV. This cut removes all the background except
for a very small amount resulting from spill-over
due to mass resolution. The cut was made on both
the 7*e”~ and the 7-e* events in order to preserve
charge symmetry in the data.

K ° production in the target might arise from
K °-K ° pair production and from charge exchange
of K™’s in the 7~ beam. Bubble-chamber datal®
indicates that K ° production is only 109 as fre-
quent as K ° production at the 7~ momentum of this
experiment. Because of the lower momenta and
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FIG. 3. Comparison of (a) the e*e” invariant-mass

distribution of a sample of y rays converted in lead,
and (b) the e*e™ mass distribution for the me sample.
The two samples were scanned and measured identically.



The discussion of backgrounds in this decay mode
is divided into those with a flat time distribution
and those with an exponential distribution. The
latter type is a more serious source of bias. Both
types of backgrounds are summarized in Table II.

The principal sources of background were Kg
- a*7~ and A - pm with one or more associated y
rays. Inthe Kg - n*7~ case the y ray might have

come from A —na° followed by 7°~2y. Inthe A - p7

background the y ray might have come from K
- °7° followed by 27°—~4y. It was also possible for
the y ray to come from the #° production in the tar-
get, although the y rays from this source had a
high probability of converting in the target, thus
vetoing the event.

The A - p* 7~ background was removed by cutting
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the wider angular distribution of the K s, the ac- 8ol (a) (b)
ceptance was calculated to be smaller by more 80
than a factor of 10, Therefore the contamination 120
from KK production is less than 1%. The K~ beam I -
contamination was determined to be 0.1% + 0.05% ool I
from time-of-flight measurements in conjuction AP ‘
with an SF,; beam Cerenkov counter. Because the o 37 EVENTS e O 40 S
charge-exchange cross section for K~’s is 5 times Z 60r EVENTS Z | EVENTS
greater than that for K ° producticn with 7~’s, the o T EQSJENTS o 2or 7
K ° contamination from this source is 0.5%. These w 20 'S W ”‘ZiZIEVEEVNELSTS
estimates are consistent with fits to the data in ™ ™ ™ = r a‘znﬁ‘v";‘ :
which the K ° contamination was a free parameter. % ) Mo Gev) oo ’ M G“ev)
The contamination parameter so determined was = P = P
(0.6+1.9)%. < 60} (0 150 (d)
The total background, in the sample of 1137 1 ﬁ
events, from the above sources excluding KK ° 0 FJ ’ ool ’J—l
pair production is 25+12 events. The KK pair pro- | |
duction is estimated to contribute less than 11 m J EVENTS ‘ ‘J L EVZN_T’S
events. 20| ! J 50| .
| ise, | 202 His EVE:\JTSJ P
K = n'n"n® Remnant Backgrounds LTy H;Jj"g ':'*E‘_V*;N’T'S"?'Sl

Mo, (Gev) Mo, (GeV)

FIG. 4. Invariant mass distributions M, [(a), (b)] and
My, l(c),@]. (a),(c) are the "7~ 7" data, while (b), (d) are
the calibration K — r*7~ data. The M,, distributions
contain data with M,, <0.4 GeV to remove the K — 27
component. The M,, distributions have M, >1.2 GeV
to remove the A—~pr component. The K — n* 7~ n? signal

is clearly evident in (c) with M,, <0.38 GeV.

out events with a p*-7~ (assumes the + track is a
proton and the negative one is a 7~) invariant mass
less than 1.2 GeV [see Fig. 4(a)]. The details of
the resolution on individual measurements were
studied using calibration run data [see Fig. 4(b)].
This study allows an estimate of (=1.5+5) A~ p7
events in the data with M, >1.2 GeV. It should be

TABLE II. Background in the K — 37 sample (148 events).

Number of events

Background Time distribution in data sample
A—p*m” Exponential -1.5+5
Kg—m*tn~ Exponential 4+3
Ky —muv Flat 2+1.5
Kg—m'ny Exponential 3x2
=2y —~e*e Ty Flat or <3
exponential

Neutron stars Flat 4+2
K —mra=q0 Flat <2

Total exponential 5.5+6

Total flat

65
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remarked that this cut at 1.2 GeV removes ~30% of
the K - n* 7~ n° events and that they are removed in
a charge-asymmetric way. The effect of this in-
duced asymmetry on the time distribution is at the
19% level (an interference effect might occur
through the transition to the I=2 naw state which is
suppressed by both the AJ =3 rule and a centrifugal
barrier).

Figure 4(d) shows the invariant 7*#~ mass for the
calibration run data (Ks - n*n~) and Fig. 4(c) shows
this for the K- 37 data. The K - 37 signal lies at
M, +,.-<0.38 GeV in the latter distribution. Note
that in the 7* 7~ data there are 15 events in the tail
with M, _<0.38 GeV. This number is consistent
with the 3-body decays expected. An upper limit
on the background in the K - 37 sample was ob-
tained by assuming that these 15 events were all
background. An investigation of their time distri-
bution then indicates that there are about (4 +3)
Ks—n*n~ events in the 37 data with M, +,-<0.38
GeV, and about (2+1.5) K- mu v events in the
data.

To estimate the background from K $ - n* 77y,
we note that this decay takes place at early times,
and preferentially produces events with invariant
mass M, ,>0.38 GeV. By comparing the mass dis-
tribution for events both at early times and in the
region 0.38< M, <0.42 GeV, between calibration
runs (no additional y) and the data shown in Fig.
4(c), we estimate that the number of 7wy events
with M, ,<0.38 GeV is 3+2.

The 7°—~ 2y~ e*e”y background was removed by
the Cerenkov counter. As a check, we find there
are only three events with M,.,. <30 MeV, so we
can put an upper limit of three events on this back-
ground.

The multiprong neutron stars were retained dur-
ing the scan of the production-decay region. Only
two stars with three or more prongs were found in
the final data sample. Assuming that the 2-prong
stars are of comparable number we estimate the
number of stars to be 4+2. The position distri-
bution of these events is flat.

From the analysis at the end of the section on
K, backgrounds, the K° contamination is less than
1.5%, corresponding to 2 events of the form K°
-7~ 7% The distribution of these events is flat
if CP is conserved. Otherwise it cancels the in-
terference term in the K ° - 7* n~7° distribution,

To summarize this background discussion,
there are 5.5+ 6 background events resulting from
Ks and A decays. This is consistent with a fit in
which a background term was included. The fit
gave the short-lived background term as 02
events. In addition, there are 6+ 5 background
events with a flat spatial distribution. These are
not expected to affect the fit to W significantly.

|=a

V. MONTE CARLO CALCULATIONS

In order to calculate the efficiency function for
K- mev and K - n* 7~ n° the momentum and angular
distributions of the K®s emerging from the tar-
gets had to be determined. This was done by iso-
lating a sample of K° - n* 7~ events from the cali-
bration runs, and determining the momentum and
angular distribution of the accepted events. A
Monte Carlo calculation of the apparatus accep-
tance at a number of K ° production angles and mo-
menta was then used to unfold the K ° production
distributions from the distributions of the accepted
calibration run events. The resulting distribution
in angle and momenta of K ®s produced in brass by
2.85-GeV/c 7~ are shown in Fig. 5. The observed
distributions for K °~ 27 data are shown in Figs. 6
and 7 as data points. The predicted distributions,
using Fig. 5 as input, and K - 27 decay and ac-
ceptance folded in, as well as measurement er-
rors, are shown as histograms. Figure 7 is the
longitudinal position distribution of the K - 27 de-
cays. Transverse position distributions at various
apertures in the apparatus for charged secondaries
also agreed well with those of the Monte Carlo
events,

Aleu (L)

The K - mev acceptance function, A ,,, (L), was
subsequently determined as a function of decay
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FIG. 5. The angular and momentum distributions of
forward K °’s produced in brass by 2.85-GeV/c negative
pions, as determined by analysis of K — 27 decays.
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FIG. 6. Comparison of the angular and momentum
distributions for the K — n* 7~ data (points) and the
Monte Carlo events (histogram). The comparison is
done separately for targets T'1 and T2.

length by generating K — mev decays at fixed longi-
tudinal positions using the K °® angular and mo-
mentum distributions previously discussed. Events
were generated at six positions 5 in. apart for 71
and at two positions 5 in. apart for 72. The accep-
tance at these positions was then fitted to a quad-
ratic form (in L, the longitudinal position) for 71
and a linear form for 72.

Besides the geometric constraints imposed by
the apparatus design, the Monte Carlo calculation
included the electron energy-dependent bias (see
Fig. 8) caused by the shower-counter pulse-height
requirement. It also included the mass cuts M,+,-
>0.030 GeV and M,,>1.115 GeV. As a check on
this calculation, various distributions of the ac-
cepted Monte Carlo events were compared with
those of the data. The distributions of electron
momenta, pion momenta, pion +electron momenta
[see Fig. 9(a)], electron-pion invariant mass, and
track position distributions at various apertures in
general agreed. To further check the gas counter
the average pulse height as a function of decay
position was studied. This study indicated that the
variation in efficiency of the gas counter over the
range of decay length (L) was less than 1.2%.

The data were taken at two magnetic field set-
tings (2.0 and 2.8 kG). Slightly different efficiency
functions were calculated for use with the data,
one for each field setting. Figure 10(a) shows the
weighted average of these two efficiency functions.
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The momentum and angular distributions of the
K%s determined from the calibration data
(K~ n*7") were used in a Monte Carlo calculation
to determine the acceptance, A,, (L), for K
-t~ 7° at four decay lengths 10 in. apart. The
acceptances at these points were then fitted to a
straight line. This was done separately for the

T

0.8+ —

ol

0.4} —

1.O

ELECTRON ACCEPTANCE

0.2 -~

1 1 1 |
0.0 0.4 0.8 1.2 1.6 2.0

ELECTRON ENERGY (GeV)

FIG. 8. The data points are the measured electron
acceptance of the shower counters with a 1.7 minimum-
ionizing bias. The solid curve is the calculated accep-
tance with a 2.0 minimum-ionizing bias.
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two magnetic field settings. Figure 11(a) shows
the weighted average of the two calculations.

The Monte Carlo calculation included the de-
pendence of the decay matrix element on the kinet-
ic energy of the 7° in the center-of-mass system:

14+2SMy(2T ;0 = Tmax )/ M, 2,

where T ,o is the center-of-mass 7° kinetic ener-
8Y; Tmax 18 0.053 GeV; and M, and M, are the
kaon and pion masses. The parameter S was taken
to be ~0.30 on the basis of experiments on K
—a*r-a%!! As a check, we analyzed the K - 37
data to determine S independently. Figure 12
shows the Dalitz plot density versus T ,,. We find
§$=-0.28+0.05.

The Monte Carlo calculation also included the
effects of the shower counter threshold (2 times
minimum ionizing) and the computer scan on the
v ray acceptance. This acceptance was calculated
using shower calculations!? in this energy region.
These calculations agree well into the efficiency
for electron acceptance versus energy measured
from the K,, sample (see Fig. 8).
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FIG. 9. (a) Comparison of the me total momentum for
the K 3 data (data points) with the accepted Monte Carlo
events (histograms). The solid curve is the total K °
momentum of the accepted Monte Carlo events. (b)
Comparison of the n* 7~ total momentum for the K 4
data (data points) with the accepted Monte Carlo events
(histograms). The solid curve is the total K ° momentum
of the accepted Monte Carlo events.
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When all the above effects were taken into ac-
count the distributions of the Monte Carlo events
were compared with the data events. Typical dis-
tributions which were compared were the momen-
tum distributions of the pions, the distributions of
the sum of the pion momenta [see Fig. 9(b)], the
invariant-mass distributions, the pion opening-
angle distribution, the track-position distributions
at the various counter apertures, and the y-ray-
position distributions in the shower counters.
There was generally agreement between the Monte
Carlo-generated distributions and the data.

VI. LIKELIHOOD FITS

In this experiment, individual events are not re-
constructed kinematically. This means that the K°
momentum is not determined on an individual ba-
sis. However, the decay position is measured for
each event., The distribution in decay positions,

L, is given by
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FIG. 10. (a) Efficiency (A ,,,) for K,; detection as a
function of the decay position for both targets, (b) posi-
tion distribution for the 7*e”v events, (c) position distri-
bution for the 7”e*v events. Curves calculated from F*
and F~ are shown for three values of X. Distance is
measured from the beginning of the fiducial volume.

The target centers are at —1.5 in.
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G(D)= 3L
mL\ m
=f F(—p?)'i;dP,L)P(P)dps (Ta)

where F(¢) is one of the distributions (4) or (5);

p(p)dp is the number of K ° of momentum p pro-
duced in the target,

€(p, L) is the probability for the apparatus to ac-
cept a K° decay of momentum p at position L,

¢ is velocity of light.

Expanding the time distribution in a Taylor
series,

#(5¢)

cr(2) - (2) 2=

boC boc/) boc
l mL 2 rr g_"i.L_ ’ - 2 . ..
s [(G) Fregm ot

so that G(L) =G,(L) +G,(L) +- - - corresponding to
the various terms in the series. Then

GZ(L) = -

m’L ’ P = bo
Poic? F f p(p)e(p, L) —-‘p ap .

By choosing
[ p(p)e(p, L) dp
Jo(p)e(p, LYdp/p °

this term disappears, and the first-order term be-
comes

po(L) =

m mL
6= 2 F(;,—c) AL, (7b)

where A(L) = [ p(p)e(p, L) dp is the acceptance
function for decays of the specific type. This func-
tion was calculated with the Monte Carlo calcula-
tion described in Sec. V. The same calculation
gave p,. It was found, for all decay types, that p,
was independent of decay position, L. A straight-
forward calculation yields for the relative contri-
bution of the next-order term

G4(L) = %( ;—:)2 (F"+2F't)A(L),

where t =mL/p,c7s is the proper time for decay
in units of the K3 lifetime and o, is the standard
deviation of the momentum distribution for accept-
ed K° decays. The factor (F"t% +2F’t) is zero at
t=0 and =, and has absolute value less than one
for the distributions (4) or (5) in the region of in-
terest. Using the mean momentum for accepted
events (typically p,=2.25 GeV/c) and the standard
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deviation (typically ¢,=0.39 GeV/c), we find G,4(L) KO - ptety
<0.015A(L). For the K,, experiment, this third-
order term corresponds to less than about 1.5 Figures 10(b) and 10(c) show the position distri-
events per K J lifetime. This is negligible com- butions for the 1079 accepted K,; events. Assum-
pared to the statistical accuracy of the data (~200 ing CPT invariance (X, =X*=X) (Ref. 13) and using
events per lifetime). A calculation of the exact Ref. 14 for the values of the parameters 75, 7,
expression, Eq. (73), shows that and AM (AM=|AM |) the best fit of our data to
Eq. (4) gives
|G(L) =[G,(L) +G4(L) ]| < G4(L) ReX =-0.070+0.036,
justifying neglect of higher-order terms. ImxX =+0.107:3:3%
In order to determine the best values of the fit-
ted parameters, a maximum-likelihood search Figure 13 shows the likelihood contours. The X =0
was performed using the position distribution point has a probability of 25% relative to the best
G(L)=G,(L)+G4(L), according to Egs. (7b) and value, and is consistent with the data.
(7c¢). It is the results of these fits which are re- Table III shows the results from other likelihood
ported here. As a check, we determined the best fits made with a variety of assumptions. In partic-
fit using only G,(L). As expected, these results in ular, the data are consistent with CP T invariance,
general differed from those including the third- and with the accepted value of the K¢ -K § mass
order term by less than 10% of a standard devia- difference.
tion. The data are also consistent with negligible

TABLE III. Fits to the K, 3 sample.

Number
of
Run condition events ReX, ImX, Third parameter

Final result 1079 -0.070 +0.036 +0.107:0-%2 None
Positive electrons

only 672 -0.077+0.072 +0.016%)-180 None
Negative electrons only

(ImX_=-ImX,) 407 —0.045%- 334 +0.16820-%8¢ None
Am is a free parameter 1079 -0.081+0-93¢ +0.101:5- 24 Am7g=0.42425-0%2
K contaminations is a

free parameter

WNg=1-Ny) 1079 -0.056+0-9% +0.116+)-%82 Nz=0.00610-0%9
Reduce K—7* 7~ and

A'—pn~ by a factor of 3 1031 ~0.065%J: 834 +0.092%4: 3 None
Reduce Dalitz background

by a factor of 4.8 1066 —0.070%3: 334 +0.108%9- 18 None
Fix ReX at 0 1079 e +0.02:0: 038 None
Fix ImX at 0 1079 -0.036%0-% e None
Increase P, by 0.05 GeV /c 1079 -0.07819-334 +0.11229-980 None
Decrease P by 0.05 GeV/c 1079 -0.061+)-23¢ +0.107:J: %8¢ None
Move average production

point upstream by 0.25 in. 1079 —0.049:9-934 +0.104%0-292 None
Move average production

point downstream by 0.25 in. 1079 -0.085%8- %32 +0.09629- 22 None
Lower Monte Carlo

P, by 0.10 GeV/c 1079 —0.042+3-33¢ +0.072£9: 410 None
Asymmetry only 1079 -0.068+3-0%¢ +0.181:§: {18 None
Sum only 1079 —0.076+0-%88 +0.100:8:9%2 None
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backgrounds, as determined independently (see
Sec. IV), and are consistent with the absence of
experimentally induced biases. In particular, the
result obtained from the asymmetry alone is in
good agreement with the result obtained from the
sum of positives and negatives. [Because Eq. (7b)
is a good approximation to (7a), the asymmetry is
essentially independent of efficiency.]

Table IV (data taken from Refs. 15-25) gives a
compilation of experimental values for the AS/AQ-
violating parameter, X. The world average, ReX
=+0.016+0.021, ImX =-0.013+0.018, is consistent
with zero.

K-> n'nn®
The position distribution of the 148 accepted

K - m* 1~ 1° decays was fitted to Eqgs. (5) and (7).
The best value for W was found to be

ReW = -0.0540.17,
ImW =+0.39%3:3 .

The theoretical position distribution (solid curve)
with this value of W is compared with the data in
Fig. 11(b). The dashed line corresponds to the
distribution for W =0 and has a x? of 9.5 for 9 de-
grees of freedom. The likelihood contours for the
fit to W are shown in Fig. 14,

Table V shows the likelihood fits which are ob-
tained by varying the efficiency function, the mass
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FIG. 13. The best value for X from this experiment

(K, 3 data). Also shown are the contours corresponding
to the 1-, 2-, 3-, and 4-standard-deviation limits.

TABLE IV. K,; compilation.

Number of
K—~mlv
Group Method events ReX ImX Ref.
Paris (1965) Freon/Prop. B. C., K*N—K% 315 0.035+J:1} -0.21:0-11 15
Padua (1965) Heavy liquid B. C., K*N —K° 152 0.06:3-18 —0.44%J-% 16
Columbia/Rutgers (1965) H,B.C.,p—p 109 0.08:9-18 0.24:5:49 17
Penn, (1967) Sp. chamber, 1 —K'A 116 0.17+3-18 0.00 +0.25 18
Brookhaven/Carnegie (1970) D, B. C., K'N—KYb 215 0.12+0.09 —-0.08 +0.07 19
Berkeley (1971) D,B.C., Kp—=KN 252 0.25%3-% 0.00 +0.08 20
CERN/Paris (1968) H,B.C., p—p 121 0.09:8-13 0.22:4:29 21
San Diego (1969) Sp. chamber, K*Cu—K° 686 0.09:0:14 -0.11:8-19 22
Caltech (1971-72) Sp. chamber, 7~ Cu—K? 1079 -0.070£0.036  0.107+3-%2 23
This exp.

Illinois /Northeastern (1971) 7~ C—K°A 342 -0.13 £0.11 —0.04 =0.16 24
CERN/Orsay/Vienna (1971) K'p—K%w* 5800 0.05%3-021 —0.01 £0.02 25
Average 9187 0.016+0.021 —0.013+0.018

¥ =17.3 X2 =10.7

with 10 d.f. with 10 d.f.
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cuts, and the input parameters to Eq. (7). The ef-
ficiency function was changed by twice the expected
error from statistical and systematic effects in the
Monte Carlo calculation. The 27 mass cut was
moved to a place where the background from Kg
decays would be doubled. These variations changed
W by a fraction of a standard deviation. The chang-
es in W from movement of the p7 mass cut are
consistent with the change in the statistics.

Table VI (data taken from Refs. 26-34) shows a
compilation of experimental values for W. The data
are quite consistent and give an over-all average
that is consistent with zero: ReW =+0.10+0.09;
ImW =+0.24+0.16. However, this compilation does
not completely rule out a sizable CP violation as
discussed in Sec. I.

VII. CONCLUSIONS

Our best fit to the final sample of 1079 K,
events gives

ReX = --0.070+ 0.036 ,

ImX =0.107%3-3%2, FIG. 14. The best value for Wfrom this experiment

X . . X . (K — 37 data). The 1-, 2-, 3-, and 4- standard-
The time distributions are consistent with CPT in- deviation contours are shown. The 3- and 4- standard—

variance [(X, —X*)=0]. The errors from syste- deviation contours do not close in the lower left-hand
matic effects and backgrounds are small compared quadrant for |W|<1.5.

TABLE V. Fits to the K — 37 sample.

Number
of
Run conditions events Rew Imw

Final result
M <0.38 GeV, M, >1.2 GeV 148 -0.05%0.17 +0.39%0-32
My <0.36 GeV, M,>1.2 GeV 129 -0.01:3:% +0.2510:4
My <0.42 GeV, M,>1.2 GeV 162 +0.08%5:12 +0.3023:32
My <0.38 GeV, M,>1.15 GeV 170 +0.04:0-11 +0.4328:31
My <0.38 GeV, M,>1.25 GeV 116 —0.02:0:31 +0.15%8:3
My <0.38 GeV, M,>1.3 GeV 85 -0.01:4:33 +0.53:3:48
merease S o)

by 30% Y 148 -0.01:0:%, +0.30%:3

efficiency slope

Decrease average efficiency

by 40% 148 —0,17+0:15 +0.50%0:3¢
Increase p, by 0.1 GeV/c 148 -0.06%3-% +0.39:3:33
Decrease p, by 0.1 GeV/c 148 —0.0419-1¢ +0.39:5:3
Move average production

point upstream 1.27 cm 148 -0.042%-8 +0.39%3:3

=0.35
Move average production

point downstream 1.27 cm 148 -0.09:9-18 +0.39%%:3,
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TABLE VI. K — 37 compilation.
Number of
K — 3rm

Method events ReW ImW Ref.
B. C., K*"d—K%p 99 0.47+0.20 -0.10%3-37 26
B.C., Kp—K% 50 2.7558:8 +0.558: % 27

W=0at 2 s.d.
Heavy liquid B. C., K 'n —X" 190 Re aes +0.3450:18 28
Assumes ReW =0
Compilation of results
of Refs. 29 and 30 by
Ref. 30 71 0.05+0.30 -0.15+0.45 29, 30
B.C.,K*'p—K"+p +7" 98 0.01%0-32 +0.3320-4% 31
Wire chamber, K*p ——K°+p +7t 400 0.45+0.35 0.05+0.35 32
Spark chambers, mp — A +K° 99 —0.09+0.19 +0.56+0.43 33
T~ Cu—K° 148 —0.05+0.17 +0.3910-3 34
This exp.
Average 1155 +0.11£0.09 0.24+0.16
x?=10.0 with X2 =2.7 with
6 d.f. 7 d.f.
with the statistical error. Relative to the best fit, ACKNOWLEDGMENTS

X =0 has a probability of 25%.
The best fit to the final sample of 148 K — 7* 7~ 7°
events gives

ReWw =-0.05+0.17,
ImW =+0.3943-35

-0,37*
This result is consistent with CPT (ReW =0) and
CP invariance (W =0). Again the systematic ef-
fects and the backgrounds are small compared to
the statistical error. The probability of W =0 is
30% relative to the value of the best fit.

The best compiled value for X indicates that any
AS/AQ violation must be small (<0,05), and is
unlikely to be maximal in any sense. The best
value for W, on the other hand, still allows for
substantial CP violation in K — 37 decay.
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