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v +p-Zo+K, Zo-y+A, A-p+v

(1360 events). (lb)

Experiments to determine the magnitude 5
of the E, -E, mass difference have used two
essentially different methods. These are as
follows:

(I) Strong interactions. '&2 —Starting with a
sample of K' at time t =0, one detects the sub-
sequent time development of K by means of
secondary strong interactions. Three published
strong-interaction experiments' ' give the fol-
lowing results (the units are inverse E,' life-
time): 5(10, 5=1.9+0.3, and 5=1.5+0.2.

(II) Coherent regeneration. "~—Starting with
a K,' beam, one detects ~+~ decays from K,
coherently regenerated in matter. Five pub-
lished coherent-regeneration experiments' '
give the following results: 6 = 0.84,",„0.55
+ 0.10, 0.82 + 0.12, 0.82 + 0.14, a,nd 0.50 + 0.10.
Thus there has been a discrepancy of more
than a factor of two between the average of
the values of 6 obtained through strong inter-
actions and those obtained through coherent
r egeneration. "

In this paper we report a new measurement
of 6 using the strong-interaction method. The
K a.re produced in the Alva. rez 72-inch hydro-
gen bubble chamber by associated-production
reactions involving a visible A decay'.

+p-A+A, A-p+~ (5860 events), (la)

and

The time development of E intensity is detect-
ed through the secondary interactions

Ko+p -A+m

—zo+~'

—Z++ 7t'

(25 events),

(19 events),

(9 events),

(2a)

(2b)

(2c)

-A+w++w' (4 events),

- Z++ v++7t (1 event),

-A+v++y (1 event).

(2d)

(2e)

(2f)

Our statistics are limited (59 events), but we

believe that the experiment is free of sources
of systematic bias. We find (in units x, , with

T, =0.88x10 "sec)

6 =0.65+ 0.30. (3)

Our result (3) is in poor agreement with pre-
vious determinations of 5 using strong inter-
actions, ~&' and in good agreement with deter-
minations using coherent regeneration. ' "

We conclude that the strong-interaction and
coherent-regeneration methods give compatible
results. A least-squares average of our result
(3) and those of the five coherent-regeneration
experiments gives 6=0.64+0.06, with y =7.3
giving a y' probability of 0.20.

The events are described in Table I. Their
time distribution is shown in Fig. 1. Our like-
lihood function for 5 is shown in Fig. 2, together
with the results of other determinations.
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duced with the K; symbols after the comma give the
Z'-p interaction products; parentheses indicate an
invisible A decay; ZD and Z+ mean Z+ m +p and
7r++n, respectively.
Event Type t I

Kp

iz3.6+ 4.8
54'1.7+ 5.6
6 25.5+ 9.7
Z93.8+ 3.7
6o4. 8+ 5.4
140.2+ 1.6
2Z4. 5+ 5.3
124.4+ Z. 3
573.9+ 6.1
549.5+ 3.8
297.1+ 2. 8
401.1+ 8.8
239.2+ 3.5
557.7+ 5.1
369.4+ 6.0
26 5.7 +12.4
378.0+ 4.9
59o.6+ 7.3
740.0+ 5.6
630.4+ 5.3
493.1+ 7.4
745.7+ 6.9
815.0+ 6.Z

766.9+ 6.4
86.7+ 3.7

117.6+ 7.8
717.0+ 6.3
563.3+ 5.2
3'l 5.5+14.8
299.8+ 6.7

75.5+ 4.Z

651.7+ 7.3
768.9+ 7.Q

262. 9+ 3.6
655.5+ 6.5
Z8O. 4+ 2.4
z63.7+11.o
191.5+ 3.5
318.5+15.4
516.5+ 6.2
54o.6+ 5.5
496.1+ 5.5
586.1+ 5.3
57 3.8+1Z. 2
136.1+17.1
623.2+ 9.6
321.3+ 4.1
221.4+ 3.1
60Z. O+ 5.3
335.0+26.0
630.8+ 3.9
144.2+ 3.1
489.6+ 6.Q

144.8+ 3.9
447. 1+ 6.9
3Q5. 1+22.5
225.7+ 5.7
546.5+ 4.6
3o1.6+ 3.5

A, A~+
goer+

A, (Adn+
vr

A, A~+
A, A~+
A, x+~0
A:(h)-'

Rom+

A, A~+
ZQ, A~+
A, Am+

A, (A) sr+

A, Z++ mo

A, Am+

A, ro ~

A, Z++~o

A, A~+mo
A, z++mo

A, (A)m+
A Am+

A, (zo)m+
A, ro +
q* (Z~~n~

z 'zoic+
A, Am+

A,'Am+
Y

go god+
A Pm+

zo, zo~+
A, Z+m+m

A Am+mo

A, Am+

A, Z++vro

r,o, A~+
A, so~+
A, zom+

gOTr+

A,'Am+To

~, (A& +
(Qo) ~+

A, (A)~+
A', Am+no

A, z ~0
A, Z ~+
A (A)&
A, Am++0

~0 go~+

A, (Zo) v+
A, K++%0

A, A~+

go ~0~+
Zo, A~+

6.85
9.07

25. 14
9.43

42. pQ
38.46
3.82

15.5Q
14.97
9.78

zo. 16
5.38
7.5Z

12.24
11.99
5.00
3.Z6

15.11
z. o6
1.65
1.32
6.74
4 ZP
2.36
3.08

57.47
1.85
4.42
5.94
2.72

101.90
7.64

Zi. 55
9.93
2.28
8.93

10.38
9.44

39.43
9.05
7.67
8.55
3.86
6.51

32.67
4 7P

23.13
3.43
2, 95
2.8Z
7.81

2 l.80
4.64

16.37
17.ZQ

16.97
96.85
Z7. 38
14.40

516228
522520
553409
575094
591168
683291
683475
6&4525
6994zi
703249
714468
742199
771175
815263
818498
836282
839268
867z3o

1352419
1353067
1354371
l358016
1368592
1372223
1380336
l382488
1.385110
14Q5Q53
1405102
144O184
1446440
1461434
'l462557
1487194
1494zzz
17o844o
1714443
1715360
17163o4
17zz436
1725518
174I572
1754399
1754465
177Z600
1773159
1775496
1789342
1821055
1828522
1829392
1837574
1846420
1849021
1857z66
1859078
1859410
1868172
1878338

Z9. 79
17.54
27.40
20.t)9
42. 53
49.87
15.31
36.z8
ZO. 02
10.2Q
34.41
8.56
9.14

3Q. 51
13.85
19.56
15.65
17.38
6.o3

l4. 58
6.62

25. 19
13.46
3.61

10.44
70.50
6.73

1z.67
8.45

22.07
165.79

8.19
22.71
1Z.9Q
12.21
45.53
3Q. Z3
39.57
75.05
13.22
11.41
14.06
28.61
11.3i
3z.69
23.37
27.58
29.28
18.67
5.18

23.89
26.87
8.52

25.52
19.26
77.19

io6.zi
30.40
19.50

Table I. Summary of 59 events. t and T are the ac-
tual and the potential g -interaction proper times in
10 sec. PKO is the K lab momentum in MeV/c.
Under "Type," the first symbol gives the hyperon pro-
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FIG. 1. Time distribution of 59 X -p interactions.
The histogram is labeled with the number of events in
each interval. (No events were found between t =0 and

1 & 10 sec; four events with t & 40 & 10 sec are not
shown. ) The smooth curves correspond to 6 = 0.65'
(our best-fit value), to 6=0, and to 1.5m& with y&

=0.88 &&10 sec. Their shapes are given by I(t) of
Eq. (6), times the detection-probability factor e(t),
where c(t) is the fractional number of K production
events having potential time T greater than t.

The K 's were produced via reactions (1) by
incident II of 1035 and 1170 MeV jc. All single-
and double-vee events were analyzed. Then
all single-vee events were carefully re-exam-
ined on the scanning table. Scanners search
along the calculated direction of the missing
neutral for recoils, interactions, or decays
that may have been missed in the initial scan.
We consider AK' production, Eq. (la), and
ZPK production, Eq. (1b), separately.

AK' production. —The missing-K' direction
is known typically to within +0.4 deg in dip and

azimuth, and the missing-K' momentum to
+1 ~ 5

%%up
~ We scan along the missing-K' direc-

tion using a protractor, and provisionally ac-
cept all interaction candidates within +5 deg
in azimuth of the predicted direction. We be-
lieve our scanning efficiency is essentially
100%. Those K-p interaction candidates that
involve visible hyperon decays A-p+~, Z+

-p+ rrp, or Z+ n+II+ h—ave no background.
We also accept K'+p-II++(A) or IT++(Zp) where
the parentheses indicate that the A decay is in-
visible (the 11 events 553 409, etc. , in Table I).
In that case the 7I+ "recoil" is sometimes in-
distinguishable on the scanning table from a
proton recoil arising from an n-p scatter due
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FIG. 2. Likelihood function and results of this and
other experiments. The smooth curve is C(6) for this
experiment; the standard deviation +0.30 corresponds
to a decrease of Z by a factor exp( —2) from its maxi-
mum value at 0 =0.657& . At 6 =1.5z&, 2 is smaller
than its maximum value by a factor of 70. For 6 ) 2,
Z(6) is less than its maximum value by three orders of
magnitude. The results of the strong-interaction ex-
periments are shown as solid points: a (Ref. 4),
b (Ref. 5), and this experiment. The results of the
regeneration experiments are the open circles:
c (Ref. 7), d (Ref. 8), e (Ref. 9), f (Ref. 10), and

g (Ref. 11, assuming @&2 =0). The open square h
(Ref. 12) is the result of the leptonic-decay experi-
ment.

to neutron background. There are about 900
such candidates (i.e., about —,

' of the missing
K"s have a random recoil proton lying within
+5 deg). We measure the neutral tra"ck fr"om

the production point to the recoil and reduce
the amount of background by rejecting recoils
that give a neutral differing by more than five
standard deviations from the predicted E' di-
reaction. " The remaining 300 events are fitted
(1 constraint) to Reactions (2a) and (2b), as-
suming invisible A decay. They are also fitted
to the topologically similar reactions

events (5) were found. We do not use them be-
cause to do so we wouM have to assume CPT
invariance, which is otherwise not necessary
in this experiment. ' In addition, 54 three-body
leptonic decays were found. " For the reasons
discussed, "we use none of these in our deter-
mination of 6.

ZOK production. —The missing-K' direction
is poorly known (because of the undetected y
from Z'-A+@). We rescan these pictures only
for secondary interactions (2a) and (2b) involv-
ing visible A decay into p+ v, making no at-
tempt to find either Z+ decays or r+ recoils
not associated with a vee. The pictures are
clean (about 20 beam v per picture), and we
believe the second-scan efficiency is 100%
for these events. The background is negligible,
and there are no spurious or ambiguous events.

We do not use any events where the A produced
in association with the K in Reaction (1) does
not decay visibly. If we did, we could only
guarantee 100%%u~ scanning efficiency for K inter-
actions, independent of time t, by scanning
the entire film many times. As it is, no bias
is introduced if some associated-production
events are not detected, provided we find all
K interactions associated with our sample of
visible A's from Reactions (1). Another rea, —

son for demanding visible A's in Reaction (1)
is that we thereby completely eliminate the
possibility of an ambiguity between two possi-
ble production vertices. A third reason is that
the information from the A decay eliminates
some kinematical ambiguities that might other-
wise remain. "

For a K' produced at proper time t = 0, the
probability of a detectable E' interaction at
time t is proportional (independent of assump-
tions of CP or CPT invariance) to'

I(t) = exp(-X, t) + exp(-y, t)
K(neutral) +p -K(neutral) +p, (4) —

2 icos(5t) ]exp[ ——,'(y, + y, )t],

K +p -K++n, (5)

where in (4) the final neutral K decays invisibly
or leaves the cha.mber. Of the 11 accepted (A)v+
and (Zo)v+ events, S are unambiguous from
their kinematical fits; 2 are kinematically am-
biguous with Reaction (5), but were easily re-
solved by gap counting. An additional 6 events
are kinematically ambiguous with Reaction (5)
and are not resolvable by gap counting; these
are not used. 12 unambiguous charge-exchange

for 0 ( t ( T, where T is the potential proper
time (the largest value of t for which the inter-
action can occur within the fiducial volume).
For t) T, f(t) is zero. Given a detected K
interaction which we label with subscript i,
and given Tz, X» A.» and 6, then the a priori
probability that the interaction occurred at tz
within ht is given by

I(t)dt.

We form the likelihood function 2(5) = LL 2, ,
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where the product g extends over our 59 events.
This function is plotted in Fig. 2 and gives our
result (3).
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their excellent work. It is a pleasure to thank
Luis W. Alvarez for his interest and support.
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(within 1 standard deviation) between 6 = 0 and 2, then
decreased rapidly with no larger maxima at greater
values of 6. A later preliminary sample of 48 events
(including events without visible A decay at production)

gave Q = Q.6 0'46 [Bull. Am. Phys. Soc. 9, 433 (1964)]~

YEquation (6) is proportional to the I|. intensity in

vacuum. The correction to I(t) due to coherent regen-
eration in liquid hydrogen is negligible.

EXPERIMENTAL TEST OF TIME-REVERSAL INVARIANCE IN THE DECAY KL - m + P++ v+

D. Bartlett, C. E. Friedberg, K. Goulianos, and D. Hutchinson

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 27 December 1965)

In a, recent experiment at the Princeton-Penn-
sylvania Accelerator (PPA), we have investi-
gated the muon polarization tra, nsverse to the
~-p, pla. ne in the decay

K 0-m + p++ v.
L

The average transverse pola. rization in the
rest frame of the kaon is limited by time-re-
versal invariance to &0.01, where a. small non-

zero va, lue could result only from electroma, g-
netic final-state interactions. ' The observa. —

tion of a. transverse polarization larger than

0.01 would then indicate a. violation of T inva, r-
ia,nce in the weak interactions. In view of the
discovery' of the reaction KL - m++m, in

which CP invariance is violated, experimen-
ta, l tests of 7 invariance, especia, lly in K de-
cays, are currently of particula, r interest.

In general, time-reversal invariance requires
that the form factors for a decay be real. Re-
action (1) may be described by a strangeness-
changing current of the form (f+-g+)(qg +q~)
+(f -g )(q~-q~), where q~ and q~ are the

kaon and pion four-momenta and f and g are
the form factors associated with &S = &Q and

bS = -hQ transitions, respectively. ' In any

given decay, the muon is completely pola, rized
a,long some direction which depends upon a sin-
gle complex parameter $ = (f -g )/(f+ g+). —

The transverse component of this polarization
is given by

ters. As can be seen from Eq. (2), maximum
sensitivity to a transverse polarization is ex-
hibited by those decays where the m, p, , a.nd

e (which monitors the p, spin) lie in three mu-

tually perpendicular directions when viewed
in the K center-of-ma. ss system. Our appar-
atus is primarily sensitive to those decays
which, in addition to this configuration, have
their center-of-mass decay plane perpendicu-
la.r to the K bea.m. In the laboratory, the w

and p, a.re pitched forward, but the p. spin is
not drastically altered. C onsequently in the
events of interest, all three lab momenta, p,
p&, and pe, are primarily along the bea, m di-
rection and ca,n conveniently be detected by
counters whose planes are perpendicular to
the beam (see Fig. 1).

By using the indicated quadrants of counters,
it is possible to distinguish four types of events:
(1) p clockwise from m, electron forward;
(2) p, clockwise from m, electron backward;
(3) p counterclockwise from w, electron for-
ward; and (4) p counterclockwise from m, elec-
tron backward. A transversely polarized sam-
ple of muons yields an asymmetry of the form

ng +n4 n2 n3
7n, +n, +n, +n

where ns a,re the number of events of type i.

(P ) =1m/(p +xp +)/D,
p, cm. w p,

where D($, pz*, p&*) depends only weakly on

$.4 Thus the observation of a transverse po-
larization in any sa,mple of K decays would

indicate a, nonzero Im( and therefore a viola. -
tion of time-reversal invariance.

%e have investigated this pola. rization in
an experiment using plastic scintillator coun-

(2)

Pp

K-CENTER
OF

IVIASS

.e

Plane of
typica I counter

LAB

FIG. 1. Schematic representation of the detector.
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