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The situation is complicated by the fact that A,
and A2+ contain different admixtures of the | Al
=3 and 3 amplitudes (a,,, and as,), i.e.,

A" =378 ayp=3Y3 g,
A =2V2ay,+ V20,

If we assume that a,,,=0, as is suggested by
some theoretical models of weak-interaction cur-
rents, we can solve for 6,-5, obtaining

cos(6,-8,)=0.776+0.158
or

86, =0, =+ (39 T13)°.

-18

This is in good agreement with the phase shifts
obtained from peripheral-pion-scattering analy-
sis. The most recent compilation indicated -30°
+10°.8

Conversely, if we regard 6,-0, as measured,
we can solve for a;,/a,,,. The two solutions
are

-(0.065 £3-1%) and -(4.7£3:2

-1.57°
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Using K*’s produced by the charge exchange of K*, we have measured the proper-time
dependence of the decays K"— %%, Analysis indicates that a third-quadrant solution
for the phase of 71, is unfavored by more than 2 standard deviations. A first-quadrant

solution is acceptable.

We have studied the time dependence of the de-
cay K°~7°7° in order to measure the interfer-
ence between the K,° and the K,° components.
The decays K°~ntr— were also recorded. For
reasons which will be discussed later in this pa-
per, we choose to combine the charged and neu-

tral data to yield the time-dependent branching
ratio. To good accuracy for the conditions of our
experiment, this branching ratio can be written

B(t)=B[1+6]¢’| exp(t/27,) cos(emt-¢ )], (1)

t is the time in K° rest frame, 7,7'=2,=K,° de-
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cay rate, om =K,°-K,° mass difference, €’ =273
xIm(A,/A,) exp(6,-6,), where

A,=2r(1=2)|T|K®,
Ay=2r(1=0)|T|K®,

and §, and §, are the corresponding nm scattering
phase shifts (at the K° mass). B, is the branch-
ing ratio of the K,°. It is readily seen that the
CP-nonconserving interference term in the branch-
ing ratio increases exponentially with increasing
proper time. In essence our experiment com-
pares B(t~67,) with B(¢~37,). For orientation
purposes we can estimate 6|e’| exp(t/27,)~0.24
for t =67, using |€’| ~2x 1073, a value which
seemed plausible at the outset of this experi-
ment.

Several factors determined the choice of 67, as
the time of optimum experimental feasibility.
Superficially, it would appear more desirable to
concentrate on later times, where the interfer-
ence term is even larger. But it can be easily
shown that the ratio of the two-body decays to the
K,° - three-body background deteriorates with in-
creasing time. Furthermore, at early times the
higher counting rate compensates for the smaller
percentage interference, i.e., the information
content per unit proper time is almost constant.
In summary, the choice of 671, represents a com-
promise between three-body decay background,
processing a large amount of data, and other
secondary considerations.

Figure 1 shows the experimental layout. The
K° beam was produced by the charge exchange of
the Brookhaven National Laboratory alternating-
gradient synchrotron partially separated 2-BeV/
¢ K* beam in a 4-cm-thick W target. Veto coun-
ters A,,A,;, A, were used to define the K° produc-
tion. Both neutral and charged decays were de-
tected by the same scintillation counters D,E
and spark chambers located downstream from
the K° source. The main piece of detection equip
ment was a steel spark chamber, 5.4 radiation
lengths in depth, with 64 gaps. Counters D were
positioned in a slot at the 0.9-radiation-length
mark, i.e., after the 11th plate. Since the K°
- 7%° decay yields four y rays, the neutral de-
tection efficiency is high. A high percentage of
both V’s and y showers penetrate to the rear
counter E.

A decay interval of 25.6 cm corresponding to
31, was defined between the steel chamber and a
Pb-plus-scintillation-counter A, antiwall. This
antiwall suppressed early-time decays in both
the charged and neutral modes. The presence of
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FIG. 1. Experimental layout.

this material, principally the Pb, resulted in an
apparent complication. A coherent regenerated
K,° amplitude p was developed which added to the
residual, target-produced K,°. The resultant in-
terference term, in either the charged or neutral
modes taken separately, is of the same order of
magnitude as the (estimated) CP-nonconserving
term of interest. However, a cancellation oc-
curs in the branching ratio so that Eq. (1) re-
mains valid to good accuracy. This approximate
cancellation is not fortuitous but reflects the fact
that we are looking for a time-dependent depar-
ture of B(¢) from B,, the K ,° branching ratio, and
that such a departure is produced only by the =2
CP-nonconserving amplitude €’.

The separation between the anti wall and the tar-
get (Lo) was varied during the course of the ex-
periment. The target and its associated counters
S3,A,_4 plus the beam chamber were mounted on
rails and moved as a unit. The Cherenkov coun-
ter and S, were not movable. Data recording
was cycled between three regions:

(I) (2-5)7, interval. This is the small interfer-
ence or K,°-like region. We did not run at any
earlier proper time because our camera trigger-
ing was already saturated and the K°-direction
information deteriorates at smaller distances.
Two-body decays are dominant.

(I1) (5-8)7,. This is to be regarded as the in-
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terference region.

(1) (8-11)7,. Although interference is in prin-
ciple large in this region, the two-body decays
are swamped by three-body decays. For our
purposes, this is an almost pure sample of back-
ground.

All film was scanned by physicists. Neutral
showers were hand reconstructed at the scanning
table by the self-same physicists and transferred
to tracing sheets. These sheets, and the film V
events, were digitized by staff measurers on an
image-plane digitizer.

We are reporting 90% of the K* data. A third
as much data were taken with K~ producing K°.

It is not ready for publication at this time. It is
of interest to note that interference effects in the
K° system are equal and opposite relative to K°.

A detailed summary of the data reduction has
been given elsewhere.! Approximately 5000
charged and 3000 neutral decays survive the cuts
imposed on the data. For fitting purposes the de-
cay volume is actually subdivided and the events
in the end bins, i.e., those at the front and rear
of the 37, interval, are deleted. This is done be-
cause the edges are blurred by the relatively
poor resolution inherent in the neutral reconstru-
tion.

The charged events are filtered on the basis of
copunctuality of the pion tracks, Z position (z
=the coordinate along the beam direction), and
coplanarity of decay plane with respect to K° di-
rection. The three-body background is mostly
due to K,3° decays. The 7+ ~n° and K,3° decays
are directly identified and rejected during scan-
ning. The residual three-body background is in-
ferred from the data of region III.

Neutral events are sorted according to the num-
ber of observable y showers and the reconstruct-
ed Z position of the decay vertex. The 5y and 6y
events are interpreted as three-body decays, al-
though there is a small residual component of
two-body events in region I which have an accom-
panying or two from the target (anti-wall leakage).

The bulk of the 3y and 4y events in region III
are 37° events with missing y showers. These
missing y’s result from chance overlays, unusu-
ally wide angles, or low energies. Attempts to
separate the 27° from 37° decays with three or
four y’s observable on the basis of kinematics
have not been fruitful. We have adopted the con-
servative procedure of establishing the back-
ground rate of 3y and 4y events using region III.

Neutral events must be assigned a proper time

by the formula ¢ =R/c(By),,, i-e., the distance

from the target center to the decay point is divid-
ed by the factor By obtained from the mean mo-
mentum as inferred from the V decays. This
procedure then requires that Eq. (1) be folded in
with an appropriate resolution function. The
smearing of the oscillatory term of interest and
consequent loss of information is minor. The
phase change per K,° lifetime is only 27°. The
K° momentum spread is +15% at production. The
K° beam tends to harden up with increasing time
and the effective smearing at 67, is ~+20° of
phase.

The two- and three-body efficiences for both
charged and neutral events in the various regions
were calculated by Monte Carlo techniques. The
relative decrease in efficiency in region III rela-
tive to I is due almost entirely to solid angle,
i.e., the relative charged-to-neutral efficiency is
largely independent of position (L,). It is clear
that only the relative efficiency between the re-
gions is relevant. The lumped results are By
=2.22(1+0.032) and Byy=2.13(1+ 0.08). The value
for Bj is in reasonable agreement with the mea-
sured value? of B,=2.285+ 0.055; so the absolute
efficiency appears to be correctly understood
and evaluated.

No significant time dependence of the branching
ratio is observed in this experiment as can be
seen in Figs. 2(a) and 2(b). Limits on the magni-
tude of €’ can be inferred. This is shown in Fig.
2(c). For “plausible” values of §,~5,, the factor
which determines the phase of €/, we find

lel<1x107° (20°<g ,<70%,

ler] <1.5x107° (200°<g _, <250°).

These values correspond to the 90% confidence
level. The best value for 6,-6, extracted from
the mm-scattering phase-shift analysis is 30°
+10°.> Somewhat larger values have been quoted
in the past. Clearly, a larger 6,—6, would re-
duce our limits on [e’|.

One immediate conclusion to be drawn is

|ImA,/ ReA,| <0.06,

using the value of ReA, obtained from the K,°
branching-ratio analysis.?

Information on €’ can also be extracted from
the various experiments on CP nonconservation
performed in neutral beams using the relation
3€’=n,_-7Ng- The phase and magnitude of 7, _
are the best measured parameters in the phe-
nomenological scheme. We use |7I+_| =(1.90
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FIG. 2. (a) The distribution in distance (R) of the charged and neutral events, background subtracted. The break
in the essentially exponential slope is due to the regeneration effect in the Pb anti wall. The regeneration ampli-
tude adds essentially destructively for region II, (5-8)7;. The proper time ¢) is obtained from t=R/{Byclay.

(b) The distance (R) dependence of B obtained from the data of (a). (c) Equal-likelihood contours in the complex €’
plane obtained from the theoretical fit of B¢#). The phase of €’ is given theoretically by 3m—56,+06y (+0 or 7). Ma-
rateck et al. (see Ref. 3) give 69—062=30%+10° from the mr-scattering phase-shift analysis obtained using the Chew-
Low extrapolation technique. The shaded region is obtained from the relation 3€’ =14 -1 (see text). Note that a
first-quadrant solution for €’ corresponds to a third-quadrant solution for 7.

+0.05) x107% and ¢, _ =50°+ 10°.* For our pur-
poses these errors are negligible. Two circles
corresponding to conservative experimental
bounds on |7, are indicated in Fig. 2(c).* The
lower bound is of particular interest. We see
that a third-quadrant solution for 7,, is unfa-
vored by 2 standard deviations.’® The upper
bound then gives an improved limit on |e’| (<0.7
%x10~%). We can then infer that |ImA,/ ReA,|
<0.03.
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