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1 1,2,%

The selection rule Al = =5 . ie compatible with many observahons on the

nonleptonic {NL) decays of atrm&e (S?‘- particles.* Whether or not thie rule applies »
alaoﬁ to the s-changing 1eptonic (L) decays bas not baen esuhnuhed The ﬁrat ruults&

were compatible with tbe rule, under the asamp&ion AS =+ A Q

Thc rule AS = + AQ ha,s ucently had ita first experimental test, in L decay of

~ neutral K, and apparently failed, 8 o ’ |
A In the preaent expotiment we check all three rules indapendemly. ahy using

| K produced in the A.lvarez 72-inch hydrogon ahambaz through the reaction

I p- Af Ko We study thaee ca.us where the X subsequently &ecays into one of

the modes é*

~ Three amplitudec a and a(«z- f) éni!ice to ldgnéribe;lva__docaya.ofy
k" ana K°, where for instance G 2~) means Al=3, Al =3. Assuming CP
invariance, and aside from a com_mcm factor, one hm the decay ratﬂi

rL - P(R*L e hf= s peaGpl

r@®%Lt )» r&%r)s Bfe V8 2 HF and

T‘(K. -t w v_) = I‘,g (L‘) = | \I"Z—a(%,_%)»& Jia(s,%ﬁz

For the K 0 gmg Kz ratee we have a,

I, (L)a r, (L»)m fa+Cs:'3 .

nLh= 1w - '-2- la-3 12,



w2e ucm...xozae
The rule as =+ 4C is equivalent to@(z- ?’ w 0 and thus predicts

Ty (L) = Ty (L) . o (n
The Al = -é- rule aarrgapeu@ to”setting both s(«g— . %) = 0 and &Gg-. %—) = 0, Then, in
addition to (1), one has -

nwh=anuh, S ()

LA

where T,{L*) = L") + T,(L7) = [a -3 f

T!ma, if we sum over e and j deeay modes, Al w% pred&ms

~o

Ip(L*) = (16.5 & 1. 1a)><m6 sec” ‘ R B < ]

(&ee footnote a, Table L.) , : _
' Let N{A) be the number of visible éecaya A~ 9 X' (whether or not the KQ
‘undergoes visible decay). Let t be the time (in 10 eec) after K preduction. |

0

measuied in the K" rest t?rame.» and < (t) be the proiumity for observing a three-body

x9 deqz‘a.y.' given a A decay. Then the decay rate for Y or L7, (t, L"), is given by

vt Ly sl N{A) €t) dts 2‘5 a+ aia exp(-t/r,)
, _+2- a.-.a}zﬁ (-ﬁaﬁz-ﬁjz’ cosAmteap_ht/Zvﬂ}. | “@
where~Am ia the Kle - K;) -mau dift’er-ence, and T 'is the xlo mean life, 1

—— —

We

- here omit a factor exp(~t/ 'rz). since in our experi.ment it differs from unity by at
most about 1%, according to the previemhr measured value of ";'2. 12 Adding both
signs of charge in {4) we obtain for the total L rate,

L3

A | Cevie S Er o PR |
dN(L® ) = » N(A) eft) dt 1:‘1(13 )_e&p(—t/rl)+ra(L ¥, (5)

which {s independent of Am,
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- In order to check prediction {3) of the Me we look énly at L decays

~ with t >47 Then the K 0 L dcegy rate is neghg_ii}la (i_i turns out) and we can

A , ) | |
neglect the firet term in (5). Inthe AS/A O experiment to check (1) we examine
 the entire time distribution (5) to find T} (L)/T,(L). The normalisation 3N(A)
_thnreby cancels, "

Our experimental pracedure is to first try to fit o normal decay K, 0..,,’*.;,,, R

using the least-squsrac kinematic ﬁmag programs PANG and KICK.. 13 X£ tE// fails

we try a one-constraint (I-C} iit (the K momentum is well known) te each of the

\____ .

- eix threa-b@dy-deeay hypot}waeo. (See Taﬁd% n.)

The A and K production and decay mtut aaﬁafy cart:a.in fiducial volume criteria,
and_the decays must occur at least 0.5 ¢ from the production point, These criteria
reduce s sample of 5000 A decays to N(A) = 2703, In ad&mo‘ﬁ of ‘deacay i by |
definition visible only for 0.2<t<20.0. (See Fig. ’Iu.') )

| It is crucial, especially in finding the absolute decay rate I',s that no three-
body K decay (uacciuod with a A) be minod. We -ecm-acan all single-vee
A -pmductinn-—and-decay events alcmg the KIGK-pred&ctcd direction of the miuing K,
to find K decays miseed on the ﬁmt scan, . We check that no t.hrae-body decays are
lost thiough their having an acceptable fit to norraal K, &ecay {by checking the
distributions a.ud correlations in t mﬂ xz for normal K’ decay) There are no events
' that "fit nothing." We are eonvineed that we hmm found all of the thrn»body dacays

aamcl&ted with mrmnl A decay. , _ “ ,

| It is naenﬁal eapacia.lly in finding rl/ ,+ 0 eliminate all fake thrée-'bady
K decays. Any cutofifs must be applied independently of t, The most common fake
s due to a single Ww@ a fow degrees) of one pion from normal

K, -at v, 'I‘heae are eliminated bfv mcans of a mining mass (MM) ‘caiculation,

1
with one or the other of the chargea tracke taken ae "tmuing. " and asauming normal

K, deca.y. Beeayc w - pv in flight are aleo thorcby eliminated, The next most common
 fake {i.e., failing normal decay and nomctimes fmmg thru-boéy deca.y) is due to

K - Zv » Where one ”O undergoes Dautz decay into of &” \& These are eliminated

by (2) application of a cutoff on the invariant mass, Mle*e)>45 MoV, ¢ and (5)
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the requirement that the 1.C .threeobody deca-y fit well. A furthier possible contaminant
‘would result fiom a small mglc‘statt@x‘ of K, or K, thicn’gb < 10 deg, iénowed by
‘normal Kl decay. The z;ocoil gfeton would be invisible, normal K y decay would faii.
and three-body decay might pass, Thia gonibuity is eliminated by trying to fit each
three -body candidate aa a 1-(3 normal K decay. using only the two chaxged decay
: tracka. Kone pan. whereas notmals always pasa,

" No cutoffs are needed to eltmtnate fake Kz decays {due to K ) for t>4r,, and

1
~none is applied in the 6etermimtion of I, In detarmtaing I/T, one "certain' K,
{s av-__ll.a) is cut off by MM, along with six probable Kl (all witht< 1.2). Two K‘l
Dalitz decays are eliminated by M{e's"). | .
| wa believe that the remaining contamination is negligible, and turn now to the
dats. - | o |
o ~ The c&méleté sample of events is contained in Table II. Because some of the
events f{it several h;,v—pazhecQa wan. and especially bacause of the small number of
events, we limit cu:oe‘ivns io checking prc;uczié'nw (1) ana;(z,) without regard to the
decay mode and charge assignment, N _ , | |
We consider first the results of the Al s i' marimem. From the 14 L decays

with 3, 44 <t< 20,0 we i.’ind from (5), with N( A) = 2703 amﬁ ¢ {avg) = 0 67 the rosult

(L) = 9.31 ¢ 2.49%10% cec™!, !5 e

| Our result (6) differs by 2.6 et&ndard deviations (ytd_ﬂev) from the pre&cﬁm {3).

16

.We calculate one chance in 53 for a statistical fluctuation at least this large, *~ and

coaclnda that our data is incompatible with the Al = Zrnle for leptoaic K decays,

Of the 14 K events used te obtain {6), two ﬁt Keu' .y (a.m:l also L)

~ (See Tahle II.) If thess were indeed wry our result {6} wauld be reduced by a factor -
)12/ 14 and would then be in even worse ag*reemont with Al a % . 7 |
¥

We next consider the w w w (+-0) mode, All 4 events have t > 7‘(2 and are

therefore due to KZ' a8 expected, (Our K branching ratio into {+-0) is thereiore
< !/2350. ) Based on 4 events we {ind |
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Ty(+-0) = 2.66 ¢ 1.34x10° sec™l. S

Provided that (a) the Al = 1 rule holds for K- 3w, (b) the final 3 state in K'=3v
iz the oymmotriﬁal I =1 state, and '(t.‘) the final 3» state in qu 3w is the symmetrical

17 5

1= 1 state, and taking into account the phase dp&ca factors, ' one expects

T, (+-0) = £ (1,284 T, (++-) +1.032T,(+00)], | (8}

~ that is, R S |

o Lt+-0) = 2,959 0,088 X108 sec™l, | (9

(See footnote b, Table L ) | |

@m- result (7) agre“ with the prodiction (9). but in based on only four counts,
We now compare our ratio rz(-r«m/rzu. ) with that of Lum'a. et al. 18- _

. who find

r2(+~¢)/ra(.x_.°“) = 0,185 0,22, (0

Based on our i4 L decaya (10) predicts that we :hould aoe 2.2 (4»-0) decays, This is
not in disagreemeut with the 44 2 seen, |

' it is reasonable to ccmbim our rate I‘Z(L& ), given by (6), with the branching
ratio (10) of Luers et a.l. omitting our four fl'_‘:'__ as (rehtively) statistically

insignificant, to abtain a combined experimental rate
T, (+-0) = 1442 0;43>(196 secl, (11)

“This usult éifiezn £rom the prcdicticm {9) by 3.4 atd dev.

We conclude that at least one of the assumptions (a), (b}, and (c) ifollowing Bq. m]
- is invalid. _ ’ _ ‘
| It {s known that {a) and (b) prediét correctly the K- (+00)/(++ -) branching
~ ratio (see Table I). We attempt to check (c) by:caiculatiag the total K, decay rate
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_ uaing the axparimental rate (11) and the prediction that ioﬂows ircm {a) and (c).

mmely
| ra(oo'a)a %(‘1.218) rz(*-.‘m,' o o ' {12)

‘ where again phue apace is iacluded. 17 we tlma obtain a total Kz dccay ute
Ty = r' (L* ) {l +{I“2(+-O)/l" (L Ni{ l+ 2—(1 zna)]} i, e,

| L, = (13.38% 3.62x10% sec™? , . g
that i, - | | o | |
T ® (I"z)"l ® (7.%? f f;;) x 1078 sec, : (14)

We amphasiae thu { 14} rests on expartmant. sxcept for the asaumptien {12). ’I‘hia .
uault my bc compare d wm; i:he lifetime mcaoured directly by attemtion with
&unneo. of Ba.réon ot Al.. - who obeum :

= (. 1t 3 ’)x m““ sec.
The agroument with (14) is excellent, but the errors are too latgo ta really verify
(12), a.wﬁ thus to varify {c). o
We now turn to the AS/& O experiment to check (1). A total of 22 L decays”
Mﬂfy the criteria éesm'ihed. Their t éi%trﬁmticn is givon ln Table II and in Fig. lb.
To make a quantitative comparison we construct a normalized Ii&enhood function
ccrrespau&ing to Eq. (5). ‘We find ' '

,uﬂ%/r(m *23.' S U]

in poor agreement with predictian {1}, The calculated chmee that I‘ 5 1"2. and fhat

our results are than due tg a statistical fluctuation is 6. 6% 19,20
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_ Our result (15) can be compared with the result of Ely et al. >, who find

ry(e” )/ 5le* ) ans"';'é. - | | ué;

We thus subastantiste the rault of Ely ét al., that the rule As = # AQ is not valid,
Since Eq. {5) in invariant under the intetchange of a and a, our result (15)

correspoada ﬁom

&/a or afa =+ 0.44 -0.20 . (17)

Xn order to resolve the ambiguity 1t is mceaury to include the information as to the
lepton's charge, and use Eq. (4) On!y the events in the first one or two Kl mean
lives are useful, because of the unceﬁaingy in A m. Because of the small size of
éur l@lﬁ, and the charge ambiguity sometimes ggfeaent, we are not able to resolve

the ambigulty, "‘”mwm to (16), Bl et 2l AR

a/an@oss*ggg. - N (18)

We can now reno}ve the apparent d&aércmncy between our present result .'
(6) for I"é’(iﬁ:) and that of Crawford et al, 6v In th#t experiment, it was a’oc‘:.eanry.
to assume a value for I‘x/l"a in order to obtain .I’Z(L.ﬁt ), since, because of the small
(10-in. ) cbmhor, it was not ﬁuihle to get rid of the K decaya by going to krge t.
From the t distrib:ttlou, they obtalned /T, = 3.5 “’3'3. but in what followed assumed
Ty =T,. They thus obtained I,(L*) = 20,4 172X 10 sec™!, One of us bas reansitsed
that expériment, using I“x/}? =9la camprcmiae between our remlt {18) and that of
Ely et al,, (16)]. The result is T(L*) = (8.5 2.8) 10" sec”!, in excellent agreement
with our present result (6). Our result (6) does no‘t. of course, depend on any as-

sumption for rl/r ol
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Al predictions and expsrimental results are summarized in Table L
In terms of the three amplitudes for (Al A!ﬁ) our reiulta for 1, decays

‘can be summarized as follows:

(i ‘)ﬁ‘ a(% %) and a ) are not both sero | from the abaoh:te rate I"z-(l.m 3.
) Ny f) {e not sers | from the ratio T (L )/ T(L*)l. |
- {444) a(%. ? can easily be zero. [ The best ﬁt is a(? y)/‘( ) = 4+ 0,2, ]
(h} ) a(% ] ) cannot be gero, | With ““2"%” alone we cannot fit both
(L) and I (LE)/,L%), 1 |
In the case of the large diwrepancy betwecn prediction and experiment in the
non-L dscays K- 3%, the assumnption of I = 1 in the final state for K ‘%'w wﬁ,vovowo

is the assumption least checked, and probably most open to doubt,

It is a pleasure to thank Professor Luis Alvares for his encouragement and
advice chrongﬁout the course of this work, We are indebted to J. A. Anderson and
L. J. Lloyd for extensive assistance in the data pr-odeéaing, and to Dr; P. G. Burke

for helping in the"cdmputar programs nec'euaﬁ/ in the analysie,
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9,(+00) = 7.814x10°, ¢,(+-0) = 8.067x10% and $(000) = 9.825x10°, The
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The quoted error in (15), and thus also in {17), was obtained by going to
values where the likelihood funiction decreases by a factor o2 . . The probability

6 5% for =0 was obtained aeparately by using an especially simple
ltkelibood ﬁmtion. na.mely * binomial diatribution with reapect to cotmta

n, and n, earher and later than 2 T mrmaliud to a total of 22 counts,

For & =0, By = 2,96 s "axpaceed. " Sim counts are observed (see "f’abla n).

The chance for at least six is 6.5% The binomial distribution wtth the observed
n, = 6 also givu the remlt {15), and the same calculated errors, as does ;he

o ﬁoxﬁploté (multinomial) likelihood function, The quoted errore are thus eesen-

20.

tially givem by n =64 s]-

1f we remove from the umple the six penaible decays iuzo ate” Y (s« Table

+5.9

1), we find r/r' =47 3
21. The

The (fractionally) smaller error in a/a as comparad to x/1:" is eoméwhé.t
misleading, since it arises only by virtue of baki.ng (euentlany) cqme roots

of counta. thwugh the relatiom

a/a g {(r,/r )7: -1} /{n/5, )Iz” +1] .
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Table 1, Summaty of preé!cﬁous and experimental reaulta.

(L y T, (L%) r (+00)
“"——"a— 6 -1

(10"aoc )uo"sec h L) (1@6”«»: 'y (10°aec™!) T, (42} (10%0ee™Y)

b

Other exp s.25:0.58 |2 { 502 9’”‘ 4._6%@.15‘ 1.3940.11° 0,29840,026
| ' L asez.8° |
£8=+00 - __.‘;; BRI ——- T
at=1 .. 16,506 1.088 1 _— eee 03118 2,96+0.088"
This exp == 9314 49 66t80 . o i

cee o eesiMe 1,4440,43

2 we mke the K lifetime to be {1:22420, exs)xlo “8 sec as an average of the results of
| L.w, Alvazez. ¥, 3 Grawﬁor&. M, L. Good, and M. 1, Stevenson, in Proceeéiqga of the
&wenth Anuual Rochester Coafarenca on mgh Enerﬁy leoar Phynies, 19587 (lmrix&iiance
Publishers, 1Inc, , New Ym'k. 1957): ané V. Fiteh and R, Motley. Phyc. Rev, 101, 496
(1956) and 108, 865 (195?) We awarage the K* ba'mching ratio resultg of Alexander et al.,

nd ety = (5.01+ 0,47)%,
and of Roe et al. , reference 9 to obtain n e, v = {5.6‘7& 0.54) %/ and add these to obtain the

total 3,_.‘ fraction. We point out that although these two experiments are in good agrcemenﬁ
with each other, they are in poor agreemeat wmi the earlier branching-ratio results of
Birge et al., refarence 10, who obtaina total L* traction of (6.0 1 6% 4. e, marly a
factor of two less %&n in the two lstor axpnrimm:.
B Reference é_ as published, with assumption I = I‘zs
© Reference 6 reanalized, with a_u;imipﬁon Iy =90, (3eetext.)
4 See Eq. (2) and footnote a.
" ® Reference 8. :
. L we average the K' braaching~ratio results of references 9 and 10, and al&o S. Taylor,
.G, Harris, T, Orear. J. Lee, and P, Baumsl, Phys.Rev, lM 359 (1959).
& The praediction is 'E (1.244). (See reference 17.)

_h' See Eq. {8), reference 17, and footnote f;
L ‘See the discussion preceding Eq. (11),
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Table ¢ Summary of twenty.séven thte%body decays. (Thcx probabllity is for the
l-constraint three-body decay. The X probability (prob) distribution for the ''best
~ interpretation” on each event agrees excellently with that expected for 1-constraint, For :
. instance. 11/27 have px-ob <0.5, 2/ av have prob <B.1, 0/ av have probcﬁ.m. i

,serm No. Aub(xa; (&% ex® xz probabilities for decays _
{(MeV/c) om m"m velv rle’v wuty o'WV olwn® o'e v
781 208 530.8% 9.6 1.14 0.36 0.5 0,16 017 061 0 0,56
766 317  649.3 ¢ 4.9 2,24 0,57 0,0025 0 0018 0002 0 0
704 248 4232 ¢ 7.2 2.12 0.83 0068 0. 020 095 0 ¢
735 269  856.8 # 7.6 3.55 1.06 0.20 ¢ 0 0 0 o
713 256  243.74 4.8 212 144 SR 0.96 ¢ 0 o
707 247  399.9=% 4.1 3.5¢ 147 . 095 035 038 088 0 0.05
692 228 521,94 5.8 771 245 095 028 0.05¢ 0001 O 0
521 330 ST75.7 %12.0 9,17 2.64 0.61 0,015 0,99 042 0 .70
564 309  468.3¢ 9.5 7.85 2,78 0.29 0,19 0.20 021 O 0.05
805 231 866.2 + 8,0 11.84  3.47 0 0.0044 0,36 0 0 0
781181  389.2 + 4.6 8.38 3.87 0 0 0 023 o0 0
773847 452.8 + 4.7 11,03 4.04 042 099 084 054 O 0
503 063  596.8 % 7.0 20.9% 882 0 0.17 - 0 6 0 6
853 275 486.0 = 9.4 17,72 6.03 ) o 0 - 0 0.8 o
714067 859,24 8.8 21.80 646 0 0 015 0 o 0.44
722 026 481,74 5.0 19476 6.78 0.0024 0 059 027 O 0705
859 553  633.8 #10.9 26,02 6.81 0 6 06 0  0.084 0
822 599  597.1 £13.6 24,59  6.0% 0 6 ¢ 0 061 o
565 027  442.1+ 8.7 19,33 7.25 088 0.019 00017 0 0 0
819 009  602.1 = 4.3 288702 .35 . 0.4¢ 088 0,018 0005 O e
554 595  353.8 & 3.1 22.76 10.69 ) 0 0 0 0.8 0
568 280"  598.3 410.9 40.72 11,29 0  0.0014 O© 076 O ©
525 295  291.2 + 3.8 20.65 11,76 o 6 017 014 0 o
774 147 - 4044 # 5.0 32,42 13,29 077 0024 O 0 0 0
5§32 210 621.1 #14.1 56,93 1520  0.014 0.47 0,022 0 0 0
756 453 . 273.9% 3.1 26,46 1602 0 036 099 008 0 0
844333 606.1 £11.0 60.80 16,63 0 039 0.2 0 0 o

~ ® This event is cutoff as a "Coulombd acamw' in the expeﬁmmt to find T’ (L )/rzu.. ), but is
 accepted as a K, decay ia the determimﬁun of I"Z(L ) {see tm)
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' FIGURE CAPTIONS

Fig. la. Geometrical efficiency ¢(t) for detecting K decay. The decreasse at
short t is due to the cutoffs at 0.5 cm, and at .O.wa’w sec, At large

t. ¢(t) ia the fraction of K's having potential time T > ¢,
Fig. 1b, 'I‘ime diotriwhlufof leptonic dméys; The smooth curves are predicted
differential emznting rates in counts per m""’ éoé: normalized to 22 coimts;
~ for the cases I‘l n 1“3 (daéhed curve) and i‘l » 9 I"z {emoath cuﬁe). The
best fit m‘_»rl"u 6.6 I, and is not #iema. ) ‘
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