
VOLUME lg, NUMBER 25 PHYSICAL RKVIK%" I.ETTKRS 18 DECEMBER l967

In conclusion, we want to discuss the impli-
cations of CP and time-reversal invariance
in the equations

(2 [T[R)=e ' iA2', (2[TIK) =-e ' iA, '*.i52'. i52'.

TCP invariance gives 6, ' = 5„whereas max-
imal TCP nonconservation gives 6, '= 6, + —,'r.
CP invariance gives ImA, ' =0 and maximal
CP nonconservation gives ReA2' =0, indepen-
dently of TCP invariance. Thus, as in the pre-
vious analysis, ' ReA, ' (ImAa') contributes to
a CP-conserving (CP-nonconserving) ampli-
tude. The implications of time-reversal in-
variance are summarized in Table I.

Further discussion on the implications of
Eq. (10) will be presented in a subsequent pa-
per.
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4The phenomenological analysis of the K 2m. decays
does not require substantial changes if TCP does not
hold. The physical states ~KI ), ~KS) may be written in
the following form in terms of )K~), ~K2): (KL,) = (K2)
+el )K&), )KS) —(K&)+eS)K2). Here, independently of
TCP invariance, a phase convention may be made so
that cl is real (TCP invariance requires EL, =E$). So
the analysis of KL 27r is the same as in the case of
TCI' invariance. On the other hand, in the Kg 2m de-
cays the contribution from the eS ~K2) term may be ne-
glected as of the order of 10 6 and again the situation
is the same as in the case of TCP invariance. The on-
ly significant change is in (I

~
S) —el +eS, which may

now be complex, whereas if TCI' invariance is as-
sumed (L

~
S) = 2e~ = real. However, the experimental

data, on (I.
~
S) are still affected by large errors, which

are comparable with the theoretical errors arising by
putting eg = ei. . The same considerations hold for the
phase y+ . A more detailed analysis of this point will
be presented in a subsequent paper.
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No ~ —n+l + v decay was found in a rapid scan of 550000 hydrogen bubble chamber
pictures exposed to a stopping K -meson beam. Based on the 260 Z —n+l + v
events found in the same scan, the upper limit (90Io confidence level) for the ratio of
Z+ to Z leptonic decay rates is 0.034.

We have scanned 550000 pictures of the Brook-
haven National Laboratory 30-in. hydrogen
bubble chamber exposed to stopping K mesons
at the Brookhaven alternating-gradient synchro-
tron for hyperon leptonic decays. A total of
260 strangeness-changing Z leptonic decays
have been found, but no corresponding Z+ lep-
tonic decays. After correcting for the differ-
ence in production rates and effective obser-
vation time, this gives a limit for Z-hyper-
on leptonic decays

The film is estimated to contain two million
Z and one million Z+ hyperons produced in

the reactions K + p -Z" +~. The scan was
for events in which the decay secondary from
the hyperon looked like a lepton rather than
a pion. The criterion for an electron candidate
(positive or negative) was that it be distinguish-
able by ionization, spiral configuration (a turn
through at least 180'), or having an energetic
knock-on. The muons were required to stop
in the chamber and then decay into electrons.
The scan criteria were identical for Z+ and
Z events and the kinematics are nearly the
same so we believe that the relative scanning
efficiencies for Z+ and Z leptonic decays are
the same.

Each potential leptonic decay event was mea-
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sured and then examined carefully by a phys-
icist. The bubble density was measured for
each positive electron track if there were any
possibility that the track might have been caused
by a muon or pion. Each stopping muon track
was examined carefully for m —p. kinks. In
order to eliminate spurious background events,
several criteria were used: (i) length of Z+
& l mm; (ii) residual momentum of Z at decay
& 80 MeV/c; (iii) lepton has a dip &60, or it
is an obvious spiraling electron; and (iv) hy-
pothesis K +P —Z++m for production of the
Z+ must have a good kinematic fit, and the
Z must be clearly visible in at least two views.

Further, each leptonic channel had an impor-
tant additional criterion imposed on the momen-
tum of the decay lepton in order to eliminate
physical decay modes of Z hyperons that are
not of the type Z+-n+i++ v: (v) For electrons,
Pe~ & 70 MeV/c; (vi) for stopping muons, 32
MeV/c & P+ & 80 MeV/c.

Condition (v) was imposed so as to eliminate
the decays Z+-e++ (A)+ v, where the A decays
via the neutral mode. [We found five events
of the type Z+-e++ neutrals with Pe+& 70 MeV/
c as compared with four expected, correspond-
ing to the sample of eight Z+-e++ A+ v, A
-P+m, events satisfying criteria (i)—(iv),
found in the same sample of the film. m]

The upper limit on P& in condition (vi) was
imposed on the stopping-muon events so as
to eliminate events of the type

Z -n+m, m -p +v, p. -e +v+7,

in which the m- p. decay event is not detecta-
ble. One can never eliminate from the stop-
ping-muon sample the rare but not complete-
ly negligible. possibility of the type

Z -n+w +y, m -p +v, p. -e +v+7, (2)

in which again the m - p. decay is not detecta-
ble. The lower limit on P + in condition (vi)
is imposed so as to eliminate p.+'s that arise
from stopping m+'s either from the reaction
chain (2) or from other spurious reactions such
as K-+P - (A)+~++~-.

The criteria (i)-(v) for Z+-e++ neutrals
events go a long way toward eliminating non

bS = —b, Q leptonic decay events, but inevitab-
ly a very small potential background remains.
For example an event of the type Z+-P+ w',

m -e +e++y, in which both the decay proton
and the e from the Dalitz decay of the m' are

too short to be visible, would simulate a Z+
-e++n+ v event quite satisfactorily.

Table I lists the results of this experiment
for the number of Z~ -l++ neutrals found to
date. Not one candidate of the type Z+- l++n
+ v, satisfying the criteria listed above, has
been found. To convert these numbers to a
ratio of &S= —&Q and &S=+&Q decay rates,
one needs only to know the relative number
of Z and Z+ decays in the film satisfying the
required conditions on the Z tracks. This rel-
ative number for Z's produced from (K,P)
events at rest is the product of the factors'

No. of Z produced 0.45
No. of Z+ produced 0.21'

and

Mean time of Z in interval observed
Mean time of Z+ in interval observed

Hence

Effective number of Z observed
9

Effective number of Z+ observed

Our observation of 260 Z - l + n+ v events
would imply that we should have seen 260/3. 9
= 67 Z+- l++n+ v events, if the rates of 4S
= -aQ and aS =+ AQ decays were equal. Hav-
ing seen zero such events we can conclude that
at the 90% confidence level, the b,S= —b, Q rate
is smaller than the bS =+AQ rate by the fac-
tor (2.3/67) = 0.034.

This result considerably sharpens the old-
er results on hyperon leptonic decay'~' which
implied an upper limit' of 0.08 for the ratio
of AS= —b.Q to b,S=+LQ rates. A few events
which are possible Z+ leptonic decays have
been reported (one e+,' one p,

+ in emulsion'
and another p,

+ in a hydrogen bubble chamber'),
but the number of these is not incompatible
with the irreducible backgrounds described
above.

Z+ n+e++ v (P & 70 MeV/c)e
Z+ n+p++ v (32&P & 80 MeV/c)

Total Z+ l++n + v

Events
found

Z Z

36 0

260 0

Table I. Number of Z* l~+ neutrals that satisfy the
criteria described in the text,
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As for b.S = —hQ leptonic decays for K mesons,
the limit w(K+-w++m++e +v)/w(K+-w++v
+e +v) (0.02 has been set.~ ln Ke,o decay,
the most recent result" is w(K'-w++e +7t)/
w(Ko-v +e++v) =0.07a0.05, less than two
standard deviations from zero.
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