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Table I. q decay for various quantum numbers.

Quantum
numbers I ~T

~
rule Tfinsl

Relationship
to v decay

T=O, 0

T=O, 0
T=1, 1
T =1, 2++

0, 2

0, 2

1

0, 2
1 3
0, 2

Charged mode sim-
ilar to 7' (or vo}

None
None

None

*M ork performed under the auspices of U. S. Atomic
Energy Commission.
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structure of the decay amplitudes for K and g
is determined by the final-state interactions. If
either of the amplitudes contains important in-
trinsic P-wave structure, the terms in the re-
spective spectra which should be compared are
not the linear but rather the quadratic terms
calculated, for example, by Barton and Kacser. "
For these terms the correspondence still. holds.
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G. Feinberg for interesting discussions.
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EXPERIMENTAL TESTS OF THE 61= s RULE, AND THE hS =+6 @ RULE
IN THREE-BODY DECAYS OF NEUTRAL K MESONS
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(Received May 31, 1962; revised manuscript received June 27, 1962)

%e present the results of an experiment using
the three-body decays of netural K mesons to test
three rules that have been suggested to hold in
str ange -particle decay:

1. The rule' ' b,l=-,'(NL), for nonleptonic (NL)
decays. This rule is in agreement with many ob-
servations. '

2. The rule' nf = —', (L), for strangeness-changing
leptonic (L) decays. Here hI refers to the isotopic
spin changes of the strongly-interacting particles.

3. The rule' h.S =+bQ, correlating the changes
in strangeness (S) and charge of the strongly-
interacting particles in 8-changing L decay.

The rules nI= ,'(L) and bS =+6—,Q are not inde-
pendent. Three amplitudes a(~2, 2~~), a(s, 2~~), and
a(~s, -',) suffice to describe L decays of charged

and neutral K mesons. Here, for instance, (& -,')
means 4I= 2 and Mz = „where AI is the isotopic
spin difference between the initial and final state,
for the strongly interacting particles, and can be
thought of as carried by a %entzel "spurion. "'
The amplitudes are assumed to be independent
of the sign of AIz. Assuming CP invariance, us-
ing standard spurion technique, ' and letting L
stand for either an electron or a muon, one has,
after cancelling a common factor, the decay rates

I'(K' L+) =I'(K' L ) = lal'= l-2a(l2, &)+a(&s, ~) ),
F(K' L+) = I'(K' ~ L ) =

I a I
' =-

I 6~a(-', , -',) I ',

r(K+ -L+m'v) =- I+(L+) = I ~2a(g, g) + ~2a(g, g) I'.
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For the K,' and K,' rates we have

r, (L+) =r, (L ) = 12Ia+a I'

r, (L+) = r, (L ) = -', I a —a I '.
The rule b,S =+A@ forbids K' L and K' L+ and

is equivalent to a(-,', -,') =0. It thus predicts

The rule AI = 2(L) corresponds to setting both

a(2, -,') =0 and a(2, &) =0. Then, in addition to
Eq. (1), one has

r, (L') = 2r+(L+),
where

r, (L ) = r, (L+) + r, (L ) = I a - a I'.

(2)

Thus, if we sum over e and p, decay modes, and

use the known K+ lifetime (footnote a, Table 1)

and branching ratios, '~' the rule AI = y(L) predicts

r, (L~) =(16.5+1.18) X10' sec '.
In an earlier experiment, Crawford et al. ' ob-
tained on the basis of 8 events r, (L+) = (20.4+', ',)
x10' sec ', compatible with the prediction of

Eq. (3). Their result was obtained, however,
under the assumption of Eq. (1), that is, under

the assumption of the rule bS =+hQ. Recently
the rule AS =+A@ has had its first test, in an ex-
periment by Ely et al. ,

"and apparently failed.
In the present experiment we test all three

rules, using K produced in the Alvarez 72-inch
hydrogen bubble chamber through the reaction
w +p«A+K (p =1.03 BeV/c). We study those
cases where the K subsequently decays into one
ofthemodese n v, p. m v, ore m m, inasso-
ciation with a visible A decay, A ~p+~ .

Let N(A) be the number of visible decays A «p
+w (whether or not the K' undergoes visible de-
cay). Let t be the time after K' production, meas-
ured in the Ko rest frame, and e(f) be the prob-
ability for observing a three-body K decay, given
a A decay. Then the number of decays, either L+
or L, (L, L ), in time interval dt is given by

dN(L, L )

(A)e(t)dt {-',la+ a I'exp(-f/T, )

+ -',
I a - a I a ( I a I' -

I a I ') cos(Amt) exp(-t/2T~) ),
(4)

Table I. Summary of predictions and experimental results.

r(r )
{10'sec-'}

r, (r )
(108 sec '}

r, (E. )
I'2K*}

r (++-)
(10 sec )

1 (+00}
(10~ sec x)

r, (+00}
1.+(++-)

r, (+-0}
(10 sec }

Other 8.25 + 0.59
experiments

20.4 g'g

8.5 +2.8
11.9 g't*, 4.65*0.15 1.39 +0.11 0.298 +0.025

f

This
experiment

16.50 +1.18

9,31 + 2.49 6,6 40
+8.0

O. 311g 2.87 +0.23

1.44 +0.43

We take the K+ lifetime to be (1.224+0.013) &10 sec as an average of the results of L. W. Alvarez, F. S.
Crawford, M. L. Good, and M. L. Stevenson, in Proceedings of the Seventh Annual Rochester Conference on
High-Energy Nuclear Physics, 1957 (Interscience Publishers, Inc. , New York, 1957); and V. Fitch and R. Mot-
ley, Phys. Rev. 101, 496 (1956); and 105, 265 (1957). We average the K branching ratio results of Alexander
et al. , and of Hoe et al. , reference 7, to obtain p+7I t =(5.07~0.54) Vc and e+mpv=(5. 01 ~0.47)%, and add these to
obtain the total I.+ fraction. We point out that although these two experiments are in good agreement with each
other, they are in poor agreement with the earlier branching-ratio results of Birge et al. , reference 8, who ob-
tain a total I + fraction of (6.0 ~1.6) %, i.e. , nearly a factor of two less than in the two later experiments.

bReference 9 as published, with assumption I
&

——I q.cReference 9 reanalyzed, with assumption I
&

——SI'2. {See text. )
See Eq. (2) and footnote a.e

fReference 10.
We average the K" branching-ratio results of references 7 and 8, and also 8. Taylor, G. Harris, J. Orear,

J. Lee, and P. Baumel, Phys. Rev. 114, 359 (1959).
hThe prediction is q(1.244) (see reference 20).
.See Eq. (11), reference 20, and footnote f.l
See the discussion preceding Eq. (15).
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where Am is the K,' -K,' mass difference, and

y, is the K,' mean life." We here omit a factor
exp(-t/v, ), since in our experiment it differs
from unity by at most about 1% according to the
previously measured value of 7,." Adding both
signs of charge in (4) we obtain for the total L
rate,

dN(L ) = Q(A) e(t)1ft &r,(L') exp(-t/T, ) + I', (L+)},

(5)

which is independent of hm.
Ne now describe our experimental procedures.
(a) We use all events with A ~ p+m, whether

or not a visible K,' or K,' decay has been found.
We accept only events from w +p~A+K, i.e. ,
none from Z'K' production are used.

(b) A second scan is performed along the direc-
tion of flight of the K', as predicted from the pro-
duction and decay of the A.

(c) With the double-vee events we first try to
fit a normal decay (and production) K,' ~11++m

using the least-squares kinematic fitting program
KICK." If that fails we try a one-constraint (1-C)
fit" to each of the six three-body-decay hypothe-
ses. (The K momentum is well known from the
AK production and the A decay. )

(d) The A and K production and decay satisfy
certain fiducial criteria, and both decays must
occur at least 0.5 cm from the production point.
In addition, a K decay is accepted only for 0.2 ~ t
~ 20.0 (in units of 10 "sec).

(e) Appropriate cutoffs are introduced in order
to eliminate fake three-body-decay events due to
normal K,' decay into ~+m, followed by a Coulomb
scatter or m ~ p, decay; or into m m', followed by
Dalitz decay" of the n' into e+e y. These and
several less frequent types of fake have, we be-
lieve, been eliminated.

No cutoffs are needed to eliminate fake K, de-
cays (due to K,') for t & 47„and none is applied
in the determination of I', . In determining I', /I',
one "certain" K,' (t =11.3) is cut off.

After applying the fiducial criteria, a sample of
about 5000 decays is reduced to N(A) =2703. Asso-
ciated with these are 27 three-body decays between
t=0.2 and 20.0. Four of the 27 events are m r m,
all with t &47„and are therefore due to K2 decay.
The remaining 23 events are L decays.

Since the assignment of decay mode is based on
kinematics alone, there is often an ambiguity as
to which of the four J. modes is to be assigned to
a given event. (There is no ambiguity between L
modes and m+w w'. ) The }f8 probability distribution

r, (L')/r, (L') = 6.6~' (7)

in rather poor agreement with prediction (1). The
calculated chance that I', (L) = I', (L) and that our
results are then due to a statistical fluctuation is
6 5g Iv~18

Our result' can be compared with the result of
Ely et al. ,

"who find

I', (e )/I'8(e~) = 11.9+', ,'. (8)

We thus support the result of Ely et al. , indicating
that the rule ES =+6Q is not valid.

Since Eq. (5) is invariant under the interchange
of a and a, our result (7) corresponds to"

a/a or a ja =+0.44+',",', . (9)

In order to resolve the ambiguity in (9) it is nec-
essary to include the information as to the lepton's

for the "best interpretation" on each event agrees
excellently with that expected for 1-C. In the few
cases where the identification is certain, because
of a stopping particle, the best interpretation (by
}(') is the correct one.

Because of the ambiguity in L assignment and

especially because of the small number of events,
we l.imit ourselves to testing the predictions of
Eqs. (1) and (3) without attempting to separate t1

and e, and without regard to charge ambiguity.
We consider first the prediction (3) of AI = -, (L).

From the 14 I, decays with 3.44 & t ~ 20.0 we find
from (5), with N(A) = 2703 and e(av) =0.67, the
result"

I', (L~) = (9.31 + 2.49) x 10' sec '.
Our result (6) differs by 2.6 standard deviations
(std. dev. ) from the prediction (3). We calculate
one chance in 53 for a statistical fluctuation at
least this large, "and therefore believe that our
data, are incompatible with the rule AI= -', (L) for
leptonic K decays.

Of the 14 K events used to obtain (6), two fit K'
~11+m y (and also L). If these were indeed wry our
result (6) would be reduced by a factor 12/14 and
would then be in even worse agreement with M
=-.'(L).

We thus find that at least one of the amplitudes
a(~, -',) or a(-', , ~) is not zero.

We next test the prediction (3) of the rule ES
=+6,Q. A total of 22 L decays satisfy the cutoff
criteria. Their time distribution is given in Fig.
1(b). To make a quantitative comparison we con-
struct a normalized likelihood function correspond-
ing to Eq. (5). We find
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FIG, 1. {a) Geometrical efficiency e{t) for detecting
K decay. The decrease at short t is due to the cutoffs
at 0.5 cm, and at 0.2&10 sec. At large t, &{t}is
the fraction of K's having potential time T &t. {b) Time
distribution of leptonic decays. The smooth curves are
predicted differential counting rates in counts per 10 ~0

sec normalized to 22 counts, for the cases I'~ ——I ~

{dashed curve) and I"~ ——9I ~ {smooth curve}. The best
fit has I'& ——6.6I'q, and is not plotted.

charge, and use Eq. (4). Only the events in the
first one or two K,' mean lives are useful, because
of the uncertainty in Am. Because of the small
size of our sample, and the charge ambiguity often
present, we are not able to resolve the ambiguity.
Corresponding to (8), Ely et al. obtain"

a/a =+0.55+o». (10)

We now compare our results with those of Craw-
ford et al. ' In that experiment, it was necessary
to use a value for I', /I', in order to obtain I",(L ),
since, because of the small (10-in.) chamber, it
was not possible to get rid of the K, decays by
going to large t. From the t distribution, they
obtained I', /I', =3.5+,",. But after that they as-
sumed I, = I', . They then obtained I', (L~)
= (20.4+", ,) x10' sec '. One of us has reanalyzed
that experiment, using I', /I', =9, a compromise
between our result (I) and that of Ely et al. , (8).
The result is I', (L+) = (8.5+ 2.8) x10' sec ', in ex-
cellent agreement with our present result (6).
[Our result (6) does not, of course, depend on
any assumption for I', /I', .]

In terms of the three amplitudes for (M, bIz) our
results for L decays can be summarized as follows:

(i) a(-'„~) and a(-,', &) are not both zero [from the
absolute rate I', (L*)].

(ii) a(~, ~) is not zero [from the ratio I', (L~)/
I', (L~) ].

Table II. Charge branching ratios in the decays K
-3~ and K& -37I. Intensities should be compared only
within a single state. There are two I =1 states of
mixed symmetry, both having the same branching ra-
tios. Similarly there are two I = 2 states, both having
mixed symmetry and having the same branching ratios.
Invariance under CP excludes the I = 0 and I = 2 states
for Kq . Charge conservation excludes I =0 for K .
Phase-space corrections are contained in reference 20.

3~ state
Symmetry

I of state
IC

{++-) {+00) {+-0) {000)

Totally
symmetric
Mixed

Mixed

3 Totally
symmetric

(iii) a(-,', -,') can easily be zero. [The best fit is
a(, g)/a(, —,') =+0.2.]

(iv) a(-'„-',) cannot be zero. [With a(~, -,') alone we

cannot fit both I', (L ) and I', (L )/I', (L ).]
We now turn to the rule AI= -', (NL) and its conse-

quences for the decays K+ ~ w+w+w (++-) and (+00),
and K,' ~ (+-0) and (000). If there are no restric-
tions on AI in the decay, then the final 37t states
available are those with I=1, 2, or 3 for K+ de-
cay, and I=1 or 3 for K,' decay. (Invariance un-
der CP excludes I=O and 2 in K,' decay; charge
conservation excludes I= 0 in K+ decay. ) Table II
contains the branching ratios corresponding to
each of these states.

If bI = -,'(NL) holds, then only the final states with
I=1 are allowed. From Table II we see that in that
case I', (+-0)/I" +(+00) = 2/1, and that this holds for
any one and also, it turns out, for any admixture
of the three symmetry states with I=l. (We are
indebted to Professor S. B. Treiman for this ob-
servation. )

After taking into account the phase space" we
have the prediction

I', (+-0) = 2(1.032)I'~(+00),

that is

I', (+-0) =(2.87+ 0.23) x10' sec '.
(See footnote f, Table I.)

We now compare this prediction with experiment.
Based on our four events K,'~ (+-0), we find

I', (+-0) =(2.66~1.34) x10' sec '.
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Our result (13) agrees with the prediction (12),
but is based on only four counts, so we try a sep-
arate approach. We first compare our ratio
I', (+-0)/I', (L ) with that of Luers et al. ,

"who

find

I'2(+-0)/I'2(L ) =0.155+ 0.022. (14)

Based on our 14 L decays Eg. (14) predicts that
we should see 2.2 decays into (+-0). This is not
in disagreement with the 4+2 seen.

It is reasonable to combine our rate 1,(L~),
given by (6), with the branching ratio (14) of Luers
et al. , omitting our four w+m w' as (relatively) sta-
tistically insignificant, to obtain a combined ex-
perimental rate

I'2(+-0) = (1.44+ 0.43) x10 sec (15)

This result differs from the prediction (12) by
2.95 std. dev. We calculate odds of about 100/1
against a statistical fluctuation this large or larg-
er, by the method of reference 16.

We therefore believe that our data, when com-
bined with K+ and K,' branching ratios from other
experiments, are inconsistent with the rule M
=-2(NL). This conclusion is independent of the
symmetry of the I=1 final 3m states.

As our final result we determine the total K,'
decay rate. We assume that all other states be-
sides the symmetric I=1 state can be neglected.
In that case, from Table II we find'

I', (000) = —',(1.218)I', (+-0), (18)

where again phase space is included. " Combining
our rate for I",(L+), the branching ratio I'2(+-0) /
I', (L+) of Luers et al." and Eq. (18), we obtain
the total K, decay rate

I', =1,(L~)[1+[I',(+-0)/I", (L~)][1+-', (1.218) ]), i.e. ,

I', =(13.38+3.62) x10' sec ', (19)

that is

v, = (I',)
' =(7.47+,'») x10 8 sec.

This result may be compared with the lifetime
measured directly by attenuation with distance
of Bardon et al. ,

' who obtain

T, = (8.1+,",) x10 ' sec.

Most of the predictions and experimental re-
sults are summarized in Table I.
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course of this work. We are indebted to Professor
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indebted to J. A. Anderson and J. L. Lloyd for as-
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to Dr. P. G. Burke for help in the computer pro-
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ONE-PION-EXCHANGE MODEL AND EVIDENCE THAT THE SPIN OF THE g IS EVEN

Allen E. Everett
Department of Physics, Tufts University, Medford, Massachusetts

{Received June 15, 1962)

A number of experiments now indicate that in
the rea, ction

there is a peak in the di-pion mass spectrum in

the vicinity of Eg = 575 MeV in cases where the
laboratory energy of the incident pion is less
than about 1 BeV; this peak is now generally
denoted by g. ' 4 Indications of the existence of
the f have also been observed by Sechi Zorn in
a different type of experiment. ' The g appears
to be singly charged' and thus to have isotopic
spin T = 1. Its spin has been the subject of some
discussion'~' and it is the purpose of this note
to point out that the existing experimental evi-
dence strongly suggests that this spin is even.

The argument is based on the fact that if the
spin of the P is odd, then it can be coupled by
strong interactions to a two-pion T=1 state.
One would, therefore, expect that the g would ap-
pear as a resonance in the m-~ cross section at
E~. This cross section has been measured as
a function of energy by Carmony and Van de
Walle who study reaction (1) for an incident mo-
mentum of 1.25 BeV/c. ' They make use of the
Chew-Low extrapolation procedure' and also
analyze the ~+ data. by applying the Chew-Low
formulas in the low momentum transfer part of
the physical region, a procedure equivalent to
assuming that reaction (1) is dominated by the
one-pion-exchange (OPE) diagram of Fig. 1 for
events with small momentum transfer to the
proton. This assumption is well justified ex-
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FIG. 1. Diagram
associated with one-
pion-exchange con-
tribution to reaction
(1}.
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perimentally for the m+ data by the excellent ex-
perimental agreement with the predicted mo-
mentum distribution for the recoil protons, and
also by the consistency of the total cross section
and angular distribution" obtained with the pre-
sumed T = 1, J= 1 character of the resonance
at about 750 MeV. The cross sections obtained

by extrapolation and those obtained directly
from the data in the physical region are in agree-
ment, and neither shows any enhancement in the
vicinity of E~, the measured cross sections fall
short by about a factor of four from what would
be expected from a 1= 1 resonance at the energy
of the (. Earlier measurements by the Berkeley
group" using the extrapolation procedure indi-
cated a possible peak in the m-7) cross section
in the vicinity of E&. These measurements in-
volved a lower incident energy and required an
extrapolation over a longer distance, so that it
would appear that the later measurements are


