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ABSTRACT 

The production of neutral cascade hyperons by incident K on 

hydrogen has been studied from threshold at 1.05 BeV /c to 1. 7 BeV /c. 

A sample of 206 Ao events was obtained. Production cross sections 

rise to about 120 f.Lb for A°K 0 , 25 f.Lb for A°K 0 rr 0
, and 50 J.Lb for A°K+ rr-

I +0.28 -10 
at 1. 7 BeV c. The mean life is TAo = 2.53 _0 . 23 X 10 sec. The decay 

asy~metry is a.';:;'o = -0.20 ± 0.22. The branching ratios are less than 

1 o/o f9r A 0 
-+ ~±£ f v, A 0 -+ p£ - v, and A 0 -+ prr-, where 1. ± signifies 

± ± 
e or f.L • 
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I. INTRODUCTION 

The negative cascade hyperon was first observed in 1952. 1 

The strangeness scheme of Gell-Mann and Nishijima accommodates 

the cascade as anI-spin doublet and requires the existence of a neu­

tral cascade {:~ 0 ). 2 
The :3'0 was first identified experimentally in 

1959. 
3 

In the present experiment, 206 :3' 0 hyperons were observed 

when the Lawrence Radiation Laboratory 1 s 72 -in. bubble chamber 

was exposed to a separated beam of K mesons. The incident momen­

tum was varied from 1.0 to 1. 7 BeV /c. The published :=:- and 2: 0 

results for this experiment require no substantial modification. 4 - 7 

The :=;°K 0 cross section rises from threshold at 1.05 BeV/c to about 

120 f.Lb at 1. 7 BeV/c. The threshold for the three-body production 

modes is 1.38 BeV/c; the cross sections rise sharply from the :=:,:<(1530) 

threshold at 1.49 BeV/c to about 25 f.Lb for :=;°K 0 n° and 50 f.Lb for 

:=;°K+ n- at 1. 7 BeV /c. 

The I.6.I I= 1/2 rule for nonleptonic weak decays 8 requires 

A';:;'o= -A';:;' -{1..[2, where A';:;' is the amplitude for the decay 2: ~ A + n. 
...... ....... ....... 

We compare our E 0 results with the E- results from the same experi-

ment. 
4

- 6 
The decay asymmetries yield a';:;' 0 /a';:;'- = 0.5 ± 0.6, consis-

......, ....... 

tent with the prediction of equality. The decay rates yield 

'A.';:;'o/'A';:;'- = 6.67 ± 0.08, two standard deviations from the prediction 
....... ....... 

of 0.5. 

We searched for new E 0 decay mod~s: E 0 ~ 2:± £ fv, 

E 0 
...,. p.r v, and E0 

-+ pn -, where£± denotes a charged lepton. No 

definite examples were found. The branching ratios for these decay 

modes are less than 1o/o. 
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II. ANALYSIS OF EVENTS 

A. Beam System 

The K were separated from the rr- in two stages by 20-ft-long, 

500 kV, glass-cathode velocity spectrometers. 9 A schematic of the 

b . t t t . h · F" 1 10 earn- ranspor sys em 1s s own 1n 1g. . 

B. General Analysis 

1. Topological Scanning 

We studied the following :S 0 production reactions: 

K 
-

+ p- zo + Ko, 146 events; 

K 
-

+ P ... z-o + Ko 0 + 1T ' 
8 events; 

K - + p- ~0 + -+K +rr., 52 events. 

Berge et al. analyzed 1004 E events from the same experiment. 
4 

We require a visible two -body decay for each A and K 0
• The complete 

reaq:tions studied are: 
; 

K +p- >;::;<0 + Ko ,__. ( 2. 1) 
~ ~ 
~ ~ A + rro IT + 1T 

+ 
~ 
p + IT 

K +p- ';:;'0 + K 0 + IT 
0 - (2.2) 

+ t 
~ ~ A + ITO IT + IT 

+ 
~ 
p + IT 

K + p- Eo+ K+ + IT ( 2. 3) 
+ 
~ 
A + ITO 

+ ,........,...__ 
-

p + IT 

...... 
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The topologies of interest are th"';ls the 2V0p (two-Vee, zero-prong) for 
.:. 

(2.1} and (2.2), and 1V2p (one-Vee, two-prong) for (2.3). These topol-

ogies are shown in Figs. 2 and 3. 

All film was·· scanned at least twice. 11 The nominal single­

scan efficiencies were 90o/o for 2VOp events and 96% for 1V2p events. 

The overall scan efficiencies were thus about 99%. Systematic effects 

that upset this result will be discussed for each topology. 

2. Kinematic Fitting 

A schematic diagram of the Z°K 0 production and decay chain 

o£'(2.1) l.s given in Fig. 4. The production point is uncertain within 

about one mean bubble gap; therefore, the beam track has been extended 

by ( 0.05 ± 0.05} em. Our kinematic fitting tests the consistency of each 

hypothesis with conservation of energy and momentum. if no informa­

tion ~is missing, conservation of energy and the three momentum com­

pon~nt~ provide four conditions, or "constraints, " at each production 

or d¢cay vertex. The ~°K 0 reaction is analyzed as follows: First the 

A arid K 0 decays are fit kinematically. The line of flight of the A, as 
l 

well/ as the momenta of the neutral tracks, is unknown, leaving only 

one 
1
bonstraint for the A, but three for the K 0 • Then the E 0 production 
,. 

and p:ecay vertices are constrained simultaneously. There are three 

con!:jtraints in this final fit; in addition to two kinematic constraints, . 

therje is a geometric condition that the A line of flight intersect the E 0 

I 

line i of flight in space. This geometric condition is equivalent to the 

requirement that the Z 0 and A momentum vectors and X, the "link" 

from the production vertex to the A decay point, be coplanar. 12 

The E 0 length, P. >;:;<O, is calculated from the measured length - . 

of the link, 1X' and the fitted angles. From Fig. 4, we have 

( 2 .4} 

where G is the Z 0 decay angle in the laboratory, and a.
2 

1s the angle 

between the A and the link. This calculated E 0 length can be negative, 

because the fitted A line of flight can inter sect the E 0 line of flight 

before, rather than after, the production point. The uncertainty in 

the calculated length is typically about 20%. 
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Fig. 2. 2VOp topology: 2:°K 0 production. 
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Fig. 3. >--<0 + -1 V2p topology: .::::, K rr production. 
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Fig. 4. Schematic of E:°K 0 production and decay. X is the "link" 
from the production vertex to the A decay. The beam track has 
been extended by one mean bubble gap. 
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3. Ambiguity Rate 

Ambiguities between E; 0 production modes and A and :2:: 0 pro­

duction modes of the same topologies can distort our results. For A 

and :2:: 0 production modes, the A must come directly from the primary 

vertex. Therefore, these ambiguities occur only if the A direction 

coincides with the link direction; experimentally, a
2

/CJa must be small, 

where CJa is the uncertainty in a
2

. Knowledge of the form of a
2

jCJa 

helps us eliminate systematic errors. 

For a Ao event, we obtain a
2 

from ( 2.4 ), in terms of the 

laboratory decay angle, e. Transforming the S 0 decay from the rest 

frame, we obtain 

tan e ( 2.5) 

* where e is the A angle in the E: rest frame with respect to the A 

direction in the laboratory system, (EA' qA) is the A energy-momentum 

in the A rest frame, with qA = 135 MeV/c, and (EA, Pz) is the Ao 

energy-momentum in the laboratory. For our beam momenta, 

P';:;"o > 500 MeV jc, and ( 2.5) require$ 8 < 20 de g. From ( 2.4) and -(2.5), the principal dependence of a2 is 

( 2.6) 

where t>;:;<o = M';:;"l ';:;"/P';:;" is the A 0 proper time of flight. 
.......... ........... ........ I--( 

The kinematic fitting of the A and the,measurement of the lir.ik 

determine the uncertainty, CJ • The uncertainty from the A kinematics 
a 

varies inversely with p A' the A momentum in the laboratory system. 

The uncertainty from the measured link is inversely proportional to 

, its length. Noting that both p A and 1 X vary direct! y with pA 0 , we obtain 

I . * 0.2 (Ja .... tAo Sln e ' (2.7) 

roughly independent of p';:;"o. Thus, ambiguous interpretations are 

preferentially associated with short Ao proper times and small jsin a*!. 
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C. T-he 2V0p Topology 

1. Reaction Channels 

In a hydrogen bubble chamber with incident K -, the Z.VOp 

topology is unambiguously due to E; 0 production at our beam momenta. 
13 

There is lT contamination in the beam, however. A list of possible 

2VOp events includes: 

K + p-+ ';:'0 + Ko, ';:'0 .-A + 0 [3C] ( 2 .1) 1-1 - lT 

K + p- ';:'0 + Ko + ll'o' ';:'0 .-A + ll'o [oc] ( 2.2) ....... ,...... 

lT -+p-A+Ko [4C] ( 2. 8) 

lT - + P ._ L:o + Ko, L:o .- A + Y [2C] ( 2. 9) 

lT - + p - A + K o + ll'o' [1C] (2.10) 

where [OC], [ 1C], etc. is the number of constraints in the reaction. 

For the lT production modes, the A decay has three constraints, 

rather than one, because the A direction must coincide with the 

measured link. 

We have analyzed 221 events of the 2VOp topology. Table I 

presents the set of consistent interpretations and the final apportion­

ment. The number of entries in the table exceeds the number of 

events, because some events are consistent with three hypotheses. 

Table II lists the number of events for each channel and the lT eros s 

sections. The lT contamination was calculated from the four -constraint 

lT-p .- AK 0 events, which are nearly unambiguous. The reported lT 

cross sections 14 provide a consistency check on the appor.tionment of 

ambiguities; our results are consistent, as seen by comparing the last 

two rows in Table II. 

2. Short Neutral Tracks 

Events with short neutral tracks can be systematically lost. 

For the link a cutoff has been imposed at 0.5 em. This cutoff eliminates 

seven of the 221 ZVOp events, including two events consistent with 

~°K 0 production. A po~te_:iori, we expect less than 1o/o of the ~ 0 

events tu fail this criterion (see section V). 
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Table I. Apportionment of 2VOp events. All consistent interpretations 

are shown. Three of the events are consistent with three 

different hypotheses. 

Final 
state 

AK 0 

K production 1T production 
Final 

E:OKO zoKo1To AKO AK01TO 2:0KO 2:0K01TO apportionment 

134 2 4 22 146 

6 2 1 8 

2 37 1 39 

4 2 1 5 3 8 

22 3 10 20 

1 0 

Total =221 

The loss of short K 0 'sis more common. For E;°K 0 productio:p. 

by 1.32-BeV/c incident K-, a K~ produced backward in the c. m. is at 

rest in the laboratory, whereas a K~ produced forward in the c. m. has 

a mean length of 4.25 em. Figure 5 shows the kinematic limits in the 

laboratory for K 0 's from ~°K 0 and ~°K0 1r 0 production at 1.5-BeV/c 

incident beam momentum. An absolute length cutoff for the K~ makes 

cross -section determinations difficult, because we have no a priori 

knowledge of the production angular distributions. 

A 2:°K 0 event with a very short K~ appears to have the 1 V2p 

topology. The event will fit K-p -+ A 1r + rr- rr0 if the three -constraint A 

decay fits, with the A constrained to come directly from the pdmary 

vertex. For .about 40o/o of our ~°K0 events, the A does fit to the pri­

mary vertex; this rate is roughly independent of P';:;'O• as expected from ...... 
( 2. 7}. Analysis of the 1 V2p events in which this three -constraint A-

decay flt fails can recover the remaining _60o/o of the missing events. 

This procedure was used only for events with K 0 momenta below 100 

MeV/c; eleven new events were found, indicating (11/0.6} = 18 of these 

. '' 
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-Table II. Numbers of 2VOp events and TI contamination. The TI cross sections are from Schwartz, 

Ref. 14. The number 
a 

of events assigned to ~°K 0 and Y°K 0 TI 0 is consistent with the 

expected number. The final column gives the TI - contamination as a percentage of the 

K- flux. CY 
_,..c.:. 

a - b --TI-p- AK0 TI-p- ~OKO TI-p-Y°K0 TI 0 contamination TI .,. '< 

p ......... 
\...-'" 

beam 
c_.O (BeV/c) EOKO EOKO TIO N O"(f.Lb) N 0"( f.Lb) N O"{f.Lb) (N/mb) (o/o) 

~ 'l\: 1.05} 2 2 700 2 350 13 ±9 5 ~~ '1: 11 

1.22 7 12 460 6 200 115 ± 35 10 c c... 

1.33 10 2 340 2 150 1 15 26 ± 19 2 ~;, . 
I ,r,r;;~· 

1.43 4 2 335 0 160 1 30 26 ± 19 3.5 '""" ..... 
'""" I & 

1.51 87 1 13 330 7 160 1 50 173 ± 48 3.5 
~ 

-~ 
1.60 13 3 1 250 1 120 1 65 iS± 18 2.5 

1. 70 23 4 7 200 2 120 4 80 134 ±57 12.5 

Totals 

Observed 146 8 39 20 8 

Expected 
b input 19.1 5.3 

a. i\KoTio +:BoKoTio. b. Based on observed AK 0 events and published cross sections from Ref. 14. 
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100 MeV/c 

MU B ·10500 

Fig. 5. K 0 kinematic limits (a} :=;°K0 production. The laboratory 
momentum vector must lie on the outer ellipse. The minimum 
K 0 momentum is 45 MeV/c, backward in the laboratory system. 
(b) Z°K 0 7T 0 production. The momentum vector may lie anywhere 
within the inner ellipse. The minimum K 0 momentum is 105 
MeV/c, forward in the laboratory system. 
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events missed on the topological scan. Our sample of 146 E:°K 0 events 

does not include these new events, but the cross-section analysis of 

section III includes them as a correction. For K 0 momenta above 

100 MeV/c, we estimate a loss rate of 5o/o from short K 0 's. 

D. The 1V2p Topology 

In contrast to the ZVOp topology, the 1V2p topology results 
- - + -from K reactions, such asK p __. Arr rr , which are much more 

copious than E:'0 production. Huwe analyzed the 1V2p events with a 

A and obtained good measurements and fit information on about 90o/o 

of the events. 15 Wojcicki et al. analyzed the 1V2p events with a K 0 • 
16 

There are 35 000 1V2p events above the E:Krr threshold at 1.38 BeV/c. 

We gleaned our :S°K+ rr- sample from the 7500 events which failed to 

fit the more common 1 V2p reactions in Table III on one measurement. 

Sixty-one events are consistent with Z°K+ rr- production. Table IV 

shows the final apportionment, in which 52 of these 61 events are 
17 accepted in our final sample. 

Table III. Common 1V2p production modes. Column 3 contains the 
2 

acceptable X level. Column 4 contains the cross section 

at 1.5 Be V / c, from Refs. 15 and 16. 

Final state Constraints Maximum X 
2 u(mb) 

Arr + -
iT 4 10.0 2.1 

L: 0 iT 
+ -

iT 2 5.0 0.8 

Arr + - 0 1 iT iT 2.5 2.5 

-o -K prr 4 10.0 1.7 

-o - o K prr rr 1 2.5 0.6 

K 0 rr + -
iT n 1 2.5 1.0 



Final 
state 

...... oK+ -.=. 1T 

Final 

· ...... oK+ - 1 Table IV. ,::::, 1T samp e. 

43 are unambiguous. The second row gives the final apportion­

ment of these events. 

K production 1T production 

...... oK+ - + + + + AK+ 1T- + - 0 ~oK+ 1T-ATI - ATI - 0 ATI - 0 0 ~01T -.=. 1T 1T 1T 1T 1T 1T 1T 1T AK 1T 1T 

43 0 8 2 0 1 5 2 

apportionment 52 0 6 0 0 1 1 1 
I 
~ 
,.j::. 
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Systematic effects are certainly present in the above analysis. 

We lose events that are highly ambiguous with the K production modes 

in Table III. According to Table IV, most of these ambiguities involve 

K -p .- A'TT + 'TT- n°. Assuming a flat x2 distribution for the wrong hypoth­

esis, we conclude that 5o/o of our events fit ATI + 'TT- '!To production and 

were lost. The final efficiency for recovery of 2;°K+ 'TT- events is 85o/o. 
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IIt PRODUCTION ANALYSIS 

A. Pathlength 

The total K flux at each momentum was determined
18 

( 1) fi·om 

the three -prong decays and the published K- branching ratios 19 and 

(2.) from the sum of all interactions and the published K total cross 
. 20 

sections. 

In the first method, we simply count the three -prong events 

and divide by the proper K decay rate. The three -prong events are 
- - + either T-decays, K -+ rr rr rr , or one-prong decays with an electron 

' . + 
pair from a rr 0 Dalitz decay, rr 0 .- ye e-. The total branching ratio 

i s ( 5 • 9 1 ± 0 • 0 8) o/o. 1 9 

Inthe second method, we start with the total number of 

incident tracks. The ·rr contamination is calculated from the observed 

rr-p-+ AK 0 events, with the results already presented in Table II. 

The e and fL contamination does not interact strongly. The total 

number of visible primary interactions was determined and corrected 

f9r unseen forward elastic scatters. The K and rr flux account for 

these interactions; any remaining flux is e or fL contamination. The 

K pathlength and the contamination are listed in Table V, with ~he 
- - . 20 21 

K and rr total cross sections used in the calculation. ' 

The best~estimate pathlength in the final column of Table V 

is the unweighted mean of the two independent result~:!. This best­

estimate value is used in the following analysis. 

B. Cross Sections 

Numbers of events and total cross sections for the two and 

three -body E 0 pr~duction modes are presented in Table VI and Fig. 6. 

The uncertainties in the apportionment of ambiguities and in the correc­

tions for systematic effects discussed in section II have been included 

with our statistical uncertainty. 

The differential cross section for :S°K 0 production at 1.5 BeV/c 

is presented in Fig'. ?a. There are peaks in both the forward and back­

ward directions. These qualitative features are independent of varia­

tions to include or exclude ambiguous events. For comparison, the 

.. 
..... :· 

·-
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Table V. Total K- pathlength. The cross sections for K-p are from Cook et al. , Ref. 20; 

for ;r-p, from Diddens et al., Ref. 21. The ;r- contamination is from Table II. 

Section III describes the pathlength determinations in columns 6 and 7; the final 

column contains the unweighted mean of these two values. 

beam 
tot 

aK_ ... _p 
tot 

a -
iT p 

Contamination { %) Events /mb 
Three-prong 

{BeV/c) (mb) {mb) ;r e •f.L decays Interactions Best estimate 

1.05} 
1.11 . 

1.22 

1.33 

1.43 

1.51 

1.60 

1. 70 

34.2 

32.4 

32.3 

32.5 

32.5 

32.5 

36.0 10 ± 3 7±5 

35.2 2±1.5 5.5 ± 5 

34.8 3.5 ± 2.5 3±5 

34.4 3.5 ± 1 0±5 

34.4 2:5 ± 2.5 1±5 

34.5 12.5±5 0±5 

260 ± 25 260 ± 25 

1190±50 1300 ± 65 1245 ± 60 

1510±60 1410±70 "1460 ± 70 

820±40 850±40 835 ±40 

5220 ± 185 5100±200 5160± 200 

690 ± 35 760 ± 40 725 ± 35 

1090±50 1135 ±55 1113±55 

.-_j 

I 

'""' --J 
I 

"""'""'' r~ 



Table VI. Numbers of events and channel cross sections. Cross sections have been -
corrected for scanning efficiency, escape loss, and unseen A and K 0 decays. 

Threshold for EK production is 1.05 BeV/c, for E:Kn production, 1.38 BeV /c. 

p ;soKo ;soKo ito ..... oK+ -
E . ;::. TT 

beam c.m. 
(BeV /c) (BeV) N/fib .N a{ fib) N a( fib) N a{ fib) 

1.05} 
1.11 

1.815 0.26 2 46 ± 35 

1.22 1.896 1.245 7 32 ± 14 

1.33 1.946 1.460 10 43 ± 19 I ' ~ 

00 
I 

1.43 1.991 0.835 4 44 ±20 

1.51 2.028 5.160 87 87± 11 1 1±1 15 5±2 

1.60 2.066 0. 725 13 102 ± 31 3 23 ± 14 10 25 ±9 

1. 70 2.109 1.113 23 122 ± 28 4 22 ± 13 27 45 ± 11 

Total: 146 8 52 

:Grand total:: 206 2: 0 events 

.. 
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EK E K7T -* .= K 
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Fig. 6. Two-body and three-body :=; 0 production cross sections. 
Closed circles represent two-body data; open circles, three-body. 

·' 
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(a) (b) 15 (c) 30 

K-p- E°K
0 K-p-E-K + ...... - 0 K-n -:::: K 

o-tot=87J-Lb o-tot = 148J-L b o-tot =165J-Lb 
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( K- • {::!. ) 

MU B-10507 

Fig. 7. Differential cross sections at 1.5 BeV/c. (a) K-p-+ Z°K0 • 

Data above the broken line in the forward bin were added to the 
original 87 events by the analysis of 1V2p data for short K 0 1s. 
(b) K-p-+ z-K+ from Berge et al., Ref. 4. (c) K-n-+ :=:-Ko from 
Ref. 4. Only deuterium events with spectator-proton momenta 
below 200 MeV /c are included. Equal areas on the three dis­
tributions represent equal cross sections. Scales on the left give 
numbers of events, on the right, differential cross sections in 
flb/sr. 
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..... - + ..... - 0 4 
,=. K and ,~ K differential cross sections are also presented in 

Fig. 7. 

C. Exchange Mechanisms 

1 C . M . 22 . ros s1ng atr1ce s 

For a two -body production reaction, 1 + 2 -+ 3 + 4, we define 

the Lorentz invariants: 

s ::: (P 2 + p )2 +P2) :::(P3 1 4 

::: (P 2 - p )2 t - p ) = (P 
1 . 3 2 4 

~ (P 2 p )2 u -P4) =(P2 1 3 

Here s is the square of the c. m. energy. The Lorentz -invariant 

amplitude, As, depends only on s, t, and u. We obtain related 

amplitudes, with t or u as the square of the c. m. energy, by 

taking other pairs of incoming and outgoing particles. With :;:K 

production in the s channel, the three production channels are: 

s channel: R + N -+ K +:so a (3 y 

t channel: R + R _... N + 2:0 ( 3.1) 
a y (3 

u channel: K + N(3 -+ K + ~6' y a 

where a, (3, y, and 6 denote the specific charge states. If strong 

interactions are CPT -invariant, and if the Lorentz -invariant amplitude 

is analytic in s, t, and u, the amplitudes for the three reactions are 

related: 

{Ky:So lAs IRa N(3) = (i'if(32: 0 I At IRaKy) = {Ka 2: 0 lA u IRyN(3). 

( 3. 2) 

In particular, the s and u channels represent the same reaction 

with the two K 1 s interchanged. 
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Now consider specific I-spin states. We write anI-spin 

eigenstate, with magnitude I and z component m, as ji, m). Charge 

independence in the production process implies 

with the I-spin amplitude, ~· independent of m. For specific charges, 

we have 

(Ky:S61As IRa.Np) = L (Ky~6·,I, m)(I, mjAS ji, m)(I. mi'Ka.Np)· 

I,m 
( 3.4} 

The projections of the specific charges onto the I-spin eigenstates 

yield Clebsch-Gordan coefficients, 23 such as (Ky:S 6 ji, m). Inverting 

(3.4), we obtain 

A; = (I, m I As I I, m) = L (I, miKy:S 6)(KY:S 6 jA s IRa. Np)(Ka. Npii, m), 

a.py 6 
(3.5) 

which we may evaluate for any m. Now we use (3.2) and the t-channel 

equivalents 6f ( 3. 3) and ( 3.4) to obtain 

A; =LA~,{. L' L (I, m jKY:S 6)(N13 :s 6 ji', m')(I', m'IKa.K)(Ka.Npii, m)l:: 

I' a.py 6 m' 
( 3.6) 

Here II', m') is anI-spin eigenstate in the t channel. The quantity in 

curly brackets is ·called a "crossing matrix," because it expresses the 

s-channel amplitu!les in terms of the t-channel amplitudes. The cross-
' 

ing matrix contains products of four Clebsch-Gordan coefficients and 

is proportional to a Racah W -coefficient. 2 3 For :EK production, we 

have 

s \ I+I'+1 . . 
AI= ~(-i) (2I'+1) w<ii'}};II') A~,. ( 3. 7) 

·-
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. Interchanging the two K 1 s interchanges the s and u channels. 
24 

For identical K 's, Au equals As. This symmetry under the interchange 

o£ identical particles is called "crossing symmetry." More generally, 

the K-K system is symmetric for I' = 1 and antisymmetric for I' = 0; 

therefore, interchanging the K 's introduces a factor ( -1)I'- 1 in ( 3. 7): 

Au= \(-1)I+ 2I' (ZI' +1)-'W(.!__!__!__!_.II') At 
I L - 2 2 2 2' I'. ( 3. 8) 

I' 

Equations ( 3. 7) and ( 3. 8) yield 

and 

(3.9) 

2. Single -Particle Exchanges 

If we allow only single -particle exchanges, we have 

and 

( 3.10) 

where a~ is the amplitude for an x-channel exchange with definite 

I-spin. Due to the eros sing symmetry, a: and a~ are identical in 

form. For definite charge states, we obtain 

s- oo s s/ t t/ u A (K p - :E K ) = (a 
1 

+ a
0

) 2 + (a 
1 

+ a
0

) 2 - a 
1

, (3.11) 

s - - + s s/ t u u/ A (K p- E K) = (a
1 

-a
0

) 2- a
1 

+ (a
1

-a0) 2, (3.12) 

and 

(3.13) 

The crossing symmetry is manifest in (3.12), because the s-channel 

and u-channel charge states are the same. The s and u channels 

* require an S = -1 baryon; the A, L:;, and Y 
1 

poles are usually included . 

The t channel requires an S = 2 meson; there may be evidence for 
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such a state with I = 1 at 1280 MeV, 25 a mass comparable to the 

baryon masses. The preponderance of forward A's in Fig. 7 suggests 

that u-channel baryon exchange is important. 

King 26 and Ebel and James 27 have fit 2:-K+ data using these 

pole terms. King concludes that the sharp forward Z peak requires 

partial cancellation between the A and L: pole terms. Ebel and James 

use SU(3} coupling constants 28 at the vertices and obtain complete 

cancellation of the A and L: poles at f = 0.366, where f is even and d.is 

odd octet coupling, and f + d = 1. When they include mass differences 

and initial and final-state absorption, 29 they require f > 0. 35 to repro­

duce the forward peak. The SU(6} prediCtion is f = 0.40 (d/f = 3/2}, 
30 

and analysis of leptonic decay data suggests f = 0.3 7. 31 King inter­

preted a small backward E:"- peak at L7 BeV /c 4 as possible evidence 
. 26 . 

for an I = 1, J = 0, S = 2 meson. Ebel and James chose to ignore 

the backward peak. 27 

The forward :S0 peak at 1.5 BeV / c is as sharp as the corre- · 

spending E peaks. The cancellation between A and L: terms invoked 

for 2:-K+ production is inoperative here, because the neutral A is 
. 29 

absent in the u channel for K-p -+ :S°K 0 • Absorption effects can 

sharpen both the forward and backward peaks, however. A t-channel 

exchange of an S = 2 me son could then explain the backward 2: 0 peak. 

If the S = 2 meson had I = 1, 25 however, this amplitude would be twice 

as large in :g-K+ production, where no sharp backward peak appears. 

Although the two peaks in E;°K 0 production are suggestive, detailed 

exchange calculations hardly seem warranted. The cross section is 

still rising from threshold, and dynamic effects are important. 
>:C * Furthermore, the F 7/ 2 Y 
1 

(2050} and the G 7/ 2 Y 0 (2100} may be 

important in the direct channel, 32 even though F 7 ; 2 and G 7 ; 2 waves 

are not required in :SK production at current statistical levels. 
4 

We 

have not attempted to incorporate these effects into a full production 

analysis. 

D. SU( n} Symmetry 

In the limit of unitary symmetry; when mass differences 

within the baryon octet and within the meson octet may be neglected, 

.,~,· 
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SU( 3) predicts equality for the following amplitudes :
33 

A (K-p -+ ~°K 0 ) = A (K-p -+ ~-T/) 

A{K-n-+ ~-K 0 ) = A(rr-p-+ ~-K+). 

(3.14) 

(3.15) 

Meshkov, Snow, and Yodh suggest comparison of relativistically invar­

iant amplitudes at equal Q value, so that the thresholds for additional 

h 1 · ·d 34 Th f h l.t d . c anne s co1nc1 e. e square o t e amp 1 u e 1s 

( 3.16) 

where a is the cross section, q. is the initial and q t the final c. m. 1n ou 
momentum, and s is the square of the total c. m. energy. 

We study relation (3.14) under the worst possible conditions. 

The reactions are near threshold, and mass -difference effects are 

significant. In fact, K- p -+ Z°K 0 is endoergic' while K- p -+ ~- TT + is 

- + * exoergic. Furthermore, the ~ rr system resonates at the Y 
0 

( 1520), 

which is still below threshold for Z°K 0 • Comparing total cross sections, 

b .. 35· we o ta·1n 

falling to_ 10 at Q = 295 MeV. 36 The differential cross sections, on 

the other hand, are in excellent agreement at Q = 210 MeV (PK _ = 1.5 

BeVIc for E°K 0 , 465 MeVIc for ~-rr+). 

We can superimpose resonances in the ~TT and EK systems 

by taking equal c. m. energies. The total cross sections still disagree 

with ( 3.14 ). Now {T( ~- rr +)l<i( E°K 0 ) falls from about 15 at PK _ = 1.2 

I I 37 
BeV c to 2 atPK_ = 1.7 BeV c. 

Relation ( 3.15) provides a more favorable test, because the 

kinemaJtic s of the .two reactions are alike. A deuterium exposure at 

1.5 BeVIc yielded 40 E-Ko (p) events with "spectator" proton momenta 

below 200 MeVIc; the K-n-+ E-Ko cross section is (165±34) 1-1b. 4 We 

I - + 14 compare at equal Q, P = 1.45 BeV c for ~ K production, and 
TT 

obtain 
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= 7.0X(165±34}tJ.b 
'b.4 X ( 242 ± 14) 1-1b = 0. 75 ± 0.16, 

with similar angular distributions. 

The SU(6) symmetry schemes combine SU (3) multiplets with 

different spin and obtain, in turn, relations among the ZK production 

amplitudes: 3 8 

- - 0 -A(K n-+ Z K ) = -A(K-p-+ E:-K+)/2. 

(3.17) 

These relations are best studied near threshold. High momenta were 

desirable for (3.14) and (3.15) to mask the differences in masses for 

the reactions, but here the three reactions involve essentially the same 

masses. Moreover, SU(6) neglects orbital angular momenta, and the 

predictions may hold only when S waves are dominant. The E°K 0 

cross section is smaller than the ~-K+ cross section over the range 

of our experiment. 
4 

The anisotropic angular distributions at 1.5 BeV /c 

(Fig. 7), where many of the data lie, are inconsistent with pure S-wave 

production. The cross sections, 

cr(2:°K 0
) = 87 ± 11 1-Lb, 

cr(2:-K 0 ) = 165 ± 34 f.1h, 
and 

crC~CK+) = 148 ±9 f.1b, 

clearly disagree with the prediction, (E;°K 0 ): (E;-K 0 ) : (:~;-K+) = 1: 1: 4. 

We conclude that this energy is too high for the nonrelativistic SU(6) 

pre die tions. · 

The relativistic SU(6). description requires (3.17) to hold at 
w 

all momenta for collinear processes. 39 The E -K +intensity at zero 

and· 180 deg must then be four times the corresponding $°K 0 and 2:-Ko 

intensities. This restriction to collinear events does not improve the 

agreement with the data in Fig. 7. Jackson suggests that absorption 

effects break the symmetry by allowing t-channel exchange of the ~ 

representation, forbidden in pure SU( 6) , but the EK relations are not . w 

• 

.;_ 
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affected, because the 35 representation does not include an S = 2 
40 -

meson. · Resonances may be important in the s channel, however, 

as mentioned above. The symmetry requires that the AI< system 

resonate simultaneously in all S = -1 members of a given SU(6) baryon 

multiplet. Therefore, mass splittings within these higher multiplets 

can upset the symmetry predictio:,:s. Furthermore_~ if the F 
7

/
2 

and 

G 7; 2 waves associated with the Y~(2050) and the Y~(2100) are impor­

tant,32 the amplitudes may vary rapidly near zero and 180 deg, and 

our data may be too limited to allow an accurate extrapolation to the 

intensities at the poles. Thus, in this intermediate energy range where 

s-channel resonances are present, we can test neither the nonrelativistic 

nor the relativistic symmetry predictions conclusively. 
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IV. DECAY ASYMMETRY 

A. Theory 

The amplitude for decay of a spin-J fermion into a spin-1/2 

fermion and a spin-zero boson is 41 

-+ A 

A = a + ba · qf' ( 4.1) 

where a is the amplitude for orbital angular momentum 1 = J - 1/2, 

andb for J. = J + 1/2; a is the Pauli spin operator, and qf the final 

fermion''s direction in the initial fermion's rest frame. The final­

state intensity is 

-+ 

I{qi, qf) = Io (qi) ( 1 + aP qf)' ( 4.2) 

-+ 

where the polarization, P = (a). as well as the initiai -state intensity, 

I
0

, depends on qi, the direction of the initial fermion in its production 

c. m. The de~ay-asymmetry parameter is 

(4. 3) 

These results apply equally to E: and A decay. 

Consider the decay of a Z in its rest frame. Regardless of 

the spin of the :S, its component along the A line of flight must equal 

the A helicity, ± 1/2, because no orbital-angular -momentum component 

is allowed. Figure 8 contains Crawford diagrams and probabilities 

for the four decay configurations; spins are indicated by double arrows 
. 42 

and momenta by displacement. The E spin probabilities, P + for tjJ + 
and P for lj; , add to unity, and the A helicity probabilities become 

and 

w + = ( P + + P _) ( 1 + aE)/2 = ( 1 + az)/2 

w = (P+ + P _) (1- a';:;")/2 = (1- a';:;")/2. 
....... ....... 

The average polarization of the A along its line of flight in the Z rest 

frame is then 

P A = ( w + - w _) /( w + + w _) = +a';:;", ,_. ( 4.4) 

... --

·-
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J 

t/1+ t/J_ 

M U 8-10504 

Fig. 8. Decay configurations in the Z rest frame. Double arrows 
represent intrinsic spins, and positions represent momenta. 
Relative probabilities of the decays are given for both Z initial 
states, ~+and~-· The A must have spin 1/2, but any half-integer 
Z spin is allowed. 
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independent of the 2: spin and polarization. Applying (4.2) to the A 

decay, we obtain the well-known spin-independent result, 

( 4.5) 

Here the fermion directions are given in the rest frame of their parent 

fermions. 

B. Results 
A 

In Fig. 9 we have plotted A · p for the 146 events in our S°K 0 

. .......o + -sample and the 52 events 1n our ,~ K 'IT sample. A fit of these 

(146+52) = 198 events to (4.5) yields aAazo = -0.13±0.12. 

Half of the 42 events ambiguous between 2: 0 production and 

other production modes give better fits to 2: 0 production and are in­

cluded in this sampLe, as shown in Tables I and IV. Variation of the 

sample to include or exclude all ambiguous events shifts a A azo between 

-0.09 and -0.22. Combining this variation with the statistical uncer­

tainty, we obtain our final result, 

a A azo = -0.13 ± 0.14. (4.16) 

The corresponding z- resultis4 

a A aS_= -0.245 ±0.046. ( 4. 7) 

The j6.Ij = 1/2 rule 8 for nonleptonic weak decays relates the 

amplitudes for 2: 0 and Z decay: 

A';:<o= -A';:< -/rz. (4.8) 
...... ...... . 

The amplitudes of each parity satisfy (4.8), and the rule predicts 

a>;:<o =a>;:<-. Our result, a>;:<o/a>;:< _ = 0.5 ± 0.6, agrees with this prediction, 

e~n th;ugh azo is also c:r:.sist~nt with zero. With a A = 0.66 ± 0.05, 
19 

we obtain a>;:;<o = -0.2.0 ± 0.22; the latest world compilation for the :S 
...... 19 

gives a>;:<-= -0.41±0.05 . 
...... 

-· 
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aA ago=-0.13±0.14 

198 8° events 

OL---------------~---------------
-1 

M U B -10503 

Fig. 9. Decay asymmetry. The straight line is a fit to 
(1 + a.f\a.r:::'OA • p}. The distribution contains 198 events: 
146 ~o{{O' and 52 A"°K+l1' - • 
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V. LIFETIME 

A. Restrictions on Sample 

The lifetime analysis was restricted to events that exhibit the 

full two-body A'°K0 production and decay chain of (2.1). The :S°K 0
TT

0 

events are poorly determined and yield an imprecise :S 0 length deter­

mination. The A'°K+ TT- events were selected from 1 V2p events that 
- + - 0 failed more common production modes, such as K p -+ ATT TT TT • As 

discussed in section II, this 1V2p analysis suffers a bias against short 

Z 0 proper times, because the A must point to the primary vertex for 

non -:S 0 production. 

The data with beam momenta below 1.3 BeV /c weil'e also 

excluded fr'om this analysis. According to Table II, the majority of 

2VOp events at these lower momenta were produced by TT contamination. 

The addition of these events would increase the uncertainty in our final 

result. 

The 2VOp topological sample at 1.3 BeV /c and above contains 

190 events: 137 A'°K 0 events, 8 S'°K 0 TT 0 events, and 45 productions by 

TT contamination. Seventeen of these events are ambiguous between 

:S°K 0 production and some other mode; eleven of the ambiguous events 

are included in the present sample of 137 :S°K 0 events. 

B; Calculation of :S 0 Length 

The :S 0 length is determined from the fitted data by geometric 

construction, 

( 5 .1) 

as discussed in section II. The link (X) and the angles are shown 

schematically in Fig. 4. The calculated length need not be positive; 

its average uncertainty is about 1 em. 

Five events in the sample allow direct measurement of the :S 0 

decay point, because the TTo (from ;E 0 
-+ An°) decays in the Dalitz mode, 

0 + -
TT -+ ye e . These decay points were also calculated from (5.1), after 

discarding all information from the Dalitz pair. The calculated lengths 

averaged 15% higher than the measured lengths, consistent: with the 

expected error ( 1.5 standard deviation~). 
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In the following analysis, the uncertain ~ 0 length is varied 

while the well-measured link is kept fixed. The concomitant varia­

tion of the A length must be considered. The link is related to the 

fermion lengths by 

1 X = 1 :So cos a. 1 + 1 A cos a. 2 , (5.2) 

~0 A 

where cos a.
1 

= o!=. • X and cos a.
2 

=A X. These coefficients must 

vary with 1 ';:;"O• because the link plus the two angles determine the 
...... 

triangle. Furthermore, we imagine a trajectory for the ~ 0 and A 

such that the link direction is unchap.ged. Now either the S: 0 produc­

tion angle or the 2:' 0 decay angle must also change, and kinematic con­

straints require changes in momenta. This situation can be simplified 

with little loss of accuracy, however, because e, the ~ 0 decay angle in 

the laboratory system, is small, ~ 20 deg, as discussed in connection 

with Eq. (2.5). The length of the link is then very nearly (within 2o/o) 

the sum of the fermion lengths, and the exact variation of 1 A' as 1 ~o 

varies from zero to 1 X' is not critical. 

C. Likelihood Formulation 

The calculated 2° length and the fitted momentum provide a 

convenient determination of the :S0 proper time, 

(5.3) 

with flo;:;< = P'.;:;./Mo;:;< and c = 1. We determine the ~ 0 mean life from the 
...... ...... ...... 

distribution of proper times in Fig. 10. Even if the ~ 0 length were 

not known, however, we could determine the ~ 0 mean life from the 

lengths of the links. 

If the 2: 0 length is accurately measured, the joint probability, 

for the ~th event, of observing proper times t1k = 11k/l11k for a'·-:s~ :W'ith 

decay rate A. 1 = T~~ and t 2k = 1 2k/ l1
2

k for a A with >... 2 = TA_1 is 

( 5.4) 
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r ...... o = 2 53 +o. 28 )( 10-10 sec 
. -0.23 --

137 ~ ° K 0 events -

2 4 6 
t ~( I0-

10
sec) ,...... ,._.., 

8 10 

MU 8 ·10501 

Fig. 10. E: 0 lifetime distribution. The data points are not corrected 
for detection efficiency or the uncertainty in the length calculations. 
The slope of the solid line is ~E'o = 1/(2.53 X 10-10 sec). The slope 
o_£ the broken line is ~:=::42, the j.6.I I =_1/2 prediction. Note that 
f1ve calculated proper tlmes are negahve. 
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For an infinite bubble chamber, the decay rates are separable, but for 

a finite chamber, they are coupled through the normalization term, 

(5.5) 

The maximum ~0 proper time is (3ik = b 1k/nik' where bik is the dis­

tance along the ~0 line of flight to the nearest boundary. The allowable 

t
2 

depend on t
1

• In particular, the minimum A length decreases as t
1 

increases, so that the minimum link is 0.5 em. 

In fact,. the measured ~0 length, lik' has an appreciable 

uncertainty, 
43 

o-
1
k. On the other hand, the length of the link, 1 

3
k' 

is accurately measured, with an uncertainty small relative to 0.5 em, 

its minimum length. We take the ~0 length measurements to be 

normally distributed about the true values and fold a Gaussian error 

function into the probability function. Equation (A.6) of the appendix 

presents the probability, P~
1 

(lik' I. 
3
k; >..

1
, >-.

2
), for this pair of meas­

urements. The combined likelihood for N events is 

(5.6) 

If the E: 0 and A are collinear, the E: 0 length is undetermined. 

The link then provides the only information in the joint probability func­

tion, P~
1 

(Fik' I. 
3
k; >..

1
, >..

2
), and a ~ew formulation is appropriate. At 

our momenta this formulation can determine the :S 0 lifetime, because 

all events are nearly collinear in the laboratory. We express the 

probability in terms of the sum of the fermion lengths, 1
1
k + 1 Zk ~ 1 

3
k' 

and their difference, then integrate over the difference. The result, 

P;(1 3k; >--
1

, >:
2

). is given in (A.10}. The corresponding likelihood func­

tion is~X(x. 1 , >-.
2

). 

D. Results 

The.likelihood function, ~Q(>-. 1 , >..
2

) in (5.6) was maximized as 

a function of the :S 0 lifetime only. We obtain r:::;o = 2.53~g:~~ X 10-iO sec. 
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This result is insensitive to the A lifetime assumed. We used 
. -10 6 i -10 

T A = 2.59 X 10 sec; variation of T A from 2.45 X 10 sec to 

2~7 X 10- 10 sec shifts T";:;"O by les·s than 0.01 X 10-
10 

sec. 

The a1 ternate f~nction1 ;;(X ( x.
1

, A.
2

), ignores the calculated ~ 0 

length. As we vary T A' Tgo var.ie s so that the sum of the ~ 0 and A 

decay rates remains roughly constant. Using T A = 2.59 X 10-
10 

sec, 

bt . 2 71+0.40 X 10- 10 Th" lt t"t t we o a1n Tgo = . _
0

_
31 

sec. 1s resu cons 1 u es a 

successful check on the consistency of our data. 

As mentioned above, we include eleven of the seventeen 

ambiguous events in our sample. Including all seventeen ambiguous 

events in (5.6), we have -10 
T";:;"O = 2.41 X 10 sec; excluding all seventeen, ,_, 

~10 
T";:;"o = 2.6 7 X 10 sec. Combining this variation with the statistical and ,_, 
measurement uncertainties, we obtain our final result, for 137 ~°K 0 

events: 

= 2.53+0.28 .X 10·10 
. -0.23 . sec. 

Two independent determinations of T ...... o have been presented: Jauneau 
+1 0 . -10 .:=. 44 .. 

et al. obtain 3. 8 _
0 

• 
7 

X 10 sec with 25 events; Carmony et al. 

obtain 3.5 ~6:~ X 10·- 10 sec with 54 events. 45 There is no statistically 

significant disagreement among our results. 

The .ratio of the go and~- decay rates provides another tef')t 

of the I.6.Ij = 1/2 rule. 8 We compare our result with the~'- result fro~ 
.· . . 6 -10 . 

the same exper1ment, T>;:;< _ = 1.69 ± 0.06 X 10 sec, and obta1n 
,_, 

A.>;:;< 0 /X.>;:;<- = 0.67 ±0.08, two standard deviations from the prediction of ,_ ,_, 
0.5. The ji:li I= 1/2 prediction, as well as our best-fit result, is 

displayed with the proper time distribution in Fig. 10. 

-. 

.,_ 
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VI. RARE DECAY MODES 

A. Dalitz Events 

46 
The branching ratio for the Dalitz decay mode of the 

0 0 + - . ( a1 47 0 rr , rr __.. ye e , IS 1.17 ± 0. 05) 10. This rate is independent of the rr 

production mode. Figure 11 shows a E;" 0 Dalitz event: 

K + p-- ";:;"0 + .. 'KO ( 6.1) ,...... 

+ t 

A + TTO ~ TT t TT 

t t 
..----"------ + -

p t TT y+e te. 

The rr 0 lifetime is about 10- 16 sec; therefore, the Dalitz pair (e +e-) 

marks the 2: 0 decay point. 

Among our 206 :S0 events we expect 2.5 Dalitz events and 

observe eight: five E;"°K 0 ' one :=;-°K 0 rr 0
' and two 2:°K+ TT-. 

48 
The 

probability for observing eight or more Dalitz events in our sample 

is 0.4%. This abundance of electron pairs may be due to a statistical 

fluctuation or a new 2: 0 decay mode. 

The. 2:°K 0 events with unseen K 0 decays are not included in 

the sample above. They provide a check for fluctuations. The 

(2 X 146) = 292 such 2:°K 0 events with visible A's yield three Dalitz 

events, where 3.5 are expected. We conclude that the excess of 

Dalitz events could be a statistical fluctuation. 

On the other hand, these events could arise from a second rr 0
• 

A pion with spin, the spion, was suggested by Cvijanovich et al. 
49 

to 

· 1 · · f · 1 t" · th d K 0 + - 50 
save time -rever sa Invariance rom VIO a Ion In e ecay L .- rr rr . 

The spin of this spion was to explain observed asymmetries in the rr± 

and K+ decays, but the branching ratios disagree with the predictions 

for charged spions. 51 Neutral spions should decay predominantly into 

ye + e- if J == 1, because decay into two y 's would be forbidden. 52 

The kinematic properties of the rr 0 Dalitz decay are well 
4 7 53 . 

known. ' The electron pair comes from a virtual transverse 

photon, and its invariant mass is small. In contrast, an electron pair 
54 in spion decay cannot come from a single virtual photon, and the 

electron-pair mass may be large. The invariant masses for our eight 
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Fig. 11. Example of a Dalitz event: K- + p -+ :S 0 + K 0 , :S 0
-+ A + 

1r 0
-+ y + e + + e-. The electron pair marks the :S 0 decay point, 

because the 1r
0 lifetime is very short. 

0 
lT ' .... 
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events are shown in Fig. 12, together with the phase space expected 

for '11' 0 Dalitz events. These results are clearly consistent with pure 

'11' 0 decay of the Z"0
• 

B. Other Z0 Decay Mode.s 

We searched for other :S0 decay modes: the .6-S = 1 leptonic 

decays with .6-S/ .6. Q = +1, 

:t; 0 --. ~ + + e + v (A) 

z-o __. ~ + + fl + v, ( B) 

and with .6-S/ .6-Q = -1, 

Z0 --. ~- + e + + v (C) 

Z"0 --. ~- + f.L + + v; (D) 

the direct, nonleptonic, .6-S = 2 decay, 

and the .6-S = 2 leptonic decays, 

';:10 
........ + v 

+ v. 

(E) 

(F) 

(G) 

No definite examples of these decay modes were found. Upper limits 

are based on our 146 E°K 0 events, corrected for neutral A decays. 

1. Theory 

The weak interaction Lagrangian is often de scribed as the 

self -coupling of a single charged current, J , with vector and axial-

t t . t• 55 fl vee or erms 1n space- 1me: 

where G is the weak coupling constant, and 
w 

J =j +S +1. 
fl fl fl fl 

( 6.2) 

( 6. 3) 
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6 Invariant mass -I- Energy partition -
2 2 - - 2 

y= I E+-E-1 I I P++P-1 X = ( E++E_) - ( P++P_) 
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/ 
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\ . 

~ - 1\ 
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MU B -10505 

Fig. 12. Invariant mass and energb partition for electron pairs in 
Dalitz events in units of u, the rr mass. The smooth curves are 

0 '0 +- -expected for TT decay, TT -+ y + e · + e • 
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Here j is the strangeness -conserving, and S the strangeness -changing, 
~ ~ 

current of strongly interacting particles, and P. is the current of leptons. 
~ 

(We write 1.± for the leptons to signify both e± and~±.} To produce 

well-established decays such as A- pe- v, S must have a term with 
~ 

.6.S = D.Q. If S contains no other terms, ::! 0 decay modes (A} and (B) 
~ 

are allowed, but not (C) through (G), to first order in G . 
w 

In this sense, the .6.S = 1, .6.S/ .6.Q = +1 leptonic decays, 
....... o + --
.!=. - ~ 1. v, are the only fully respectable modes on our list. They 

are included in the fashionable Cabibbo theory, 56 in which j and S 
~ ~ 

transform like members of an SU( 3} octet. The ( D/F} ratios for the 

vector and axial-vector currents determine the form for each decay. 

The vector current has pure antisymmetric F coupling, and it is con­

served. 55 Two new parameters are tan fJ, the relative strength of S 
~ 

and j~, and ( D/F} A' the ratio of the axial-vector octet couplings. The 

::! 0 decay (A} has the V-A form of neutron ~ decay regardless of ( D/F} A' 

and the ratio of the 2° amplitude to the neutron amplitude is tan fJ. 

Inclusion of SU(6) with the Cabibbo theory requires 30 

(D/F) A = 3/2, which is consistent with experiment, 
31 

and G A/Gv = 5/3, 

which is not. Gell-Mann 1s equal-time commutation relations5 7 for the 

vector and axial-vector currents in SU( 3} reproduce these SU( 6} results, 

with bare couplings. 58 When renormalization is included, 59 both 

( D/F) A and G A/Gv agree with the experimental values. 
31 

The .6.S/ .6.Q = -1 decays, :S 0
- ~ -l + v, would require a new 

term in S . The coupling of this .6.S = -.6.Q term to the b.S = +.6.Q term 
~ 0 -

would produce nonleptonic .6.S = 2 transitions, such as :S - p1T and 

K 0 -:: R0 • But the K~ - K~ mass difference
60 

is inconsistent with 

first-order K 0 ~ K 0 transitions. 61 One proposal to explain the CP­

violating K_t- 1T + 1T- decay50 is a superweak .6.S = -.6.Q term, with an 

amplitude ,.... 10-9 times the .6.S = .6.Q term. 62 The attendant leptonic 

.6.S = -D.Q decays and nonleptonic I b.S I = 2 decays would be suppressed 
-18 by a factor ...., 10 . 

We can a.cco.mmodate 6.S/ 6.Q = -1 decays without D.S = 2 

. . 1· . I 1· I d 6 :~ trans1hons )y 1nc uc 1ng two c 1arge currents, 

, '-? = ( 1 I 0'X} G \ J( i} t J ( i)' 
-'7\..,w w L ~ 1-1 

( 6.4) 

1 
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so that the .6.Q = -.6.S term does hot couple to the .6.Q = +.6.S term. 

Alternative! y, the intermediate -vector -boson model requires at least 

two distinct charged bosons. 64 One probable .6.S = -.6.0 decay, 
. + + .· 65 
:E - nfl. v, has been observed, but the .6.S = -.6.Q rate is less than 

10o/o of the .6.S = .6.Q rate. 66 

Next, .6.S = 2 terms have been added to one of the charged 

currents so that only leptonic .6.S = 2 interactions are allowed. 6 7 

Phase space for A·o - pl ~ v is large, and branching ratios of a few 

percent might be expected. 

Finally, Glashow has shown that nonleptonic .6.S = 2 inter­

actions can produce S 0 
-+ pTT- decays without first-order contributions 

to the K~ - K~ mass difference. 68 In the single self-coupling current 

model, this interaction must violate CP invariance. 69 The K~- TT + TT-
50 -4 -6 decay rate then suggests a rate for the .6.S = 2 decays .... 10 to 10 

times the rate for .6.S = 1 decays. 70 

The decay rate for leptonic decays with pure vector ( GV) and 

axial-vector (GA) coupling is 71 

3 3 5 2 2 
A. = ( 1/60TT ) ( 1 + M 1/M2) Q B( n) (GV + 3G A), 

( 6.2) 

where M
1 

is the initial and M
2 

the final baryon mass, Q = M
1 

- M
2

, 

and n = (f1./0)
2

, with f1. the lepton mass. The phase-space dependence 

on the lepton mass, 

B( n) = ( 1 - n) 
1

/
2 

( 1 - 9 lf /2 - 4 n 
2

) 

+ (15/4)n
2
1nlf1+ (1-n)

1
/

2
]/[1-(1-n)

1
/

2 JI, ( 6. 3} 

inhibits decay into heavy leptons. With e, f1. universality the rates for 

corre spending electronic and muonic decays differ only by this phase­

space factor, which inhibits the .6.S = 1 muonic decays ( B and D) by a 

factor of 0.002, and the .6.S = 2 muonic decay (G) by a factor of 0.60. 

2. Results 

We searched for E; 0 decay modes (A) through (G) among the 

events with the 2VOp topology. These decays require that the E; 0 
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direction coincide with the measured link. Sixty-five of ~he 221 2V0p 

events fit E;°K0 production with this restriction and are candidates for 

these decay modes. 

The .6.S = 1 leptonic decays, E;'0 
-+ ~± 1 'F v, and the .6.S = 2 

nonleptonic decay, E: 0 
-+ p1T -, are unambiguous; no serious candidates 

for these modes were discovered. The .6.S = 2 leptonic decay modes 

can be ambiguous with the usual cascade, E;'0 
-+ A1T 0 , A -+ p1T-. Six­

teen of the 65 candidate events fit :S0 
-+ p jJ.- v; ten of these also fit 

E; 0 
-+ p e- v; all sixteen fit the usual cascade decay. We eliminate 

events if the calculated mass of the vee is within three standard devi­

ations of theA mass, assuming proton and 1T- tracks. From the 

leptonic decay spectrum, 71 we e stirnate that 7% of the electronic 

events and 10% of the rnuonic events would be discarded. No candi­

dates remain. 

Minimum lengths for the :S0 and ~± were 0.5 ern; the failure 

rates are 8% for E: 0 , 22% for~+, and 12% for~-. The 221 2VOp 

events include 146 E;'°K 0 events. The upper limits are: 

R A c~: 0 
-+ ~ + e - v) < 1 I ( 0. 9 2 X 0. 7 8 X 1. 5 X 14 6) '::!. 0. 7% 

RB(E: 0
-+ ~+tJ. -v) < 11(0.92 X 0.78 X 1.5 X 146) -::.0,7% 

Rc ( E: 0 
-+ ~ - e + v) < 1 I ( 0. 9 2 X 0. 8 8 X 1. 5 X 14 6) '!::! 0. 6% 

RD( E: 0 
-+ ~ -tJ. + v) < 11( 0. 92 X 0.88 X 1.5 X 146) !!!. 0.6% 

RE( E: 0 
-+ p1T -) < 11( 0. 92 X 1.5 X 146) -::t. 0.5% 

RF(E; 0
-+ pe-v) < 11(0.93 X 0.92 X 1.5 X 146) ~o.6% 

RdE: 0 
_... PtJ. -v) < 11(0.90 X 0.92 X 1.5 X 146) -:::.0.6%. 

The Cabibbo theory predicts56 0.28% for E: 0
-+ ~+e-v. Other 

predictions are generally less precise, but are of the same order of 

magnitude, More statistics are needed to test these theories. We do 

have some evidence against the 6S = 2 leptonic theories, 
67 

however. 

/ 
/ 
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4 

We have reported elsewhere the search for ~- leptonic decays. --

The sole candidate for ~- - Al- v is more probably a normal decay, 

z- - A or Our upper limits for ~S = 1, ~Sj ~Q = +1 leptonic ~- decays 

are: 

Ferro -Luzzi et al. se~ .an upper limit on the ~S = 2 nonleptonic ~ 

decay from this experiment, 7 

The only unusual ~ decays reported to date are ~ leptonic 

decays, Z - Ae v. Carmony and Pjerrou report one such event with 

a branching ratio of about 0.6o/o. 
72 

London et al. observe one definite 

and one probable leptonic z-- among 164 decays. 
73 

Our upper limit
4 

at 0.5o/o is consistent with these results. 

·'-
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APPENDIX. LIFETIME LIKELIHOOD FORMULATION 

A schematic diagram of 2: 0 production and decay, illustrating 

the link from the production vertex to the A decay, is presented in 

Fig.· 4. As discussed in section V, the 2: 0 decay rate may be deter­

mined either from the calculated 2: 0 lengths or from the measured 

li:nks, ignoring the 2: 0 lengths. The likelihood functions for these 

two cases are developed as follows. 

1. Lifetime from the 2: 0 Length 

The joint probability, for the kth event, of observing proper 

times ~fk for a 2: 0 with decay rate x. 1 =-r~t and t 2k for a A with 

x.
2 

= TA is given by (5.4). The lengths are proportional to the proper 

times; with r) = pjM and c = 1, we have £. = nt. 

Next, we allow for uncertainty in the 2: 0 length. Let the limits 

on the true lengths be A~ X. ~ B and the limits on the measured lengths 

be a~ £. ~ b, suitably subscripted. The maximum lengths, true and 

measured, are set by the distances to the nearest boundaries. The 

minimum true lengths are zero. The minimum measured 2: 0 length, 

a
1
k' is negative, as previously mentioned, and equal to the distance 

from the primary vertex backwards to the nearest boundary. The 

cutoff at 0. 5 em for tlie link restricts the range of measurements, not 

of true lengths. 

The pro"Qability that the true lengths be x 1 for the 

for the A is 

(A.1) 

(A.Z) 

This probability is normalized over the range of true 2: 0 and A lengths. 

The Jacobian factor (r) ikr)Zk) has been included explicitly in (A.1), so 

that fk(X.
1

, X.
2

) is one for an infinite bubble chamber. 
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The true length of the link is x
3 

= x
1

fJ-
1 

+ x
2

fJ-
2

, where 

fJ-
1 

= :go • X and fJ-z = A • X. As discussed in connection with (5.2), 

fJ-
1 

and fJ-
2 

cannot remain constant as x
1 

varies. Nevertheless, we 

eliminate the A length in favor of the link, and obtain 

(A.3) 

B3k x3 1 dx3 J dx1 exp(-gikx1 -g3kx3). 

0 0 
(A.4) 

The new Jacobian factor fJ- 2 is included in (A.3), and Pk is normalized 

over the range of the true 2: 0 and link lengths. The 2: 0 length cannot 

exceed the length of the link, because 8 ~ 90 deg at our momenta. 

Finally, we assume that the lengths of the :S 0 and the link, x
1 

and x3' have been measured to be P.. 1k and i. 3k with uncertainties CJ 1k 

and <t 
3
k, respectively. We take the measurements to be normally 

distributed about the true values and fold Gaussian error functions into 

the probability function in (A.3). The probability for this pair of meas­

urements is 

(A.5) 

The Gaussian functions Q
1

k and Q
3

k are normalized over the range of 

allowed measurements; the normalization constant depends on the true 

length for any finite measurement range, modifying the Gaussian form. 

The uncertainty in the measured link is small relative to 0. 5 em, its 

minimum va.lue; therefore, Q
3

k (x3' l 
3

k) app·roximates a 6 function, and 
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we obtain 

(A.6) 

(A~ 7) 

and 

(A.8) 

The combined likelihood for N events, when the links are accurately 

measured, is 

(A.9) 

We use this likelihood function for the lifetime analysis. 

2. Lifetime from the Link Joining the ~ 0 Production and A Decay Vertices 

For collinear ~ 0 decays, we rewrite (A.1) in terms of the sum, 

x 3 = x 1 + x
2

, and the difference, z = x
1 

- x
2

, of the fermion lengths, 

then we integrate over the difference, -x
3 
~ z. ~ xy The link is accu­

rately measured; we take x
3 

= £ 
3

k and obtain 

(A.10) 

(A.10') 
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The normalization is over the measurement range, 0.5 em ~ l 
3

k ~ b
3

k . 

Here the combined likelihood for N events is 

(A.11) 
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