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Some Properties of a- and a 0 Hyperons Produced in K-p Interactions 
between 1.05 and 1. 7 Be V / c* '• 

J. PETER BERGE, PHILIPPE EBERHARD,]. RICHARD HUBBARD, DEANE W·. MERRILL,· 

]. BUTTON-SHAFER, FRANK T. SOLM!TZ, AND M. LYNN STEVENSON 

Lawrence Radiation Laboratory, University of California, Berkeley, Calif9rnia 

(Received 29 November 1965) 

The production of cascade hyperons by incident K- on hydrogen has been studied from threshold (1.05 
BeV/c) to 1.7 BeV/c. A sample of 1004 z- and 206 Z0 was obtained. Production cross sections rise over 
this momentum range, reaching about 150 ~tb for z-K+ production and about 100 ~tb each for ZOK0 and 
Z1rK. Production of the 2*(1530) near threshold is observed, and the assignment I'=! for this resonance 
is confirmed. The Z decay analysis yields weak evidence for h:=!. For Jz= !, our decay-parameter results 
are az-= -0.368±0.057 and <Pz-=tan-l(J3/-y)z=0.008±0.186 rad. The final-state 1rA phase difference is 
then (lip-lis) =tan-1 ({3/ah= 179±26 deg. No significant violation of the M =!rule was observed. The 
upper limit on the leptonic deFay rate, (:;;;--> Ae-v)/(z--> A1r-), was found to be 0.5%. 

I. INTRODUCTION 

WE report here results of an analysis of the decay 
and production properties of cascade hyperons 

applied to a sample of 1004 ;e-- and 206 zo events ob-
. served in an exposure of the Lawrence Radiation 
Laboratory's 72-in. hydrogen bubble chamber to an 
incident X- beam ranging in momentum from the :a; 
threshold (1.05 BeV /c) to 1.7 BeV /c. Preliminary re
sults based on partial analyses of various fractions of 
these data have appeared previously; no substantial 
modification of earlier results is required by comple
tion of this work.1- 4 

*This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

1 L. W. Alvarez, ]. P. Berge, G. R. Kalbfleisch, ]. Button
Shafer, F. T. Solmitz, M. L. Stevenson, and H. K. Ticho, in Pro
ceedings of the 1962 Conference on High Energy Physics at CERN 
(CERN, Geneva, 1962), p. 433. 

2 ]. R. Hubbard, ]. P. Berge, G. R. Kalbfleisch, J. B. Shafer, 
F. T. Solmitz, M. L. Stevenson, S. G. Wojcicki, and P. G. Wohl
mut, Phys. Rev. 135, B183 (1964). 

3 M. L. Stevenson, J.P. Berge, J. R. Hubbard, G. R. Kalbfleisch, 

Section II outlines the selection criteria, event
analysis procedures, and corrections ~applied to the' . 
data. The production properties of the ZK and :E:K 1r 

systems are presented in Sees. III and IV. Sections V 
and VI detail the decay investigation. We find some 
evidence for the ;e-- spin to be !, and give values for 
the nonleptonic decay parameters a, {3, and -y, defined 
according to a consistent convention,6 to higher 
statistical precision than before. Upper limits on the 
:a;- and zo leptonic decay rates are presented. In the 
conclusion, our results are compared to some predic
tions of the SU 3 model of strong interactions. 

]. B. Shafer, F. T. Solmitz, S. G. Wojcicki, and P. G. Wohlmut, 
Phys. Letters 9, 349 (1964). 

4 M. Ferra-Luzzi, M. H. Alston, A. H. Rosenfeld, and S. G. 
Wojcicki, Phys. Rev. 130, 1568 (1963). 

6 It is known that T. D. Lee and C. N. Yang [Phys. Rev. 108, 
1645 (1957)] and]. Cronin and 0. Overseth (Ref. 22) have an in
consistency in the definition of (3; their definitions of (3 from the 
decay amplitudes and the condition imposed by time-reversal 
invariance should be read with an opposite sign. 
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TABLE I. 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 'ZK production is 1.05 BeV /c, for 'ZK1r production 1.38 BeV /c. Deuterium firm was tak~n at 
1.51 BeV /c only; the z-Ko cross section was obtained by comparison of the corrected numb~rs of z-Kop and z-K+n events. 

z- decays 'Z0 decays 
K-p_,z-K+ K-p-> z-K07r+ (a) 

-> z-K+'lro (b) 
K-d-> z-K~ (a) K-p_, zoKo K-p _, ZOK07ro (a) 

-> z-K n (b) -> 'Z°K+1r- (b) 
-> 'Z-K1rN (c) 

Pbeam Ec.m. q uz-K11' q UZ°Kr 

(BeV /c) (BeV) N/p.b N (p.b) Na Nb (p.b) Na Nb N. N (p.b) Na Nb (p.b) 

1.05} 
1.11 1.815 0.26 0 ~7 2 46±35 

1.22 1.896 1.19 33 49±9 7 32±14 
1.33 1.946 1.42 87 104±12 10 42±19 
1.43 1.991 0.795 75 159±20 0 0 ~2 4 34±19 
1.51 2.028 5.09 468 148±9 13 6 5.6±1.4 48 51 5 87 78±11 1 15 5.8±1.8 
1.60 . 2.066 0.715 60 133±18 11 4 32±8 13 91±28 3 10 48±17 
1.70 2.109 1.065 105 155±17 30 8 55±9 23 113±27 4 27 67±16 

Total: 828 72 104 146 8 52 
Grand total: 1004 z- decays 206 'Z0 decays 

II. DATA ANALYSIS 

A determination of the lifetimes of the ;;:- and zo . ' based on essentially the same data sample, has been 
presented recently.2 The selection criteria and kinematic 
analysis applied to individual events have been dis
cussed there; highlights of the discussion are repeated 
here. 

All film was double scanned according to a fixed set 
of scanning instructions for all events of the topologies 
of interest here. For acceptance, a candidate ;;: event 
was required to have a visible A decay; the :2:°K0 events 
were additionally required to have a visible K1° decay. 
All candidates for cascade-hyperon productions were 
measured and analyzed. The measurements of each 
event were then constrained in the usual manner by the 
requirements of energy-momentum conservation. 

In ·the case of the z-, the systematic biases in the 
sample were small. For example, the estimated loss 

_ rate for events with !?hort Z's is about 6% and for 
short A's is about 2%. Further, we do not expect 
A-decay, angular-distribution correlations with the A 

_.direction and the production normal for these missed 
events to be significantly biased. A similar loss of 
Z0's, estimated to be about 6%, occurs for events with 
short K1°'s These loss mechanisms affect the angular 
distributions only through dependences on the labora
tory momentum of the missed particles. 

For ;;:- events the distributions affected are the 
cascade production distribution (da/drlh:, and the 
polarization intensity, (Pdu/drlh:,. To minimize the 
systematic errors, a minimum acceptance length of 
0.5 em was imposed on both the ;;:- and A for events 
used in fitting these distributions (Sec. III and IV). 
The accepted data were then weighted by a correction 
function of the form 

[ O.S(Mzc MAc)] 
Q(Pz,PA)=exp -- -. -+- , 

c rzPz TAPA 

which depends only on the hyperon laboratory mo
menta. However, the cutoff events (some 11% of the 
data) were used in the analysis of' the- decay distribu
tions described in Sec. V. A similar procedure was 
adopted for the Z°K0 analysis to account for the short 
K 0 events. 

Essentially no z- event of the topologies treated 
here was misidentified or confused with background 
from other reaction channels. For the zo events mis-. ' mterpretation may furnish an additional source of 
systematic bias. The Z°K0 events may be confused with 
topologically similar events produced by pion con
tamination in the beam; the 1r-p ~ AK0 mode is 
essentially unambiguous, but the· 1r-p ~ ~°K0 mode 
is kinematically similar to K-p ~ Z°K0• Twentycthree 
events were ambiguous between :2:°K0 production 
and pion production modes. Twelve of these events 
gave a better fit to :2:°K0 production and are included 
in our sample. The consistency of the final apportion
ment was checked by comparing the number of events 
assigned to 1r-p ~ ~°K0 to the observed number of 

15 0 
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1.0 
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(a) (b) 

• o· This experiment .. Colton et at., Ref. I 4 {"ol 

• London et at., Ref. 14 (b) .. Gelsema et at., Ref. 14 (cl 

• Fowlet"et ot., Ref.l4 (d) 

I ! 
(ol K-+P-+ g-.K+ 

(b) K- +P-+ S 0 + K0 
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Beam momentum ( BeVjc J 

FrG. 1. Two-bod.J; production cross sections. As in Figs. 2, 5, 
and 6, the closed ~rrcles represent z- data, the open circles, zo 
data. All cross sectwns are given in p.b or p.b/sr. 
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AK0 events. We observe 39 AK0 events and thus expect 
about 19 '1:.°K0 events. The final apportionment of 
20 '1:.°K0 events (including unambiguous events) is 
consistent with this expectation. 

The 'E°K+7r- events are topologically identical to 
much more copious production modes, such as K-p ~ 
A1r+1r-. About SO% of the 'Z°K+1r- events are kinemati
cally unambiguous. Twenty-three candidate events 
were kinematically ambiguous; seven of these am
biguities were resolved by ionization. Our final sample 
of 52 'Z°K+1r- events includes six of the sixteen re
maining ambiguous events; we estimate the contamina
tion in the final sample to be about 3 events. 

The 'E°K0Jr0 events are not kinematically overdeter
mined and have not been used in the decay analysis. 
The ('Z01r0) mass has been determined by a missing
mass calculation utilizing the beam K- and the [{0 • 

Ten events were consistent with 'E,°K07r0 production. 
In six of the ten events, the fitted A was not consistent 
with coming directly from the production vertex; these 
events must be 'Z°K01r0 events or the result of coinci
dences of unassociated V's and normal K 0 events. The 
probable number of such coincidences is estimated to be 
less than one. Two of the four events in which the A is 
consistent with coming directly from the production 
vertex give acceptable fits to 1r-p ~ AK01r0 •. The remain
ing two events are ambiguous between K-p ·~ 'E,°Ko1ro 
and 1r-p ~ '1:.°K01r0 ; we have included these as 'Z°K01r0 

events. The possibility of misinterpretation does not 
weaken our conclusigns on the isotopic spin of the 
'Z*(1530) presented in Sec. IV. 

Deuterium data were obtained at 1.5 BeV jc, with 

:;; 
..:!-

1= 
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b 

200 

Thresholds: 

SK .. S*K. • 
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!J: A Colton etol., Ref.l4 (a) 

.LI a London etai.,Ref.l4 (bl 
Y Gelsema et ai.,Ref.l4 (c l 

f 
50 

~.,. 
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Beam momentum ( ~eV/c l 

FIG. 2. Three-body production cross sections. The data from 
the 1.5-BeV /c exposure have been subdivided into low- and high
momentum subsamples (1.49 and 1.54 BeV /c) on the basis of the 
production fit. Path-length dependence on momentum was ob
tained from fitted data from other reaction channels, for which 
cross sections remain sensibly constant across the momentum 
range of the 1.5-BeV /c nominal beam setting. 

FIG. 3. z-K+ differential cross sections at all momenta. 

about 1/10 the path length of the corresponding hydro
gen exposure. We feel few :e-K+ productions from 
protons were missed; the K+ together with the z- and 
A decays provide a unique signature. On the other 
hand, K-n ~ 'E;-K 0 events may be preferentially 
missed. For example, the interaction vertex of an 
event with an unseen spectator proton, no visible K 0 

decay, and forward produced 'E;- can be hard to deter
mine; such events are almost surely counted as direct 
A productions. We compute a loss rate from this 
effect of about 6% (3 events). Even if the z- is not 
produced forward and the interaction vertex is known, 
the event may be misinterpreted; the interaction 
vertex cannot be constrained unless either the proton 
or the K 1° is observed. In accepting all such events as 
'E;-K0p, we may include as many as two :e-K01r0p 
events. (We actually saw one example of :e-K01r0p, 
with both the K 1° decay and high-momentum spectator 
proton visible. This event was not included in the 
:e-K0p sample.) The free~nucleon cross sections pre
sented have been further corrected to account for 
final·state 'ZN interactions Final-state 'EN interactions 
could be elastic, charge-exchange, pion-production, or 
double-hyperon-production-with or without extra 
pions. (KN interactions are negligible and have been 
duly neglected.) Elastic 'ZN scatters do not change the 
number of events in the various channels, although 
they do distort the angular distributions. No example 
of double-hyperon production was observed. Two 
candidates for 'ZN ~ 'ZN1r with high-momentum pro-
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TABLE II. 'ZK differential-cross-section expansion coefficients. The cross sections are represented by a Legendre polynomial expansion, 
(du/d!!lzK= (u/4ar}'2z-oLCzPz(cos1Jz), Co= 1.0. The z-Ko data are the 40 "stationary" neutron events (proton recoil momentum less 
than 200 MeV /c.) The error on Co is the cross-section fractional error of Table I. 

Pbeam u/47r 
(BeV /c) Channel (J.Lb) Co c1 c2 Ca c4 

1.2 z-K+ 3.90 1.00±0.18 0.78 ±0.23 -0.66 ±0.39 -0.66 ±0.43 0.21 ±0.57 
1.3 z-K+ 8.28 1.00±0.12 0.93 ±0.14 -0.07 ±0.26 
1.4 z-K+ 12.65 1.00±0.13 0.80 ±0.22 1.04 ±0.26 0.96 ±0.32 0.10 ±0.42 
1.5 z-K+ 11.78 1.00±0.061 0.834±0.082 0.733±0.109 0.676±0.128 0.164±0.136 
1.5 'E,OJ(O 6.21 1.00±0.14 0.79 ±0.21 1.31 ±0.20 -0.18 ±0.29 
1.5 z-Ko 13.13 1.00±0.21 0.65 ±0.27 0.40 ±0.36 0.59 ±0.38 
1.6 z-K+ 10.58 1.00±0.14 0.79 ±0.24 0.96 ±0.30 1.29 ±0.30 0.62 ±0.39 
1.7 z-K+ 12.33 1.00±0.11 1.29 ±0.18 1.64 ±0.19 1.23 ±0.23 O.o7 ±0.24 

tons were observed; of the five observed z-K1fN events, 
as many as four could be due to final-state pion pro
duction. Charge-exchange reactions are possible only 
between the neutral systems AP+--'> Z0n; from detailed 
balancing, the transition rates in either direction must 
be nearly equal. The net depopulation of z-K0p 
events is then expected to be proportional to cr;;cK'P 

-crz'K'n, the difference in the production populations. 
We estimate a riet decrease due to scanning losses and 
final-state interactions of (17 ± 7)% for z-K0p and 
(7±5)% for z-K+n events. No attempt was made to 
analyze possible examples of ';2.0 in the deuterium film. 

The production angles for the deuterium events 
were calculated in the 'E.K c.m. system. Only events 
with "spectator" nucleon momenta below 200 MeV jc 
in the laboratory system were included in the angular 
distributions. The validity of the impulse approxima
tion was checked by comparing the differential cross 
section obtained from the 43 hydrogen-like AK+n 
events with that of the 468 hydrogen events at 1.5 
BeV/c; these are found to be consistent. The data 
have been corrected as above for loss of short A 
events, but no attempt has been made to adjust for 
distortions arising from misidentification of the produc-

(a l 
15 K-+ p~Eo+ K0 

20 

_pK_=I.5 BeVjc "' ' 10 "' 
N 87 events .:, 

IOCl 
"0 

5 ...... 
b 
"0 

FIG. 4. 'ZK differential 
0 0 cross sections at 1.5 
-I +I BeV/c. (a) '2,0](0, (b) cR-; ~0} z-KO from the deu-

terium exposure at 1.5 
(b) BeV /c. Only the 40 sta-

15 K-+n + (pl-!3-+ K0+(p) tionary neutron events 
are included. 

10 
PK_ = I. 5 BeV/c 

N 40 events 

5 

tion mode The A K 0 cross section was obtained by 
comparing the corrected numbers of AK0p and AK+n 
events and using the hydrogen value, crz-K+= 148±9 J.tb. 

Observed numbers of events, together with the cor
rected total cross sections in the various open reaction 
channels, are tabulated in Table I and displayed in 
Figs. 1 and 2. 

III. SK PRODUCTION 

Cross sections and polarizations for two-body 'E. 
production are displayed in Figs. 1 and 3 to 7.6 Com
bining our . hydrogen and deuterium results for the 
:a:-K+, ';2.°K0, and z-K0 production processes, we com
pute the production rates for 'E.K in 1=0 and 1=1, 

.a-K+ 

"~ 
ogo Ko 

! 
A, 10 ! 1 i ! 

t: 2 
0 + 

"1 
J 

A2 10 IJ-f 
·o + ! FIG. 5. 'ZK differen-

"' 
! tial-cross-section Leg-.... -5 endre-polynomial ex-"' ..:!- "j pansion coefficients. 

I I I I ! 
The zeroth-order term 

A3 10 is Ao=u/4r. · 

0 + 
I ~ 

-5 

A4 ~;l :, .1: : : 
I I : 

.1.0 1.5 2.0 
Beam momentum (BeV/cl 

6 The polarization points and errors are essentially those ob
tained in Sec. V by fitting the distribution function (5.11) to the 
data. The errors include the statistical effect of possible variation 
in the decay parameters. The decay parameters used for the z
are those of Table V, column 2; for the zo, those of column 5. 
If the decay parameters given in column 6 (resulting from the 35· 

sumptions a:c=a;;:', .Pz-=<f>zo) are used, (Pz•)= -0.52±0.20 in 
our energy region. 
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TABLE III. 811-K cross s~ctions. Total Z1rK cross sections for all charge combinations are given in columns 4 through 7. Estimated 
numbers of 2:*(1530) events above background and Z*K cross sections are given in columns 8 and 9. 

Pbeam Ec.m. z-1r+K0 :E;07rO[(O 

(BeV/c) (BeV) N(p.b N· (j N (j 

1.49 2.019 2.545 3 1.8±1.0 0 :S;2 
1.54 2.041 2.545 10 5.9±1.9 1 2.2±2.2 
1.60 2.066 0.715 11 24±7 3 23±14 
1.70 2.109 1.065 30 44±8 4 22±13 

Total 54 8 

and the phase difference o of the !-spin production 
amplitudes at 1.51 BeV/c. We obtain 

u(Z-K+) = 148±9 ,ub= I (a0+ai)!2I 2 ; uo= 287±44 ,ub 

u(Z°K0) = 78±11 ,ub= I (a0-ai)!2I 2 ; u1= 165±34 ,ub 

u(z-K0)=165±34,ub= la1 l2; o=71±4deg. 

At 1.51-BeV jc incident-beam K- momentum, the 
invariant mass of the S=-1, B=1(K-p) system is 
2.026 BeV, corresponding closely to the predicted 
position of the first Regge recurrences of either the 
Y1*(1385) or the Y0*(1405) [we assume JP=!- for 
¥ 0*(1405)]. 7 We might then hope to observe resonant 
enhancement of either the 1=1, F 71 2 or 1=0, D 512 

amplitudes in such systems at 1.51 BeV /c. The ZK 
system is particulary suitable for such an investiga
tion; the high-quality polarization information available 
through observation of both the Z and A decay to
gether with the observed production distribution 
du/df!. allow in principle a complete partial-wave 
analysis. 

As a first step, the differential-cross-section data 
for Z°K0 and z-Ko at 1.5 BeV /c and the z-K+ at all 
momenta were fitted with a Legendre-polynomial ex
pansion to determine the maximum complexity; the 
resulting fit coefficients are displayed in Table II and 
in Fig. 5. We find that the data nowhere require more 

1.5 

(b) 0 

o This experiment 
Colton et ai.,Ref. 14(a) 

• London et ai.,Ref. 14(b) 

2.0 2.5 

Beam momentum (BeY /c) 

FIG. 6. 'E.K polarization. The average polarization projection 
along the production normal n= (.k-x@)/lk-x@l at each mo
mentum was estimated from the distribution function (5.11). 

7 R. L. Schult and R. H. Capps, Nuovo Cimento 23, 416 
(1962). 

2:*(1530) production 
Z01r-K+ z-1r°K+ Z*OKO :grf{+ 

N (j N (j N (j N (j 

4 2.5±1.5 0 ::;;o.6 0 ::;;o.7 4 2.5±1.5 
15 9±3 11 6.9±2.4 6 3.4±1.4 10 8±3 

10 25±9 4 8±4 12 35±11 12 28±9 
27 45±11 8 11±4 31 61±12 26 41±10 
52 18 53 57 

than third order to give an acceptable fit; at 1.5 
BeV/c, the z-Ko data from deuterium are well fitted 
with first order, while the Z°K0 require second order. 
For the z-K+ channel, 1.2 and 1.3 BeV I care adequately 
fitted with first order; above 1.3 BeV /c, the data re
quire up to third order (the requirement at 1.4 BeV /c 
is somewhat marginal, corresponding to about 2.5 
standard deviations). The only region with possibly 
rapidly varying production amplitudes is between 1.3 
and 1.4 BeV/c, where our data are extremely limited. 
To include the polarization information, a maximum
likelihood partial-wave fit of the z-K+ data at each 
momentum was performed; this fit (rather than the 
polynomial-expansion fit), yielded the curves of Figs. 
3, 4, and 7 (no attempt was made to indude possible 
energy dependence of the partial-wave parameters). 
The fitted polarizations are shown in Figs. 6 and 7. 
We found that inclusion of states only up through 
L=2 yields an adequate fit at 1.5 BeV/c. The data 
nowhere require more than D waves. We conclude 
that we have no significant evidence for possible 
resonant behavior in the ZK channel below 1.7 BeV jc. 

FIG. 7. z-K+ polariza
tion dependence on pro
duction angle. The 
smooth curves result 
from the same partial
wave fit to the data 
that gave the smooth 
curves of Fig. 3. The 
data points were cal
culated as described in 
Ref. 6. The sign con
vention is the same as 
in Fig. 6. 

,,r 1.2 BeV/c 

0.0 ~'2 
-1.0 

g 1.0~ 0 1.5 
·~ ~ g_ 0.0~~ 
~u -l.o 
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( E, 1rl moss (MeV) 

s* M=l532 MeV 

r= 15 MeV 

D E0 
77- event 

~ s-7T0 event 

132 events 

FIG. 8. (Z1r) mass distribution. There are 132 examples of ZK1r 
production, plotted in the mass histogram. The two smooth curves 
correspond to pure phase space, and to an incoherent mixture of 
20% phase space, 80% 2:* production. 

IV. S?tK PRODUCTION 

Production cross sections for the three-body 'E.1r K 
final state in our momentum region are shown in 
Table III and Fig. 2. The prominent features in this 
channel are the similarity of the 'E.-1rK and 'E.01rK 
cross sections, and the predominance of 'Z*(1530) 
formation. 

Production of a pure 'E.1r resonance in either possible 
isospin state can be shown to yield equal z-7rK and 
'E.01rK production rates, provided that there is no inter
ference between production states or if one production 
state dominates. Deuterium data might then be used to 
attempt to identify these production states; our data 
are unfortunately too limited to serve this purpose. 

The formation of 'Z*(1530) accounts for most of the 
three-body production data, even at threshold. The 
('E.1r) mass distribution (Fig. 8) is acceptably reproduced 
by ·an incoherent mixture of i nonresonant 'E.1rK 
and ! 'Z*K production, with a resonant mass of 1532 
MeV and a width of 15 MeV. The experimental mass
resolution function yields a full width of about 6 MeV 
for A'll''+ and z-1r0, 9 MeV for 'E.01r-, and more than 15 
MeV for 'E.0'11'0 events. Taking only the 54 ;e--'11'+ events 
to avoid mass-difference effects, 8 we obtain an experi
mental. width of 9±3 MeV, and thus a true resonant 
width of about 7±7 MeV. This value is consistent 
with earlier results. 9,10 

The total cross section obtained for 'E.* production is 

: 8 (a) G. M. Pjerrou, P. E. Schlein, W. E. Slater, L. T. Smith, 
D .. H. Stork, and H. K. Ticho, Phys. Rev. Letters 14, 275 (1965); 
(b) G. W. London, R. R. Ran, .N. P. Samios, S. S. Yamamoto, 
M. Goldberg, S. Lichtman, M. Primer, and J. Leitner, Phys. Rev. 
143, 1034 (1966). 

· 9 L. Bertanza, V. Brisson, P. L. Connolly, E. L. Hart, I. S. 
Mittra, G. C. Moneti, R. R. Rau, N. P. Samios, I. 0. Skillicorn, 
S. S. Yamamoto, M. Goldberg, L. Gray, J. Leitner, S. Lichtman, 
and J. Westgard, Phys. Rev. Letters 9, 180 (1962). 

• 10 P. E. Schlein, D. D. Carmony, G. ]. Pjcrrou, W. E. Slater, 
D. H. Stork, and H. K. Ticho, Phys. Rev. Letters 11, 167 (1963); 
~- M. Pjerrou, D. J. Prowse, P. Schlein, W. E. Slater, D. H. Stork, 
and H.' K. Ticho, ibid. 9, 114 (1962); J. Button-Shafer, J. S. 
Lindsey, J. J. Murray, and G. A. Smith, Phys. Rev. 142, 883 
(1966). 

shown in Fig. 9. (We have split the data from the 1.5 
BeV /c nominal beam setting into high- and low
momentum sections to show the very sharp rise in 
the excitation function near threshold more clearly.) 
The relative abundance of the four charge combinations 
in the 'E.* peak confirms earlier results leading to the 
assignment I= t for this resonance. 9•10 The production 
and decay of an I= ! 'E.* requires cz-7r+): (Z07r0): 

(8°1r-): ('E.-7r0) = 1: 2: 1: 2; I= t requires (:a;-7r+): (Z01r0) 

=(Z07r-):(2-7r0)=2:1 (any ratio of 8*0 to Z*- is 
allowed). Taking all events from all momenta with 
('E.1r) mass between 1510 and 1550 MeV, we obtain 

(S-'11'+): (8°1r0): (Z01r-): (:Z-7r0) = 45: (3 X 8 = 24): 39: 16 · 

(the Z07r0 data was corrected for the probability of 
charged K1° decay). These results are seen to be in 
excellent agreement with the I= t assignment for the 
8*(1530); they are completely inconsistent with!=!
Estimated 8*K cross sections are given in Table III; 
the I=! assignment for the 'E.* was used explicitly in 
correcting for unseen decays. · 

The 8* production and decay angular distributions 
are displayed in Fig. 10; all events with (2:'11') mass be
tween 1.51 and 1.55 BeV are included. At threshold, 
the 'Z*K system might be expected .to be in an S-wave 
orbital state; the production distribution near 1.51 
BeV /cis consistent with isotropy, and thus with S-wave 
production, with a SO% confidence level. Then 'E.* 
events at all production angles may be treated in the 
manner first proposed by Adair. 11 The fits of the decay 
cosine (K-·Z) yield a 12% confidence level for isotropy 

"' * 
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~11 50 

• This experiment 

A Colton et oi.,Ref.l4(of 

• London et oi.,Ref.l4 ( b l 

2.0 2.5 

Beam momentum ( BrN/c) 

FrG. 9. 2:* production cross section. The sum of 
the Z*"K+ and Z>~'JJJ(O cross sections is given. 

----
u Robert K. Adair. Phvs. Rev. 100, 1540 (1955). 
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and a 99% confidence level for the fit to [1 +3(K-·E)2]. 
This result is consistent with the results of Schlein 
et dl., 10 ];;;·~!,but is not by itself sufficient evidence 
to rule out h:·=t. 

V. ANALYSIS OF NONLEPTONIC DECAYS 

A. General Discussion 

A collection of particles with spin J can be com
pletely described in their rest frame by the expectation 
values of spin operators, the number and dimensionality 
of which are determined by the spin of the particles. 
Knowledge of these expectation values is equivalent to 
.knowledge of the probability amplitudes for occupa
tion of the various (J,M) quantum-mechanical states 
permitted for the particles. If the particles are unstable, 
the character of their original state and the transitio'n 
amplitudes for decay completely determine the angular 
dependence of directions and polarizations of final-state 
particles. 

In the particular case of nonleptonic decay of the Z 
hyperon with spin J into a spinless pion and a spin-! 
A, two orbital angular momenta are possible, with 
amplitudes At=AJ-1/2 and AJ+1/2· We define the real 
decay parameters as12- 14 

a;;;;= 2 Re(AJ-112* AJ+t/2)/>--:::= (2\ AJ-112\\ AJ+t/2\ />--z) 
Xcos(o+-L) 

11:::= 2 Im(AJ-112* AJ+1!2)/>--z= (2\ AJ-112\\ AJ+tfz\ />--z) 
X sin(o+- L) = (l-a"2

) 1' 2 sin<J.,. 
. - - (5.1) 
'Yz= (\ AJ-i12\2_ \ AJ+l/2\ 2)/>--z= (l-az2)1

'
2 coscfla, 

where >--z=(\AJ-1!2\2+\AJ+I/2\2). [Expressionof the 
unit vector (a,t3,'Y)z in terms of the spherical coordinates 
a;;; and cfla= tan-1({3/'Y)::: has the advantage of yielding a 
description of the decay amplitudes in terms of parame
ters that are experimentally found to be nearly un
correlated.] Imposition of parity conservation in the Z 
decay would require one of the two decay amplitudes 
to vanish; existence of a nonzero a;;; or {3;;; therefore 
implies parity nonconservation in this process. The 
angle (o+-lL) defined above is the phase difference 
between the two observed decay amplitudes and in
cludes a contribution both from the original amplitudes 
and from the interaction in the final state of the Arr 

12 W. B. Teutsch, S. Okubo, and E. C. G. Sudarshan, Phys. 
Rev. 114, 1148 (1959); T. D. Lee, J. Steinberger, G. Feinberg, 
P. K. Kabir, and C. N. Yang, ibid. 106, 1367 (1957). 
·• 13 N. Byers and S. Fenster, Phys. Rev. Letters 11, 52 (1963). 

14 (a) E. Colton, P. Dauber, W. Dunwoodie, G. M. Pjerrou, 
P. Schlein, W. E. Slater, L. Smith, D. H. Stork, and H. K. Ticho, 
(to be published). (b) London et al., Ref. S(b). (c) E. S. Gelsema, 
J. C. Kluyver, A. G. Tenher, M. Demoulin, J. Goldberg, B. P. 
Gregory, G. Kayas, P. Krejbich, C. Pelletier, M. Ville, R. Bar
loutaud, A. Leveque, C. Louedec, J. Meyer, and A. Verglas, in Pro
ceedings of tlze Sienna Intemational Conference on Elementary 
Particles, 1963 (Societa Italiana di Fisica, Bologna, Italy, 1963), 
Vol. I, p. 143. (d) W. B. Fowler, R. W. Birge, P. Eberhard, R. P. 
Ely, M. L. Good, W. M. Powell, and H. K. Ticho, Phys. Rev. 
Letters 6, 134 (1961); the detector in this last experiment was a 
propane bubble chamber. 
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FIG. 10. Z* production and decay angular distributions. (a) 
Z* production distribution, (b) Z* decay alignment with the beam 
direction ("Adair" angle), folded about CK·Z)=O; and (c) Z* 
decay alignment with the production normal, folded about 
(n·E)=O. 

system at an invariant mass equal to the z· mass. 
Imposition of time-reversal invariance on the decay 
transition would require these original decay ampli
tudes to be relatively real, giving a contribution of 
zero or rr to (o+- L). Charge-conjugation in variance 
would require these amplitudes to be relatively im
aginary, giving a contribution of ±rr/2. 

A value for A.z, the decay rate, was presented in 
Ref. 2. Here we analyze the data in an attempt to 
obtain (J,a,<Jl)z. 

Observed angular distributions are customarily fit 
with cosine series or with series of Legendre polyno
mials: the latter have the advantage of being orthogonal 
functions so that the addition of higher order poly
nomials in fitting data does not appreciably change 
lower order coefficients. Dependence on !"azimuthal 
angle in addition to polar angle is manifested in decays 
of particles having spin higher than!; thus the spherical 
harmonics Y LM(8,cf>) or the symmetrical-top func
tions 'JJMMJ(cp,~,O) rather than Legendre polyno
mials P L(B), are convenient for fitting the complete 
decay distribu tions. 15 

Testing data for compatibility with various spin 
hypotheses is possible through th'e determination of 
the highest order spherical harmonics needed to fit 
the decay distributions, since the maximum L value 
of the Y LM required is the maximum rank of spin 
operator needed to describe the original set of particles. 
The spin J is related to the maximum permissible 

15 The "functions ~MM'L may be decomposed into sums of 
spherical harmonics. See, for example, M. Jacob and G. C. Wick, 
Ann. Phys. 7, 404 (1959), or A. R. Edmonds, Angular Momentum 
in Qtwntmn Mechanics (Princeton University Press, Princeton, 
New Jersey, 1957). 
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rank (L) through the requirement that Lmax=21. It 
is generally impossible to say whether there has been 
some fortuitous cancellation of high-L terms; hence 
the complexity of the decay distributions places only 
a lower limit on 1. 

The polarization parameters of the initial state and 
the decay amplitudes are overdetermined by the com
plete angular and polarization distributions of the final 
decay fermion. If available data have statistically 
significant polarization parameters, consistency checks 
may be made on the data under various spin hypotheses. 

B. Formalism 

A convenient formalism for this analysis is that 
developed by Byers and Fenster. 13 Their treatment, 
utilizing irreducible tensors as spin operators, represents 
the Z initial state by a density matrix of the form 

2J L 

p= (21+1)-1 L L (2L+1)(TLM)*TLM (5.2) 
L=O M~L 

for any (half-integral) spin 1. Here the T LM are spin
space operators which may be constructed from the 
operators Sx, Sy, and S. in a manner similar to the 
const~uction of the spherical harmonics Y LM from the 
coordinates x, y, and z. (The analogy is not exact be
cause of the difference in commutation properties.) 

With the production normal n=(K-XE)/I.K-xE'I 
as the z axis and the incident K- direction as the y 
axis, the polar angles 8 and cp characterize the A direc
tion in the Z rest frame. To describe the polarization 
components of the A, we choose for a coordinate system 
the triad (x;fj,A), where A is a unit vector along the A 
flight path in the Z rest frame, and x=AX(AXn)/ 
IAXnl and y= (nXA)/IAXnl are evaluated in the 
A rest frame. 

Defining for convenience EL and 0 L as 1 (O) and 
0 (1) if L is even (odd), and abbreviating (TLM) as 
tLM, we write the A angular distribution and polariza
tion components in terms of the density matrix 
elements: 

2J L 

h(8,cp)= L L (EL+a.zOL)(nLoJlLM) 
L=O M=-L 

X Y LM*(8,cp), (5.3a) 
2J L 

hPA·A= L L (a.zEL+OL)(nLoJILM) 
L=O M~L 

X y LM*(O,cp)' (5.3b) 

2J L (2L+ 1)1/2 
hPA·(x+iy)=(i.Bz-,..z) L L OL --

L=o 11f~L 471" 

X (nL-IJtLM)'DJonL(¢,8,0), (5.3c) 

lAP A· (x+iY) = (2J+ l)(i.Bz-1'z)(47r)-1'2 

2,T L ( 2L+1 )1/2 . 
XL L OL (nLoJtLM) 

L=O Af=-L L(L+ 1) 

X 'J)M1L(¢,8,0). (5.3d) 

The nLl and nL/ are quantities proportional to 
Clebsch-Gordan coefficients, needed to modify the 
single spherical harmonics resulting fro.m the combina
tion of the two decay amplitudes16; 

(
21+1)

1
'
2 

nLoJ=(-1)J-1'2 ~ C(J1L;t,-t) (5.4a) 

and 

(
21+1)

1
'
2 

nLrJ=(-l)J-l/2 ~ C(11L;!,t) 

=0L(21+1)[L(L+1)]-1i 2nLoJ. (5.4b) 

Equation (5.3d) follows from (5.3c) by use of (5.4b), 
and displays explicitly the ]z dependence of the A 
transverse polarization. The requirement of parity 
conservation in the strong production process imposes 
the condition that the odd-M terms in (5.3) vanish 
when n is chosen as the axis of quantization. 

The terms containing t00 may be extracted from (5.3) 
and combined to give the well-known result that, in
dependent of Z spin or polarization, when averaged over 
Z decay directions, the A decay distribution along the 
A line of flight is just 1 +aA(l:z(A · p), where p is a unit 
vector along the proton direction in the A rest frame. 17 

The coefficients of the odd-L terms in (5.3) yield 
information on <l>z= tan-1(.Bh)z, 1, and the magnitudes 
of aA and az. 

Determination of the spin factor (21+1) was 
attempted via two different statistical approaches. 
The first of these, called the "ratio test," was sug
gested by Ademollo and Gatto18 and by Byers and 
Fenster. It uses the orthogonality properties of the 
Y LM .and 'DMrL to project out "moments" (i.e., coef
ficients of the YLM* and the 'J)M1L) from the experi
mental distributions. The moments corresponding to 
some odd L may then be combined to give a direct ex
perimental measure of the spin. 

Alternatively, one may utilize the redundancy in the 
determinations of the moments to calculate test func
tions on the consistency of the data with particular 
spin assumptions. For this second statistical approach 
we adopted a maximum-likelihood method. Here we 
attempted to distinguish between spins t and ! on 
the basis of the resultant values of the normalized 
likelihoods. 

C. Moment Analysis and the Ratio Test 

As remarked above, the orthogonality properties of 
the expansion polynomials Y LM and 'DMr L allow the 
projection [for each (L, M) value] of the expansion 
coefficients from the distributions (5.3). Then, for 

16 The notation is C(j1,j2,J; m 1,m2), where j 1+j2 =J. 
17 We may fit our 2: decay data with this spin-independent dis

tribution function. We find (aA<>ld = -0.245±0.046, and (aAaz•) 
= -0.18±0.14. These results are consistent with the world 
compilation in Ref. 19. 

18 M. Ademollo and R. Gatto, Nuovo Cimento 30, 429 
(1963). 
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some value of (L,M), with index k running over events, 
we obtain the equations 

(EL+azOL)(nLoJlLM) = i Y LM(fJ,rJ>)h(fJ,rj>)dfJ 

= (Y LM)"-'(~ £ Y LM((Jk,r/>k)), (5.5a) 
N k=l 

(5.5b) 

(5.5c) 

Real and imaginary parts of the moments may be 
found from (5.5c) through use of the symmetry rela
tion tLM= ( -1)MtLM*· The existence of any of the 
moments (5.5) with L> 1 would serve to demonstrate 
J >!. We found no significant (i.e., more than 2.5 
standard deviations from zero) higher order moment 
in any subsample of our data. 

The separate projections of the coefficients permit 
evaluation, for any (odd-L, M) combination, of 

(21+1) 2 

[!1z(21 + l)(nLoJtLM)]2+[ 'Yz(21 + 1)(nLoJlLM)]2 

[(nLoJILM) JL [az(nLoJlLM )]2 
(5.6) 

Equation (5.6) is obtained with the help of the con
straint equation az2+/1z2+'Yz2= 1. Meaningful estima
tion of (21 + 1)2 from (5.6) requires data characterized 
by some honzero, odd-L moment fLM· Since the higher 
(L> 1) moments were experimentally found to vanish, 
and as t10 is the only moment that can in principle 
exist for all spins, we sought to evaluate (5.6) for 
L= 1. (Note that, for spin-!, the average sample 
polarization Pz is v'Jt10.) 

The average polarization of the total data was 
found to be very small (see Fig. 6); thus the data were 
partitioned according to production energy and pro
duction angle into subsamples, some of which were 
found to have t1o~O ·(see Fig. 7). Available statistical 
precision was such that no one of the subsamples 
yielded a definitive spin determination. An estimate of 
the t10 value for each of these subsamples was formed 
by averaging the experimental sample moments fro, 
samples to rotate depends on the sign of the experi
(aztio)/aw, and ('Yzfro)hw· [The numerators represent 
terms from the (1,0) moments of Eqs. (5.5), while 
aw= -0.48 and ')'w=0.85 are the world-average values 

(a) (b) 

16 

~ 120 

" << > w so -J•I-'2 
----J •3/2 

40 

0 
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FIG. 11. Intensity and polarization-component distributions 
for the combination of the four data samples discussed in Sec. 
IVC. Figure 11, (a) through (d), represents the distributions It,., 
a,.(IPt..·A)/3, q,_A(IPt..·:Y)/3, and <xA(IP,.·x)/3 as functions of the 
decay cosine (A-h) [see Eq. (5.5)]. Moments projected from dis
tributions (a) and (b) were used to calculate the curves shown on 
all four plots (the solid lines arise from the assumption J = ~; 
the dashed, from J =!).Moments obtained from distributions (c) 
and (d) give curves similar to and consistent with the solid curves 
shown. 

of the :s- decay parameters available at the time of 
the analysis.19] 

For this analysis, the data were subdivided into four 
momentum-angle samples. Each sample was char
acterized by having t1o differing from zero by at least 
two standard deviations. The four samples were (A) 
data from 1.2 through 1.4 BeV/c, t10 (estimated as 
above)=-0.29±0.10; (B) 1.5-BeV/c forward produc
tion, tlo=-0.20±0.09; (C) 1.5-BeV/c backward pro
duction, tlo=0.40±0.11; and (D) 1.6 and 1.7 BeV/c, 
t1o= 0.23±0.12. The fout /1zt1o moments were found to 
be very small, consistent with the predictions of time
reversaf in variance. 

Expression (5.6) was evaluated for each of the four 
subsamples through use of the four (1,0) moments. 
Additional accuracy was obtained by recasting the 
denominator term into the form (1-aw 2)(nLoJtLo)2 and 
estimating (n1oJt1o) from the weighted average of 
(n1oJt1o) and (nloJazlio)/aw. The data from negative
polarization samples can be combined with those 
from positive-polarization samples by rotating the 
coordinate system used in the decay analysis of the 
former by 180 deg about the incident K- direction 
[only the sign of t1o in Eqs. (5.5) is changed by this 
rotation]. Our estimate of the spin factor 21 + 1 from 
the combined sample ranges from 2.86 to 2.18 as az 
varies from -0.48 (the "world-average" result) to 
-0.34 (the value obtained from the too moment of our 
data). Estimates of 21 + 1 made by omitting the 
/1zlro moment (equivalent to the physical assumption 
/1z=O) are smaller by about 1%. The choice of which 

19 Harold K. Ticho, in Proceedings of the I ntemational Conference 
on Fundamental Aspects of Weak Interactions, 1963 (Brookhaven 
National Laboratory, Upton, New York, 1963), p. 4:0. 
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FIG. 12. (a) Evaluations (arrows) and probability distributions 
of (2J + 1) for four simply selected data samples: (A) 1.2 through 
1.4 BeV /c; (B) 1.5 BeV /c, forward production; (C) 1.5 BeV /c, 
backward production; and (D) 1.6 through 1.7 BeV/c. A true 
spin of ! is assumed for the calculated distributions. (b) Data 
used are the same as for (a). Spin! is assumed for probability 
distributions. (c) Evaluation and probability distributions of 
(2J + 1) from the total data, treated as a combination of the four 
samples used for (a) and (b) (see text). Spins !, !, and % are as
sumed for the probability distributions. All curves are normalized 
to have the same area. Here the arrows and curves are designated 
by A fora;;:= -0.48 and by B fora;;:= -0.34. 

mentally determined moments; this dependence may 
yield a biased result. Since these signs were in each 
case determined by at least two standard deviations, 
we believe this effect to be small. 

Figure 11 presents histograms of the A intensity and· 
polarization distributions as functions of A.· ft for the 
combined data sample discussed above. Moments 
computed from the h (intensity) and the JPA·A 
(longitudinal polarization) distributions were used to 
calculate the smooth curves on the four plots. The spin 
factor (2J + 1) accounts for most of the difference 
between the solid (spin ! assumed) and the dashed 

(spin-!) curves on the IP A • fj and JP A· i (transverse 
polarization) plots. The spin-! assumption is not re
quired and in fact is seen to fit the (IPA ·x) distribution 
somewhat worse than does J=!. 

The resulting values of 2J + 1 from each of the four 
individual samples and from the combined samples are 
indicated by the vertical arrows (labeled as to sample) 
in Fig. 12. The smooth curves in the figure are the 
expected probability distributions for 2J + 1 for the 
various Z spin assumptions, and are calculated from 
the experimental moments and errors, as discussed 
below. 

With the {3:.t1o moment omitted from the numerator 
and with the denominator calculated as above, the 
square root of the right side of (5.6) can be represented 
as the ratio of two approximately normally distributed 
quantities. One can compute the distribution function 
for this ratio subject to each spin assumption, given an 
estimate of !10 and the moment variance matrix.20 

These probability distributions for spins ! and !, 
together with the experimental results, are displayed 
in Fig. 12 for each of the four subsamples and for the 
combined, rotated sample. The fractional area under a 
particular J =! curve to the left of the corresponding 
experimental point represents the confidence level on 
the assumption that the spin factor is that small, or 
smaller. We observe that only subsample D yields 
much discrimination against spin !. For the combined 
sample, with a:;;; ranging from -0.48 to -0.34, the 
spin-! confidence levels range from 0.15 down to 0.02. 
The related confidence levels, calculated from the 
spin-! curves, that a result be as large as or larger 
than the experimental point, range from 0.22 to 0.42. 
For an assumed spin of !, the confidence level ranges 
from 0.003 to 0.0002. 

D. Maximum-Likelihood Analysis 

An alternative method to the ratio test is the maxi
mum likelihood method. Here, in order to determine 
directly the relative confidence levels for the competing 
spin hypotheses, and to obtain best values for the decay 
parameters, we re-analyzed the data via a procedure in 
which the statistical contribution from each subsample 

20 As discussed by N. Byers (private communication), the 
probability of finding A in some interval dA, for A= Y /X, is 

P(A)dA =dAJQ(AX)R(X)a(AX,X) dX 
a(A,X) . 

With Y and X assumed to obey Gaussia.n distributions Q(Y) and 
R(X), and with c; representing the error matrix for Y and X, 
the probability of finding A (if the true value of spin is J, if A has 
a mean value of (2J + 1), and if X 0 and the c; components are 
given by experimental analysis) is 

P[A ;(2J +1)] = [(detJI c;-'11)112j27r J f XdX[eZ++ez- ], 

where 

Z±[A,(2J +1)]= -(!(c;-1)xx[X2+Xo2=F2XX0] 
+! (c;-')yy[A 2X2+(2J +1)2X02=F2A (2J +1)XX0] 

+! ( c;-')XY{AX2+ (2J + 1)X0
2=F[A + (2J + 1) ]XX 0 ) ). 
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TABLE IV. Bin-selection criteria for the maximum-likelihood decay analysis. The tabulated figures 
are from a fit with independent information on <>A and (a.~oa:;;) included as in (5.10). 

Bin Pbeam Angular J=i 
z- data (BeV /c) interval• N polarization 

1 1.2 all 33 -0.95±0.36 
2 1.3 x<O 25 0.02±0.44 
3 x>O 62 -0.78±0.26 
4 1.4 x<O 26 1.00±0.32 
5 x>O 49 -0.83±0.35 
6 1.5 x<-0.2 120 0.89±0.20 
7 -0.2<x<0.3 83 -0.20±0.27 
8 0.3 <x<0.75 120 -0.51±0.23 
9 x>0.75 145 -0.21±0.19 

10 1.6 x<O 24 0.75±0.33 
11 x>O 36 0.11±0.43 
12 1.7 all 105 0.64±0.22 

2:0 data 
13 all all 146 -0.64±0.22b 

-0.52±0.20' 
Total EK events 974 

n X= (K-·Z), Cascade production COSine (c.m.) in the reaction. 
ha:;;o and <l>:;;o determined independently. 
'<>:;;o and <l>;;:o assumed equal to<>:=:- and <I>;;:_. 

was estimated separately (and the polarization parame
ters were optimized separately). Equations (5.5) give, 
for some particular odd-L, M value, conditions on the 
parameters J, a;;;:, <P;e, and tLM· Fixing the value of 
one or more of these leaves the system overdetermined 
and allows calculation of the consistency of the data 
with the assumed values. Application of conditions (5.5) 
to other subsamples increases the redundancy, be
cause the decay parameters are common to all the 
different subsamples and orders of L; only the lLM are 
new. 

1. Spin-t Analysis 

The distribution function describing the observation 
of the sequential E and A decays may be written in 
terms of (5.3) as 

<P=[h(O,!f>)+aA(hPA)·PJ. (5.7) 

The fit of spin assumption J =t to a particular data 
sample consists of maximizing the logarithm of the 
likelihood function [which derives from the distribution 
function (5.7)] 

N . 

w(h=t)=ln II <Pk(Ok,!/>k,Pki a;;;:,<Pz,!Io), 
k=1 

(5.8) 

subject to variations in the decay parameters a;;;: and 
<P;;;:, and the initial-state parameter t10. As noted above, 
the full sample must be decomposed into various produc
tion energy and angle bins to obtain subsamples 
characterized by nonzero t10• We split the data at each 
production energy into new angular subsamples as long 
as the increase in the best-fit likelihood was somewhat 
larger than expected a priori. 21 Omission of any one of 

21 With the inclusion into the fit of N new parameters, each 
capable of unconstrained variation, one would expect the loga
rithm of the best-fit likelihood to increase by N /2 if the dependence 

J =! fit parameters Constraint 
G) 112t1o (!)112t2o (7 /5) 1

'
2
t3o violated 

-0.48±0.24 0.30±0.40 -0.18±0.70 5.12a 
+0.01±0.30 0.36±0.46 0.82±0.86 
-0.45±0.17 -0~26±0.27 0.51±0.47 5.12b 

0.61±0.19 -0.62±0.40 -0.85±0.59 5.12c 
-0.54±0.23 0.24±0.32 0.97±0.62 5.12a 

0.61±0.14 -0.52±0.19 -0.07±0.36 5.12c 
-0.13±0.19 0.15±0.27 0.41±0.47 
-0.33±0.16 0.04±0.20 0.31±0.40 
-0.19±0.13 0.03±0.18 0.10±0.34 

0.91±0.43 0.94±0.41 -0.01±0.88 5.12d 
-0.07±0.31 -0.31±0.33 -0.21±0.71 

0.29±0.16 0.42±0.23 -0.48±0.40 5.12d 

the final bin boundaries led to a decrease in the best-fit 
likelihood logarithm of at least 1, instead of the 0.5 
expected from the omission of one parameter in the fit. 
Inclusion of one more bin led to an increase in the like
lihood logarithm of ·less than 0.3. Variation of the 
precise angular cutoffs defining the bin boundaries led 
only to very small variations in the likelihood logarithm 
and the best-fit decay parameters. The precise sampling 
criteria finally adopted. are displayed in Table IV. 
In the fit, the decay parameters are the same for all 
subsamples, while each bin has a separate t1o parameter; 
thus the 12-bin sampling requires a fit to 15 parameters 
(aA is also treated as a variable). 

Additional information on the parameters aA and a;;; 

from two different sources was utilized in the fitting 
process. The data from the 176 :a;- decays from deu
terium productions and three-body productions were 
included by adding to (5.8) a term of the form 

176 

W1 = L ln[1 +aAa:e(A- Ph], (5.9) 
k=1 

and the measurements from independently ·published 
experiments19 •22 were included by adding a further 
term of the form 

1 {(aA -0.62)
2 (aAC~:;;:-+0.32) 2 } w2=-- + 

2 0.07 0.048 
(5.10) 

of the true distribution function on these parameters were random. 
An increase of substantially more than this figure would indicate 
that one (or more) of the new parameters satisfied some require
ment of the data and was therefore statistically quite different 
from zero. The imposition of constraints [for example, (5.12)] on 
the free variation of the new parameters, would of course reduce 
the range of variation of these parameters and might lead to an 
increase in the likelihood rather less than indicated. 

22 J. Cronin and 0. Overseth, Phys. Rev. 129, 1795 (1963). 
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TABLE V. Best-fit values for the decay parameters. Columns 1 and 5 list our best-fit independent determinations of the cascade nonlep
tonic decay parameters a:;; and <I?:;; (in radians) ( =tan-1 ({3/y):;;). Columns 2 and 6 are averages of our numbers together with published 
results tabulated in Ref. 19; the entries in column 6 result from combining the:;;;- and :2° data, assuming a:;;-=a:;;', <1?:;;-=<f?:;;o. Columns 
3 and 4 indicate the stability of the results against resonable variations in <>A· 

Independent <>A 0.62±0.07 0.62 ±0.07 
information (<>A<>:;;) free -0.321±0.048 

w=ln£ 38.65 37.85 
Decay-parameter <>A 0.641±0.056 0.662±0.052 

results "'Z -0.368±0.057 -0.410±0.047 
<Pz 0.008±0.186 0.008±0.188 

(5p-5s) 179±26deg. 
Correlation C(aAaz) 0.096 0.344 

coefficients C(aA<f>:;;) 0.014 0.015 
C(a:a:<P:a:) 0.007 0.011 

to the likelihood logarithm. Published results on <I>;::
do not include the (a;::-,<I>;::-) correlation coefficient, 
and so information on this parameter was not included. 
The $ 0 data were treated in the same way; two-body 
events were lumped into one bin and characterized 
with a function of the form (5.8), the E°K+7r- were 
included as in (5.9), and the $ 0 and A decay asymmetries 
were inserted by inclusion of a term 

Our best-fit results for the E decay parameters 
(assuming J;::=!) are summarized in Table V. The 
first four columns list z- results under various com
binations of restrictions (5.10); our results, independent 
of other cascade data, are those of column 1. The fifth 
column gives our results for the 2:0• The sixth column 
lists the results of analyzing the z- and $ 0 simultane
ously under the assumption that the z- and zo decay 
parameters are equal. 

2. Spin-! Analysis 

Analysis of the z- decay data under the J=! spin 
assumption proceeds as above, except for inclusion of 
six new initial-state parameters per data subsample into 
the distribution function, viz., t2o, lao, and the real 
and imaginary parts of t22 and ta2. With the same de
composition of the complete data into 12 bins employed 
above in the spin-! case, this implies the introduction 
of the somewhat unmanageable number of 72 new 
parameters. 

The expansion polynomials Y LM and :DM1L depend 
harmonically on the azimuthal angle <I>A; averaging over 
this angle thus removes from the distribution function 
all terms with M 7""0. Expanding (5.7) and performing 
the azimuthal averaging, we obtain 

CP= [1 +aAa;::(A · p) ]S( cosO)+ (a;::+aAA · p) T( cosO) 
+ (21 + 1)aA(/3;::y·P-'Y:::f· p)U(cosO), (5.1la) 

;e- zo z-+zo 
free free 0.62 ±0.07 0.62 ±0.07 
free -0.321±0.048 free -0.321±0.048 

38.74 38.16 5.01 0 40.93 
0.682±0.104 0.726±0.096 0.627±0.07 0.669±0.052 

-0.362±0.058 -0.389±0.053 -0.149±0.154 -0.389±0.045 
0.006±0.185 0.005±0.183 -0.05 ±0.41 -0.003±0.172 

0.295 0.623 -0.058 0.329 
0.027 0.029 0.003 0.013 
0.015 0.022 -0.064 0.004 

where 

2J (2L+ 1)
1
'2 

S(cos0)=1+ L: Ed1f' --
L~2 471' 

2J (2L+1)1/2 
T(cosO)= L: OL41f' --

L~l 471' 

and 

2J 471' (2L+1)1/2 
U(cosO)= L: OL --

L~l L(L+ 1) 471' 

X(nLoJlLo)PL1(cosO). (5.11d) 

This procedure reduces the number of new parameters 
per bin from 6 to 2 (t2o and ta0). If the spin of the Z were 
truly!, the removal of the terms t22 and t32 could reduce 
our statistical discrimination against spin !. [In 
analyses of the spin of the 2:*(1530), these term3 were 
in fact important in determining that J;?: V 0J Ignoring 
these should not, however, bias the results in favor of 
spin ! w1th respect to !. We may lose statistical pre
ci<>ion, but we gain a reduction in the number of addi
tional initial-state parameters needed to describe the 
spin-! case from 72 to 24. Thus our spin-! analysis 
involves a 39-parameter fit to the data. 

The diagonal elements of the density matrix (5.2) 
are required to be nonnegative. These requirements im
pose spin-dependent restrictions on the maximum 
permissible magnitudes of the ho, which must be 
imposed while seeking optimal sets of the parameters in 
order to obtain physically meaningful values. For spin 
!, this constraint is equivalent to requiring that the 
magnitude of the polarization of each subsample be 
less than 1. For the spin-! fit, the following conditions 
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are obtained on the tLo in each sample bin2a: 

3 1 
1 +-(v3"tlo)+ (5 112t2o)+-(7112tao) ~ 0, 

y5 y5 
(5.12a) 

1 3 
1 +-(v3"tlo)- (5112t2o)--(7 112tao) ~ 0, 

y5 y5 
(5.12b) 

1 3 
1--(v3"tlo)- (5 112t2o)+-(7112tao) ~ 0, 

y5 y5 
(5.12c) 

3 1 
1--(v3"tlo)+ (5 112t2o)--(7 112tao) ~ 0. 

y5 y5 
(5.12d) 

We note that the distribution function may remain 
positive over a wider range of the tLo than indicated 
by the physical limits (5.12) because of the particular 
values assumed by the decay parameters. 

If the spin of the cascade is indeed unexpectedly !, 
our best fits for the decay parameters [subject to 
constraints (5.12) and including the information 
of (5.10)] are aA(h:= !) = +0.654±0.060, a:;;;(h;= !) 
= -0.428±0.062, and <P;;:(h=!)= -0.024±0.210 rad. 
We see by comparison with the entries of Table V 
that these quantities are not strongly spin-dependent. 

3 Comparison of Results 

Comparisons among fits to the data of the competing 
hypotheses J =! and J =! involve the examination of 
three effects: 

(a) Addition of the 24 parameters t2o and tao in the 
spin-! fit allows description both of more complex 
angular distributions and of minor statistical fluctua
tions. Even if all these tLo were truly zero, we should 
expect a fit with them to give an approximate increase 
in the logarithm of the likelihood of 12 over the spin-! 
fit with t10 varied but t2o and lao constrained to be 
zero. 21 

(b) The distribution function (5.11a) depends ex
plicitly on the spin factor (2J + 1). Ignoring questions 
of the order of the complexity of the angular distribu
tions, we hope to see a decrease in the likelihood as the 
spin is varied from the correct to the incorrect value. 

(c) The fit of the spin-! hypothesis to the data may 
yield (in one or more bins) values of the ho that violate 
one of the linear inequalities (5.12). We perform fits 
first requiring only that the distribution function 
remain positive, then apply the constraints (5.12) and 
re-optimize the fits to study the effect of such violations. 

In Table VI are tabulated best-fit likelihood logarithm 
results for various combinations of assumptions on the 
spin and complexity of the angular distributions. 

23 These constraints are closely related to the conditions de
veloped by T. D. Lee and C. N. Yang [Phys. Rey. 109, 1755 
(1958)]. In particular, if 120 =!30 =0, one can eas1ly see that 
(5.12a) and (5.12d) combine to give the restriction (cosO A) ( 1/9 
= 1j6J, for J =!. 

TABLE VI. Maximum-likelihood spin-analysis results. The 
table entries are the logarithms of the maximum-likelihood solu
tion. The normalization is such that complete isotropy (zero 
polarization or alignment) would give a result of zero. Fits (A) 
included independent measurements of aA and (aAa;;:) as in (5.10); 
fits (B) included independent measurements of aA only. Results 
for (2J + 1) =4 are given both with and without the density-matrix 
constraints of (5.12). 

No. 
parame- (2J+1)=4 

Lmax ters Fit (2J+1)=2 Unconstrained Constrained 

1 15 (A) 37.85 35.62 31.95 
1 15 (B) 38.65 36.05 32.34 
3 39 (A) 51.63 50.09 45.20 
3 39 (B) 52.36 50.71 45.64 

These results, in contrast to those of the ratio test, are 
quite insensitive to variations in aA, a;;;, and <P;;:. Fits 
(A) result from including independent information on 
both aA and (aAa;;:) as in (5.10); fits (B) had only aA 

information. The entries of column 1 in the table are 
results of fits with (2J + 1) = 2 (spin !), whereas those 
of columns 2 and 3 had (21+1)=4. The results in 
column 2 are from fits where the tLo parameters were 
allowed to vary freely as long as the distribution func
tion remained positive. The constraints (5.12) were 
imposed on the ho in each bin for the results given in 
column 3. Results in rows 1 and 2 are from the 15 
parameter fits (aA, a;;;, <P:;;;, and 12 separate t1o) to the 
assumption that the maximum order in the angular 
distributions (5.6) was Lmax= 1; results in rows 3 and 4 
are from the 39-parameter fits to the assumption 
Lmax=3. 

The increase in likelihood between corresponding 
fits (i.e., same column, same decay-parameter informa
tion) from Lmax=1 to Lma:x.=3 we attribute to the 
first effect discussed above; we observe approximately 
the increase we had expected a priori. We conclude 
that our experimental determinations of the higher 
order terms are completely consistent with the hypothe
sis that these are truly zero. The decrease in likelihood 
of corresponding fits from column 1 to column 2 we 
attribute to effect (b), the sensitivity to the spin factor 
(2J+1). We interpret the average logarithmic decrease 
.of 2 as equivalent to a (one-dimensional) x2~4, cor
responding to a confidence level of 5% for the hypothe
sis J=! as compared to the hypothesis J=!. The 
decrease in likelihood from fit results of column 2 to 
the corresponding column-3 results we attribute to 
effect (c), the imposition of the density-matrix con
straints. If these constraints were violated in a statisti
cally convincing way, we would interpret this as evidence 
against spin !. In seven of our 12 bins, the uncon
strained fit estimates for the tLo violated one of the 
constraints (5.12). The average logarithmic likelihood 
decrease of ,..._5 we interpret as a 7 -constraint x2~10, 

and represents the statistical amount we have to 
stretch the fits of column 2 to reach the nearest physi
cally meaningful solution. The corresponding confidence 



958 BERGE et !Ll. 147 

100.-----.------.-----.------.-----. 

75 

50 

N 

a---A+MM 

551 events 

MM (MeV) 

FIG. 13. Mass recoiling from A: z--> A+(MM). 

level of 15% demonstrates that we have no statistically 
convincing evidence for violation of the density-matrix 
constraints. 

We may estimate the minimum expected variance 
of the spin factor (2J + 1) (as a function of the decay 
parameters and Z polarization) from the distribution 
function. 24 We find that, for a sample of Z decays 
characterized by I (Pz) I = 0.5, we would require at 
least 150 events to yield a variance approximately 
equivalent to a four-standard-deviation result (if the 
best-fit value of 2J + 1 is less than 2). This variance 
estimate scales approximately as (N112 I (Pz) I )-1. 

E. Spin and Nonleptonic Decay-Analysis Results 

Our conclusion from the spin analysis of our data 
is that the confidence level for the hypothesis h=! 
is 5% of that for the hypothesis h=!, equivalent 
approximately to a . two-standard-deviation result. 
Hereinafter, we. shall assume Jz=!; in particular, we 
write S=AJ-112 and P=AJ+tt2 for the decay ampli
tudes of (5.1). 

Our best fits for both <l>z- and <l>z• yield values less in 
magnitude than -rr/2; thus 'Yz>O, and· the cascade 
decay is seen to proceed mostly through· S wave. In 
both z- and zo cases we have searched for secondary 
solutions with <l>z constrained to be greater than -rr/2 
(and thus 'Yz<O). For the z-, the best such solution is 
worse by more than seven standard deviations than 
the solution given. For the 8°, ·the limited statistics 
allow only a· two-standard-deviation distinction between 
the 'Yz•>O and 'Yz•<O solutions. 

Our result az= -0.368±0.057 is clearly inconsistent 
with zero and, thus, with parity conservation in the Z 
decay process. The phase angle (o+-CL)= (op-os) 
defined in Eqs. (5.1) may be computed from the values 

24 See, for instance, Frank, T. Solmitz, Ann. Rev. ;Nu~l. Sci. 14, 
375 (1964), Eq. (25). 

of az and <l>z; we find for the z-
(op- Os) = tan-1(/1/'Y)z= tan-1[sin<f>z(1-az2)112/az] 

. = 179±26 deg. (5.14) 

This result is consistent with T invariance of the original 
decay transition together with a small A-rr final-state 
scattering phase shift. Invariance under C would 
require a A-rr phase shift near -rr/2 in magnitude. There 
is no known A-rr resonance with spin ! near the invariant 
mass 1320 MeV [even if Jz is!, the known Y1*(1385) 
should introduce a A-rr phase shift of not more than 
about 20 deg]; we deem highlyunlikelyaA-rr-scattering 
phase shift of nearly 90 deg and conclude that our 
result is consistent with T invariance and inconsistent 
with C invariance in the Z decay. 

The assumption that the decay amplitudes obey the 
t:..I =!rule leads to the prediction that Sz•=- (1/v'2)Ss
and Pz•=- (1/v'2)Pz- and thus az-=az•, <l>z-= <l>z• for 
the decay parameters, and >-z-= 2>-z• for the decay 
rates. Combining our earlier result that (>-z•/>-z-) 
=0.68±0.10 with the result obtained by comparing 
the results of the fits in columns 2, 5, and 6 of Table V, 
we find that our results are consistent with the t:..I =! 
predictions with a confidence level of 22%. 

VI. SEARCH FOR LEPTONIC DECAYS 

The search for I t:..S I = 1 leptonic decay modes of the 
8-' was restricted to z-K+ production events with a 
visible A decay. The topology (Z~~A+X-+neutrals) 
can include the following decay modes: 

z-~A+-rr-, (A) 

z-~ A+-rr-+'Y, (B) 

z-~A+e-+v, (C) 

. z-~A+.u-+v, (D) 

;2:-~ ~0+e-+v, ~O~A+'Y, (E) 

;E;-~~o+.u-+v, ~o~A+'Y· (F) 

A fiducial volume was chosen to allow at least 12 em of 
beam track and to eliminate regions of the bubble 
chamber near the walls where turbulence makes ac
curate observation and measurement difficult. About 
20% of the effective chamber volume was removed by 
these restrictions. In addition, the. lengths of the ;E;
and A hyperons were each required to be at least 0.5 em. 
Finally, about 10% of the events were discarded be
cause either the ;s-K+-production fit or the A-decay 
fit had an unusually large x2. This restricted sample con-
tained 551 events. · · 

Information on the leptonic decay modes was ob
tained (a) from the spectrum of the mass recoiling from 
the A, and (b) from the ionization of the x-. 

The missing-mass spectrum, ;E;-~A+(MM), is 
shown in Fig.13. Figure 14displays rJ= [(MM)L M ,.2]/ 
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[o(MM) 2] the number of standard deviations from 
the 1r- mass. From a sample of 551 events we would 
expect about 1.5 events with l11 I> 3 and 1/30 event 
with 1171>4. Two events with 1111>4 were observed. 
One of these events is clearly pionic, as the 1r- is ob
served to charge-exchange. We do not fully understand 
this event, since it fails to give a satisfactory fit to 
either pionic decay mode (A) or (B); it is definitely 
not a leptonic ;a:- decay and will not be considered 
further here. The second event gives poor fits with com
parable confidence levels to the normal pionic decay 
(A) and to the leptonic decay modes (C) and (D); 
it is inconsistent with the leptonic decay modes (E) 
and (F), because the laboratory momentum of the 
x- is higher than the maximum allowed for these 
modes. This event is a very unlikely candidate for 
leptonic decay; however, we include it as an upper limit 
for leptonic decay modes (C) and (D). We conclude 
from this analysis that we have no examples of decay 
modes (E) and (F) and that there is not more than one 
example of decay modes (C) and (D) in the effective 
sample. 

The effective sample size appropriate to this missing
mass analysis is obtained by removing the phase space 
within four standard deviations of the 1r- mass. The 
expected m\).SS spectrum for leptonic decay varies 
appreciably with the degree of correlation between the 
lepton and the neutrino. The parameter a=(ICvl 2 

-I CA 12)/(Cv 12+31 CA 12
) in the angular correlation 

expression w(O.;;)= 1+a(v/c) cosO.;; is obviously limited 
by -! and + 1; in particular, a is zero for a pure 
(V-A) interaction.25 Cabibbo's theory of leptonic 
decays, based on octet dominance in SU 3, indicates 
a~+1 for the A modes (C) and (D), and a~o for the 
~0 modes (E) and (F). 26 The efficiencies for detecting 
modes (C), (D), (E), and (F) are 40, 15, 30, and 40%, 
respectively. 

We have attempted to improve the detection 
efficiency for the electronic decay modes by positive 
identification of the e- by ionization. All events with 
x- momentum less than 100 MeV /c in the laboratory 
and with dip angle less than 60 deg have been in
vestigated for ionization. (A 1r- at 100 MeV jc is about 
three times as dark as a minimum ionizing e-.) Events 
with tracks at dip angles larger than 60 deg have been 
rejected, since the linear bubble density increases by 
more than a factor of 2 over flat tracks, due to the 
projection onto the film plane. 

Of the 551 ;a:-x+ events, 83 have X- laboratory mo
mentum less than 100 MeV /c; 74 of the latter events 
have dip angles less than 60 deg.· None of these events 
have ionization consistent with the e- hypothesis. 

There are two events with the topology of z- pro
duction and decay in which the x- are obviously elec
trons. These events have been identified as 1:-~A +e-

26 E. J. Konopinski, Ann. Rev. Nucl. Sci. 9, 99 (1959). 
26 Nicola Cabibbo, Phys. Rev. Letters 10, 531 (1963). 

1\ 
100 .fi S-- A+MM 

551 events 

FIG. 14. Standard deviations 75 
from 1r- mass: ?J=[(MM)2 
-M,2]/[o(MM2)]. The smooth N 
curve represents a normal 
error distribution. The missing- 50 
mass errors were increased by · 
a factor of 1.25 due to the ex-
cess width of the x2 distribu
tions. 

25 

Standard deviations from 71'- moss 

+v. Neither of these events gave an adequate fit to the 
z-x+ production hypothesis; thus they were not 
candidates for this analysis. 

The electron momentum spectrum expected from 
our z- data has been calculated. Conservation of 
parity in the production process ensures that any net E 
polarization be along the normal to the production 
plane (assuming h:=!). No correlation is then allowed 
between the electron direction in the E rest frame and · 
the Z direction in any frame. Thus the laboratory mo
mentum spectrum, as well as the spectrum in the rest 
frame, is independent of the relative strengths of the 
vector and axial-vector couplings (i.e., independent of 
a). The rest frame spectrum is 6'(E,p.)dEdp.=P E(Q-E) 2 

XdEdp., where P and E are, respectively, the rest
frame momentum and energy of the electron, Q is the 
difference between the initial- and final-state baryon 
masses, and p. is the cosine of its angle with the E 
laboratory direction. The laboratory spectrum is ob
tained by Lorentz-transforming this spectrum and 
integrating over p.. 

The ionization analysis is sensitive to 30% of the 
z-~ Ae-ii events and 55% of the ;a:-~ l:0e-ii events. 
This result represents an increase detection efficiency for 
decay mode (E). 

The upper limits for the I ~SI = 1 leptonic ;a:- decay 
modes are 

Rc(Z-~ Ae-ii) ~ 1/(0.4X551)~0.5%, 

Rv(E-~ Ap.-ii) ~ 1/(0.15X551)~1.2%, 

RE(:a:-~ l:0e-v)< 1/(0.55X551)~0.3%, 

RF(:a:-~ l:0p.-:-v)<1/(0.4X551)~0.5%. 

The film was searched for I ~SI = 1 leptonic decay 
modes of the zo with ~S/~Q=+1, 

(G) 

(H) 
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TABLE VII. Covariant nonleptonic decay amplitudes. Information on the non-z- data was taken from A. H. Rosenfeld et al., Rev 
Mod. Phys. 37, 633 (1965). Column (a) under the z- lists our independent results; column (b) contains the average of these results 
with the world compilation of Ref. 19. Results are given for the two possible signs of I' for the ~o+ decay. 

s_-
a 

TX1010 sec 1.69 ±0.07 
branching function 1.00 
AX 10-10 sec1 0.592±0.025 
a -0.368±0.056 
(1-a2)1/2 0.9298 
E= IBI/IA I 3.08 ±0.51 
A X lQ-•J.<-1 sec-1 2.064±0.045 
B X 10-•J.<-1 sec1 -6.36 ±1.02 

A X 10-5!'-1 sec1 
B X 10-51'-1· sec1 

and with LlS/ LlQ= -1, 

b 

1.75 ±0.05 
1.00 
0.571±0.018 

-0.410±0.048 
0.9121 
3.46 ±0.43 
2.018±0.032 

-6.99 ±0.80 

(Z---lA-) 

1.262±0.034 
-12.36 ±0.95 

(I) 

(J) 

No senous candidates for these decay modes were 
discovered. 

Upper limits are based on a sample of 106 'E.°K0 

events within a restricted volume, corrected for neutral 
A decays. Minimum lengths for the ;E;0 and ~± were set 
at 0.5 em; these criteria would reject 25% of the ~+ 
events and 15% of the~- events. The upper limits are 

Ra('E.0 --7 ~+e-ii)<1/(0.75X1.5X106)~0.9%, 

RH('E.0 -7 ~+.tn)<1/(0.75X1.5X106)~0.9%, 

R 1 ('E. 0 --7 ~-e+ii) < 1/ (0.85 X 1.5 X 106)~0.8%, 

RJ(;E;0 --7 ~-,u+v) < 1/ (0.85 X 1.5 X 1 06)~0.8%. 

The only ;E; leptonic decays reported to date are 
examples of decay mode (C), z- --7 Ae-ii. Carmony and 
Pjerrou observed one such event and report a branching 
ratio, R~0.6%. 27 London et al. observed one definite 
and one probable leptonic :a;- in a restricted sample of 
164 z- decays. Our result, Rc$0.5%; is not in
consistent with these published results. 

VII. RESULTS BEARING ON PREDICTIONS 
FROM INTERNAL SYMMETRIES 

Several authors have made predictions bearing on 
the decay and production of the 'E. hyperon. 

The observed consistency of the full nonleptonic 
decay amplitudes with the Lee triangle,28 22._-=A_ 
+V3"~0+, was reported in Ref. 3. The decreased errors 
on our ;E; decay parameters do not affect this consist
ency, since the main uncertainty comes from the un-

27 D. D. Carmony and G. M. Pjerrou, Phys. Rev. Letters 10, 
381 (1963). 

2s Benjamin W. Lee, Phys. Rev. Letters 12, 83 (1964); Murray 
Gell-Mann, ibid. 12, 155 (1964); Hirotaka Sugawara, Progr. 
Theoret. Phys. (Kyoto) 31, 213 (1964). 

A_ ~0+ 

/'2:<0 n>O 
2.62 .±0.03 0.794±0.023 0.794±0.023 
0.660±0.004 0.507 ±0.023 0.507 ±0.023 
0.252±0.03 0.639±0.036 0.639±0.036 
0.662±0.052 - 0.90 ±0.25 - 0.90 ±0.25 
0.7495 0.4395 0.4395 
7.10 ±0.74 6.28 ±4.0 15.99 ±10.2 
1.512±0.021 2.67 ±1.22 1.05 ±0.19 
1.74 ±0.99 -16.8 ±3.1 -16.8 ±7.7 

<v!~o+) 

2.312±1.1 0.9 ±0.2 
-14.5 ±2.6 -14.5 ±6.7 

certainty in the ~0+ decay amplitudes. The covariant 
nonleptonic decay amplitudes A and B are related to 
the decay matrix and to the decay rate by 

M = U(b')(A-B'Y6)U(b) 

and 

1 (q){[(M+m)LJJ.2] }..=-- IAI2 
81r JJ. M 2 

The U's are the baryon spinors and M, m, and J.l. are 
the masses of the parent and decay baryons and the. 
decay pion, while q is the c.m. decay momentum. We 
estimate the ratio e= I B I/ I A I from the decay parame
ters (5.1) (assuming (3=0) and obtain the normalization 
from the decay rates and branching ratios. These 
amplitudes are given in Table VII. 

In the limit of SUa symmetry, the equality of certain 
production amplitudes is predicted. 29 ·30 In particular, 
we have 

and 

A(K-p --7 'E.°K0)=A(K-p --7 ~-7r+), 

A(K-n--7 ;g-K0)=A(7r-p-7 ~-K+), 

A(K-p --7 'E.*-K+)=A(7r-p --7 Y1*-K+) 
=-A(K-p--7 Y1*-1r-t) 

(7.1a) 

(7.1b) 

=- (1/V3")A(7r-p --7 N*-7r+). (7.1c) 

According to the prescription of Meshkov, Snow, and 
Yodh, 29 the relativistically invariant amplitudes should 
be compared at equal Q values, so that the thresholds 

29 C. A. Levinson, H. J. Lipkin, and S. Meshkov, Phys. Letters 
1, 44 (1962); S. Meshkov, C. A. Levinson, and H. J. Lipkin, Phys. 
Rev. Letters 10, 361 (1963); S. Meshkov, G. A. Snow, and G. B. 
Yodh, ibid. 12, 87 (1964). 

30 S. Meshkov, G. A. Snow, and G. B. Yodh, Phys. Rev. Letters 
13, 212 (1964). 
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for additional channels coincide. The form given for 
the amplitude squared is iJ'= (E* 2Pin/ Pout)CJ, where Pin 
and Pout are the c.m. momenta of incident and outgoing 
particles, and E* is the total c.m. energy. 

The available data allow an investigation of relation 
(7.1a) under the worst possible conditions, near thresh
old and far from the unitary limit. We study the 
endoergic reaction K-p ~ 'E°K0 from threshold (Q= 0) 
to Q= 295 MeV. This is to be compared with the 
exoergic reaction K-p~'l:,-1f+ (Q=94 MeV, even for 
K- capture at rest). Furthermore, the '2-7f+ system 
passes through the Yo*(1520) resonance at Q= 182 
MeV, with no known corresponding 'E°K0 resonant 
state. Comparing total cross sections, we find the ratio 
iJ:l;-,•/uz'K'"'100 at the lowest Q (135 MeV), falling to 
"-'10 at Q=295 MeV. 31 On the other hand, the differen
tial cross sections are in excellent agreement at Q = 210 
MeV(PK= 1.5 BeV jcfor;E;°K0 and465 MeV jcfor'2-1r+). 

Relation (7 .1 b) provides a more favorable test of 
SU 3 predictions due to the kinematic similarity of the 
two reactions. At Q=210 MeV (PK=1.45 BeV/c for 
'2,-!(+),32 we obtain 

a(K-n ~ z-K 0) 

a(1r-p~'2-K+) 

7.04X (165±34) 
-----=0.75±0.16 
6.39X(242±14) 

Again the angular distributions are m reasonable 
agreement. 

The compound prediction for E*- production, rela
tion (7 .1c), has been discussed in some detail by 
Meshkov et al. 30 The cross sections for reactions with 
final K are experimentally observed to be reduced in 

31M. B. Watson, M. Ferra-Luzzi, and R. D. Tripp, Phys. Rev. 
131, 2248 (1963); P. L. Bastien and J. P. Berge, Phys. Rev. 
Letters 10, 188 (1963). 

32 J. Adam Schwartz, Ph. D. thesis, Lawrence Radiation Labora
tory Report No. UCRL-11360, 1964 (unpublished). 

magnitude by at least an order of magnitude relative 
to those with final 1r. 

Inclusion of SU6 symmetry provides additional rela
tions among production amplitudes. 33 The ZK produc
tion modes are related by 

A(K-p~E°K0)= -A(K-n~E-K0) 

=-!A(K-p~z-K+). (7.2) 

These relations are predicated on neglect of angular mo
menta and are most favorably studied near threshold, 
in contrast to the predictions of (7.1). Our results agree 
with (7 .2) at the lower momenta (Q$ 200 MeV). 
At 1.5 BeV jc and above, where most of the data lie, 
there is a clear inconsistency with the S-wave predic
tions of (7.2). 

The relativistic completion of SU6 predicts zero 
polarization in ZK production. This prediction is in
consistent with the polarization data of Figs. 6 and 7, 
as remarked by Blankenbecler et al. 34 
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