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it has been clear for aome time that the experimeantal data relating to

strange-particle decays are suggestively close to the values predicted by

1,2

the Al = | selectiom rule, The largest discrepauncy has been between the

¥

predicted value of the braanching ratio

B PK,® - +al)pK, % -0 40+ P(Klo st es) o1/, (1)

3,4

and the observed values B = 0,14 % 0.06 by the Columbia group, and

54 These measurements are based

Q = 0.06 (one event) by the MIT group.
on the direct observation of electron pairs generated by the ve-deeay Y rays
in propane (Columbia bubble chamber) and in lead plates {MIT clouid chamber).

According to the Ka particle-mixture theory of Gell-Mann and Pals, one
has for the fraction of Klo.

1=K %E@ux’ =y, @)

(This result is expected {rom CPT invariance alone; . e., CP jovariance is

not needed. 6) Since it {8 known that the Zv modes constitute practically all the

0

short-lived (Klo) decayas, 3 and that KZ = 2% is segligible, 7 Eiqs. (1) aad (2)

can be combined to predict

&
Work done under the auspices of the U. S, Atomic Eunergy Commission,
1'Now at lstituto di Fisica, Usniversita di Padova, Padova, Italy.

sl‘iow at University of California at Lo's Angeles.
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, 0 + - 0
Rg = P(K,” = » +7 )/(all K') = 1/3, (3)

if the Al = 4 rule holds.
The experimental results {previous to the present experiment) are
Ry = 0.42 £ 0. 05 (Columbia propane chamber)> * and Ry = 0.46 £ 0.10
(Michigan propane chamber), ¢ Theaek are in poor agreement (two standard
deviations) with the prediction (3), but when combined with Columbia‘'s
. B/2=0.07 give £ = 0.49 £ 0.08, in gocd agreement with the particle-mixture
prediction (2). If one assumes f =1 (Eq. 2), and neglects other than two-pioa
decay modes of Klo. the Columbia and Miéﬁigan propane results for Ry
combine to give B = 1 - 2R, = 0.16 £ 0.10. This gumber can then be combined
with the independent Columbia value, B = 0, 14 « 6.06, to yield
B (Columbia, Mich.) = 0.14 % 0,05, (4)
This is in strong disagreement with the prediction (1), of the "pure"
al =  rule. It is clear however, that K -» 2x must also involve some Al = 3/2,
and (or) Al = 5/2. That is the state I = 2 as well as ! = 0 must be allowed in
the final 2uw system. Otherwise Kttt s wo would be completely forbidden,
The fact that the Kt - 2w decay rate is very much inhibited, compared with

the rate for Klo - 2n, namely, the reaultg

P,/P, u P(K'~20)/PK,% = 21) = 2.0x10°3 (5)

was of course one of the reasona for proposing the Al= i rule. The small
amount of Al = 3/2 (or 5/2) needed to accommodate the result (5) could then ,
perhaps be accounted for by electromagunetic interactions. Several authdral’ ?
have derived the relationships between ¥ J Pé. B, and the decay amplitudes
2, 24, and ag corresponding to Al = 4, 3/2, and 5/ Z. Provided one assumes
ag to be negligible, and takes into account the smaiiness of P _._/ Po. the results
9

reduce to
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1
\ 2

-
Bz%- & '&% ?-;-'-) cos & = %» % 0.049 cos 6, 6)

where § is the phase of ag relative to al; If time-revergal symmetry holds,
then'ds 6_2 - 8q- ch'éz and 60 are the w.n phase shifts in the final states

with I = 2usad I =0. lastead of Egq. (1) we then expect
0.28 £ B £0.38. (7)

This prediction atill disagrees with Result (4) by almost three standard
deviations. |

At the time of the CERN conference, we presented preliminary resnlta.
based on 450 decay events ohserved in our hydrogen bubble chamber, for RK.
and for the A branching ratio R,. 4 The a1= 4 rule predicts the value

Ry = P(AZ = p+ v )(all A) = 2/3. (8)

Our preliminery values were ia good agreement with the predictions (8) and

0 (] (Y

(3). We reported no results on the KI -~ a +% mode at that time and thus

.grfould not check the predictions (1) and (2).

We have now completed our analysis, and report on a total oi 1091 events.
Qur data show ne coatradictions with the predictions of the Al = { rule. On the
contrary they are in remarkable agresement with them.

We have observed 227 double eveuts (D = 227) in which both the A and

the Ko decay within the prescribed "fiducial volume!'® inside the chamber via

0 +

theiz charged modes A - p +7 and K, =« + % ., There are 594 events in

1
which only the A is observed to decay via its charged mode (A = 594), and
270 events in which only the Klo is observed to decay via ite charged mode
(K = 270). For each of the 864 single V's, the production and decay dynamics

of the obeerved particle checks with the hypothesis of associated production
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via either v +p ~» A+ KC' (A production)or v +p - £% 4+ x© (Eo
production).

For a given production point x, y, z in the fiducial volume, a known
production mode (A or z:°>, a given production polar angle € aad azimuth $,
in the c.m. system, a given incident ¥~ momentum and direction, and given
values for the K 10 and A lifetimes 7, and 7,, we can calculate the
probabilities e (K) and ¢(A) for detecting the charged decay of KlO and A,
The probability, per asesoclated production, for detecting a double V is then
Ryt (K)RAs (A); for detecting a single K is R« {(K)1-R A° {A)), and for a single
Ads RAe (A)(laRxﬁ (K)). If D, K, and A’ére the cbgerved doubles, single K's
and single A's, the number of "true' associated productions, a(true), and the

branching ratios RE( and RA are then given by

, 9)

nitrue) = A + D)éx + D) ;5 QK)
D o (K)
Ry® XFD  TORr - (10)
and
. < D T(A) A
- Rk ® B¥D ?tALET' : an

where ¢{AK) = ¢{A)e(K), and where the bars on the ¢'s are not needed for the
dgngle production point, single @&, etc., mentioned above. If now we take the
bars to represent an averaging process over smoothed true distributions in
production point, angles 6 and ¢, © momentum, and production type, the
maximum-likelihood method tells us that Eq. (9), (10), and (11) still held.

It is important to use smoothad 'true" distributions rather than '"observed’
distributions in the averages. We use observed horizontal and vertical incident-

pion distributions, and assumed uniformity along the beam direction, to average
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over prbdmﬁon position. We agsume a flat distribution in ¢ ¢which agrees
with the data), and use smoothed c¢.m. distributione in 6 obtaived by a
maximum-~likelihood fit of the data to s and p waves, for each production
mode and at each incident pion energy (the data are well fitted). Because
of the correlations involved, ¢(AK) does not equal &« (A)(K).

In calculating the ¢'s, we reguire that for a A or iff.lo to be ‘‘obeervable"
its charged decay must occur beyond 0.3 cm {rom the production point aad must
also lie within the fiducial volume. The fiducial volume ig delined by the
reguirement that all decay tracks be long enough for us to make unambiguous
particle identification., In the small fraction of cases of single V's in which
the production and decay dynamics of A and KO overlap, we use ionization
me asurement on the positive decay fragmeant to distinguish protons {A decays)
from ﬂ'+ (Klg decays).

The calculated averages of the ¢'s vary by only a few per cent ovar the
entire incident- piovn momentumn range, and vary by only a few percent between
the: A and Eo production modes. Therefore we quote here only the *grand

average' over all the "rue' distributions, which yields the calculated values
e(K), (L), <(EA)=0.730, 0.652, 0.522.

In performing the averages we uged our lifetime values Ty = 0.94 = 0.05 x 10 10
sec and TAS 2.72 % 0.16X w‘w sec. We also calculated the derivatives with
respect to lifetimes, with the resuus”’amax = +0.193 &lav, and
A\InRA = + 0. 149Alnvy,. The contributions of uncertainties in lifetirmee to the
uncertaiaties in !&K and R A are negligible.

The observed counts, D, A, and K muest be corrected for scanuning

inefficiency. Let e« 2 and ¢, be the gcaaning efficlencies for double V's aad
%

gingie Vg in the "'observable' region. We determined ¢ z and < by rescanuning
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appr;ximately 30% of the {ilm. In the rescanned film, and corresponding to
the "observable' regioa, there were 84 double V's found in both scans, one
found in the first but not the second, and none found in the second but not the
first. There were 209 aingle V's found in both scans, one found ia the first
but not the second, and 9 found in the second but not the first. We average
these resgults to obtain
¢, = 0.995 £ 0.005- and ¢ = 0.976 « 0.008.

In Egs. (9), (10}, and (11), we then replace D, A, and K by Dfe 2 Afe 1
and K/e ;> and fold in the errors in e, and « . '

In order to check internal consistency, ‘RK and RA were sdparately
calculated for each incident-pion momentum, and scparately also for the
A eed Eo production modes. The velues at the various moménta. 0.9% and
1.03 Bev/c (elow £0 threshold), and 1.09, 1.12, and 1, 23 Bev/c {above'

0

threshold) agree well within the errors; and similarly the momentum-
averaged Ai-poduction resulty agree within one-third standard deviation with

the Eﬂ-'productien results. 1l we therefore pr.esent only the “grand average"

results,
n{true) = 2020 4 100, {12)
N R, = 0.627 & 0.031, (13)
'RK = 0.339 £ 0.020. (14)

Result (13) is in excellent agreement with the Al = { prediction of 2/3, and

is elso in good agreement with other determinations by groups at Columbia, 3,4

34 and with results of the Berkeley K~ capture experiment. 4

Michigan, 4 MIT,
Result (14) is in good agreement with the prediction (3) of the "pure’
Al = { rule, and in poor agreemeant with the Gmlumbia3 and Michigan* values of

0.42 2 0.05 and 0.46 % 0.10.
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¥e turn now to the KIO - uo +1 nQ mode. Although our liquid hydrogen

bubble chamber is not well suited for the detection of n¥ gamma rays, it does

0 eetve + y. We have seen one case in

‘easily detect the "Dalitz decay" v
which a k? undergoes a neutral decay in association with a charged A decay.
One of the decay wo'a then emits a Dalits electron pair., Also, in spite of

the chamber's poor detection efficiency for y rays, we have geen in the eatire
experiment two events in which a Ko decays neuﬁally. in association with a
charged A decay, where one of the wo- Yy rays subsequently produces an electron
pair in the liguid hydrogen. We calculate the conversion efficiency by
calculating the wa-y-ray apectrumn for the entire experiment, using the known

: 1{9 momentum distribution, and assuming isolropy in the 1{0 decay and “‘0
decay. After iclding wWith the cross section for pair production from bydrogen
we obtain an average y-ray energy of 130 Mev, and a corresponding conversion

3
7 cm?® per hydrogen atom. 'The average hydrogen

cross section 11.1 X 1072
path length i3 6.7 cm. %e thus find a detection efficiency per KIG of 1.0X10°%,
The Dalitz-pair detection afficiency per I{lo is about 2.5% 10'2. Combining
the one Dalitz pair and two electron ¢oaversions, our three events correspond
to 3/3.5X% 10'2 = 86 % 50 decays, presumably K;a - V4 ao, associated with
a charged A decay, and in which the 1{0 decay occurs inside the sarne
Yobservable' volume that we define for detection of the charged decay. The
. number of accidental counts due to chance coincideaces from unassociated
el ectron pairs was estimated from the {reguency of pairs, and the chance of
fitting the decay dynamics. The result is that less than 0.2 accideatal count
is expected. (No correction was made.) Uuring the entire experiment there

0

were 227 decaye K~ ~ a’ 4", associated with charged A decays. Iberefore,

independent of agsumptions as to the value of f = Hlu/ (all I{Q). and independent

of the escape correction ¢(K), we find for the fraction of neutral Klo decays
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B = 86/(86 + 227) = 0.27 = 0.1}, (15)
whicﬁ is consistent with Prediction (7), 0.28 € B £ 0.38.
We can combine our Results (14) and (15) to obtajin
, £ = X,%(at1 K% = 0.47 « 0.080, (16)
in good agreeﬁght with the particle-mixture-theory prediction of . If we
agsume f = 4 we can combine our Results (14) and (15) for the charged and
neutral modes to obtain the weighted average
B =0.316 +0.037. (17)
This result is in poor agreement with the Columbia~Michigan Result (4), but
in good agreement with the A4l =4 Frediction (7). 12
We next consider the decay A —~n + wo. Corresponding to thiz decay
we have found two Duiitz pairs and one y conversion. In each case there was
zau assoclated charged Kle decay. The three events correspond to 171 & 100
deceys, presumably A -+n + wc. By combining these with the 227 double
V*s we find
Ry = 227/(227 + 171) = 0.57 £ 0.14, (18)
which is to be compared to the AI= ! prediction of 2/3. Of course, since
we have good reascn for believing both that the associated-production hypothesis
is valid and that there are no prominent decay modes of the /£ other than the
two considered here, the last result is merely a check, with poor statistics,
of the Result {13) for the fracticn of charged A decays. Ve can accordingly
commbine Results (18) and (13) from the neutral and charged modes to obtain a
weighted average

RA = 0,624 % 0.030,

Fiaally, Dalim‘ and Pris and Treimanl3 point out that if the Al =

§riee

rule ia valid, the rate of decay w(K* - 3u)is equal to the rate w(KZO - 3u),

If, as seemas likely, the final 3w space states are symmetric, then
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wik,® = «%%0) = 3/20w(, % «*5"10), oo that AL = § predicts

wik, %= a*5"x?) = (2/8)w(K" = 3x). In addition, the decay rate w(K,? = v*a"x0)

should be exceedingly small compared with the KZG rate, 13

may attribute any observed ateu® decay to the Kzo.

0

80 that we

0

We have seen one decay of the type K~ ~ vt 45" 41, The event was

asgociated with a charged A decay. However, we would have easily detected

this type of decay if it occurred as a single vee, 14 Corresponding to the total

aumber of agsociated productions, n{true) = 2020, there should be 1010 Kzo'a.

15 16 8

From the known K' branching ratios”~ and lifetimee” one finds

6 }, 80 that the Al= 4 rule predicts

6 sec™ ).

w(K® = 3¢) = 6.0 £0.36X10° sec”

0 +

w(K - % w"wa) 2 2.4%10 The average proper potential time for

0“‘ 10

2
Ko'a averaged over the whole experiment is 3.5X1
6 «10

gec. We therefore

0
2

‘expect to find 2.4X10°%3.5 % 1071%% 1010 = 0.85 £ 0.10 decays K. %« »* + u” + °,

QOur single event thus correspoads to

to 1Y) @ 2.8 % 10° gec™!

17

W(Kzo - n
and is consistent with the Al = { rule,
In summary, we find that our 1091 associated-production and decay
events are in remarkably good agreement with the predictions of the Al = { rule.
This makes the total experimental ‘evidxce for &1 = | fairly impressive:
(a) The decay &~ = n ¢ u occurs, if at all, much less frequeatly than
E"-» A 41u. This can be understood if the 2 has I = { and the Al = { rule
holds.
: {b) The strong inhibition of l(+ - 2% relative to Klo - 2w follows from the
Al = & rule, if the K has zero spinand I = §.
(c) The admixture of Al = 3/2 required to admit the observed K+ - 2 rate is
in good agreement with our Klo ~ 2% branching ratios.

(d) The A braaching ratio agrees with Al= {,
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(e) The branching ratiols’ 2 P(K+ AT u*)/P(K‘* -t s Zuo) agrees

with &4l = 4,

18

{(f) The results of Cocl et al. on E* decay asymmetry are moet easily

. explained by (but do not require) &1 = 4,
(g) Our one Kze - wr+ +u + wo agrees {as well 20 one event can) with

al= 4, 17
We wish to thank Lauis W, Alvares for his interest and support, aad

Don Gow saand Hugh Bradner for their assistance.
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