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ABSTRACT 

A sample of 2500 ::;;:- and 500::;;:0 hyperons, produced in :SK, 

:SK'IT, and ~KlT'IT final states by K- (in H
2

) at incident momenta of 1.. 7 

to 2.7 Be V / c, has been analyzed. The data are from an exposure 

(K-63) of 26 events/f-i.b in the 72-inch 'bubble chamber; approximately 

85% of the S- events and 60% of the 2: 0 events have been analyzed. For 

the A, we determine the spin and decay parameters Q,;;:;\ and W,;:;, 
-1 / >-< ....... 

= tan ((3>;:;< ,{,,;:!). Combining our data with 900 A- and 150:S° events 
~ - * 

from an earlier experiment (K-72), ' we obtain the following results: 

2: spin: J = 1/2 favored over J = 3/2 by ~ 2.5 standard 

deviations; 

E: decay parameters (assuming Q A = 0.647±0.048): 

Q,;:;,_ = - 0.398±0.041, w';;:;'_ = 9.8°±9.0o; 
...... ....... 

Q~,O = - 0.413±0.104. 
!l'<: ..-< !l'( 

We observe ~'(1530) and A'(1817); our data are insufficient for 

analysis of suggested resonances at 1705 and 1933 Me V. We 
,', 

measure the ::;;:' (1530) electromagnetic mass difference 
p,.-{ ,:c._ b-C ':< 0 . 

L\m = m(,::, ) - m(A ):: 2.0±3.2 MeV. Using data,part of which has 
t )~ 

already been described, we find for ::::' (1530): 

J ~ 3/2 favored over J = 1/2 (the J :: 1/2 hypothesis is 

;::: 3.50/0 as probable as the J = 3/2 hypothesis); 
P + -J = 3/2 favored over 3/2 by ;::: 2.8 standard deviations. 



-ix-

-* -* P + For H (1817) decaying into H (1530) + 'IT, the hypotheses J = 1/2 , 

1/2-, 3/2-, 5/2+, 7/2-, etc. (corresponding to J. = 1, 2, 0 and 

2, 1 and 3, and 2 and 4, respectively) are favored over other hypotheses, 

but results are inconclusive due to large background. 

,', 
'J. Peter Berge, Philippe Eberhard, J. Richard Hubbard, Deane W. 

Merrill, Janice Button~Shafer, Frank T. Solmitz, and M. Lynn Stevenson, 

Phys. Rev. 147, 945 (1966); and J. Richard Hubbard, Properties of the 

Neutral Cascade Hyperon (Ph. D. Thesis), UCRL-11. 51.0, April 1966. 

i Janice Button-Shafer, James S. Lindsey, Joseph J. Murray, and 

Gerald A. Smith, Phys. Rev. 142, 883 (1966). 
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1. INTRODUCTION 

. The E: hyperon was first observed in cosrnic ray experiments 

in 1952. i Five years later, Alvarez et ale observed the first :::;0 in 

the Laboratory! s i5-inch bubble chamber. 2 Since that time the E: 

doublet has played a central role in the development of elementary 

particle physics. It was soon recognized that the eight baryons 
+,0 II __ ,+,0,- .-0,- d 

N , H, L..; , H have similar characteristics, an various 

attempts were made to relate their observed properties. The most 

successful scheme yet devised is that of Gell-Mann
3 

and Ne ' eman, 4 

SU(3), in which the baryons are represented as members of a unitary 

. octet. Their predictions relating the baryon mas ses, magnetic mo­

ments, lifetimes, decay parameters, and production cros s sections are 

in good agreement with experiment. In addition, SU(3) correctly relates 

many properties of mesons and other baryons and has predicted in ad­

vance the existence and quantum numbers of several new particles. 

In 1964 a generalization of SU (3), known as SU(6}, was introduced.
5
,6 

The SU(6) scheme not only incorporates all the predictions of SU(3), but 

in addition relates the properties of particles belonging to different SU(3) 

multiplets. Higher symmetry schemes [U(1.2) and others] yield further 

predictions. The testing of the predictions of SU(3} and the higher symmetry 

schemes continues to be a most active area of res earch in experimental 

high-energy physics. A better knowledge of the properties of the ~ 

hyperon and ~':' resonances will allow more sensitive tests to be made. 

At the time of this writing, more than 5000 ::C and 800 :::;0 have 

been photographed in bubble chambers, two-thirds of them in the 

Laboratory's 72-inch bubble chamber. This report represents the most 

comprehensive analysis so far of 2500 ;:(' and 500 :::::0 in the K-63 experi­

ment. We present the first discus sion of the following in K-63: (i) the 
,', 

separation of :sO final states from background; (ii) the ~'(1.530) elec·· 

tromagnetic mass difference; (iii) :::;. and :sO spin and decay parameters, 

from data including multibody final states. (The :::; spin and decay param­

eters are also analyzed in a combined sample including 900;:::- and 1.50 SO 

from the K-72 experiment.) Analysis of K-72 data, 7-9 and partial analysis 
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f 63 -- 9 10 . o K- A data' has been prevJ.Ously reported. The decay prop-
!I'e ,'e 

erties of :::;' (1530) and A' (1817) have been analyzed in earlier pub-
. 11-13 

hshed work; in these are,as we have analyzed a larger data sample, 

but no es s ential modification of earlier results is indicated. 

The analysis of K-63 A data is far from complete; 10% of the 

:::;- events and 40% of the:S° events remain to be measured (s ee 

Appendix A), and the analysis of A production properties, lifetimes, 

leptonic decay modes, and the 2: e. m. mas s difference has not been 

started. It is hoped that information pres ented in this report will be 

useful to experimenters working with K-63 :::: data in the future. 

In this analysis .such topics as escape losses and scanning biases 

are dis cus s ed (s ee Appendix B), but c~rrections have not been applied 

directly to the data (except in the analysis of Sec. V.A.1). The systematic 

errors introduced by such effects in no case exceed stated statistical 

errors; however,specific corrections for scanning biases, at least for 

events, should be' considered in further analysis of these data. 

Here we compare our experimental results with theoretical 

predictions and with results from other experiments. Conclusions are 

presented separately for each topic investigated, rather than being 

rele gated to as eparate chapter. 
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II. THEORY 

A. Non- Leptonic Hy~~ Decay 

In this paper we shall discuss the decay properties of the :s 
* * hyperon, the E:' (1530), and the :s (181.7). The 2: decays weakly, 

principally via the non -leptonic modes 

and 
:~:C -> A + TI·· 

:so_,.. A + TIo • 

,', 
The 2:' (1530) decays strongly via 

,:~ :s (1530) -l- :s + TI 

and the S';'(1S17) decays strongly, principally via 1.1,12,14-17 
,;c: _ :s (1817)-A + K 
>'e: ,'e: 

2: '(1817)·+;::; '(1530) + TI • 

and 

We may schematically represent all of these processes by 

F J - F J' + BO ' 

(II-1a) 

(II-1b) 

(II - 2) 

(II-3a) 

(II- 3b) 

where F
J

, FJf, and BO are a fermion of spin J, afermionoispinJl, 

and a spinless boson, respectively. 

The angular distributions in a decay proces s of this type have 

been investigated by a number of authors, including (among others) 
18 19 20 21 

Ademollo and Gatto, Gatto and Stapp, Capps, Byers and Fenster, 
22 23 24 

Button-Shafer, Zemach, and Berman and Jacob. We shall lean 

most heavily on the work of Byers and Fenster, who us e the language 

of irreducible tensors T LM to develop a sensitive test for the spin 

J of F J' for the special case Jl = 1/2. We shall also use Button­

Shafer 1 s work, which is an extension of the Byers -Fenster iormalisn::L, 

to treat the case JI = 3/2. 

The Byers - Fenster formalism has several appealing features: 

(i) the initial spin state of F
J 

is descri~ed with a minimum number of 

parameters, without as sumptions regarding the mechanisms that pro­

duced F J; (ii) the mechanism describing the decay of F J is described 

with a minimum number of parameters in terms of helicity amplitudes; 

(iii) the spin state of F J1 is expressed in terms of expectation values 

of a minimum number of spin operators. As a result, one can readily 

formulate tests to extract ~~lete information (about the spin and 



-4-

decay properties of F J) from a given set of observed events. 

1.. Coordinate Systems and Relativistic Transformations 

Figure II-1 illustrates s: production and decay via the sequence 

(A) K- + p -> ~ + K; (B) ~ -- .A + 'IT; (C) .A -;.. p + 'IT. In the c. m. frame 

(A), the axes X, Y, Z, and the A production angle e are defined in terms 

of the incoming K direction k and the outgoing ~ direction 2:. In the 

:s rest frame (B), the A direction A. is defined in terms of angles 0 

and cpo In the .A rest frame (C), the A polarization P A and the 

proton direction p are described with reference to axes x and y, 

illustrated in the expanded view (upper left) of system (B). 

In a particle I s own rest frame, its spin state, and the angular 

distribution of its decay products, are conveniently expres sed in tenns 

of tensors formed from the three components of a spin operator S. A 

complication arises when one wishes to describe multistep production 

and decay proces ses similar to that of Fig. II-1. Nevertheles s, the 

nonrelativistic three-dimensional description of spin states may be used 

even in the relativistic region, provided the observed momenta of the 

reaction are transformed successively through all intermediate rest 

f ' 'd' L f' 25,26 1'h rames, Vla succes Slve lrect orentz trans ormatlons. ree 

successive transformations are required, for example, to transform 
.....,.. 

the momentum p of the decay proton from the lab frame into the .A 

rest franle. 

The processes (II-2) and (II-3) are described in a fashion exactly 

analogous to that illustrated in Fig. II-1 for the process (II-i). In each 
./\ 

cas e the production normal fi = 'Z is defined by r.: = KX F
J

, where F J 

is the direction of F
J 

in the production c. m. The choice of axes 

Y = K, :X:;:: K X Xl is arbitrary; one could choos e instead 
'" """ >1<: 

Y ;:: F , ::X:;:: F X n, which we have done in analyzing decays of ~. (1530) 
J,., J 

and :~( (1817). 

2. Density Matrix Formalism 

The density matrix formalism yields a correct description of an 

expe rimental situation in which the decaying particles are not in a pure 

quantum--mechanical spin state. We review some basic concepts of the 

dens ity matrix formalism before switching ove l' to the convenient 

language of Byers and Fenster. 21 
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1\ 
n 

- 5-

---

_ A. /\ -
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A " A Kxn=X 

--"_-- A "/\ 

x=Ax(Axn) 

x 

Fig. II-1 
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1\ 

P 

MUB-5077-A 
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Considered in its rest frame, a particle F J of spin J in any 

pure spin state E may be represented by a wave function Iyp), of the 

form 2J+1 

Iyp) = L a
j 
n I tj;j ) , 

j =-'1 
(U-4) 

where the expansion coefficients a,n = ( tj;j Itj;n) are complex numbers, 

and where the I tj;j) are the (2J+1)J eigenfunctions of the operator Jz' 
the component of angular momentum along some arbitrary z-axis. An 

ens emble of particles in various pure states ~ ma,y be repres ented by 

a density matrix Pjk of the form, 

- L' II n nil - \ n n';' 
P . k - P i tj;) (tj; J. k - L P a. a k ' 

J nl J n J 
n n 

(II - 5) 

where P 1S the probability of observing a particle in the ~th pure 
n 27. 

spin state. 

The expectation value of any operator Q, for the ens emble as 

a whole, is equal to 

Av(Q) (II - 6) 

n 

Normalization of I tj;n). so that .(tj;n I tj;n) = 1 implies that 

Tr(p) = 1, Av (Q) = Tr (Qp) • (II - 7) 

Consider an ens emble of particles F J' each decaying into 

a particle F JI of spin JI and a particle BO of spin zero. The density 

matrix describing the initial spin state is p., of dimensionality (2J+1); 
1 

the density matrix describing the final spin state is p£, of dimensionality 

(2J' +1). If the decay process is described by an operator M defined so that 

Itj;f) = Mltj;i) , (II-8) 

where I tj;i) and Itj;f) are a pure initial spin state and its corresponding 

final spin state, respectively, then the final state density matrix is equal 

to 
(II-9) 

Given knowledge of p. and M, one can calculate expectation values of 
1 
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any operator Q' on the final-state ensemble, by taking 

(II-iO) 

The rules established above may be applied any number of times 

to investigate angular distributions in complex decay chains. For ex­

ample, the final-state density matrix for the proton in the decay sequence 

is equal to 

,', 
Pf (proton) = Mil M';MPiE: ') M'1 (M' ) t (Mil) '1 , 

I 

where M, M 

respectively. 

II 

and M describe the decay of the 

3. Des cription of Initial Spin State 

(II-ii) 

(II-i2) 

2i 
. Using the language of Byers and Fenster, we expand the initial-

state density matrix Pi in terms of irreducible tensor operators T LM: 

2J 

= _1_ '\ 

2J+1 L!= a 
(II- 13) 

where the quantities tLM = Tr(Pi T LM) are expectation values of the T LM' 

The T LM are normalized so that 

Tr (T , I T LM) = ~J + 1 0 . 0 I' 

L M 2L+1 LL' MM 
(II- 14) 

and are formed from spin operators S , S , and S , as the spherical 
x y z 

harmonics Y LM are formed from coordinates x, y, and z. [For ex-

ample, Tit 0: (SX + iS
y

)' in analogy with Yit 0: (x + iy).] The tensor 

operators T LM and the expectation values tLM obey the relations 

M '1 
TL,-M= (-) TLM 

and 
M ':' 

t L , -M = (-) t LM 

Hence t
LO 

is real. The normalization conditions (II-7) and (II- 14) 

imply that too = 1. The miftrix repres entation of the T LM depends upon 
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the dimensionality (ZJ+1) of the spin space, and also upon the choice 

of basis vectors used to define the space. In a representation where 

T LO is diagonal, the matrix elements of the T LM are real, and equal 

to Clebsch-Gordan coefficients: 

T J :: C (J LJ; M I M) 6 LM II I II I 

MM M,M+M 

J .- M I (z J + 1 ) 1/ Z II I 

:: (-) ZL+1 C(JJL;M ,-M )6 II I' 

M,M -M 

(II-iS) 

(The notation for the Clebsch-Gordan coefficients corresponds to 
. -> ~ ~ . 

CUi jz j3; m i m Z)' where j1 + jz :: j3 and m 1 + m Z :: m3 .) 

Noting that t
10 

is related to the expectation value of the spin 

operator S . by z 

r 11 1/ Z 

t 10 :: I J(J+1) \ (Sz> , 
L J 

one obtains an upper limit for It
10 

I ' for any spin J: 

r J j1/Z 
I t 10 I ~ L Jt1 J . 

(II-i6) 

(II-17) 

Similar relations may be derived for other t
LM

. An additional restric-

tion on the permitted range of the t
LO 

is imposed by the requirem.ent 

that the diagonal elem.ents of the density matrix be real and non-negative. 

Substituting appropriate values of the matrix elements T LM J into 

Eq. (II-13), one obtains the following inequalities: j k 

For J:: 1/Z: 

1 ± !3 t 10 ~ 0 . (II-iS) 

For J = 3/Z: 

1 ± 3 r~53- t
1
· 0 ;-.:r J i + J5 tzo ± , '5 t30 ~ 0 

1 ± ~11 t 10 - r~r tzo + 3/7;- t30 ~ 0 . 
(II-19) 

For J = 5/Z: 

; -s' f5 13-5 r'3- /1i' 
1. ± 3 "1 t 1 0 + ·5.; {4 t Z 0 ± rI b t 3 0 + 3 -J iLl t 4 0 ± J 42 t 5 0 ~ 0 

1. ± 9 1·-;1~ t1.0 - ,f'~~~ t zo +" 7 j-Jo't30 - 9 17~ t 40 ,+" 5 J~-I tso ? 0 

1 ± 3 .11 t 10 - z.r}.~ tzo +" Z I-~-f t30 + 3 ·;-4-t 40 ± S /l} tso ~ O. 

(II- ZO) 
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1£ all t
LO 

having L > 1 are zero, these various inequalities 

reduce to the condition 

It101~~JJ;1. (II-21) 

The inequalities (II-17) and (II-21.) are equivalent to the two inequalities 
28 

of Lee and Yang: 

I<cos e) (II- 22) 

and 

I<cos e) I ~ A- (II-23) 

Equation (II-23) holds only if no powers higher than (cos 8) appear in the 

F J decay distribution 1(8, <p). Further inequalities restricting the values 
. 21. 

of the tLM have been pointed out by Byers and Fenster, and others, 

but in our analysis these inequalities provide no new information. 

In certain cases some of the tLM may vanish due to symmetries 

in the production process. For example, we show in Appendix C that 

for particles J produced in a parity-conserving reaction of the type 

A + B- J + C + D + E + ..• , (II- 24) 

the expectation values tLM describing the spin state of the particles J 

in their rest frame vanish for odd M, provided: 

(i) the axis of quantization of the t LM is the production normal 
-> ...... 
Z = AXJ; 

(ii) the beam and target particles (A and B) are unpolarized, and 

averages are taken over the spin states of the final-state 

particles C, D, E, etc.; 

(iii) averages are taken over all directions of C, D, E, etc. 

(This is a generalization of Capps' Checkerboard Theorem, which has 
29 21 

been demonstrated by Capps and by Byers and Fenster for two-body 

production reactions of the type A + B -,.. J + C. The name is due to the 

appearance o£the density matrix when elements corresponding to odd- M 

tLM vanish.) 



-10-

4. Spin J ->- Spin J 1 + Spin 0 

As stated earlier, the initial and final state density matrices 

Pi and Pf are related by 

t 
Pf::: M Pi M , 

where M 1S the transition matrix for the process 

defined so that 

FJ-F,+BO ' 
J 

1 y;f) ::: M 1 l~i ) 

(II-Z5) 

(II-26) 

(II-27) 

In the Ilhelicityll coordinate system (x, y, z) having its z-axis along 

F I' the direction of F 1 (F .1 ::: i.. in Fig. II-1), the orbital angular 

m-bmentum of the two-.plrticl~ final state can have no z:"component, so 

that an initial state 1y;1) == IJ,(-.,) (having z-component of angular mo-
.. f 1 1 

mentum ~) can couple only with the final state I y; ) == I J ,r.) having 

'. I \ . /\ ::: /\... Hence in the helicity repres entation the transition YD.atrix M 

is diagonal. 

Becaus e of the symmetries in the production reaction, we choos e 

to express the initial-state density matrix p. in the (X, Y, Z) coordinate 
1 

system, having as its Z-axis the production normal n. (See Fig. II-i). 

Hence M must consist of two parts: a rotation matrix R( <P , e, 0) trans­

forming p. into the helicity repres entation, 30 and the diagonalized 
1 

transition matrix MI describing the actual decay. That is, 

1 t· 1 t 
P

f 
= M R (<p, e, 0) Pi R (<p, e, 0) (M ) (II-28) 

1 

where M and P
f 

are represented in the helicity system (x, y, z) and 

p. in the production system (X, Y, Z). 
1 1 

The element of the complete decay matrix M == M R (<p,G, 0) 

b 
. 32 

may e wntten 
"'< ' 1/20\ J-' 

M~ ::: A(-.,[ (2J + 1)/ 41T] dJ m~ (<p, e, 0), (II- 29) 

1 

where A, is the projection of spin J (and J ) on the helicity z-axis, and 

m is the projection of spin J on the production Z-axis. The Ilhelicity 

amplitudes II A~ are the elements of the diagonalized transition matrix 
1 

M , each representing the probability amplitude for the process (with 

helicity r.) 
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J I J,I\) -- I JI , f-.) + BO . (II-30) 

OJ 
The functions V . (a, (3, y), sometimes called Iisymmetric top m 1m 2 
functions, II are matrix elements of the rotation operator R(a, (3, y) in 

the spin-J representation: 

, 
?r J (a,(3,y)=(J,m 1 jexp(- ~ aJ ) exp(-J-(3J )exp(-~yJ )jJ,mz) . 
GV m 1 m 2 II Z n y n z 

(II-31) 

In the repres entation where J 1S diagonal, z 

where 

The quantities 

31 
Y LM(e, cp) by 

exp(-im
1

a) d J ((3) exp(-im2y) 
m

1
m 2 

(II-32) 

(II-33) 

r-.. j >:c 
(l/'Z L JJ MO (cp,e,O) .are related to the spherical harmonics 

,', ('\ 1/2 <ZXL' 41T t .. JJ MO (cp, e, 0) =; 2L+ 1)' Y LM(e, cp) 
. \ 

(U-34) 

,. 
jI"'):/L 

The quantities JJ'M1 (cp, e, 0) may be calculated easily by means of (U-32) 

d h 1 · 31 an t e re ahons 

L 
d M1 (e) 

-1/2 f' L = l L(L+1)] ~ - M(1+cos e) d MO(e)/sin e 1 
f I (U-35) 

1- l (L-M) (L+M+1)] 1/2 d~+1 ;(8) \> 
t I , J 

(U-36) 

In general, the decay process F J ->- F 1 + BO can proceed via several 

different partial waves 1., where 1. mIy assume values from 1 J-J
I 

1 

1 
to 1 J+J 1 . In strong decay, only those partial waves consistent with 

parity conservation contribute to the decay amplitude. In terms of the 
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usual complex partial-wave decay amplitudes at.' the helicity ampli­

tudes of Eq. (II-29) have the form
33 

I 
~-J \~ I 

At.:: (-) ~_ a f C (J J .£:; 1\, - fl.) (II-37) 

subject to a normalization constraint' 

\' 2 
) 1 A).. I :: 1 • 
;.,.. ............. .\ 

(II-38) 

'" I 
For example, for J :: 1/2, 

(Il-39) 

where a :: a J _ 1/2 an db:: a J + 1/2 . 

Combining Eqs. (II-i3), (II--15), (II-28), and (II-29), one obtains 

a rather unwieldy expression for Pf in terms of the helicity amplitudes 

AI\ and the tLM describing the initial spin state of F
J

. Byers and 

Fenster
21 

and Button -Shafe r22 simplify the expres sion by utilizing the 

orthogonality properties of the JJ'ivr>- functions and Clebsch-Gordan co­

efficients. The general form of an element of Pf (in the helicity repre-
" )' 34 s entatlon 1S 

I I I 

- < J , >-1 Pf 1 J , 1\ > 

2J 

\ 
X ) 

t_",.p.! 

L::O 

L 
I~r 
\, 1/2 1 -', ) I (2L+1) C(JJL; I\,-A. )t~M 

t.,,, __ J L 

M=-L 
1 

;:"0: ....... 

<r~v. L' I (rh,e, 0) I r } M, 1\_ 1\ 't' i , 
cf--I J 

(II- 40) 

which is valid for any spin J and J (integer as well as half-integer). We 
. r---,."L ',-

note ~hat only the ,l:) M, "'_ 1\1 (<p,e, 0) having integral indices L, M, and 

(A.-I\ ) appear in Eq. (II-40). 

Having arrived at an expression for the final-state density matrix, 

one may calculate the angular distribution of the decay process 
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F J - FJI + BO as , 
J 

I(e,¢) = Tr(P
f
) = ~ PfJ . (II-41) 

I t-t-},,= -J 

A complete description of the spin state of F, as a function of e and 
J . I 

¢ is obtained by calculating the quantities (for 0 ~ L ~ 2J and 

-L ~ M ~ L) , 
J 

I t LM (e, ¢) = T r (p f T LM) = I , I 

}", f... = - J 
p) T LM] 
~ f...t-,I t-,' A. 

(II-42) 

In Sec. II.A.4.a we evaluate (II-41) and (II-42) for the special 
, 21 

case J = 1/2, following the work of Byers and Fenster. In Sec. ILA.4.b 

we discuss some of the results obtained by Button-Shafer for the special 
I 22 

case of strong decay with J = 3/2. 
I 

a. 2J;?in J->spin 1/2 + spin O. By considering the special case J = 1/2, 

we may apply the theory already pres ented to reactions of the type 

F J ->- F 1/2 + BO ' 

where F 1/2 is a spin-l/2 fermion. We shall consider the weak decay 

process 

and the strong decay processes 
. >'< 

$'(1817)-A+K 

(where spin 1/2 is as sumed for the :::::). 

For weak decay, the two partial waves a - a 1 
J- "2 

and b - a can contribute to the transition matrix M. 
J + 1 "2 

customarily defines 

(II-43) 

(II-44) 

One 
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(II-45) 

222 
so that a. + f3 + y ::: 1. Alternatively, the parameters f3 and y may 

be expressed in terms of independent parameters a. and w: 

For strong decay, only the one partial wave consistent with parity con­

servation can contribute, whereby a.::: f3 ::: 0, y ::: ±1, and \J?::: 0 or TI. 

The final-state density matrix may be written as 

...". 

1. + p. z 
-)- -> 
P.x+iP.y 

-,.. A 

1 - p. z 
(II-46 ) p ::: 

f 

-)-

where P is the polarization of F 1/2' and (x, Y9 z) are helicity axes 

(see Fig. II-1), Equating matrix elements of (II-40) and .(II-46), and 

using Eqs. (II-34), (II-39), (II-45), and the relation 

C(JJL 1 1 ) ::: (_)2J+L 
; Z;' - 2: 

21 9 
one arrives at the result ' 

fa. 

2J 
~ 

\ 
2J-1 

1(8,~) = )~ / 
'_ ... _.-.-1 

L==O L ::: 1. 
Leven L odd 

r 2J-1. 2J 1 
I ~ \~ - I L IP. Z =Ia. + ' , I 
1 L_...J j l 

l L==O L == 1. ~ , 
Leven L oddJ 

L 
~ .. -........., 
\ J ':' L . ...J nLO tLM Y LM (8, <p) 

M:::-L 

(II-47) 

(II-48a) 

(II - 48b) 
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lJ 

(-y + i(3) (lJ, +1) ) 
1.._ . .1 

L = 1 
L odd (II-48c) 

xl (lL + 1)/4n] 1/l l L(L + 1)] -1/2 , 

where 
1 

n~o == (-) J- "2 l (lJ + 1)/4n] 1/l C(JJLj i, -i). (II-49) 

As an aid to computation, one may re-express Eqs. (II-48) as sums 
/ 

over non-negative M-values only, and rewrite the ft1 functions in 

terms of the familiar spherical harmonics Y LM:
35 

rlJ - 1 '. 
r-~ 

I \ 
1(0,<1:» =1) + a. 

I I 
1 L··=··O 
lL even 

I-

I 
- " ! IP. z = \ 

l 
I 
I ,-

lJ - 1 
\---, 

'~ 

a. / 
.L~~ .. __ J 

L=O 
Leven 

+ l L 1 ~. OM 
\ -1 <I:> 
) YLM(e,O)Re~LMe ) 

L . .J 1 M = 1! . . 
...!. (II- 50a) 

L 1 
........... '-"'1 ~ 

\, 1 ~ -iM<I:» +ll ..... .J rLM(O,O)Re~LMe 
M=1, 

\ 

J 
(II- SOb) 

lJ 
\----' 

IP. x + iIP. y= (2J+ 1) (-y+i~) 2 ... , . n~o l L(L+ 1)J-
1 

r 
j\' 

X I L __ , 
,M = 0 
( 

1J1 term) 

L = 1 
L odd 

+ l 
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where 
1/2 . 

ALM(O)== - MY LM(O, 0) cot 0-[ (L-M) (LtMt1)]' Y L, Mt1 (0,0) 

and B LM(O) == - MY LM(O, 0)/ sin 0 

for any Land M, even or odd. 
->-

Experimentally .. the polarization P of F 1/2 may be observed 

through scattering or, if F 1/ 2 decays weakly, through the angular 

distribution of its decay products. For the two-step decay process 

~ -- A t1T; A -- P t 1T , 

the joint angular distribution of the A (in the :s rest frame) and of the 

decay proton (in the A rest frame) is given by 

(II- 51) 

= I(O,t) t a.1\. [IP.1\. , A(p. A) tIP.1\.' x(p. x) tIP.1\.' y(p. y)J, 

where the .1\. angular distribution 1(0, ¢)and the .1\. polarization com­

ponents IP.1\.' x, IF.1\.' y, and IP.1\.' Z == IFA . A are given by Eqs. (II-48). 

The distribution in (p . A) is obtained by integrating (II-51) over 

a,¢, and ¢ == tan-
1 [(fL y)/(p. x)J : 

p 

(II- 52) 

this relation holds for any spin J. Thus a spin-independent estimate 

of a:s is possible even if all tLM with L > 0 are zero. 

The presence of non~zero tLM with L > 0 permits a more 

accurate (and s pin-dependent) determination of at;::'. If the ;S has 
.-

spin 

1/2 and polarization P,,;:;, == P,;::,' n = 
>-t I>-{ 

-/-3- t
10 

' the distribution function 

(II-51) reduces to the familiar form 

I(A, p) <X 1 t a:s: P~ cos 0 t a.1\. (p. A) [ a:s t P:s cos OJ 

(II-53) 
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Equations (II-48), (II-50), and (II-51) hold also for the reactions 
~:o:: _ 

~ (1817)->-A + K; A->-p + 'IT, (II- 54) 

and (if spin 1/2 is assumed for the ~) 
,', 

:5 '(1530) ..... ~ + 'IT; ~ ->- A + 'IT , (II- 55) 

provided the appropriate substitutions are made: 

F
J F 1!2 

Decay (o.,I3'Y)F a 
Reaction fermion J F1/2 ----- ----

~-A + 'IT; ';:;' A p (a ..... , 13.-, y_) o.
A 

t-< _ .... 4 ..... 

t-\ t-< ...... 

A -p + 'IT 

,', ,', 
:S'(1817)-A+ K; S'(1817) p (0, 0, ± 1) o.

A 
A -)0 P + 'IT 

", ,', 
:~(' (1530) ->- ~ + 'IT' ::=:' (1530) ';:;' A (0, 0, ± 1) 0.>;:;< , t-< 

<-< 

S-A+'IT 

Coordinate systems and angles are defined as in Fig. II-1 , after the 
'" '" 

corres ponding unit vectors are substituted in place of 2:, A, and p. 
. .p /+ /± /+ The choice 'IF = ± 1 is appropnate for J = 1 2 , 3 Z , 5 Z , etc., 

J 
where P is the parity of F J relative to that of F 1/Z" The relative 

parity P cannot be determined unless at least one odd-L tLM is non­

zero. 

For either strong or weak decay, three features of the decay 

distribution enable one, in principle, to determine the spin J: (i) a 

lower limit for J is established by the maximum complexity of the ob­

served distribution; i. e. J:;::. L /2 where L is the L-value of 
max max 

the highest non-zero t LM; (ii) if I t 10 I or any other I tLM I exceeds 

its J -dependent bounds, an upper limit for J may be 

established by inequalities similar to the Lee-Yang inequalities (U-2Z) 

and (II- 23); (lii) if any odd- L tLM are non-zero, a best value of the 

factor (ZJ+1) of Eq. (II-48c) may be determined experimentally. 
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b. Strong decay: Spin J -l>- spin 3/2 + sEL..n~ The strong decay process 

(II-56) 

(where F 3/ 2 is aspin-3/2 fermion) has been discussed by Button-
22 23 24 

Shafer Zemach, and Berman and Jacob, among others. We 

utilize the formalism of Button-Shafer, who extends the Byers-Fenster 

theory to obtain a complete and general description of the decay process 

(II-56). All equations are discussed more extensively in Ref. 22, except 

for the introduction here of the parameter ~O (Eq. Il~68) and of the 

momentum-barrier treatment of higher 1. -waves. 

A variety of tests may be performed to determi~1.e the spin and 

parity ofF J; we shall describe here only those used in our analysis 

of the reaction 

* * -* -:s (1817}--> E: (1530) + If; ,:::. (1530) -->~ + If , (II-57) 

which we denote symbolically by 

(II- 58) 

As was shown earlier, the spin state of F 3/2 ma~ be represented 

by a 4X4 density matrix· Pf whose elements P£]~kl == < .z ' ~ 1 Pf 1 ~, ",I > 
(in the helicity representation) are given by Eq. (II-40). In particular, 

the diagonal eleme'nts are 
2J 
\ 

PfJ",~= L 
L=O 

1 A"J:... 12 n
LO 

(2"J:...) Y LM (e. <1», (II-59) 

where the tLM describe the spin state of F J' and where e and <? de­

fine the direction of F 3/2 in the F J rest frame. The helicity amplitudes 

A", are given by Eq. (II- 3 7), and the J ··dependent constants :rl.
LO 

(2 "') by 

the relation 

n
LO 

(2t-) == (_/-!l.[ (2J+1)/4'Tr)] 1./2 C(JJL;~, --"J:...). (II-60) 
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The angular. distribution of F 3 /2 (in the F J rest frame) is 

1(8, cp) = Tr (p
f
) 

= 2 

2J-1 

\' 
(--J 
L = 0 
Leven 

(II- 61) 

A lower limit on the spin J is established by the maximum complexity of 

the observed 1(8, cp) distribution; i. e., if the data require rLon-zero tLM 

through order L, then J ~ L/2. No spin information is obtained from 

Eq. (II-61) if all t
LM

. having L > 0 are consistent with zero. One finds 

that 1(8, cp) has a particularly simple form if cp is ignored and only the 

lower .e. -wave included. 36 

If F 3/2 subsequently decays strongly via F 3/2 ~~ F 1/2 + B O' 

the angular distribution of F 1/2 (in the F 3/2 rest frame) is given by 

the Byers-Fenster formalism of Sec. 1LA.4.a: 

~(4.J) = 4\ I(G,cp) [1 -j5 <T 20>F
3

/
2 

(8,cp) P2(cOS4.J)], (II-6Z) 

where 4.J is the angle of F 1/2 relative to the F 3/Z direction of flight, 

where P 2 (x) == i x
Z 

- i, and where we have ignored the azimuthal ori­

entation of F 1/Z' The quantity 

I < T 20> F (8, cp) = Tr (pf T ZO) 
3/2 

= 2(5) - 1/2 

ZJ-1 

\' 
!-~ 
L=O 
Leven 

(II-63) 

represents the T 20 component of F 3/2 polarization referred to helicity 

axes, i. e., the F 3/2 s pin alignment along its direction of flight. 
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Combining Eqs. (II-61) through (II-63) and integrating over e 
and <p (the angles describing the direction of F 3/2) ,we are left with 

1 h . . h 37 On y t ose terms contalnlng too' so t at 

(II-64) 

where 

(II-65) 

(We have used the relation nOO (1) := nOO (3).) Aiter integration over 0 

and <P, the azimuthal distribution of F 1/Z about the F 3/Z line of flight 

is isotropic. 

1£ J:= 1/Z, then A 3/ Z := 0, so that a Z := 1.0 regardless of the 

parity of J. If J ~ 3/Z, the helicity amplitudes A\ have the following 
* ~ p 

form for various::::' (1817) spin and parity assumptions J l where P 

* * is the parity of ~ (1817) relative to that of ~'(1530)): 

P / - / + -J := 3 Z , 5 Z , 7/Z , etc.: 

1/Z 1/Z 
A 1/ Z cc a(3J-3/Z) - c(J + 3/Z) 

A
3
/

Z 
cc a(J + '3/Z) 1/Z + c(3J _ 3/Z) 1/Z 

P /+ /- /+ J := 3 Z , 5 Z , 7 Z , etc. : 

A
1

/
Z 

cc b(J - 1/Z) 1/Z - d(3J+9/ Z) 1/Z 

A
3

/
Z 

cc b(3J+9/ Z) 1/Z + d(J _ 1/Z) 1/Z , 

(II-66a) 

(II-66b) 

(II-67a) 

(II-67b) 

where a, b, c, and d are complex amplitudes for decay via partial 

waves P.. := J-3/Z, J-1/Z, J+1/Z, and J+3/Z respectively. One may 

show that a Z is of the form 

a Z := S cos 0,0 - T sin' ~O cos 6<p , (II-68) 
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where S, T, t:.cp, and cos fl.0 have the following values and where 

Jal
Z 

+ Ic 1
2

::: 1, Ibl
Z 

+ IdI
Z

::: 1, sin 0.
0 

~o: 

JP S T _~1_ 
cos r-.O 

----
3/2- , 5/2+, 7/Z- , etc. JalZ _ Ic l2 

21 a I I c I 6 -6 (ZJ-3)/4J 
c a 

3/2+, 5/2- , 7/2+, etc. Ibl
Z 

_ Idl
Z 

Zlbl Idl 6
d

-6
b 

(-2J-5)/(4J+4) 

We note that -1 ~ a
Z 
~ 1, regardles s of the magnitudes and relative 

phases of a, b, c, and d. If only the lower partial wave (a or b) con­

tributes (for those cases having J> 1/Z), a Z has the f~llowing values :37 

JP 

1/Z+ 

3/Z-

5/Z+ 

7/Z-

limit J-oo 

a
Z 

1.00 

0.00 

O.ZO 

o. Z9 

0.50 

JP a Z 

1/Z-

3/Z+ 

5/Z-

7/Z+ 

limi t J -> 00 

1.00 

-0.80 

-0.71 

-0.67 

-0.50 

One expects the rate of decay via partial wave 1 to be 'suppressed 
38 

(relative to 1.0 for P, ::: 0) by a factor of the order of 

(qR)2 [1 + (qR)Z]-1 for £. ::: 1 

(qR) 4 [ 9 + 3 (qR) 2 + (qR) 4] -1 for .£. ::: 2 

(qR)6 [Z25 + 45 (qR)2 + 6 (qR)4 + (qR)6]-1 for £. ::: 3, 

(Il-69a) 

(II-69b) 

(II-69c) 

where q is the momentum of F 3/Z in the F J rest frame, and R is 

a characteristic radius of inte'raction, o{ the order of (Zm'IT) -1 . (For the 
,'e: ;"0: 

decay process 2:'(1817) ->- E;'(1530) + 'IT, q::: 230 MeV/c ~ 1/R.) Taking 

qR ~ 1, we estimate IDZj / IsZI ~ 0.08 and IF21/ IpZI ~ 0.007, 

where S, P, D, and F are decay amplitudes for JI. ::: 0,1, Z, and 3, re­

spectively. Even with complete ignorance of the relative phase t:.cp, we 

may specify the permitted range of the coefficient a Z' allowing for the 

presence of higher partial waves: 
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P 
Partial wave s 1. a

Z J 
1/2+ 1 1.0 

i/Z 
- 2 1.0 

3/2 - 0,2 0.0±0.5 

3/Z+ 1, 3 -0.8±0.1 
J_ 

5/Z' 1,3 O. 2±0. Z 

Decay via the higher partial wave is negligible for higher spin hypothei3es. 

B. Maximum- Likelihood Analysis of Data 
pt:~ () . 

The likelihood function «( ::= ,( (xi' a) may be defined as the 

probability of obtaining a set of N observations xi' x 2 ' •.. x N ' given 

a theoretical model described by a number of parameters which we denote 

collectively by a. For example, if the quantities x. are angles describing 
1 

the decay of N events, then the likelihood function is given by 

jJ N 
.0\ (x., a) = n f(x., a) 
, '-.. 1 i= 1 1 

(II-70) 

where f(x., a) is an expected angular decay distribution, i. e., the 
1 

probability of obs ervi2 . x., given a. 
1 

We consider as a function 

able parameters ai' a Z'··· am' A maximum-likelihood analysis con­

sists of varying the parameters a. to achieve a maximum in ;Z , at 
1 

which point the final values a
iO 

of the parameters a. constitute a 
1 

des cription of the experimental data. At the maximum,. 

(II-71) 

If w::=.en,;(, a maximum in w (and in j() is achieved when 

oW 
= ac;:--O. (II-72) 

m 
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Near the maximum, by a Taylor! s expansion, 

and 

where 

1 2 
w,;:;:w --ZX max 

of::;; jJ exp (-
\. "\max 

1 2) 
2" X 

2 
X = 

':-' 
) 
L~ .. l 
j, k 

'(/w 
(0... -0..'0) 0 a (o..k-o..kO) 

J J 0.. j o..k 

(II-7 3) 

(II-74) 

(II-75) 

if partial derivatives higher than those of the second order are small. 

The value of w increases by 0.5, on the average, for each 
max 

additional unnecessary parameter 0... that is allowed to vary; an in-
1 

crease of more than this amount indicates that the additional degree of 

freedom is necessary to describe the data. For example, an increase of 
2 

2.5 for three additional degrees of freedom cor res ponds to a X of 5.0 

for three degrees of freedom, or a probability of ';:;: 150/0 that the data 

were correctly described by the smaller number of parameters. 

Accordingly, we may define the standard deviation error 00... 
1 

of any parameter 0... as that change in 0... which causes w to decrease 
. 1 1 . 

by 0.5 from its maximum value w . max 
(To properly account for cor-

relations between parameters, w should be remaximized with respect 

to all other parameters as 0... is varied.) A change in 0... which causes 
1 1 

W to decrease by an amount X is equivalent to an n-standard-deviation 

effect, where n = (2X) 1/2. . 

In the above definition of 00. .. , nothing is as sumed about the form 

of /.as a function of 0.... Now if t~e parameters 0... are suitably chosen, 
.... ). ). 

and if N (the number of observations) is sufficiently large, the likelihood 

function may be quite nearly Gaus sian in the vicinity of the maximum; i. e. , 

Eqs. (II-73) and (II-74) are good approximations, and the second derivatives 

o 2w / a 0... a o..k are approximately independent of 0..
1

' 0.. 2 , ••• 0.. • If this 
J ~ m 

is the case, the error 00... of any parameter 0... (as defined previously) 
). 1/2 -1). 3 Zw 

is approximately equal to (G .. ) ,where (G ) 'k== - ;::;--~--. (We note 
11 J uo..juo..k 

that w cc N, so 00... cc N- 1/ 2 , as required.) 
). 
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In this report we analyze A and A';' decay distributions, using 

the maximum-likelihood method. For E: decay, the distribution func­

tion f(x, u) is the function I(A, p) of (II-51), -normalized ~o that .en <Z :: 0 

for an isotropic distribution. Continuous 'parameters (up:..' uO;:;" <;p'.;:;', and 

t
LM

) are determined (with errors) by maximizing w:: £nc(:nd'inverting 

the second derivative matrix; discrete parameters (J and L ) are in-

1 max 
vestigated by comparing values of in ..... obtained under different spin 

_ 39 
as sumptlons. 

The analysis of decay distributions is similar, except that 

the continuous parameters u F and, W F are replaced by a dis crete 
J J * 

parameter ('IF :: ± 1) specifying the parity of F
J 

(the E: ). 
J 
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III. DESCRIPTION OF K-63 BEAM 

The data analyzed in this report were obtained from photogi'aphs 

of K- +p interactions in the Laboratory! s 72-inch bubble chamber. Most 

of the data are from a 1.7 to 2.7 BeV/c se'parated K- beam (K-63) 

designed by Joseph J. Murray with the assistance of Janice Button-Shafer; 

however, our analysis of A decay properties includes data from an 

earlier beam, K-72. 7, 8 

Figures III- 1 and III- 2 illustrate the general features of the 

K-63 beam, which has been described in detail elsewhere. 40-42 The 

Bevatron internal proton beam (operating at 6.1 Be V, 1.2 X 10
12 

protons/pulse) strikes a copper target 4 in. long by.1/8-in. wide by 

1/16 -in. high. The secondary beam channel accepts ~ 0.10 ms r at an 

angle of 0°. ' Momentum selection (~ ± 1.50/0 about the nominal momentum) 

is performed by cOllimitors at mass slit 1, after horizontal dispersion in 

M3. Electrostatic separators S1 and S2 separate K from background 

(mostely 'IT -) in two stages, in the vertical plane. These separators, of 

the glass cathode type described in Ref. 43, maintain ':l potential of 500 kV 

across a 2-inch gap. At the two mass slits, K- and 'IT are focused into 

images 1/16 -in. high separated by ~ 1/8 -in. The K- pas s through the 

slits to the bubble chamber, whereas the rr-, passing through uranium 

in the slit jaws (see Fig. III-3), lose ~ 80/0 of their momentum and are 

swept aside by the bending magnet M4. 

The rather broad momentum bite, required for adequate K flux 

at the bubble chamber, neces sitated the use of special cocked mas s slits, 

a design feature utilized for perhaps the first time. One of these slits 

(if. 1) is illustrated in Fig. III- 3; slit N 2 is similar in des ign but more 

nearly parallel to the beam dlrection. Particles are focus ed at various 

distances y along the beam axis, the higher momentum particles being 

focused further downstream. The bending magnet M3 introduces hori­

zontal dispersion, and the mass slit is placed so that a particle of any 

momentum (in the 30/0 interval) i's .focus ed at some point along the mas s slit. 

The beam is so designed that images in the horizontal and vertical planes 

~tpproximately coincide and !ltrack 11 linearly with momentum to follow 

the mas s slit. 
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The critical design requirements necessitated the use of many 

quadrupoles, which were carefully corrected for small aberrations. 44 

Optimum quadrupole positions and currents were calculated with a 
. 41 

special analog computer designed by Murray. The beam was turned on 

in July 1963. 

Over an 18-month peri.od, 2376 rolls (averaging ~ 630 frames/roll) 

of K- film were photographed, including: (a) 897 rolls at 2.45 to 2.7 BeV / c; 

(b) 235 rolls at 2.1 BeV/c; (c) 249 rolls at 1.7 BeV/c;45 (d) 26 rolls 

at 2.9 Be V / c, which had unacceptably low K- yield and high background; 

(e) 321 rolls at 2.0 BeV/c, for UCLA; (f) 425 rolls at 2.1 BeV/c, with 

lead plates in the chamber; and (g) 223 rolls in D2 (no lead plates), 

at 2.1 and 2.63 BeV/c. Only the data from (a), (b), and (c), amounting 

to ::::; 26 events/microbarn, are discussed in this report; in this exposure, 

we observe 6 to 10 beam tracks per frame, including i5 to 350/0 non-K­

background. The path length and rr background at each momentum, 

estimated from observed numbers of 3-prong events, are presented in 

Appendix D. 

The same beam setup was used for a rr exposure from 1.6 to 

4.2 Be V / c. Data from this experiment (rr- 63) were u~e£ul in as s es sing 

the effects of rr contamination in the K-63 beam, as will be explained 

in Sec. IV. B. 2. 
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IV. SELECTION OF K-63 EVENTS 

A. Preliminary Analysis 

After being topologically scanned, the events of the K-63 experi­

ment were measured either on one of the Franckenstein measuring pro­

jectors or on one of SMP's (scanning and measuring projectors). 46 

The measured events were processed on the IBM 7094 or 7044 with the 

standard data-analysis programs of the Alvarez group--PANAL, 

PACKAGE, WRING, AFREET, and DST-EXAM. Failing events (events 

failing to fit acceptably any kinematic hypothesis) were remeasured and, 

when necessary, re-exalnined at the scanning table. For ambiguous 

events, ionization information was used wherever possible to distinguish 

between competing hypotheses. Except as otherwise noted, the standard 

l ' d d 'h d'f" 47-49 ana YS1S proce ure was us e Wlt out. mo 1 lcahon. 

The actual fitting of the events, done by PACKAGE, begins with 

a three -dimensional reconstruction of each measured track; appropriate 

corrections are made for energy los s, optical distortions, and non­

uniformity of the magnetic field. The measured momenta and angles of 

each track at a production or decay vertex are adjusted to give a best fit 
2 

to each of several particle -as signment hypotheses, and a X is calcu-

lated. Events having more than one visible vertex are fit one vertex at 

a time, beginning with the final decay vertex and ending with the pro­

duction vertex. In certain types of events, for example in 2;0 production 

and decay, tracks from two different vertices are fit simultaneously. 

When more than one unseen neutral particle is present at the production 

vertex, the invariant mass of the unobserved particles is calculated. 

In DST-EXAM, the X 2 from individual vertices are combined 

to form an overall confidence level (c.l.) for each of several production-
50 

and-decay hypotheses, including mis sing-mas s hypotheses. Con-

fidence levels of hypothes es contradicted by ionization information are 

set equal to zero. 
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B. Selection Criteria 

In this section we describe and evaluate the criteria used in 

1 . ......,- d >-<0 se ectlng H an H events. In Table A-I (Appendix A) we show the 

numbers of events passing these criteria, from K-63 data processed as 

of September 1965. 

1. :=: Events 

The only ~ events analyzed were those in which both the S 

and JI,. decayed visibly, via 

(IV -1) 

Such events occur with the following topologies (code numbers refer to 

the event type clas s ification of Ref. 48):. 

Event-type 72 (vee with two prongs and negative decay vertex): 

K - t-< K+ (IV - 2) + p-<>-~ + 

t-< 
.-> H + K+ + TID (IV - 3) 

>-< -> ~ ...... - + KO + TI+ (Ko unseen) (IV -4) 

..... - + (IV - 5) ->- ~ + K + neutrals t-< 

...,- + (IV -6) - ~ + TI + neutrals, .-. 

Event-type 74 (vee with four prongs and negative decay vertex): 

- - + + -K +p-:::: +K +1T +TI , (IV -7) 

Event-type 12 (two vees, two prongs, and negative decay vertex): 

- 0+ 0+ - ° K + p-",;S + K + TI ; K -:0- TI + TI (K seen) , (IV-S) 

-->2:- + KO + TI+ + TIo; KD->TI+ + TI- (Ko seen) (IV-9) 

In fitting each of the hypotheses (IV-2) to (IV-9), we made a 3C fit at 

the JI,. decay vertex, and a 3C fit at the KO decay vertex where a 

KO was observed. The fitted JI,. momentum was used in a 4C fit (3C 

for events having short ;:;:-) at the ~ decay vertex. Finally the fitted 

:s momentum was used'in a 4C fit, a lC fit, or a missing-mass 
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calculation at the· production vertex. Both possible assignments were 
+ + tested for the K and 1T of (IV -7), and for the A and KO of (IV - 8) 

and (IV-9). 

Confidence levels were calculated in DST-EXAM for each of 

the hypotheses listed. For event-type 72, the following competing 

hypotheses, not involving a ~- with visible A decay, were also tested: 

-->A+1T; K°.-.. 1T+ + 1T (.L\unseen) 

(IV -10) 

(IV -11) 

No competing hypotheses were tested for event-type 74 or 12. 

For most events, an unambiguous choice between competing 

hypothes es could be made on the basis of calculated confidence levels 

(c.l.) alone. Most of the remaining ambiguities (for example, ambiguities 

between ;S-K+ 1T O and ~-K01T+ final states) could be resolved, at the 

s canning table, by identification of the positive track at the production 

. h K+ + vertex as elt er or 1T • 

Partial results of the ionization study are illustrated in Fig. IV -1., 

where we have plotted the number of ev'ents vs Q == col. 

(best K+ hypothesis)/c.l. (best 1Tt hypothesis). We find that in the region 

investigated (1./3 ~Q ~ 3), 33/122 or 27% of the resolvable events would 

have been assigned to the wrong hypothesis on the basis of the calculated 

c.l. alone; outside the region investigated we expect to find few, if any, 

wrongly as signed events. 

In Fig. IV-2 we present a confidence-level plot for 2720 type-72 

events, obtained after application of available ionization information. 

Only passing events (greatest c.l. ~ 0.005) are included. Each event is 

represented by a point (x, y), where x is the c.l. of one hypothesis X 

l in this case Eqo (IV-3)J and y is the col. of the best other hypothesis 
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tested. Events falling below the 45 0 line are those designated as 

hypothesis X. Most events are unambiguously hypothesis X(y = 0) or 

unambiguously not hypothesis X(x = 0); those near the 45° line either 

could not be resolved by ionization or have not yet been examined at the 

scanning table. We have examined similar plots for each of the hypotheses 

(IV - 2) through (IV - 9); in no cas e are ambiguities more numerous than in 

Fig. IV - 2. 51 

For purposes of further discussion we arbitrarily classify events 

according to the following criteria: 

Failing events: greatest c.l. < 0.005. 

:s candidates: greatest c.l. (~0.005) is from one of the hypotheses 

(IV - 2) through (IV - 9) involving a ~ with 

visible A decay. 

Non- 2: candidates (type 72 only): greatest c.l. is from one of 

the competing hypotheses (IV - 10) through 

(IV -12). 

Only 2:- candidates are considered further. These are classified as 

follows: 

Unambiguous: greatest c.l. ~ 10 X (second greatest c.t. ), and 

greatest c.l. ~ 0.05; 

Low c.l. : greatest c.l. < 0.05, and (second greatest c.l.) < 0.005; 

Ambig~us: greatest c.l. < 10 X (second greatest c.l.), and 

(second greatest c.l. ) ~ 0.005. 

The classification of events is illustrated in Fig. IV-3, which corresponds 

to the s catte r plot of Fig. IV - 2. 

We define an ambiguity ratio R as the les ser of x/y and 

~0.005 (s ee Fig. IV - 3). 52 Events as signed to hypothesis X are thos e 

having R > 1; those having R ~ 10 are. unambiguous by the definition 

"above. Figure IV-l indicates that few l if any, events having R ~ 3 are 

likely to be as signed to the wrong final- state hypothesis; accordingly we 

expect our unambiguous sample (R~. 10) to be virtually free of wrongly 

identified final states. 

In Tables IV-I, IV-II, and IV-III we tabulate the passing events 

(types 72, 74, and 12) in each of the defined classifications. We note 

I,E, 
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Table IV-I. Classification of passing type -72 events. 

Best hypothesis 
b 

2: Non-2: 
2nd candidates candidates 
best

b 
Total Total 

Clas sification hypo A B C D E F G H A-E A-H 

A 0 Oa 0 Oa 0 0 0 0 0 

B 2 21a 
2 2

a 
0 0 0 27 27 

C 1
a 

25
a 

3
a 

1 0 0 0 30 30 

D 1 2 13a 1
a 

0 0 0 17 17 

AITlbiguous E Oa 7
a 

0 9
a 

0 0 0 16 16 
(1<:= R< 10) 

F 0 0 0 0 0 0 0 1 

G 0 0 0 0 0 1 0 0 1 

H 0 0 0 0 0 1 0 0 

Total 
A-H 4 34 34 14 4 2 1 0 90 93 

Low c.l. 
(1<:=R<10) 25 7 11 5 3 8 0 6 51 65 

UnaITlbiguous 
(R~ 10) 1135 438 577 52 101 176 30 53 2303 2562 

Total 1164 479 622 71 108 186 31 59 2444 272.0 

aThese entries represent aITlbiguities reITlaining after application of available ionization 
inforITlation. About half cannot be resolved; the others have not yet been exaITlined. 

bHypothesis 
code ~ Reaction 

A (IV -2) K-+p-,2:- + K+; S- - A + 1T 
-

(A seen) 

B (IV -3) ~- +K++1TO;2:--,A+1T- (A seen) -:=, 

C (IV -4) - + KO + 1T + ; 8- -, A + 1T - (A seen, KO unseen) -:=, 

D (IV -5) ~ - + K+ + neutrals; 2:- - A + 1T- (A seen) -> ~ 

E (IV -6) -)- ~ - + 1T+ + neutrals; 2:- - A + 1T- (A seen) 

F (IV-10) ~ - + KO + 1T + ;S-->A+TT- (KO A unseen) -> ~ seen, 

G (IV-11) -> ~ - + K ° + 1T + + 1T 0 ; 2: - - A + 1T - (Ko seen, A unseen) 

H (IV -12) -, L; -+K++Ko;L;--n+1T- (t{0 seen) 
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Table IV -II. Classification of passing type -74 events. 

Clas sification a 

Ambiguous
b 

(1 ~R< 10) 

Low c.l. (1 ~R< 10) 

Unambiguous (R~10) 

Total 

Total 

1 

2 

78 

81 

a - ...... - + + -TheonlyhypothesistestedisK +p->,,=, +K +rr +rr 
(Eq. IV-7). 

bAmbiguous in identification of K+ and rr+. 

Table IV -III. Classification of passing type -12 events. 

Best hypothesis
a 

Clas sification A B Total 
---

Ambiguous (1 ~R< 10) 0 0 0 

Low c.l. (1 ~R< 10) 8 0 8 

Unambiguous (R~10) 266 37 303 

Total 274 37 311 

aHypothe si s 
code ~ 

(IV -8) 

(IV -9) 

Reaction 

A 

B 

K-+p~::;-+KO +rr+;::;- ->-1\+rr-; 1\ and.K° seen 
- 0 + 0 ...... - - 0 ->-::; + K + rr + rr ; ~ ->- 1\ + rr ; 1\ and K seen 
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that among 2720 passing type-72 events, there are no ambiguities what­

ever betw~e'n hypotheses (A-E) and hypotheses (F-H). Because a A 

from A decay is so readily distinguished from a KO at the production 

vertex, we judge that the ~ candidates (involving a A with visible 

A decay) contain negligible non-E:- background. Final states produced 

by IT contamination in the beam--for example, IT- p-I:-KoIT+ or 

IT -p --'l>-pKo K- (with K- decay) - -likewis e involve a KO at the production 

vertex and are not easily mistaken for A events with visible A decay. 
Zll< >'< 

In the analysis of 2:' (iS30) and A' (1.81. 7) (Sees. VI and VII) we 

use only unambiguous events, in order to avoid.including events as signed , 
to incorrect final states. However, because our ahalysis of ~ spin and 

decay parameters (Sec. V) is essentially independent of the final state J.n 

which the :s is formed, all S candidates are used in that analysis. The 

following are (very approximate) conservative guesses of background in 

the A samples selected: 

(Sec. V): 
non-E:- events 

:5 0.1.% 
:s candidates 

wronfQy as signed final states (Sees. VI, VII): 
unambiguous :5 events 

2. :s ° Events 

;$ 50/0 • 

The only :sO events analyzed are those in which both the 

the A decay in the chamber, via 

and 

(IV-i3) 

We consider the following final states and event-type topologies: 

Event-type 32 (two prongs with vee): 

K- t p .... AO + K+ + IT- (IV-i4) 

Event-type 40 (zero prong with two vees) : 

K- + P-->--Ao + KO; KO-,..".+ +".- (IV-iS) 

Event-type 42 (two prongs with two vees): 
- 00 + - 0+ K +P-"';:: +K t". t"'iK->-'" tIT (IV-i6) 
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In the fitting of each of the hypothes es (IV -14) through (IV -16), a 1 C fit 

was made at the A decay vertex, and a 3C fit at the KO decay vertex 

where a KO was observed. Then the ::::.:0 production and decay were fit 

simultaneously in a 3C two-vertex fit, under the requirement that the 

:=:0 and" A momenta be coplanar with a line joining the production 

vertex and the A decay vertex. [Due to limitations in PACKAGE, the 

coplanarity constraint was not applied in fitting examples of (IV - '16); here 

the fit was 2C. ] Both pos sible as signments were tested for the A and KO of (IV-1.6). 

Each event having one of the three topologies listed above was 

also fit (in K-63 PACKAGE) to a number of other K-p final-state 
48 . 

hypotheses. Events were classified as failing, ~o can?-idates, or 

>--f0 d· d 1 h 0-<- 1.-.0 d· 1 non-,:::. can 1 ates exact y as were t e H events; on y .::. can Ie ates 

[greatest c.l. ~ 0.005 and from one of the hypotheses (IV-14) through 

(IV-1.6)] were a.nalyzed further. These were fit (by1T-63 PACKAGE) 
- 53 

to a number of 1T p final;-state hypotheses, and confidence levels 

were calculated as for K- p hypotheses. The classification of ;;::;0 
candidates as unambiguous, low c.l., and ambiguous, and the definition 

of the ambiguity ratio R, are exactly as for ~ candidates, except that 

f ':1 ° h h 11 K- h h . d d or 0-< events, 1T p ypot eses as we ... as p ypot eses are conSl ere .• 

We define as 1T hypotheses those ~o candidates having R < 1; i. e. , 

those :sO candidates for which a 1T- p hypothesis is preferred over the 

hypothesis. 

The selection criteria for ~o events were chosen after exam.ina­

. tion of confidence level plots similar to that of Fig. IV-2. Specifically, 

we sought a cutoff value of R that would reject most of the ~on··:S° 

background while retaining a sizeable fraction of the true .-0 
;:!.. events. 

The above definition of unambiguous events corresponds to the choice 

R ;;:. 10, the value finally selected. For these events, the distribution of 

confidence levels (for the :sO hypothesis) is reasonably uniform from 

0.05 (the minimum value) to 1.00. 

In order to determine the effects of 1T- contamination in the K-63 

bearn, we subjected a sample of 1T"' -produced events to the same analysis 

as the K-63 events. Some 3000 1T-63 events (including events failing 

1T-63 hypotheses) of types 32, 40, and 42" at incident 1T- momenta from; , 
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2.1 to 3.1 BeV/c, were first fit by K-63 PACKAGE; then the K p.con­

fidence levels of all ::;::0 candidates were compared with thos e obtai.ned 

from iT-63 PACKAGE. 

, In Figs. IV-4 through IV-8 we plot, for both K-63 and iT-63 

events, the number of events vs 10g10R, for each of the following event 

d 
54 .. 

types an momentum intervals: 

F~ Event type K-63 momenta (BeV/..c) iT-63 momenta 

IV-4 32(2:° K+ iT-) 1. 7, 2.1 2.1 

IV-5 32 (2:0 K+ iT-) 2.45 to 2.7 2.6, 3.1 

IV-6 40(::;::oKo) 1. 7, 2.1 2.1 

IV-7 40(2:°Ko) 2.45 to 2.7 2.6, 3.1 

IV-8 .42(2:° KOiT + iT-) 2.45 to 2.7 2.6, 3.1 

(BeVLc) 

Only ,;:;,0 candidates are plotted. The various shadings (i. e. , iT - :e ambiguities. >-< 

K-P ambiguities, and no ambiguities) indlcate, regardles s of the value of 

R, whether the best non-~o hypothesis is a iT p or a K- p hypothesis, or 

whether only the SO hypothesis has a c.l. ~ 0.005. With unambiguous, 

low c.l., ambiguous, and iT hypothes es defined as des cribed above, the 

:sO candidates are classified as follows: 

-R x=logjJ)R iT p ambig0.ti~ 

R < 1 x < 0 iT hypothe s e s 

1 ~ R< 10 O~x<1 ambiguous ambiguous low c.L 

R ~ 10 x ~ 1 unambiguous unambiguous unambiguous 

The n3.ture of the ambiguities among K-63 and iT-632:° candidates 

is illustrated in Table IV-IV. 

It is seen from Figs. IV-4 through IV-8 and Table IV-IV that the 

criterion (R ~ 10) defining the unambiguous sample effectively removes 

most iT -produced events. Knowing the ~ffective path length of the iT-63 

sample, and the effective iT path length (due to beam contamination) of 

the K-63 sample (see Appendix D) ,we may estimate the number of iT -

produced events remaining in the unambiguous K-63 

results of this analysis are presented in Table IV-V. 

sample. The 
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Table IV-IV. Ambiguities among :sO candidates. 

Event type 32 
K -p ->- SOK+ TT-

Event, type 40 
K -p ~ :;::oKo 

Event type 42 
K -p -)0- SOKo TT +"IT-

(Eq. IV -14) (Eq. IV -15) (Eq. IV -16) 

K-63 IT-63 K-63 IT-63 K-63 IT-63 

IT - P -, 1I.K + IT- 11 1I.Ko 21 58 1I.KolT +IT - 0 39 

1 
-40z:;OK\r - 15 8 Z;oKo 29 61 z:;OK01T+1T- 4 18 

IT 
..-i\K+TT -TID AKO 1T + TT - TT O hypotheses 17 1I.KolTo 6 17 4 10 

(R< 1) ~1I.(Ko)lT+lT 
_a 

Other 
d 

Other 
d 

0 28 

-» Other d 
4 0 

IT -p ~ 1I.K+lT- 14 1I.Ko 17 1I.KolT +IT- 0 

~Z;oK+lT - 22 9 Z;oKo 8 20 z:; OK 0 1T + TT -

- AK + 1T -TID 47 2 1I.KolTo AKolf \r -lTo 4 

~1I.(Ko)lT+lT -a 
31 Other 

d 
0 Other d 

0 0 

~ Other d 
0 

(1 ,,;R< 10) 
K-p~AlT+lT- 1I.KoRo 1I.K+RolT -0 0 0 0 

Ambiguous 
0+- 1I.Ko +mm b 1I.KoK-lT + with: ->-'Z TT Tr 0 4 6 0 0 

-Arr+1T -TID 15 24 1I.K ° +lTIm 
c 

-Arr +Tf - +mm 42 9 Other 
e 

0 0 

~1I.K+K- 0 

- 1\ + other 
e 42 31 

.- K 0 hypotheses 6 

Totals: 

R< 1 IT hypotheses 72 21 57 139 8 69 

{Ambig . with {:--:} hypo 
108 26 14 43 6 15 

1 ,,;R< 10 114 74 10 0 0 

Low c.l. 48 8 0 

R~10 Unambiguous 363 16 87 13 20 

Total :;::0 candidates 705 142 171 207 37 87 

a 1\ seen, KG unseen. 

b lC 11. used in fit. 

c 3C 11. used in fit. 

d See Ref. 53 for a complete list of IT -p hypotheses te~ted. 

e See Ref. 48 for a complete list of K 
-

P hypotheses tested. 
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Table IV-V. Estimate of 11' -produced background in lIunamhiguous ll K-63 :s 0 salTIple. 

K-63 Effective rr --produced background in 
01' Momentum rr - path lengtha •• Unambiguous " 'unambiguous" K-63 go sample 

~ Reaction rr-63 (BeV/c) (events/flb) So events Events Percent 

(IV -14) K -p->2;°K+1T - e 1.7, 2.1 1.1 ± 0.8 111 1.0 ± 0.9 0.9±0.8 

2.1 4.5±0.3 4 

(IV -14) K-p ->2:°K+1T- e 2.45-2.7 3.4± 1.0 271 6.7 ± 2.8 2.5±1.1 

2.6, 3.1 5.6 ± 0.4 11 

(IV -15) K-p ~:S°Ko 

{: 1.7, 2.1 2.0 ± 1.2 56 3.6 ± 2.6 6 ± 5 

2.1 3.9 ± 0.3 7 

(IV -15) K-p~:S°KO 1: 2.45-2.7 4.1±1.3 32 2.7±1.4 8 ± 5 

2.6, 3.1 9.3 ± 0.6 6 

(IV-16) K-p->SoKo1T+1T- e 2.45-2.7 4.1±1.3 20 0.9±0.6 5 ± 3 

2.6, 3.1 13.3 ± 0.9 

COITlbined 1: 1.7 _2. 7 490 15± 7 3.0± 1.4 

2.1-3.1 31 

aEffective path lengths were estimated similarly for K-63 and 1T-63 samples analyzed, as described in 
Appendix D. Path lengths refer to entire scanned volmne of bubble chalTIber. 
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- ° An accurate estimate of K -produced non-E: background would 

involve a detailed analysis of Monte Carlo events, which we have not 

attempted. Nevertheles s we. find that among K-63 gO candidates, 

ambiguities with 'IT - P hypotheses are as numerous as K- p ambiguities, 

even though K- p final states compris e the majority of K- 63 events. We 

infer that gO final states are more easily faked by 'IT - P than by K-p 

final states, and that at least half of the non-A ° background in the 

unambiguous ~o sample is likely to be 'IT -produced. 

In our further analysis of :sO final states, we us e only unam­

biguous events, which by a conservative estimate contain 6±30/0 non-:::;o 

background. 
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V. PROPERTIES OF THE ~- AND ~o HYPERONS 

In this chapter we consider only S- and:S° with visible A de­

cay. In 'Table V-I we list the events analyzed according to ITlOITlentUITl 

and final state. Much of the data (all K-72 data, and ITlost of the 
- + 7-10 

K-63 2: K events) has been previously analyzed. The K-63 events 

analyzed here are the :s candidates and unaITlbiguous :sO described in 

Sec. IV; the selection of K-72 events is discussed in Refs. 7 and 8. 

The analysis of ~- and ~o in 2-, 3-, and 4-body final states 

(SK, SKTI, and SKTITI) is identical; in each case S polarization par-
A A ->A '" 

aITleters tLM are expressed with reference to axes Y:::K, Z=KX;S, 
... ... ... 
X=YXZ , defined in the production c. ITl. as in Fig. II-I. Polarization 

,', 
along other axes l for exaITlple, along the E:' (1530) production norITlal 

in 3- and 4-body final s'tates] has not been investigated. 

The S spin is analyzed in Sec. V.A for a cOITlbined saITlple in­

cluding both K-72 and K- 63 events. Decay pararneters are analyzed 

in Sec. V.B both for a cOITlbined saITlple and for K-72 and K-63 data 

separately. Decay distributions are presented in Sec. V. C., and scanning 

biases and other possible systeITlatic errors are discussed in Appendix B. 

A. Spin Analysis 

1. PreliITlinary Considerations 

The existence, in the observed A decay distribution, of any 

non-zero tLM having L > 1 would iITlITlediately establish the S spin 

J to be greater than 1/2. In Table V-II we present, for 15 subsaITlples 

of S- and AO events, values of tLM obtained froITl ITlaxiITluITl-likeli-, 

hood fits assuITling J = 3/2, L = 3, a" = 0.62, a'H'- = a,;:;,o = - 0.40, 
39 55 _ ITlax J.)..' >-< ....... 

<1>,;:;,_= W,;:;,O = O. ' The S data have been corrected for scanning biases, 

a; expl~ned in Appendix B. , We COITlpare values of f..n{ from the 

L = 3 fits (seven paraITleters per saITlple) with values obtained ITlax 
assuITling L == 1 (one paraITleter per saITlple). 

ITlax /! 
we observe an overall increase of 44.1. in' f..n \.. as L is increased 

ITlax 

For the 15 saITlples, 

froITl 1 to 3 (an increase of 45.0 is expected).' We conclude that the spin-i12 

hypothesis is perITlitted, although not required, by the data. 
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Table V-I. Final states and momenta of :;;C and So events analyzed. 

~- event type :=;0 eve nt type 

72 H 74 40 3l 4l 

(Be~/c) S-K+ A-K+1T o + 
:=;-K+ 2:-'1\'+ 

+ :=;-Ko,/lTo S-K\/lf- SOK\r- E:°KO'/1T-
S- :so Grand 

Expt. S-KOTT + neutrals + neutrals A-KolT :S°Ko total total total 

K-72 1.l 33 33 38 

K-72 1.3 74 74 81 

K-72 1.4 87 3 87 90 

K-72 1.5 470 10 63 18 489 81 570 

K-72 1.6 61 76 18 94 

K-72 1.7 105 lO 10 19 l6 143 45 188 

K-63 1.7 l72 31 54 0 19 17 357 46 403 

K-63 l.l 34l 105 173 94 n' 94 725 Hl 846 

K-63 2.45 76 47 50 14 10 5 56 ll8 64 In 

K-63 2.55 103 66 85 15 l4 l6 17 11 l5 34l 41 383 

K-63 l.6 153 131 145 l8 45 67 15 38 10 11l 6ll 130 75l 

K-63 l.7 76 49 54 13 l4 II 11 78 l55 88 343 

K-72 total 830 18 39 0 15 106 53 90l 159 1061 

.K-63 total tOll 419 561 63 106 l33 37 78 88 38l lO 2529 490 3019 

Grand total 1852 447 600 63 106 l48 37 78 194 435 lO 3431 649 4080 
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Table V-II. Search for J = 3/2 mOlTICnts in ~ decay. 

Subsamplc N w= InX 'LM (X100) 

Expt. Final state p(BeV/c) L 
nlax 

~1 L 
=ax 

~3 8w ',0 '20 Rct
Z2 ImtZ2 '30 Ret

32 
Imt 32 --- --- ------ --- -------

i. K-Tl ::::;-K+ 1.2-1.4 191 4.8 5.9 1.1 -35±14 2±7 5±5 1±5 -7±8 -3±6 _4±6 

2. K-72 ::::;-K+ 1.5 470 3.8 6.4 2.6 0±10 5±5 2±3 -2±3 -3±6 3±4 _6±4 

3. K-72 S-K+ 1.6,1.7 166 6.5 8.5 2.0 10±17 _13±8 -2±5 0±5 7±9 2±7 _2±6 

4. K-63 :S-K~ 1.7 27Z 7.4 11,0 3.6 27±12 -5±6 -7±4 -3±4 9±7 -1±5 _6±5 

5. K-63 S-K+ 2.1 312 4.9 8.7 3.8 17±11 -9±6 -4±4 -5±4 -7±6 -6±4 3±4 

6. K-63 :=;O:-K+ 2.45,2.55 179 6.9 9.1 2.2 55±15 1±7 4±5 -5±5 4±8 -9±6 _2±6 

7. K-63 :=;-K+ 2.6,2,7 229 7.7 10.1 2.4 47±14 1±7 3±5 2±5 iUB 8±5 _2±5 

8. K-72, K-63 S-K+rro 1,5-2.1 154 1.6 5.2 3.6 4±17 0±8 -1±6 -5±6 15±9 -3±6 12±7 

9. K-63 :S-K+ lT o 2.45-2.7 301a 2.2 3.9 1.7 -18±13 -7±6 2±4 3±4 -7±7 0±5 0±5 

10. K-72,K-63 A-KolT+ 1.5-2.1 367a 11.5 15,1 3.6 -3i±B 4±5 0±4 -8±4 4±6 -3±4 2±4 

11. K-b3 :S-K°lr+ 2.45_2.7 473 8.0 14.3 6.3 -2±10 0±1 2±3 -6±3 -9±6 -6±4 7±4 

12. K-63 g-K1T1T All 284 4.6 6.4 1.8 -27±13 3±6 1±5 -2±4 10±7 -3±5 -3±5 

13. K-n, K-63 :=;°Ko All 194 1.2 4.7 3.5 -l1±14 1±7 -3±5 13±5 0±8 -3±6 _1±6 

14. K-n, K-63 E:°K+1T- 1.5-2.1 164 2.8 4.2 1.4 o±16 7±8 3±6 -1±6 6±9 4±6 5±6 

is. {K-63 AOK+1T- 2.45-2.7 271 } 3.9 8.4 4.5 2±12 1±6 3±4 4±4 1±7 0±5 14±5 
K-63 E:°K01T+1T- All 20 

1_12 :s- total 3431 69.9 104.6 34.7 2.6±3.6 _O.SH.7 0.3±1.2 -3.0±1.2 O.6±2.0 -2.1H.4 _O.1±1.4 

13-15 :sO total 649 7.9 17.3 9.4 -5.3±B.1 2.5±3.9 i.O±2,7 5.6±2.7 1.9±4,7 0.3±3.2 7.2±3.2 

i_15 :s- andE:°, lotal 40BO 77,B 121.9 44.1 1.3±3.3 0.O±1.6 O.SH.i -i.6±1.1 O.8±1.8 -1.7±1.3 1.0±i.3 

aSaD1ple No. 9 contains eight K-72 :S-Korr+. 
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The spin-3/2 hypothesis could be ruled ~ut if one of the in­

equalities (II-i 7) or (II-i 9) were violated. Although the s pin- 3/2 

density matrix constraint (II-i 9) is technically violated by three sub­

samples (3,.6, and 7), the effect is les s than i standard deviation in 

each case. Violation of the spin-5/2 density matrix constraint (II-20) 

is only slightly more significant. 

Hence, only the presence of the (2J+i) factor in the transverse 

A polarization distribution (II-48c) or (II-SOc) affords us a possibility 

of spin discrimination. 

2. (2J+ i) Spin Facto r 

We have investigated the (2J+i) spin factor using 3278 K-72 and 

. K-63 2: events (only 96% of the events appearing in Table V-I were 

available at the time of this analysis). The data were arbitrarily divided 

into 47 approximately equal subsamples according to final state, mo­

mentum,and c. m. ~ production angle (see Table V-III). No attempt 

was made to optimize the binning criteria. Also listed in Table V -III 

are seven ~o subsamples to be discussed in Sec. V.A.3 . 

Maximum-J.ikeEhood fits were performed to an as sumed A de­

cay distribution of the form (II-5i); variable parameters in the fits were 

a." ,0.,;:;,_' W,;:;,_, and a value of t iO for each of the 47 subsamples. 
1.). o-t ...... 

(The method of analysis is identical with that described in Ref. 7). 

Having found t 20 , t 22 , t 30 , and t32 to be consistent with zero, we 

assumed Lmax = i (i. e., t20' = t22 = t30 = t32 = 0); the assumption 

does not bias our determination of (2J+i). Fits were performed in 

three ways: (i) with no information regarding a. A or o.~_; (ii) with 

o.A constrained to be 0.62±O.07, corresponding to the value of Cronin 

and Overseth;56 (iii) with o,A constrained to be 0.62±O.07 and 

a. A o.:s- constrained to be -0. 32i±0.048, a value roughly corresponding 

to the world average of spin-independent determinations of o.A 0.;S- , 

excluding Berkeley data. (These constraints were applied by including 

in the likelihood" factors of the form exp[ - i (o.A - 0.62)2/(0.07)2) 
i 2 2 

and eXPl -"2 (o.Aa.~- + 0.32i)1(0.048) ].) 
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Table V -III. Subsamples used in ~ spin analysis (K-72 and K-63 data combined). 

Subsample 
Sub- Events per 

Final state p(BeV/c) Events samples subsample (~'K) cutoff points 

~-K+ 1.2 -1.4 194 3 65 0.69,0.10 

~-K+ 1.5 470 7 67 0.91, 0.78,0.59,0.29, 
-0.11, -0.51 

~-K+ 1.6, 1. 7 304 4 76 0.87,0.65, -0.14 

~-K+ 2.1 355 5 71 0.89, 0.76,0.44, -0.44 

~-K+ 2.45,2.55 179 3 60 0.86,0.26 

~-K+ 2.6,2.7 229 3 76 0.89,0.50 

~ -K+ TIo 1.5-2.1 147 2 73 0.43 

~ -K+ TIo 2.45,2.55 112 2 56 0.34 

~ -K+ TIo 2.6,2.7 180 2 90 0.43 

~ -Ko TI + 1.5 -2.1 350 5 70 0.69,0.41, -0.02, -0.48 

~ -KoTI + 2.45,2.55 186 3 62 0.70,0.07 

'S -K 0 7f + 2.6,2.7 288 4 72 0.78,0.43, -0.17 

~ -K+ TITI all 135 2 68 0.29 

~-KOTT + TIo all 149 2 74 -0.05 

~- sample, total 3278 47 70 

------------------------------------------------------------------------------
~oKo 1.2-1. 7 106 1 106 

(K-72) 

EOK o 1.7-2.7 88 1 88 
(K-63) 

~oK+TI- 1.5-1.7 70 1 70 

~oK+ TI - 2.1 94 1 94 

~oK+ TI - 2.45,2.55 81 1 81 

~oK+TI- 2.6 112 1 112 

{~OK+TI- 2.7 
78} 1 98 

~oKoTI+TI- all 20 

8° sample, total 649 7 93 
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In Fig. V - 1 we iliustrate the behavior of w = .en <' as a func­

tion of the as sumed spin factor (2J + 1). From curve (ii) (o..L\ constrained 

to 0.62±0.07, o..L\ o.:=;- free) we estimate (2J+1) = 2.0~~:~ , corresponding 

to a A spin J = 1/2. (At the likelihood maximum, o..L\ = 0.65±0.05, 

0.,;:;,- = - 0.41±0.04, and q?,;:;,_ = 13°±9°.) The J = 1/2 hypothesis is favored 

o';er J = 3/2 by ~ (2X3.0')1/2 = 2.45 standard deviations; higher spin 

hypothes es are excluded by > 3 standard deviations'. Violation of the 

spin-3/2 density matrix constraint in 16 subsamples causes a decrease 

of 7.03 in 'w = in Z when the constraint is applied; however, the violation 

1S not statistically significant. 57 

3. Analysis of Monte Carlo Events 

The conclusions of Sec. V.A.2 were checked by comparing experi­

mental data with samples of computer-generated Monte Carlo events. 

For comparison with the 15 A- and ~o subsamples of Table V-II, we 

generated 75 Monte Carlo .samples, having 272 events each, according to 

each of the following hypotheses: 

(a) J = 1/2, o..L\ = O. 6 2 , o.;S = - 0.4 0, W g = 0, t 1 0 = 0 

(indistinguishable from J = 3/2 with t 10 = 0); 

(b) J = 1/2, 

(c) J = 3/2, 

o..L\ 

o..L\ 

= 0.62, 

= 0.62, 

a.~ 
t-< 

o.r;:: 
.--< 

= 
= 

- 0.40, 

0.40, 

w",;;' = Os t 10 
t

10 = 
0-\ 

~7;~ = 0, t iO t
10 = 

0-< 

max 
0.57; = 

max 
0.43. = 

For each sample, we performed two maximum-likelihood fits, assuming 

o..L\ = 0.62, wE: = 0, and J = 1/2 and 3/2, respectively; 0.;:; and t iO were 

free parameters in the fits. In Figs. V-2 and V-3 we present distributions 

of X == 6f..nc( == f..n ~ (J = 1/2) -i..noZ (J = 3/2) for the experimental data 

and for the MOnte Carlo samples. The curves plotted for the Monte Carlo 

distributions are estimates of P(X,J), the probability of observing a value 

X if spin J is assumed. The form of P(X, J) will now be discussed. 

a. Form of P(X, J) for a simplified model. Let us assume that the 

likelihood function o«(J) for a given experiment is Gaussian in (2J+1) 

and hence in J; i. e. , 

P 1 2 2 
O\(J) 0: exp[ - '2 (J-JI) /a JI ] ' (V -i) 
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1 

where J ± (J JI is the best value of J for this experiment. Moreover. 

we assume the maximum-likelihood function to be an asymptotically un­

biased and efficient estimator of the spin J, 58 implying that individual 
1 

determinations of J are distributed according to 

dN 1 . 1 2 2 
-I 0: eXPl - "2 (J actual - J ) / (J J ] 
dJ 

(V -2) 

where (J J = (J I' (We neglect variations in individual determinations 
J 

of (J 1 .) For the assumed model, individual determinations of 
J 

x = ln< (1/2) - in/,;( (3/2) = 

are distributed according to 

where 

and 

dN dN 
P(X, J actual) 0: dX = -I 

dJ 

(V - 3) 

(V -4) 

(V - 5) 

1 - J X = ___ a~c_tu_a_l_ 
2 

(JJ 

= (±) _--,1::-- = (±) i. (J 2 for J = (1/2) 
2 2 X actual . 3/2 

2(JJ I 

Henceforth we shall use the symbol J to mean J t l' ac ua 
For a sample of N events having average polarization 

. 58 
a lower limit on, (J J (ignoring error correlations) is glVen by 

NjI(A, p) a 2in 1(1\, p) 
(a J) 2 

= N r 1 fo1(J\,p)j 2 dQ dQ 
j 1(A, p) L a J J A p 

where 1(2\., p) is the (normalized) ~ decay distribution (II-51). 

the integral and assuming J = 1/2, a.." = 0.62, u';:;' =- 0.40, and 
59 L~ ~ 

one finds 

(V -6) 

(V -7a) 

(V -7b) 

Evaluating 

0,;:;, = 0, 
r-< 
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1 _ a 2:: 2X:5 0.08 NP,;:;, 2 
-2- - X >-< 

(V - 8) 
a

J 

If correlations between J and other parameters are considered, the 
1 

constant factor decreases, but -----z- remains approximately proportional 
a

J 
2 

to NP,;:;, . If measurements of P,;:;, have a statistical uncertainty a (PI,;:;:') , 
>-< >-< >-< 

we expect a X and X to depend upon rms and average values of 

respectively, i. e. , 

12212 
"2 CN (PE: - C! (P2:» ~ 2: CN (P2;> 

(V -9) 

(V -10) 

where C is a constant to be determined, and ( > denotes an expecta­

tion value. We may generalize the result to include the case J::: 3/2 as 

well as J::: 1/2 (for J::: 1/2, P2:::: N3 t 10 ): 

J ::: 1/2 J ::: 3/2 

a X 
2 ~ C 1./ 2 N ( t 1 0 2> 

X ~ + 1/2 C 1/ 2 N (t10> 2 

The constants C i / 2 and C 3/ 2 may be determined from analysis of 

Monte Carlo events, by performing fits under the as surnptions J::: 1/2 

and 3/2, respectively. 

b. Calculation of S: spin probabilities. In Table V-IV we present ob-
- 2 2 2 2 

served values of aX' X, (t10 > ' and (t10> ::: (t10 - (ot 10 ) > for the 

Monte Carlo distributions of Figs. V - 2(b) and V - 3. The observed distri­

butions P(X, J) are correctly predicted by our simplified model, with 

C 1/ 2 :: O.037±0.005 and C 3/ 2 ::: 0.021±0.00S. 
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Table V -IV. Determination of C 112 and C
312 

from 
analysis of Monte Carlo events. 

2 
1
2x l aX 

----
J t

10 
assumed X 2 2 2 2 O"x (t 10 > (t 10> N(t10> N( t 10> 

---- ---
1/2 0 0.27 0.00 0.0081 0 0.033

a 

1/2 0.57 1.93 1.66 0.330 0.325 0.041
a 

0.037
a 

3/2 0 0.27 0.00 0.0169 0 0.016
a 

3/2 0.43 1.07 -0.67 0.198 0.184 0.021
a 

0.027
a 

a 
Best values are C 1/2 = 0.037±0.005, C 3/ 2 

= 0.021 ± 0.005. 
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Given the expectation values (t10 2> and (t10) 2 for each of 

the 15A- and AO subsamples of Table V-II and Fig. V-2(a), one 

could, in principle, calculate the spin-1/2 and spin-3/2 probability 

for each subsample. The overall probability would then be the product 

of the individual probabilities. However, for individual subsamples the 
2 2 

quantities (t10) and (t10> have.large errors. A more reliable 

estimate of spin probabilities is obtained by summing the quantities X 

from all 15 subsamples and calculating the expected distribution of the 
\,115 

resulting sum. We re-define X = L Xk , where Xk is the 
'k=1 

value of X for subsample k. Under our previous assumption that each 

X
k 

is distributed according to 

(V-H) 

the sum X 1S distributed according to 

(V -12) 

where 

(V -13) 

and 
15 15 

2 \ 2 L 2 
(J = (J = C

J Nk (t10 >k . X 
( __ oJ 

Xk 
(V -14) 

k::: 1 k ::: 1 

We evaluate the quantities 

as 

(t 10 )]<;: ± (6 t 10 )k . is the measured value of t
10 

for subsample k. 

In Fig. V-4 we compare the observed value X b = 3.08 with 
o s 

the calculated distributions P(X, 1/2) and P(X, 3/2). Parameters of 

the calculated curves appear in Table V-V. For the 4080-event combined 
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~- and ::::0 sample (see Table V-II), we estimate the relative (spin-

3/2)/(spin-1/2) probability as 

P(X b ' 3/2) o s 
=:-;~---,-,~ = 
P(X b ' 1./2) o s 

P(3.08, 3 2) ~ 0 10 
P(3.08, 1. 2) ~ . (V-15)· 

The probability P(X;:'X b ) - P(X;:' 3.08) of observing X;:. 3.08, if the 
o s 

spin is really 3/2 (1/2), is 0.015 (0.35). 

If X
k 

and (J.]: are proportional to Nk , as predicted by our 

simplified model, thed\he analysis of this section may be extended to 

the 3278-event E: sample of Table V-III. For this sample, 

P(Xobs ' 3/2) 
~--..,--,.~= 

P(X b ' 1/2) a s 

2) 0 1 ~~""":-.....,..L,""'2"-) ~ .0 , (V -16) 

and P(X;:' X b ) = P(X ;:. 6.88) = 0.0008 (0.16) for J = 3/2 (1/2).60 
a s 

l The estimate of P(X b· , 3/2)/P(X b ' 1/2) ~ 0.01 is to be compared 
o s 0 s 

with the value e -3.02 = 0.05 obtained in the analysis of Sec. V.A.2.) 

Inclusion of 649 ~o events in seven subsamples (defined in 

Table V-III) reduces the spin-3/2 probability still further. (See Table 

V-V and Fig. V-5.) 

The conclusions of the r.:: spin analysis are not substantially 

affected by scanning biases or other systematic errors. (See Appendix 

B. ) 

c. Validity of assumed model. The spin analysis of Sec. V.A.3 is open 

to question as a result of the following as sumptions: 

(i) Assumed X-dependence of P(X, J): The observed Monte 

Carlo distributions are consistent with the predictions of our as sumed 

model, that 

(V - 17) 

where \ 

X" (±) i ai for J" (M~) (V-i8) 

(if measurement errors are neglected). The model assumes that Z (J) 

and dN/ dJ' are Gap.s sian in J, which is not the case in Fig. V-1. 

A rough calculation based on the observed £~rm of c\(J) yields values 
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Table V -V. Estimates of :s spin probabilities. 

Sample 

';:;4 - ~o :s-
~ , ~ 

No. of events 4080 3130a 

No. of samples 15 45
a 

X
obs 

3.08 6.88 

Spin probabilities and related quantities 

J = 1/2 
hypothesis 

J = 3/2 
hypothe sis 

a See Ref. 60. 

(t10)2 b 

(t102) c 

X 

O"x 

Std. devs. 
d 

P(X ?oX
obs

) 

(t10)2 b 

(t102) c 

X 

O"x 

Std. devs. 
d 

P(X ?oX
obs

) 

P(Xobs ' 3/2)/P(Xobs ' 1/2) 

b(t10)2 == h ~ Nk [t1~ - (Ot 10)2 lk· 

c 2 1 2 
( t 1 0) == N ~ Nk ( t 1 0 )k' 

d - / Std. devs. = (X obs - X) O"X' 

0.029 0.064 
± 0.009 ± 0.015 

0.037 0.091 
± 0.009 ± 0.015 

2.19 3.70 

2.37 3.25 

0.38 0.98 

0.35 0.16 

0.047 0.108 
± 0.018 ± 0.029 

0.065 0.166 
± 0.018 ± 0.029 

-2.01 -3.55 

2.36 3.31 

2.16 3.15 

0.015 0.0008 

0.10 0.01 

:sO 

649 

7 

0.70 

0.023 
± 0.025 

0.046 
±0.025 

0.28 

1.05 

0.40 

0.34 

0.047 
±0.051 

0.095 
±0.051 

-0.32 

1.14 

0.89 

0.19 

0.70 

';:i- ';::;40 
~ , ~ 

3779 a . 

52
a 

7.58 

0.057 
± 0.013 

0.083 
± 0.013 

3.99 

3.41 

1.05 

0.15 

0.098 
± 0.030 

0.154 
± 0.030 

-3.89 

3.50 

3.28 

0.0005 

0.007 



., 

-66-

of 13<1
1

/
2 

and aX about half as large as expected (i. e., 

12X 1
1

/
2 .~ a X::::; 2; J ) ; however, the relations (V -17) and (V -18) 

are still approximately valid. A more sensitive check would require 

analysis of more Monte Carlo events. 

(ii) Assumed P,,;:;,-dependence of X and aX: The assumed 
,-< 

2 - 2 
proportionality between P;S' X, and a X is verified within ::::;25% 

from the observed Monte Carlo distributions. As a visual check on the 

P,;:;,-dependence of X and a X' we present in Fig. V -6 a scatter plot of 

X vs It
10 

1 :::\P;S 1 / rJ3 for the 45 2:- subsamples and 7 :sO subsamples 

of Table V -111. 60 The data are consistent with the J::: 1/2 hypothesis. 

(iii) Uncertainty in C
J

, ('c
10

) Z and (tl0 Z): Provided the rela-

tions (V -17) and (V -18) are approximately satisfied, the spin analysis 

is not sensitive to calculated values of C
J

, (tl0) 2, and (tl0 2) . 

Allowing for ~ 25% error in C J and for estimated statistical errors in 

(t10)2 and (t 1; 2) (see Table V-V), we find that l (Xobs - X)/aX] does 

not vary by more than::::; 0.2 standard deviations; this value corresponds 

to '£ 50% variation in estimated spin probabilities P(X ~ X
obs

), and to 

;$ 10% variation in the ratio P(X b ' 3/2)/P(X b ' 1/2). o s 0 s 
(iv) Assumed N-dependence of X and aX: The assumed N-

dependence of X and a X se.ems reasonable, simply because 

X :::J.n/.... (1/2)-111.,,( (3/2) is proportional to N. Even if the assumed 

N-de.pendence is n~ correct, the conclusions drawn from the 4080-

event combined $- and $0 sample of Table V-II are not affected (be­

cause the :::: samples and the Monte Carlo samples contain the same 

average number of events). 

4. Discussion 

Our conclusion that the :s has spin 1/2 is in agreement with the 

prediction of SU(3) and with the findings of previous investigations. A 

maximum-likelihood analysis identical with that of Sec. V.A.2, performed 
-+. . ;? / f)/ 

on 828 K-72 2: K events alone, yields a value X::: Ji.ll(,;,\. (1 2)-lno",(3 2) 

::: 2.60, favoring the spin-l/2 hypothesis by 2.3 standard deviations. 7 (Our 

analysis of 3278 events yields only slightly better spin discrimination 

(2.45 s. d.), partly because K-63 events are not strongly polarized ;:u;ld 

\, 
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partly because we have not optimized the binning criteria, as was done 

in Ref. 7. 

In an alternative approach, one may calculate directly the factor 

(2J + 1) as a ratio of odd- L moments of the transverse and longitudinal A 

1 , , d' 'b' 7,9,21,61 I h 'fRf 61 'f l' po aTlzatlon Istrl utlons. n t e notatlon 0 e. ,1 on y 

moments proportional to t
10 

are considered, 

~ 1/2 
1 (p . B. xA) 2 + (p . A x(fix 1\) 21 

(1_0,,;;,2) 1./2 < (p . A) (B. • A) 
..... 

(2J+1) ::: 

For 356 ~ 
61 

events, Carmony et 301. obtain a value (2J+1) ::: 1.53, 

assuming 0,';:;'_::: - 0.48. They presumably calculate an expected distri-
t-< 

bution in (2J +1) by as suming the numerator and denominator of Eq. (V -19) 

to be normally distributed quantities, 62 thereby obtaining an exclusion of 

the spin-3/2 hypothesis by 3.1 standard deviations. '(Button-Shafer has 

pointed out that the as sumption is not valid, as neither term in the 

numerator of Eq. (V -19) is negligible in UCLA data.) 

For 749 ~ events of the K-72 experiment, Button-Shafer obtains 

values of (2J+1) ::: 2.86 and 2.18, assuming 0,';::;'_::: -0.48 and -0.34, re-

, 1 7, 9 H h d d' 'b' >-<, 1 1 d h ' spectlve y. ere t e expecte Istn utlon IS ca cu ate as t e ratlo 

of two normally distributed quantities, 62 by ignoring the < p . n xi,.) term 

(proportional 'co [3,;:;,) and correcting for the error thus introduced. The 
.-< 

resulting confidence levels, with 0,0;:;<_ assumed to be -0.48 (-0.34), are 
c-< 

0.22 (0.42) for J::: 1/2, 0.1.5 (0.015) for J::: 3/2, and 0.003 (0.0002) for 

J ::: 5/2. 

,,} 
;:'. 

f 



1. !~1a~~~::~~m-Li~ihood AJ:lalysis 

In our analysis of ~ decay parameters I we consider the 902 

K-72 A-, 2529 K"63 :::(', 159 K~72 :so, and ''190 K··63 AO appearing in 

Table V -1. The data are divided into 53 subsamples, defined in 

Table V -VI. 

In Tables V-VII and V-VIII we present values of :::: decay 

paramete rs obtained from maximum-likelihood analysis. Results ap­

pearingin Tables V-VII and V-VllI are for :=; and ~;o data treated 

separately and together, respectively. With the exception of v;i..lues 

quoted £01' af:,. a::::_ and a,Aa::::o(whichare spi.n-independent), alll'csults \Vel',; ob­

tained unde).' the assumption Jo-;:;'::;; 1/2. For combined K-72 and .K-03 ..... 
data, our best estimates of decay pararneters are the boxed values appear­

ing in Table V - VIII. 

Quoted results were obtained as follows: 

a. :::: - and ~ 0 a.n;~}yzed s e'pa.rat(~yJTable V: VII):. The method of analysis 

is identical to that previously applied to K-72 data. 7 The sample desc:doed 

111 Ref. 7 contains additional events not in our K-72 sample, but polal:iza­

tion information from 3 -body final state s was not us ed. The pr0vio\ls J.y 

published K-72 results are included in Table v-vn for comparison. with 

our values. 

Estimates of aA at;::;< were obtained frorn fits to a decay distribution 
~ 

of the form 1 + a" 11o;:;' (p . A)i these estimates are independent of both the 
~A ,-I 

spin and the way in which subsamples al'e defined. Esti~'nates of aA , 

ao-, and wt;:;' we re obtained from maximum-likelihood fits unde l' the 
;.::.., ~ 

as sumption J:;:: 1/2i variable pararneters in the fi.ts were 0,,, , Cl,;:;<> ~\;;, 
~ ~ '"""' .... 

and the polarization of each subsample. Fits to the::::: data were per-

formed (as indicated) both with a
A 

free, and with Cl
A 

constrained (by 

a factor expl ~ i (o.A .. 0.62)2/(0.07)2 J in the likelihood) to be 

0.62±0.07. 56 
The ~o data could not be fit unless the constraint was 

applied. 

Quoted errors on a./\., a:::.;' and ~2: were obtained frorn. the 

error matrix G, calculated a.s the negative of the inverse of the second 
jJ 

del:ivative nl.at.1'ix of w:: .en:/~.. If 0. , a .•. etc. are variablo pal'<tmetcrs 
\ .12. 
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Table V-VI. Subsamples used in E decay parameter analysis (K-72 and K-63 data separated). 

SubsamEle Sub- Events per 
:S' K cutoff points Expt. Final state p(BeVjc) Events samples subs ample 

K-72 S-K+ 1.2-1.4 194 3 65 0.69, 0.10 

K-72 E:-K+ 1.5 470 7 67 {0.90, 0.78, 0.59 
0.29,-0.13,-0.53 

K-72 E-K+ 1.6,1.7 166 2 83 0.66 

{K-72 
E-K+TI ° All 18 } 72 

K-72 E-KOTI+ All 54 

K-72 E sample, total 902 13 69 

K-63 E:-K+ 1.7 272 4 68 0.88, 0.70,-0.07 

K-63 E-K+ 2.1 342 5 68 0.90, 0.75, 0.45,-0.43 

K-63 E:-K+ 2.45, 2.55 179 2 89 0.73 

K-63 E:-K+ 2.6 , 2.7 229 3 76 0.89, 0.50 

K-63 E:-K+n ° 1.7 2.1 136 2 68 0.43 , 

K-63 E:-K+rr ° 2.45, 2.55 113 2 56 a 

K-63 A-K+'IT ° 2.6 2.7 180 2 90 0.43 , 

K-63 E-KOTI+ 1.7 , 2.1 321 4 80 0.58, 0.20,-0.36 

K-63 E- KOTI + 2.45, 2.55 185 3 62 0.70, 0.07 

K-63 E-KOTI+ 2.6 , 2.7 288 4 72 0.78, 0.43,-0.17 

K-63 S- KTItr All 115 1 115 

{K-63 E- K+ +neutrals All 1 169 2 85 0.04 
K-63 - + All E: if +neutrals 

-K-63 E sample, total 2529 34 75 

K-72 EO samele, total 159 1 159 

K-63 EOKO All 88 1 88 

K-63 EOK+ TI- 1.7, 2.1 111 111 

K-63 EOK+ TI- 2.45, 2.55 81. 1 81 

K-63 EOK+TI- 2.6 112 112 

{K-63 
EOK+TI- 2.7 78} 1 98 

K-63 EOKOTI+ TI- All 20 

K-63 EO sam ple, total 490 5 98 

a Both subsamples contain events from E· K = - 1 to +1. 
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Table V-VII. Decay parameters, :::- and :::0 data analyzed separately. 

Independent 
U A inforJTlation 

In ;L used in fit Sample Events uAu-s. Subsamples "1\ 

i 
K-63 :s 2529 -O.26Z±O,033 34 68.95 D. 743±O.1 22 

ufI.. free K-72 E 90Z -O,laUD,OSS 13 41.16 O,685±O.107 

Combined ~ 3431 -O.267±O.O28 47 109.70 O.698±O.O69 

K-72 :s a 
1004 b 1Z 38.74 O.68Z±O.104 

K-63 :s 2529 -O.Z62±O.033 34 68.53 O.656±O.O55 

K-72 E: 90Z -O.281±O.O55 13 41,02 O.641±O.O57 

GOInbined E: 3431 -0.l67±0.Ol8 47 109.41 0.657±0.047 

u
A 

= K-71 E: 1004 b 1Z 38.65 0.641±0.056 

0.6Z±0.07 

K-63 :sO 490 -0.l69±0.076 10.75 0.600±0.067 

K-71 :sO 159 -0.183±0.139 3.73 0.6l8±0.070 

K-71 E: 0 159 -0.183±0.139 l.43 e 0.618±0.069 

Combined ~O 649 -0.l49±0.067 12.11 0.599±0.068 

K-71 EO 
a 

206 c 5.01 0.627±O,07 

apreviously published results, included for comparison with our K-72 sample (see Ref. 7). 

blncludes 176 events providing information only on (lAu:=:- . 

clncludes 60 events providing information only on (lAuo;;<O. 

dLikelihood function extremely non-Gaussian in <fI .... O (s';e Fig. V-7 and text). 

cSecondary K-7l E: 0 solution, less likely by ~1.6 ~andard deviations. 

Fitted parameters 

G'S. 

-O.344±O.O63 

-O.4Z6±O.067 

-0.381±O.O45 

-0.36Z±O.058 

-O,37S±O.OSi 

-O.43Z±O.066 

-0.394±0.041 

-0.368±0.057 

-0.489±0.1l4 

-0.116±0.193 

-0.281±0.205 

-0.444±0.114 

-0.149±0.154 

Correlation matrix 

wE: 
(al\.. Q;::l ("1\"':0) (u:gW:-::) 

~ 

to, i±11.4 0.789 -0.027 -0.018 

9.7±14.1 0.295 0.008 -O.OlO 

lO,O± 8,9 0.653 -0.026 -O,Ol5 

O.3±10.6 0.295 0,027 0,015 

9.8±11.6 0,404 -0.018 -0.015 

9.8±14,3 0,099 0.010 -0.018 

9.9± 9.0 0.383 -0.013 -0,019 

0.5±10.7 0,096 0.014 0.007 

107±39 0.345 -0,013 -0.041 

- 1±l8 -0.165 0.018 -0.091 

177±32 0.106 0.003 -0.049 

151±36 d 0.384 -0.064 -0.144 

- 3±l3 -0.058 0.003 -0.064 
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Table V -VHr. Decay parameters, 2- and SO data combined. 

Fitted parameters 

Independent 
0.1\ information 

used in fit Sample Events lnZ at; ClZ- u S o 

{ ~" 3019 79.24 0.682 -0.366 -0.438 
±O.102 ± 0.059 ± 0.124 

K-72 1061 45.02 0.708 -0.421 -0.147 
± 0.110 ± 0.068 ± 0.179 

0./1,. free 
K-72 1061 43.56 a 0.679 -0.427 -0.261 

± 0.105 ± 0.067 ± 0.195 

Combmed 4080 121.45 0.673 -0.389 -0.398 
± 0.072 ± 0.044 ± 0.106 

r-o; 3019 79.10 0.642 -0.380 -0.463 
± 0.055 ± 0.052 ± 0.116 

K-72 1061 44.79 0.647 -0.432 -0.124 
±O.O57 ± 0.065 ± 0.189 

u
A 

:::O.6Z±O.07 
K-72 1061 43.44a 

0.639 -0.433 -0.275 
±O,O57 ± 0.066 ± 0.200 

Combined 4080 121.31 0.647 -0.398 -0.413 
± 0.048 ±O.O41 ± 0,104 

aSecondary K-7l :sO solution, less likely by ~1.6 standard deviations. 

bCorrelation coefficients not listed (a A w:S' uSiP:S' etc,) are a1l '£ 0.1. 

cLikelihood function extremely non-Gaussian in iPSo (see Fig. V-7 and text). 

"':s-
(deg) 

9.9 ± 11.5 

9.7±14.0 

9.7±14.2 

9.9±B.9 

9.8±11.6 

9.8±14.3 

9.8±14.3 

9.8±9.0 

1>Ao 
(deg) 

108 ± 38 

-1 ± 28 

177 ± 32 

154 ± 34
c 

107 ± 38 

-1 ± 28 

177 ± 32 

153±3Sc 

Correlation matrix b 

(ut;u:s-) (uJ\uSo) (uS_uSo) 

0.63 0.50 0.32 

0.36 -0.15 -0.06 

0.28 0.18 0.05 

0.51 0.41 0.21 

0.38 0.30 0.11 

0.11 -0.12 -0.01 

0.09 0.09 0.01 

0.34 0.28 0.10 
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in the maximum-likelihood fit, the error 60... of a parameter a.. is 
1 1 

given by 
2 

(130...) == Goo 
1 ll. 

(V-20) 

where 
-1 

(G )'1 = 
F 

(V-21) 

The correlation coefficients listed are off-diagonal elements of the 
-1/2 

normalized error matrix C' l = G' l (G .. G" ) . We note that 
JL<: J <: JJ KK 

Q:s is virtually uncorrelated with a. A or 0..2:. A study of Monte Carlo 

events (see Appendix E) demonstrates that the calculated errors 130... 
1 

correspond to the 

i. e. , 

rms deviation of indep<::ndent measurements of a.. , 
1 

222 = «(a.. - (a..») ) == (a.. ) - (a..) . 
1 1 1 1 

(V - 22) 

The 159-event K-72 ;:::0 sample yields a best value' 0 ~.o = 
-io±28° and a secondary solution 0';:10 = 177°±32° (less likely by ;:::; 1.6 

>-' 

standard deviations). (Two maxima are als 0 observed for the 206-

event K-72 SO sample or Ref. 7, although there the solution near 180 0 

is m.ore strongly excluded than for our sample.) Becaus e of the cyclic 

nature of 0';::;'0' best values £rorn K-63 and K-72 data cannot be averaged 

in a silnple f;shion. In Fig. V -7 we. present a plot of w =.Q n ~'J as a 

function of assumed W,;:;,o' for the 159-event K-72 ~~o sample, for the 
>-< 

490-event K-63 2,° sample, and for the combined data. In these fits we 

assume J = 1/2, o..A = 0.62, and o..so = 0:40; the polarization of each 

subsarnple is allowed to vary as a free parameter. 

b. ;:- and ~ ° analyzed togethe l' (Table V-VIII). Becaus e different 

values of 0..1\ are obtained in s'eparate fits to :s and SO data, values 

of :s- and :::;0 decay parameters (particularly 0..>;:;._ and 0..>;:0) in 
>-I <-. 

Table V - VII should not be compared directly. Pete r Berge is pres ently 

(8/66) constructing a program that will fit :::;- and 2:° data simultaneously 

with a single value of 0..1\' allowing 0..:::::_, 0..:::::°, Cf?:::::_, and (l?::::;o to vary independently. 

The results appearing in Table V-VIII simulate the results of such a program. 
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In actual practice we have fit the :::::- and ;:::0 data separatdy for VuriO'clS 

assurned values of 0./1..' and then selected that value which maximizes 

the likelihood fo)." the combined data. Errors quoted in Table V - VIII 

take into account the correlation of a;:::: and W2: with a A 

lation coefficients listed were obtained from the relations 

60. A (8 0.,;:,_, 0 \ 

C(o." 0.)= • _'-:-_'_1 
1).. ,;:;,-,0 60. \ oo..A / 

C(o. 

t-<. :s.-,o, / 

a ) 
. ,-,0 

::... 
C(o." 0.. ), 

1). _0 
. H 

The corre-

(V-23) 

and 60. 
';:.,0 

are quoted errors, and where (00.>;:;<_, 0/8o.A ) 
>-< >---< 

describes the variation of a or a,;:;, 0 as a function of a A when all 
>-< 

other parameters are allowed to vary freely. 

In Fig. V - 8 we illustrate the correlation between a A and 

0.. for the combined K-72 and K-63 
~-, 0 

a ----detailed dis cus sion. ) The ove rlap of the 

data. (See figure caption for 

:s- and 2° error ellipses 

indicates that the data are consistent with equality of a and 
';:",' 

as predicted by the \.6.1 \ = 1/2 rule. >-< 

2. Dis cus s ion 

The values of A decay parameters reported in Tables V-VII 

and V-VIII are in agreement with previously published results obtained 

.c I,r 72' d d .c K 6? I-'-K+ d 7-10 T' 1" h "" . J.rom .,,- ata an irom -..)::" ata o ne s 19 t c.llscrepanclcs 

observed are due to differences in the samples analyzed, in binning criteria, 

and in values as sumed for a A . 

In Table V-IX and Fig. V-9 we compare values listed in Table V-VIII 

(with o..A constraint applied) with values previously reported in othe:r ex-
" 7 , 6 1, 6 3 - 65 d 1" " Id f pernnents, an we ).st approxlmate wor averages 0 o.

H
_, 

, and <l? Because different assumed values of o.
A 

were used'-'in 

various experiments, and because and 0.';:-."' are highly correlated, 

values of a and a were not averaged cErectlyo Fo).· non-Berl~eley 
>-,0 
H 
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Table V-IX. Decay parameters, comparison of experimental results. 

Events 
Fitted or 
assumed 

value of a1\. Ugo_ 

LRL(K-72)a 1004 206 (:;;:-) 0.641±0.056 -0.368 -0.149 5 1 - 3±23g 
(:;;:0) 0.627±0.070 ±0.057 ±0.154 O. ± 0.7 

~_~~:I~~~~ ~~ ____ ~~~~ __ ~~~ _____ ;~~m _____ ~~~~~~ __________ :~~m _______ ;~~~~~ ____ ~~:;1L __ ~~~~~ ~.~ ____ ~~~~:~ 
LRL combinedb 3431 

BNL+S
c 

700 

EP+d 517 

UCLA
e 

356 

CERNf , 62 

Average
j 

5066 

a See Ref. 7. 

649 -0.267 
±0.028 

46 -0.34 
±0.09 

25 -0.27 
±0.07 

54 -0.41 
±0.1O 

4 -0.35 
±0.18 

777 -0.283 
±0.024 

-0.249 
±0.067 

-0.12 
±0.23 

-0.3 
±0.4 

-0.240 
±0.064 

b See Table V-VIII. bottom (with u
A 

constraint applied). 

0.647 
±0.048 

0.62 
±0.07 

0.62 
±0.07 

0.62 
±0.07 

0.61 

0.647 
±0.048 

C (Brookhaven National Laboratory and Syracuse University). See Ref. 63, 

d(Ecole Poly technique and others). See Ref. 64. 

e See Ref. 61. 

f See Ref. 65. 

gA secondary solution is observed with WE'D Z 180 deg. 

hUgO estimated directly from a A uSO' 

-0.398 -0.413 
9.8±9.0 ±0.041 ±0.104 

-0.47 _0.20h 
0±20 ±0.12 ±0.37 

-0.44 _0.5h 
-16±37 

±0.11 ±0.4 

-0.62 
54±25 ±0.12 

-0.73 
45±30 ±0.21 

-0.419 -0.397 13.4±7.4 
±0.037 ±0.099 

iLikelihood function for combined Berkeley data extr.ernely non-Gaussian in ~,;::O (see Fig. V-7 and text), 

jOnLy entries below dashed line are included in average. See text regarding av;rage values of ~- and Q;SQ. 
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data, we calculated a" a _ = -0.325±0.047 and a" a = - O. i6±0.20; 
1~ _ 1~ _0 

~ ~ 

>-< >-< 

then assuming 0./1:,. = 0.647±0.048, we obtained values 0.>--, = - 0.502±0.082 
H 

and a = - 0.25±0.3i, which were averaged with Berkeley values to 00-
>;:::;'0 

tain the world averages listed. 

In the following discussion we assume the :s spin to be 1/2 

(see Sec. V.A). The 1.611 = i/2 prediction, that the ~- and ;::;0 de­

cay anl.plitudes are proportional l i. e., S(::::-) = F SeSo) and 

P(S-) = F P(So) J, and thus that the decay parameters are equal, 1S 

,satisfied within expel"imental error. The nonzero value of a (and a ) 
t-{ - t-f 0 
.-< l~ 

shows that both S- and P-wave amplitudes contribute to the decay, and the 

positive value of"Y = .~~~ cos 12 shows that the S-wave 

(parity-noncons erving) amplitude dominates. For ;:::0 decay, solutions 

having "Y < 0 cannot be excluded. 
r-<O 
H 

The phase difference of Sand P amplitudes, calculated from 

the Berkeley values a = - O. 40 ±O. 04:, '*' = ioo±9 0
, is

66 

i· ~7o+2i 0 

=::> 2 - 0 - ::J 
In the absence of final-state 

interactions, T invariance in the decay transition requires 

(.6 p - .6
S

) = 0 or TI, whereas C invarianc~ requires (.6 p - .6
S

) = ± n/2. 67 

It appears that the hypothesis of T invariance is favored by the data. 

Under the assumptions of SU(3) symmetry, octet dominance, and 

invariance under R (i. e., inversion through the origin I = 0, Y = 0) 

Lee 68 has predicted a triangular relationship among the ~on-lePtonic co­

variant decay amplitudes for the processes 

and 

S :~--~l\+1T 

/1:,.0 ; /l:,.o~'p + TI 

:6~ z:+ ->- P + TIo 

(V - 25) 

(V - 26) 

(V - 27) 

According to Lee, both the S-wave (parity-nonconserving) and P-wave 

(parity-conserving) amplitudes satisfy the relationship 
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Z s- - 1;.0 = f'J;:;+ _ _ Y J 0 (V-28) 

The same relationship (for either parity-nonconserving or parity-con­

serving amplitudes, or both) has been derived by other authors under 

d Of' 0 69 lierent assumptIons. 

Furthermore, the 1.6.11 = 1./2 rule predicts a triangle relation 

(V-Z9) 

between amplitudes for the proces ses 

2:;+ + ITo 
0 

;6 -?op + (V - Z 7) 

2~+ ;6+ + ->n + IT 
.L 

(V -30) , 
-Z; :0 -"n + IT (V-3i) 

so that the Lee triangle prediction and the 1.6.11 = 1/Z rule together re-

quire 

1 
[ Z .- 1;.0 J 

1 
[ Z; = 

-,+ 
J (V-32) H - -- - 2,;+ 

JT J2 

In Eqs. (V-Z8), (V-Z9), and (V-3Z), the covariant S- and P-wave 

arnplitudes (denoted by A and B, respectively) are related to the partial 

decay rate w by 

q I," 2 2 2 2 2 21 -. -z\iAi [(M+m) - f-L~] + 1 BI [(M-m) -f-L 1> ,(V-33) 
8IT M i~ J 

w= 

where M, m, and f-L are the rest rnasses of the parent baryon, the 

decay baryon, and the decay pion, respectively, and q is the pion mo­

mentum in the rest frame of the parent baryon. In terms of the phenom­

enological decay amplitudes a and b appearing in Eq. (II- 3 9), A and 

B are given by 

/ \ ZI \ 2 
; B, b '( 
~-I :: -a, I 
\Ai 

4 I / 

2 
(M+m) 

Z 
(M-m) 

2 
- fJ· 

2 
- fJ· 

(V - 34) 
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A recent determination of the 2::: decay parameters a(i:~}" 

a(L!), and a(~=) has demonstrated that (V-29) is well satisfied, 70 

and also permits a more accurate test of Eqs. (V-28) and (V-32) than 

. 1 . bl 7, 7'1 I T bl V X . was prev10us y pos Sl e. . n a e - we pres ent covar1ant 

amplitudes A and B for the processes (V-25), (V-26), (V-27), (V-30), 

,and (V - 31), calculated under the as smnption that A and B are relatively 
. 72 

real. Only the relative signs of A and B are experimentally ob-
, 

servable; a further ambiguity exists in the case of the 2.:~ and :0= de-

cays (V-27) and (V-31), where the sign of 'Y has not been determined. 
+ 73 

A recent experiment has shown that 'Y < 0 for :0+ decay (V - 30). 

In Table V-X , world average values of lifetimes, branching fractions, 

d d ' 74 an ecay parameters are used.. 

The consistency of the data with Eqs. (V-28), (V-29), and (V-32) 

is illustrated in Fig. V -10. In plotting the error ellips e for 

..i (2 :s 
fi 'V..) 

and a 

.L\ ~ ), we have taken into account the correlation between a A 

We conclude that Eqs. (V - 28) and (V - 29) are well satisfied 

by the experimental data; Eq. (V-32) is less well satisfied. 

A veritable flood of predictions concerning non-leptonic hyperon 

decay has resulted from the advent of SU(6) and higher symmetry 

schemes. (As of August 1966, at least 70 papers containing specific 

predictions regarding decay amplitudes have appeared in the literature. 

Most of these qeal with the Lee SU(3) triangle prediction and the reasons 

for its apparent validity.) The theoretical situation is far too complex 

to discuss here, and the reader is referred to a recent review article 

by Pais. 75 Predictions of various theoretical models may be readily 

checked with the aid of Table V -X. 
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Table V -X. Non-leptonic hyperon decay amplitudes. 

A B (A, B) 
T Branching Xl0- 5(sec.rn J 1/2 Correlation 

10 -1 Decay X 10 sec fraction (l 1T coefficient 

E:JE:- -, A+1T-) 1.75±0.05 1.00 -0.381 ± 0.037 2.025 ± 0.029 -6.46 ± 0.66 0.136 

A~(A -, p +1T-) 2.53 ± 0.05 0.663 ± 0.014 0.690 ± 0.048 1.528 ± 0.030 11.48±0.97 -0.532 

~;(:~;+ ~ P+1T O) 

C >O} 
,,<0 

0.810 ± 0.013 0.528 ± 0.015 -0.960±0.067 {1.558 ± 0.142 
1.168±0.187 

-11.71 ± 1.88} 
-15.61 ± 1.42 -0.959 

~:(~+ ~ n+1T+) 

{,,>oa} 
,,<0 

0.810 ± 0.013 0.4 7Z ± 0.015 -0.006 ± 0.043 {-1.861 ± 0.034 
-0.005 ±0.040 

0.05±0.41} 
19.08 ± 0.35 

-0.001 

~=(~- ~ n+1T-) 

{" >O} 
,,< 0 

1.654 ±0.031 1.00 -0.017 ± 0.042 {1.863 ± 0.017 
0.015 ± 0.039 

-0.15 ±0.39} 
-18.34±0.17 

-0.016 

~2E:- - AO) 1.455 ± 0.040 -14.09 ± 0.70 0.004 
3 - -

~(~- - ~+) 
.f2 - + 

r~~»o, ,,(~:)< OJ {1.321 ± 0.031 -13.60 ± 0.37 0.005} 

,,(~ J< 0, ,,(~!) >0 1.327 ± 0.037 -13.01 ± 0.31 0.005 

a This solution is inconsistent with recent evidence that y(E!> < O. See Ref. 73. 
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C. Decay Distributions 

As a visual check on the results already presented, we display 

certain angular correlations in the observed S and:S° decay distri­

butions. 

In Fig. V -11 we pres ent distributions of (}) . A) foy 4080 2: and 

A ° events (Table V -I), which should be proportional to 1 + a A as (p . F.) 
regardless of the 2: polarization and for any S spin J~ The observed distri­

butions agree with the expected distributions ,which are plotted for 

aAa
A

- = - 0.27 and O:AaAo = - 0.25, the values listed in Table V-VII. 

In Figs. V-12 through V-i5 we present distributions of the four 
L \",N A A \--'N A 

quantities N(no. ofevenLs), /,. I. (p·A). ). ;.(D.yA)., and 
L.I 1 = 1 1 ,""n = 1 ~ 1 

-;-1\ N A A 

i.J i=1 (p . X)i as a function of (A. fi) = cosO. In Figs. V-1.2 through 

V -15 appear, respectively, distributions from (i) the 4080 S- and :sO 
events listed in Table V-I; (ii) the 649 2.'0 events alone; (iii) a 4080-

event Monte Carlo sample generated under the as sumption that J:;: i/2, 

a
A 

= 0.62, a,;;;, = - 0.40, cd?,;:;, = 0, and t
10 

= t1~ax = 0.57; (iv) a similar 
...... >-' max 

Monte Carlo sample having J = 3/2, and t1.0 = t1.0 " = 0.43 

The obse rved dlstributions in Figs. V -12 through V -1.4 agree with 

the expected distributions for J = 1./2, namely 

N Nl 411" 10 I (fJ) = 10 1 + as P s cos OJ 

N a A -­
-- -- I P . 10 3 A 

A 

X = 

(V-35a) 

(V-35b) 

(V-35c) 

(V-35d) 

Similarly, the observed distributions in Fig. V -15 agree with thos e 

expected, for J = 3/2. Param.eters corresponding to the plotted curves 

are specified in the figure captions. 
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,', 
VI. PROPERTIES OF E:' (1530) 

-', 
The :S'. (1530) has been discussed by a number of 

'-} 7,11-14,63,76,77 . f . d 1 aUl- :lors. Best estunates 0: 1tS mas s an wiath are 

mO::: 1529.7±0.9 MeV, r = 7.5±1.7 MeV; the I::: 1/2 assignment has been 

confi rmed. 17 Several experiments have shown the s pin to be 

? / 2 13, 63, 76. . f h d 1 1. h' ~ .J ; uS1ng a porbon o. t e ata ana yzeCl In t 1S l'eport, 

Button-Shafer et al. 13 have ruled out the D 3/ 2 parity assignment. 

Although spin hypotheses J> 3/2 have not been ruled out experimentally, 

the 2:';'(153C)) is generally believed to be the I::: t/2 member of an 

+ * *. ..* SU(3) 3/2 decuplet containing N (1238), Y 1 (1385), ~~~ (1.530), and 

0(1675). In this section we measure the S';'(1530) electromagnetic mass 
-', 

difference, and we investigate the 2("(1530) spin and parity, using a data 

sample larger than that analyzed in Ref. 13. 

A. Final States Analy~ 

In the K-63 experiment, at incident K- lab momenta of 
,', 

1.7 to 2.7 BeV/c, we observe 2~'(1530) in the following states: 

~KTi final states: 

K 
- 11-;;', KO + ::::<0 

+ p -> ,-< + + IT (2 ) (VI-i) 

K+ ITo 
-', 

-)- '';;:::'- + + (,--:" -) (VI- 2) I>-< O-~ 

K+ -'-
-}-

.-< 0 
+ + IT C::("- ) (VI- 3) A 

2: KIT IT final states: 
- + + -', >-, (:::("0 ) (VI-4) K + P -" H + K + IT + IT 

KO + ITo ':'0 -'-';:7 
~L"'-

-)-

'''' + + IT + (2 and S ) (IV - 5) 
+ -'->-,0 

+ KO + + 
(s ,.,-) (Vr-6) -)00 H' IT IT 

1. 2K" Final States 

In Fig. VI-1 we pJ:esent a Dalitz plot for 1819 unambiguous 
>-< •. •• ...-,- -0 + ,......-. -+ 0 
.::,KIT fInal states, IncludIng 1021 ,::, K IT. , 435 :::... K " , and 363 

:soK+,,-.78 (Of the 1021. :::CKOIT+ events, 176 lack visibl.e .A decay and 

are not anal.yzed further.) Approximately 60% of the events <lYe at 

2.45 to 2.7 DeV/c, 30% at 2.1 BeV/c, and 10% at 1..7 BeV/c. Both 

:::;';'(1.530) JJ)c1 1<";'(890) ltl'C appltl'cnt in ilJJ. three final. [,tC\.tCf;~ It is di.f­

ficult to say that any K at m.
2

::: (0.725 BeV)2 = 0.53 (DeV)2 exists in 
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-', 
our data. We do not see ;:(' (1817); the slight :SiT enhancement around 

2 2 ,', 
(1.86 BeV) = 3.45 (BeV) is believed to be :s' (1933), shifted due to 

limited phas e s pace. A slight enhancement around (L 7 Be V) 2 ::c. 2.9 (Be V) 2, 

pointed out by Smith and Lindsey, 14 shows up more clearly in .L\.KK final 

states. 
,', 

The mass distribution in the :::::'(15...>?0) , , h ;::-~ reglon IS S own more 
-" 

clearly in Fig. VI-2. For the 1017 non-K'" events analyzed further 
,', 

(unshaded) , we estimate N(2: ')/N~ 475/1017 ::::; 47±50/0, mO ~ 1533±3 MeV, and 

robs (observed width) ~ 12±3 MeV, 79 The data are adequately fit by a; 

P-wave resonance having rO (true width) ::::; 7 MeV, folded with the ex­

perimental resolution function (illustrated). 80 

2. 2KiTiT Final States 

Figure VI-3 is a mass-squared plot for 265 unambiguous :SKiTIT 

f " 'ld' 78>--<-K++- 66 ...... -Ko+o 101.' ...... -+ 1 Ina.l states, Inc u Ing H IT iT, H iT iT, 1 ,:::. IT +neutra s, 

d 20 ~,oKo + - 78 ( h 101"""- + I d 29 '-'-Ko + ° h' h an H iT iT. T e H iT tneutras, an ,:::, '. iT TI W lC 

lack visible.L\. decay, are not analyzed further.) All but six of the events 

are at 2.45 to 2.7 BeV/c. 
,', 

The 2: '(1530) is clearly seen; about half of the are produced 

via - * * K +p->-2: +K'. The 2:iT mass distribution is shown in greater 

detail in Fig. VI-4. For the 1. 72 8.TI pairs analyzed further (unshaded), 
-', 

we estimate N(::(')/N~ 100/172 ;::::; 58±100/0, mO ::::; 1532±4 MeV, and 

r b ::::; 11:J:5 MeV. The mass and width are consistent with those ob­
o s 

served in :SKiT final states. 
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m (.a*) = 1532 MeV 

robs = 

IIMeV 

~ 
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B. Electromagnetic Mass Difference 

-', 
The ::(' (1530) electl"omagnetic mass difference has been discussed 

. b f h' 1 81-90 p . ln anum er o· recent t eoretlca papers. . reVlOUS measure:ments 

have been reported by Pjerrou et al. 77 and by London et al. ;63 in. our 

77 
analysis we follow closely the methods adopted by Pjerrou et al. 

1. Selection and FittinE of Events 
,:<:- ':<0 

In principle, measurements of m(S ) or m(2: ) may be made 

from data in any of the final states (VI-1) through (VI- 6). Becaus e our 

data in :SKmr final states are statistically limited, we restrict our 

discussion to the ;SKiT final states (VI-i) through (VI-3): 

-K t;:;1 + p -", 
>-< + 
';:." -,.. 
>-! + 
,;:;,0 

~" ~~ + 

Due to the different topologies 

KO + >:'0 
+ TI (2: ) 

K+ TIo ~:<-

+ ($ ) 

K+ (S 
:>:<-

+ TI 

of the reactions involved, 

(VI- t) 

(VI-2) 

(VI- 3) 

special fitting 

procedures are required if systematic errors are to be avoided . 

. A P' I h d 77 .. ';::' ,;:;,0 s Jerrou et a. ave one, events contalnlng >-< or >-< with 

visible A decay were fitted similarly, by dis regarding the :S and by 

considering the A and TI from ~ decay as end products of the pro-

duction reaction: 

K + P A + ..L (Ko) + 
+ (S >:'0) (VI-7) -)0- TI , TI 

K+ + 
-'. 

-> A + TI + (TIo ) ($ .,--) (VI- 8) 

K+ + TI- -'. -,.. A + (TI 0) + (Z"--) (VI- 9) 

(The A and TI from:S- decaywero first rotated backward in azimuth 

by the turning angle of the 2: in the magnetic field.) Mter the A mo'­

mentun~ had been obtained from a 1.C fit at the A decay vertex, each 

event was fitted to one of the 1. C hypothe s e s (VI- 7) through (VI - 9) (the 

missing particle in each case is indicated by parentheses). In reaction 

(VI-7) the KOwas omitted from the fit even if itwas observed 

',XT h' I d J b' ..... ,- d >-'0 vve ave ana yze on.y unam 19uous >:'-<. an A events with 

visible A decay, selected as described in Sec. IV. In the fits used to 

select events, we assumed m(:S°) = 131.4.3 MeV and m(;S-) = 1320.8 MeV, 

corresponding to world average values. 1. 7 ,91. A total of 1 '156 unambiguous 
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events were fit to the 1 C hypotheses (VI-7) through (VI- 9), of which 
,', 

1133 (including 700 outside the K' region) yielded acceptable fits 
-', 

(c.l. ~ 0.005). In order to avoid possible K"- interference effects, 

we dis carded events having 840 Me V ~ m(Krr) ~ 940 Me V. The events 

analyz ed are listed by momentum and final state in Table VI - 1. In 
,~ 

Fig. VI-5 we present .L\.'TT1T effective-milss distributions for the non-K 

events fit according to the 1C hypotheses (VI-7) through (VI-9). 

-', 
2. Determination of ::(' Masses and Mass Difference 

>:~- >:.:0 
The:S and ~ masses were obtained by fitting the distri-

butions of Fig. VI- 5 with a .maximum-likelihood program, SUPER FIT, 

written by Friedman, Siegel, and Ross. 92 In this program., the assumed' 

.L\.TITI (:Sn) effective -mass distribution is of the form 

~~ ex. (phase space) + (phase space) X CR X ~R(w), (VI-l0) 

where C 
R 

specifies the relative amounts of resonance and nonresonant 
:::c: 

background, and the A resonance function 

Jackson: 
93 

. w r(w) 
t')R(w) ex. - 2, 2 2 2, 2 ! q (w - w 0) + w 0 r (w) 

\'? (w) is that given by 
IR 

(VI-it) 

Here w is the S TI effective mass, Wo is the resonant mass, and 

q = q(w) is the .~ momentum in the ~TI rest frame. The energy­

de pendent width T (w) is given by 

( 
\ 3 

T(w) = rO ) If-) B1 (q) , (VI-i2) 
\ --0 ) 

where r 0::= r(w 0) and qO::= q(w 0)' The function B 1 (q) is a P-wave 

angular-momentum barrier factor, given by 94 

1 + 
(VI-13) 

1 +-

-1 
where R::= (2m) is a characteristic radius of interaction. The 

. TI 

form of \1 R(v/) is insensitive to the value as sumed for R. 
) .. 
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,', 

Table VI-I. Events used in 2:"'( 1530) mass -difference analysis. 
Entries are of the form N(non-K':')/Ntot . Events"ysed in the 

mass -difference analysis are the 700 non-K'" events 
fitted according to Eqs. (VI-7)-(VI-9). 

1C fits 

Usual fits (VI-I)-(VI-3) (VI-7)-

Momentum (BeV7c) 
(VI-~ 

Final state 1.7 2.1 2.45-2.7 Total Total ---- -----

"-K". + {K" ,een} 0/0 46/67 47/96 93/163 92/157 

unseen 23/23 104/157 130/227 257/407 253/397 

<-<- + 0 
~ K 1T 15/15 57/92 112/196 184/303 186/296 

<-<oK + -
~ 1T 11/11 45/76 114/196 170/283 169/283 

Total :~(:'O 23/23 150/224 177 /323 350/570 345/554 
,', 

Total S"'- 26/26 102/168 226/392 354/586 355/579 

Grand Total 49/49 252/392 403/715 704/1156 700/1133 
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---- P-wave resonance 
•••••••• Gaussian 

--- Folded 

m(S*-)= 1533.7 MeV 

~ 

Da-K+1T~ 186 events 

l2Ja oK+1T-,169 events 

rRF"~ 

1500 1540 1580 
S*- [A 7T-7T O] mass 

mCS*o)=1531.8 MeV 

---- P-wave 
resonance 

1620 
(MeV) 

••••••••• Gaussian t=!. K 1T+ 0 

1660 

40 1 --- Folded 

1-1_ 0 { 0 K
O 

unseen, 253 events 

121 K seen, 92 events 

N 
30 

20 

10 

r b -= 1 4 Me V 01..---1',..., os. 

1500 1540 1580 1620 1660 
S*O[A7T-7T+] mass (MeV) 

MUB13656 

Fig. VI- 5 
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The assumed function \i)R(w) describes the observed distri­

bution correctly only if r RF < <T 0 (where r RF is the width of the 

experimental resolution function). Alternatively, if the resolution 

function is Gaussian and r RF > > r 0' ~)R(w) may be approximated 
I 

by the Gaus sian form 

I 1 2 2 
~R (w) cc eXPl - "2 (w-w 0) / (J ) (VI- 1.4) 
, 

,', 
The S' (1530) resonance represents an intermediate case, with 

r RF ~ r 0 for We have fit the ob-

served distributions assuming the two limiting cases (VI-H) and 

(VI- 14);' free parameters in the fits were N(:::;':')/N (fracti.on of events 

contributing to the resonance), the resonant mass ",m(;S':')=:Owo' and a 

width parameter r l (= r 0 or 2;35 (J). Then N(:S"')/N, wo' and rODs 

were estimated with the assumption of a resonance having r 0 ~ 7 MeV, 

folded with the experimental resolution function. Data from the fits are 

presented in Table VI-II, and the corresponding theoretical curves are 

plotted in Fig. VI-5. After considering possible systematic errors 
>;<- >;<0 

(see Sec. VI.B.3), we estimate 6m:= m(2: ) - m(;S ) to be 2.0±3.2 YleV. 

We compare thi.s result with previous.ly reported values of S.7±3.0 MeV77 

63 
and 7.0±4.0 MeV. 

3. Possible Systematic Errors 

Vve consider possible systernatic errors due to the following 

effects: 
• ~o 

a. Unce rtainty re garding form of YR (w). For the 345- event 2: '" 

s ample and the 355 -event sample, we observe variation of the 

order of 0.5 Me V in w 0 as the as sumed resonance function 

varied between the two limiting cas es (VI -11) and (VI -1.4). 

I 

:0" (w) is ;.K. , 
(For the 

0--: - 0 
;::., "iT d 

..... ,0 -
an ~ 'iT samples considered separately, variation of the order 

of 1. to 2 Me V is observed, but the effect cancels out in the corn.binecl 
,', 

2:"'- sample.) Although the effect is small compared with statistical 
"'0 

errors, we conserva,tively increase the estimated err01"S on rn(;::(' ) 
,', 

and mC:;('-) by 0.5 MeV. (See Table VI-II.) 
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Table VI-II. Resonance parameters of S':'o d ~~:,-
an "'" . 

N(S':<)/N 
m(S':') '= Wo r' 

S>:'o or S~:'- Final state N Fit (MeV) (MeV) 

(0) S -Ko 1T + 345 (a) 0.56 ± 0.04 1531.6 ± 0.8 14.7±1.8 

(b) 0.48±0.03 1532.1±1.0 25.4±2.8 

(c) 0.5±0.1 1531.8±1.4 d 14 ± 3 

( -) S-K\ro 186 (a) 0.29±0.05 1532.2 ±2.4 18.0 ±4.3 

(b) 0.26 ± 0.04 1529.8±3.1 33.8±8.0 

(-) . SOK+ 'IT- 169 (a) 0.38±0.06 1536.9 ± 3.9 32.3 ± 11.3 

(b) 0.32 ± 0.05 1537.7±3.4 42.8 ±4. 7 

( -) S-K+'IT°,SoK+'IT- 355 (a) 0.33 ± 0.04 1533.7±2.2 24.9±6.1 
combined 

( b) 0.29±0.03 1533.7 ± 2.4 40.5 ±4.5 

(c) 0.3±0.1 1533.7 ± 2.9
d 

27± 10 

6m = m(S':'-) -m(S':<o) (a) 2.1±2.5 

(b) 1.6±2.6 

(c) 2.0 ± 3.2 e 

a Fit assuming IRF = 0 (Eq. VI-11); r' '= rOo 

b Fit assuming rO = 0, Gaussian resolution function (Eq. VI-14); r' '= r
RF 

= 2.350'. 

CEstimate assuming rO'" 7 MeV, folded with experimental resolution function; r' '= robs' 

dError on wo increased by 0.5 MeV due to uncertainty in form of <PR(w). 
(See Sec. VI. C. 3a.) 

e * Estimate of 6m increased by 0.1 MeV due to removal of K' band. (See Sec. VI. C. 3b.) 

., 
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b. Assumed form of phase space. The phase space calculated by 
," 

SU PER FIT is not corrected for effects due to removal of the K" 

band (840 to 940 MeV). The en-or in Wo may be roughly estimated 

by assuming a Gaussian resonance having (J :c r b /2.35 and 
o s 

by assur:ning phase space to be linear in the vicinity of w00 If true 

and assumed phase space are proportional to [1 + C(w-w
O

)] and 

[ i + CI (w-w
O
)]' respectively, the error in Wo is approxi~atcly 

(C-CI). 0- 2 = 0.-:t8 (C-CI). r b 2 For the :::;':'0 and ;:("- resonances, 
o s 

we estimate 

Error 
-1 -1 r b (MeV) 

gMe~l CI (MeV ) o s -------
in wO(MeV) 

';:;' ,:,0 
0.0021 0.0044 14 >-< -0.08 

,', 
~"'I"-

0.0033 0.0045 27 I'-< -0.16 

Accordingly we correct our estimate of .0.m by +0. -:t MeV. (See 

Table VI- II. ) 

c. Discrepancies m 1C fits. Pjerrou et a1. have pointed out that the 

iC fits used in fitting the various final states are not quite identical; 

i. e., in the three reactions (VI-7) through (VI- 9), the mis sing particle 

is respectively the K, the pion not frorn;s. decay., and the pion frOln :s decay. 77 

The effect of these differences may be checked to som.e extent for the 93:S- K°lo -;- events 

having visible KO decay, by performing all possible iC fits, omitting 

in turn each of the observed particles (including the rotated 'iT from. 

decay). In Table VI-III we list values of Wo obtained by fitting 

each of the resulting J\ 1T1T effective -mas s distributions in the usual 

fashion. The limited data available allow us to detect systematic shifts 

111 .0.m of the order of 3 MeV. Effects this large are not observed, so 

we lnake no additional correction to our estimate of .0.m.
95 

d. Assumed masses. The only masses entering into the iC fi'cs are 

those of J\, K, and All of these are known to within 0.3 MeV; 

variations of this order in the assurned lnaSses cctnnot produce signifi­

cantly larger variations in 6m. The assumed :S- and 2.:0 lnasses 

do not enter into the 1C fits, but enter only (a) in the s election of 
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Table VI-III. - 0 + ° Analysis of 93 A K rr events with visible K decay. 

1C 
b 

Events fitting w Analogous 1C fit in 
hypothesis a 1C hypothesis (M~V) mass-difference analysis a 

Arr -(Ko)rr + 92 1S33.6±1.7 Arr -(Ko)rr + (VI -7) 

A1T-Ko(rr +) 88 1S33.6±2.6 Arr-K+(rro) (VI-8) 

A( 1T -)K orr + 
91 1S3S.3±2.1 A( rro )K + rr - (VI-9) 

aparticle omitted from 1C fit is indicated by parentheses. 

b Fits assume zero-width resolution function, as in Eq. (VI-11). 
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events; (b) in the calculation of the:s. turning angle (the angle 

through which the A and '\T - must be rotated before fitting); 96 and 

(c) in the calculation of three-body phase space, for the fitting of the 

A"n effe ctive -mas s distributions. 

As Pjerrou et al. have done, we too have repeated the entire 

mas s -di££erenc e analysis, as suming s lightly different values for 

mC::;-) and meSo). The dependence of m(:S':')= wo upon the assumed 

masses is illustrated by triangles in the top half of Fig. VI-6. Fron~ 

(a), (d), and (e), we estimate the following partial derivatives: 

8 m (:=: ';'-) 

om(:S-) 
~ - O.tS, 

~ (L\mL ~_ 

8mC~:C) 
0.27, 

~_m[S':':i ~ 0.04; 

8m(:So) 

':'0 
om(S ) = 0; 
om(So) 

3 (L\m) ;:;; 0.04 

om(So) 

VV-orId average values of m(:;:C) and m(So) are 1.320.8±0.2 MeV and. 

Bi4.3±LO MeV, respectively. 1. 7 Variations (in the assumed 2~ 
ma.s s es) comparable with experimental errors cannot produce varia­

tions greater than ;:;; 0.1. Me V in L\m 

In the lower half of Fig. VI-:6 (circles) we have plotted weighted 

averages of An and Ano effective masses m(A,,) obtained from the 

iC fits, as functions of assumed m(S-) and m(2~o). The An effective 

Iuas s es thus calculated agree with the as sum.ed ~ mas s es, and are not 

sensitive to them. We estimate 3m(.L\n)/3m{7i);:;; 0.15, 0.16, and 

0.08 {or l-'-- ° + .~ K n , """-K+ ° d .~ n, an o + -:2 K" events, res pectively 0 After 

~ }2.riori errors have been multiplied by an appropriate scaling {actor 

f AA 5 ( . ld 2 d' .. , . ) h f\ "f ,-' o· 1,1 to YIC correct X IstrlDutlons, t. e 1).." elCCL1VC-ill.ass 

distributions agree with the corresponding resolution functions. This 

consistency check provides evidence that the saluple analyzed conta'ins 

little non-:S background, and that systematic errors are not introduced 

in the 1C {its. 
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4. Discussion 

Two well-established supermultiplets in the SU(3) unitary 

symmetry scheme are the spin-i/2 baryon octet (containing N, /1..., 

22, and 2:), and the spin-3/2 decuplet l containing N':'(1238), Y:'(1385)' 

:S':'~1530), and D(i675)]. In each case, the mass splitting between 

isomultiplets, due to a medium-strong symmetry-breaking interaction, 
3 o~ 

1S accurately described by the Gell-Mann-Okubo mass formula. ' 7 ( 

In the limit where SU(3) symmetry is violated only by the electro­

magnetic interaction, the e. m. mass splittings within isomultiplets 
8i,98 

are related as follows: 

Spin-i/2 octet: 

.L 

m(~') + m(p) - m(n) (VI-i5) 

Spin-3/2 decuplet: 

where Q = charge, and m O' mi' m 2 are constants. 

In the SU(6) symmetry scheme, the spin-i/2 octet and the 

spin-3/2 decuplet are incorporated into a 56-dimensional representation. 

In the limit where SU(6) sYlumetry is violated only by electrornagnetism, 

the following relations hold, in addition to (VI-i5) and (VI-i6) :82 

(VI-17) 

*0 .L 
m(N ) = m(n) m(p) + m(:6-} + r:O.(2:;'} 

(VI-:'L 8) 

By considering the effects of only the charge operator to second order, 
. . 83 99 Sakita obtains an additional restnc'clon: ' 

( ) ( ) ( ,.- ° ) ("~ +) mn -mp =mr- -mL-J • (VI -1. 9) 

In Fig. VI-7 (a) we illustrate the various SU(3) and SU(6) predictions in 

terms of a minirnum number of free para:rneters. 
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Spin - 3/2 decuplet 
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+ 
( b') 
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++ + 0 
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+ " o ,,-
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2 2 
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-lAO + 1.40 

* 0 ( 1.12X)­a • +3.33 • 
+1.41 

M U B -13877 

Fig. VI-7 
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Other relationships have been obtained by considering the 

mernbers of the octet and decuplet as bound states of quarks. The 

predictions of two proposed models (Ruoinstein, Rei. 81.::) (which differ 

in as sum.ptions regarding the spin- and is os pin-dependence of forces be­

tween quarks) are illustrated in Fig. VI-7 (b). 

By assuming that the syrnmetry-breaking interaction is dominated 

by lltadpole ll diagrams resulting from the existence 0;' an octet of scalar 
85 

particles, Coleman and Glashow predict equal-mas s e. m, splitting 

within the spin-3/Z decuplet, 1. e. , 

m ~ mO + m 1 0, (VI-20) 

where 0 is charge, and where 

(VI- 21) 

The rnajor non-tadpole contributions, which disrupt the equal-·spacing 
86 

pattern, have been estimated by Socolow; the predictions of the cor-

rected tadpole model are illustrated in Fig. VI-7(c). Dashen and 

Frauts chi have derived the equal-mas s -s plitting rule from the bootstrap 

theory of octet enhancement. 87 Here again, higher order effects dis­

rupt the equal-mas s s pacing patte rn. 

Finally, Kumar
88 

has calculated the S-'\1530) mass differ-
':'- ':' 0 

ence D..m::.: m(::::: ) - rn(S ) to be 3.87 MeV, using an S-m.atrix method 

suggested by Dashen and Frautschi 100 and assuming the ~':' to be a 
1 1 r K d 1\ G· 1 89 . ...,. .. oounQ state 0.1. an J..\.. 1 nl.an 1S pursulng snnl.lar lnvestlgatlons 

, "'" 

but has not yet published an estimate of D..mC::f"). 

To date, the following e. m. mass differences (in MeV) have 
101 been reported: 



Spin-i/2 octet: 

m(n) - m(p): 

m(Z;-) - m(L:+): 

(>-r-) (....-<0) m H - m:::.. : 

Spin-312 decuplet: 

;::.::0 :>'<' ..L 

m(N ) - m(N' -r '): 
,;,- >:'++ 

m(N)-m(N ): 
>:<- "'<! 

m(Y ) - m(y"T): 
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1.2933±0.0001 (Rosenfeld) 

7.90±0.09 

7.89:::0.12 

4.86±0.07 

4.99:::0.12 

6.5 ±1.0 

0.45±0.85 

7.9 ±6.8 

17 ± 7 

4.3 ±2.2 

2.0 ±i,5 

11 ± 9 

5.7 ±3.0 

'i 
I 

(Ros enfeld) I 
\ average 7.90±O.07 

(Schmidt) 

(Ros enfeld)! 
I 

(Schmidt) f 

(Rosenfeld) 

average 4.89xO.06 

(Olsson) 

(Gidal) 

(Cooper) i 
! (Huwe) 
> average 

(Armenteros) i 
(London) J 

(Pjerrou) 1 
! 

3.3±i.2 

> average 6.2±2.4 avg. 
I 

7.0 ±4.0 (London) I 4.7 
v 

2.0 ±3.2 (this expe riment) 
±i.9 

The experimental data are in good agreem.ent with the prediction 
88 . ,;, ':'- ,:,0 

0; Km;::;.ar, that 6m(2') = m(S ) - m(2: ) = 3.87 MeV. For the 

theoretical models relating 6m(S';') to other mas s differences, predicted 
", 

values of 6m(::(') may be obtained by performing fits to available data 

excluclin (f . ___ -,2 

;,:< 
.;:;: data; 

The two-paxarneter 

the results of thes e fits are pres ented in Table VI- IV . 

SU(6) model
83 

and the corrected tadpole modcl
86 

do 

not describe the observed octet mass differences within experimental 
>:< 

errors; here, in estimating 6m(2 ), we have allowed for ~ 0.5-MeV 

uncertainty in theoretical mas s predictions. 

In Fig. VI-8 we illustrate the agreement of the observed de­

cuplet mass differences witb. the predictions of SU(3). 
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Table VI-IV. Comparison of predicted and observed e. m. mass splittings. 

Hypothesis l(NC)g Fitted parameters (MeV) Correlation coefficients 

No E:{~ With E* No E* With E* 

1. S~~~~ta 0.01 (lC) a = 3.17±0.14 (a, c) -0.94 

b = 1.2933 

c = 3.44±0.18 

2. SU(3) 0.55 (lC) 1.70 (2C) 
decupletb 

a' 2.44 ± 0.92 2.86 ± 0.83 (a', b') 0.66 0.62 

b' 0.98 ± 0.36 1.09 ± 0.35 

3. SU(6)c 1.40 (4C) 2.04 (5C) a = 3.17±0.14 (a, c) -0.94 

b = 1.2933 

c = 3.44±0.18 

4. Restricted h (5C) h (bC) 
SU(6)d 

a = 5.28±0.31 (a, b) -0.10 

b = 1.80 ± 0.24 

5. Quark 0.45 (3C) 1.89 (4C) a" ::: 3.f8±0.14 (all, e") ::: -0.94 
m.odel e bit ::: 1.2933 (all, d ll ) ::: -0.03 

ell ::; 3.42±0.18 (el!, dill ::: 0.04 

dll ::: 4.60±1.20 3.83 ± 1.02 

6. Restricted 15.1 (4C) 16.1 (5C) 
quark modele 

a'l ::: 3.20 ± 0.14 (all, ell) -0.94 

bl! ::: 1.2933 

ell ::: 3.39±0.18 

7. Tadpole (i/' j h (6C) h (7C) 2.46 ± 0.13 

8. Tadpole (ii) h (6C) h (7C) 2.02 ± 0.13 

9. Tadpole (iii) h (6C) h (7C) 1.89 ± 0.13 

aSee Ref. 98. 

bSee Ref. 81. 

c See Ref. 82. 

dSee Ref. 83. 

CSee Ref. 84. 

f See Refs. 85,86. 

gX2(NC) is a chi-squared for N degrees of freedom. 

6m(S") 
predicted (MeV) 

No S':' 

2.44 ± 0.92 

3.17±0.14 

5.28± 0.31 

2.00±1.20 

6.59 ± 0.07 

2.76±0.15 

5.59±0.15 

6.86 ± 0.15 

hBaryon octet cannot he fitted within experimental errors (X2 > 300). Quoted parameters are best values if one assumes 
0,5 MeV uncertainty in theoretical mass predictions. 

j (i) ::: tadpole term alone; (ii) ::: (i) + correction due to spin-i/2 octet; (iii) ::: (i) + (ii) + correction due to spin-3/2 decuplet. 
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---- SU (3), without a* data 
............... SU (3) with a* data 

,,' I 
" I rr*, _________ "~-(-N-*----N-*-+-+-)~=-3-b-'-=-7.-.9-±-6-.-8-M_e_v-+ ____ ~----__ --~ 

J-*) /" I ''ro~ '" I 
x6~ '"'" I 

.I~ '" 

~" 

2 3 
0' (MeV) 

Fig. VI-8 

4 

" o 
" o ---* -----

" In 

5 
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C. Spin and Pari-!Y 

Using the Byers -Fenster formalism, one may determine the 
,--

spin and parity of :::("(1530) decaying via 

t;::;);C: 
(1530) _:;- '::1 + 'iT >--< >-c-< 

';:;"' -)- A + TI >-< . 
In our analysis we fit the observed decay distribution to a distribution 

function analogous to (II-51), assuming spin 1/2 for the S and disregarding 

the direction of the proton from A decay. Vie analyze only those K-63 

events which have visible A decay and which unambiguously fit one of 

the following hypothes es : 

K + '--;.:! KO + + (780 events) (VI -1) P -,.. ,--< + TI 

-". l~ + K+ + TIo (422 events) (VI- 2) .-; 

~,o 
J.. 

->- ...... + K' + 'iT (366 events) (VI - 3) 
-'- J.. 

>-< + K' + 
, 

+ (78 events) (VI-4) ->- ~. 'iT TI 

->- ';::;' 
I-' -0 KO J.. , + 

TI + Ti o (37 events) (VI- 5) 
,;:;,0 KO + 

+ + (20 events) (VI - 6) ->-
>-~ + 'iT 'iT 

(A sample containing essentially the events of type (VI-4) and (VI-6) 

has been analyzed previously.)13 

In the present analysis we selected 2:'iT combinations (having 
102 

Iz = :t 1/2) in the range 151.0 to 1555 MeV, corresponding to ~ 4 robs' 

In 2-,KoTi + 'iTo events containing two 2:':' (1530), only the ;2':< nearer 
':< 

1530 MeV was analyzed. In order to avoid possible K interfe}:ence 

'-f ' ' .... -< Y.,r t "(,::,, t.:::: ':') ~ 0 (\vn' e '" e '.~. I' S 'l.' 'ne dl'-erecLs In Hl.').:rr even s, we requIred. ':::"':..:,. '" "- = _ 

rection of the A in the rest frame, and is the direction of 

trans:fol"Dl.ation into that frame), All events in the K':'(890) band were 
* 103 

thus rernoved without distorting the S decay distribution. In the 

2-1<°"'''';1° sample, which is the only :SK'iT'iT final state where 

tc rie rence can occur, there were no events having both a ::=: 
':< 

inte :;:{e ring K . 

,-. ,,' 

K In-

and an 

The remaining events were divided into four subsarnples 
,~ T'O + ? ~,-, -I- 0 ...-; ° -I- - • 6 >--< (159 >-< K 'iT , .)9 ~ K 'iT , 53;::.,.. K 'iT , and 9 .::-Km-;). Each subsamplc 

was fit independently to various :s':' spin and parity hypotheses J
P

, 
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with spin 1/2 assumed for the S, and with Cl 

were perforrned with the assumptions of L 
max 

::: Cl ::: - 0.4. Fits 
t;:;.'O 
0-< 

::: 1. (one parameter p,er 

samDle) ,and L ::: 3 (seven parameters per sample). The choice 
~ max 

y ::: ± i is appropriate for the sequence JP::: 1/2+, 3/2±, 5/2+, etc. 
() 

w ::: £'n.:/\ are pres ented in Fig. VI - 9 and Villues of the '- ane1 or 
l.. M .J..l 

L 1 

defining the t LM are Z::: K X 2: ':' ~'{e's US ed in Table VI- V. 
A A A 

and X::: YX. Z 0 

Fits with L
milx

::: 1.,3, and 5 (1.,7, and 1. 7 parameters respectively) 

were performed for the combined sample of 347 events; the results of 

these fits are presented in Table VI- VI. Due to the large nnmbe1" of 

parameters, fits with L ::: 5 
max 

were not pos sible for the smaller 

subsamples. 

We may draw the follOWing conclusions regarding the spin and 
~,:< 

parity of ~ (1.530): 

(a) Spin :;:::. 3/2 1S favored by the data. (Refer to Fig. VI- 9.) 

3/2+) n jJ.. d As L is increased from 1. to 3 (for JP::: 
max 7 

,.<.n r-\ 1S 1ncrease 

by 19.2, corresponding to' a X ~ of 38 .• 4 

J ::: 1/2 (i. eo, L ::: 1) hypothesis is 
max 

J ::: 3/2 (i. e., L ::: 3) hypot'Qesis. 
rnax 

for 24 degrees of freedom. The 

roughly 3.5% as liJ:zely as the 

(b) The hypothesis JP::: 3/2+ is 

~ (2 X 3.8)1/2 ::: 2.8 standard deviations. 

favored over 3/2- by 

(Refer to Table VI-V. ) 

(c) Spin :;:::. 5/2 is slightly favored but not required by the data. 

(Refer to Table VI-VI.) As L is increased from 3 to 5 (for 
P ..L jl max 2 

J ::: 5/2'), £n,;/\ is increased by 8.3, corresponding to a X of 1.6.6 
\ 

for 10 degrees of freedom. The J::: 3/2 (i. e., L ::: 3) hypothesis 
max 

is roughly 8% as likely as the J::: 5/2 (i. e., L ::: 5) hypothesis. Dl.aX 
l If the 2'\:1.530) spin is 5/2, the hypothesis JP::: 5/2+ is favored over 

5/2- by ;::::; 2.4 standard deviations. ] 
>1< . 

For the 251 :s . from. 2:KTr final states, which have not been analyzed 

previously, the J::: 1/2 hypothesis is roughly 3 or 4% as likely 

(X ~8C ::: 3008) as the J::: 3/2 hypothesis. The hypothesis JP::: 3/2+ 1S 

favored over 3/2- by ;::::; 2.1 standard deviations. We cornpare these new 

results with those reported in recent experiments: 



5 

3/2+ 5/2-

Lmax = 1 

Y=+I 

-
1/2+ 
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312-
Lmax = 1 

Y=-I 

b. £n:t: 
= 19.2 

5/2+ 

Fig. VI- 9 

TJ: 
(d) =3.8 

~ 
(d) 

(c) 

(b) (b) 

(0 ) 

(0) 

24 

20 

15 

10 II 

~ 

5 

0 
3/2+ 5/2- 3/2- 5/2+ 
Lmax=3 Lmax=3 
Y=+I Y=-I 

MU B -13655 
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Table VI-V .. ,yalues of w == ~n;,( and tLM (X100) 
for :S"'( 1530) subsamples (a) -(d). 

Sample 

Total, 

~~ (b) __ ~L_ ( d) La) -( d) 

JP ;S-K01T + :S-K\ro :soK+lT- :SK lTlT 
--~ ---- ---- ---- ---

N{:S':') 159 39 53 96 347 

1/2 
-

i n,'7i', 0,00 1.43 1.86 0.68 3.97 

t
10 o ± 20 -67 ± 36 64 ± 31 -31 ± 26 

1/2+ in{ 0.18 0.00 0.02 0.95 1.15 

t
10 12 ± 20 -2 ± 38 6 ± 30 36 ± 26 

3/2+ in,:( 10.88 1.55 5.15 4.91 22.49 

t
10 8 ± 24 -91 ± 5 7 67 ±41 -43 ± 34 

t
20 25 ± 8 -5 ± 16 1± 14 7±9 

Ret
22 

1±5 -9 ± 11 -1 ± 10 4±7 

Imt22 13 ±5 3 ± 15 11±9 6±8 

t30 14 ± 17 -24 ± 34 75 ± 31 29 ± 18 

Ret
32 

24 ± 12 -10±27 25 ± 22 -14 ± 16 

Imt
32 -10 ± 11 -4 ± 31 17 ± 20 28 ± 16 

3/2 
- inv{" 10.35 2.33 2.70 3.31 18.69 

t
10 

18 ± 24 46 ±54 -28±39 46 ± 33 

t
20 

-25 ± 8 -4 ± 17 3 ± 15 7±9 

Ret
22 

3±5 -6 ± 11 5 ± 11 5±7 

Imt22 11 ± 5 2 ± 15 8±9 6±8 

t30 -28 ± 17 -33±37 -2 ± 34 -18 ± 19 

Ret
32 

-8 ± 11 8 ± 26 28 ± 24 10 ± 16 

Imt
32 

-10 ± 11 56 ± 28 46 ± 25 -16±16 
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Table VI-VI. Values of w = £n:{ and tLM (X100) 
for combined S~« 1530) sample. 

P /+/-/+ J = 1 2 ,3 2 ,5 2 (y = -1) 

L = 1 L =3 L =5 max max max L = 1 L =3 L =5 max max max 

£nc{(J = 1/2) 0.07a 
0.67a 

£no( (J = 3/2) 0.24 7.78a 
0.65 6.86

a 

l'naC (J =5/2) 0.32 8.27 12.83a 
0.61 7.28 15.63

a 

t
10 -5 ± 14 -13 ± 17 -12±17 15 ± 13 19 ± 17 17 ± 17 

t
20 -10 ± 5 -11 ± 5 -11 ± 5 -9 ± 5 

Ret
22 3±3 4 ±4 3±3 3±4 

Im
22 9±4 8±3 9 ±4 9±3 

t30 20 ± 11 35 ± 16 -19 ± 11 -32±16 

Ret
32 

12 ± 8 15 ± 12 2±8 -5 ± 12 

Imt
32 

5±8 10 ± 11 -2 ± 8 -2 ± 11 

t
40 

3±6 2±6 

Ret
42 

-7 ±4 -7 ±4 

Imt
42 

1±4 1±4 

Ret44 
7±4 6±4 

Imt
44 

2±4 1±4 

\0 
2 ± 10 -6 ± 10 

Ret
52 

5±8 -2 ± 7 

Imt
52 3±6 -19 ± 6 

Ret54 -9 ± 7 0±7 

Imt
54 1±7 -9 ± 7 

aValue of l'nc{ corresponding to tLM listed. 
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U · 77 >-< ,;, d d' ,....,- K+ + - d >-< 0 '.;-0 + - f 1 sl.ng H pro uce In H ;. 'iT 'iT an' H h 'iT 'iT ina 
- " 13 

states by K + P at 2.45- 2. 7 Be V / c (Berkeley K-63 data), Button-Shafe r 
2 

finds J;:. 3/2 (for the J == 1/2 hypothesis, X 48C == 449); J == 5/2 is not 

required by the data. The 3/2+ and 3/2- hypotheses have confidence 

levels of 0.75 (X ~C = 5.0) and 0.005 (X ~C = 21. 5), respectively. 104 

(If, J == 5/2, the hypothesis JP == 5/2- is preferred over 5/2+.) 
.... . ,-" >;::0 . ~ - 0 + . ~-

USll1.g 80:4 produced l.n ~ K 'iT fInal states oy K + p at 

1.8 and 1.95 BeV/c (UCLA), Schlein et a1. 76 find J ;:. 3/2 (for the 

J == 1/2 hypothesis, X ~4C.= 47); J == 5/2 is not required by the data. 

The 3/2+ and 3/2 - hypothes es have confidence levels of 0.83 

(X!C = 1.5) and 0.035 (X!C == 10.3), respectively. 104 (If J = 5/2, the 
p / - + hypothesis J = 5 2 is preferred over 5/2 .) 

,', 
Using 132 2:' produced in :SK'iT final states by K- + P at 

2.24 BeV/c(Brookhaven), London et a1. 63 find that the J == 1/2 hypo­

thesis is discriminated against with a confidence level of ;:;; 10/0. They 

did not investigate parity. 

Using 108 2;';' produced in :SKIT final states by K + p at 

1.5 to :1.7 BeV/c (Berkeley K-72 data), Berge et al. 7 find very slight 

evidence favoring J;:' 3/2 (c. 1. of J == 1/2 hypothesis;:;; 12%), but re-

suIts are inconclusive. 

Experimental results to date are consistent with the assignment 
':' + ':' 

of the S (1530) to an SU(3) 3/2 decuplet containing N (1238), 

Y;:'(1385), ;2';'(1530), and Q,(1675). At present, however, the possibility 
1 ~ 

of higher spin for ;;::(' (1530) cannot be excluded. 
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,', 
VII. PROPERTIES OF :s' (1817) 

The existence of :::;'\1817 MeV) has been established in a number 
ii,12,14-16 1 

6f recent experiments. The state is most cearly seen as 
° + ° - - 0' AK and AR in the reactions K + P -"., A + K' + K' ; thes e ob-

s e l"Vations are sufficient to establish the S:.: - 2, I:.: 1/2 as signment. 
-'. 

Estimates of the ;::(" mass and width, as obtained from AK l"nass distri-
14 

butions, are m:.: 1817 ± 7 MeV, r:.: 30 ± 7 MeV (Berkeley), and 
15 

m:.: 1814 ± 4 MeV, r :.: 12 ± 4 MeV (Paris-Saclay-Amsterdarn). 

* * The :;: (1817) is also observed as :s (1530) + TI and SiTTI, in 
_ -- 14 

SKTITI final states; the intensity of this effect is ~ 25% that 0:1: AI\.. 
);< # 

Observed branching ratios in the production and decay of ~ (1817) 

confirrn the isospin assignment of 1/2. 

A broad enhancement in the region 1825 to 1950 MeV, which was 
~:< 

originally interpreted as an alternate decay mode of S (18n), \vas 
r--< d f >-' .c 1 11,12" reported in ,:::rr mass istributions rom .:::.Kn .Lina states; ,tne 

apparent broadening and upward shift of the peak was not understood. 

Later the Paris -Sac1ay-Amsterdam group reported the existence of a 

possible new :::;';< resonance (in A-Kon+ final states) having mass 

m:.: '1933 ± 16 MeV and width r:.: 140 ± 35 MeV. 15 A rough fit to the 

:::: 'iT m.as s distributions in the Berkeley data indicates that the broad en­

hancement around 1900 Me V in the 2:n distributions may be entirely 

* 1d 
due to ~;;:: (1933), attenuated by phase space. ., 

Finally, there is evidence in K-63 data for an S :.: - 2, I:.: 1/2 

enhancement around 1705 Me V in ;S- nO and AKO' - mas s distributions 

.c "''''-K' + ° .Lrom.:::. ' 'iT d 1\1 I/' f' 1 12, 14 A .-an J.l. :<:.. ,,,- ·lna. states. . t present the data are too 

limited for conclusions to be drawn regarding the spin. and parity of 

:s ,;, ( 1 7 0 5) . 
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"'e ~'; 

A. Analysis of ;:(' (:1.S17) ->- ~~ "(1530) + 11 

", 
In this section we investigate the spin and parity of :::(' (1.817), 

'1 1 f >-<Oy·o t - h h d' - , 1 USIng a c eaner samp e 0 H K 11 11 events t an t at stu led prevlous y, 

and utilizi.ng two spin tests proposed by Button-Shafer. 22 (One of these 

has been previously applied.) 11 The scarcity of data prevents the use 

of more elaborate tests. 

In Fig. VII-1 we pres ent a plot of A1I mas s squared vs .-r 
~ iT 17 

luass squared for 1642:K1I1I events from the K-63 experiment. Six 

events are at 2.1 Be V / c, and the remainde r are from 2.45 to 2.7 Be V / c. 
-.-. , -. ~- . + + - r-,Q - 0 + -' . L-'lottca are 13:> unambIguous events (78 A K 11 11 , 20·A K 11 11 , and 

?7'--<-KO + 0 ) 'h "bl·l bd d 1 29>-'-T/,0+0 . '-
..J A . 11 11 Wlt VIS~ e am a ecay, p us H L'>. 11 'iT evenl.S 

without visible lambda decay. Only the 135 unambiguous events are 
", 

further analyzed. Events designated ::('(1817) have :2:1111 effective masses 

be'.;ween 1775 and 1850 MeV, corresponding to an interval of ~ 2 X robs 
,', 

Events designated :S' ('1530) have at least one 2:11 pair with lz = ± 1/2 

and L :1.510 MeV ::Sm(:::(1I) ::S 1550 MeV}; events designated K':' have at 

least Ol1e K,T pair with I ::: ± 1/2 and [840 MeV ::s m(KiI) ::; 940 MeV]. 
z . ~ ~ 

Of the events designated as both ::( (1817) and ::("(1530), about half are 

due to non-resonant background. 

Using the extended Byers -Fenster formalism for hyperon decay 

into a spin-3/2 fermion plus a spin-zero boson (see Sec. Il.A.4.b and 
,'. 

Ref. 22), and assuming the :::;""(1530) to have spin 3/2, we examine the 

spin and parity [relative to 2:':'(1530)] of ::::;':'(1.817) decaying via :;;:;':'(1.817) 
>,'~ 

-,.. ;s (1530) + 11. The sample analyzed contains 41 uncl1ubiguous ?~K1I1I 

- + + - . - 0 + 0 ,,-,0 0 + - ", events (Z3 A K 11 'IT , 13:s. K 'iT 11 , and 5 ,:::.. K Ii 11 ) havmg ootn a 
;;:~ >;.: 

2: (1817) and a A (1530). Of the '13 events, 6 contain a 
,:,0 

:;;:; (1530) and 7 contain a ~':<-
H (1530); none contains both. 

Let us designate as liZ and 'iT 1 the pions included and not J.n­
;;:< 

eluded, respectively, in the 2: (1530); i. e. , 

,'. 
K + P -,. ~ ',' ( 1 8 17) + K 

L"A':'(1530) 

1- (VII-1.) 



25 
20 

15 
N

IO 

5 
o 

, " 

~ 0: 
, ., 

""·0 " ".' .. ' . : 
: •• 0 •••• 

' .. ., . 
'. • 0 

-119-

. , 

." .: ' •• ,;:,::.;: :.::.:::' .:': • '. 0""" ' 
'. '0 ". I. '00,,,,,\0:,'.1, ;,1,... 1.,. " ,', '0 : 

, , .. 

(1.817) 2 

I 1 I 

.0 3.5 
a 7r7r mass squared 
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I ' >-<-Ko + 0 f" 1 L ,- "th K- K'IT f 1";< ntne H 'IT TI Ina sca~e, el er "lor 2 may.orma '-, 
" .-<- + + - d HO 0 + - j" • --whe reas In the ::' .... K TI IT an H I~ TI TI nnal states, only l~TI A may 

1 

From the 41-event sample, in order to avoid interference effects 

between ~';'( 181.7) and K';'(890), we removed 21. events having m(KTI /,) 
.L 

o /; V ' 20 "" " 1 d /, 5 ~ - K+ + - 4'-< - K O + 0 > u:tO Me . Tne events remaInIng Inc u e 1 H TI IT, H .. 'IT TI , 

and 1 ~oKoTI+'IT-. None of the 4 ~-K°'IT+'IT° t ""' K 
.-, r' even s rernalnlng nas a "2 

effective mass in the region. 

In order that the angular distributions of interest be undistorted 
-', 

by the removal of K" events, we as signed double weight to certain 

non-K';' events, selected as follows. For an event of type (VII-i), the 
", ',' 

K cutoff cr~t~,rion m(~:)) > 840 MeV may be re-expressed as a cutoff 

in cos CL == A (1530) . ~S (1817), where the cutoff point in cos CL depends 

upon the c. m. energy of the K-p system and upon the effective -masses 

m (2:11 1 70 Z) and m(SIT Z) for the particular event. The curves plotted in 

the left half of Fig. VII-2 represent, as a function of c. m. energy, the 

value of cos CL corresponding to m(K"l) = 840 MeV for events having 

both a :2'\181.7) and a 2';'(1530). In the right half of Fig. VII-Z the 

sam.e curves appear, reflected about the line cos CL = O. For each event 

we irnagine a single curve (and its l"eflection) corresponding to the 

particular values of m(2:'IT
1

11Z) and m(~IT2) for that event. Each K 
):' 

event falls to the left of the left- hand curve and is dis carded; in orde r 

to correct for the events lost, each event falling to the right of the re­

fleeted curve (on the right-hand side) is assigned double weight in the 

analysis to follow. In effect, SOlTIe events having cos CL < 0 are replaced 

by other events having cos CL > O. The relTIoval-and-replacement pro­

cedure does not systematically bias either of the two experimental distri-

butions of interest in the following analysis. 

In Fig. VII- 3 (a) we plot the distribution of 
A .. '< A A .. I.. ,'" I cos 0 I == I ::(' (1.530) . ~ I, where ;;-~ = KX A"'(1817) IS the ;S '"(1.81.7) 

production normal. As sum.ing 1(0) to be of the form 1. + a 2 P Z (cos 0), we 

calculate the coefficient a Z as 

5 
= 5 (P 2>'- I 

N 

N 
\-' 

I 

G 
i= 1 

(VU-Z) 
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(e o)S- K+""+""­

(. 6.) S - K07T+ 7TO 

(.. D) S ° KO .".+ 7T-

(23 events) 

(13events) 
( 5 events) 

21 K* events ( ••• ), removed 8 Doubly we·lghted events ( • .toll). 

2.52 

2.50 A • 
III 

e • 
1-2.48 

• • .11 • • 
2.46 • 
2.44 

e 

• 
2.42 

0 
0 

• 0 

2.40 
0 

6. 

2.38 12 Singly weighted events (06. D) 

-1.0 -0.5 " 0.0 /I 0.5 1.0 
f-I * f-I * Cos a = ~ (1530)· ~ ( 1817) 

M U B ·13878 

Fig. VII-2 
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o 21 K * events (removed) 
16 La 12 Singly weighted events 

14 
[SIs Doubly weighted events (plotted twice) 

12 (0 ) 

10 

N 8 3/2~5/2~ 
etc. 

6 3/2-,5/2: 
etc. 

4 
+ -1/2 ,1/2'" 

2 

0.5 1.0 o 0.5 1.0 

leos e 1=la*( 1530)· ~ I leos \jI1=la. g*(1530) I 

M U B :13879 

Fi g. VII-3 
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with an experimental error 

(VII- 3) 

I 

Here N ( = ZO) is the actual number of events, and N (= Z8) is the 
,', 

number with doubly weighted events counted twice. For the non-K' 

events of Fig. VII-3 we obtain a Z = 0.6 ±0.5, consistent with isotr'opy 

and with the J = 1/Z assignment. We cannot rule out higher spin 
>:( 

hypotheses. Background events lying outside the :s (1817) region 
,', 

(1775 to 1850 MeV), but otherwise selected just as the :S'(1817) events, 

also yield an 1(8) distribution consistent with isotropy. 

In Fig. VII- 3 (b) we plot the distribution of 

I cos ljJ I :=; I§:· §:':'(1530) I ' i. e. , the decay angle of ;S':'(1530) relative 

to its line of flight. The expected distribution is of the form. 

~(ljJ) cc 1 + a Z P z (cos ljJ) for any value of the :s':'(1817) spin J. For 

~ . * * a pure sample of E:. "(1817) decaying via A (1817) -+o;S (1530) + 'fT, pre-
105 

dicted values of the coefficient a 2 are as follows (see Sec. II.A.4.b): 

JP Partial wave 1. a Z. predicted 

1/Z+ 1 } 1.0 
1/Z- Z 

3/Z- O,Z 'I 5/Z+ 1, 3 

J 
~ -0',5 to +0.5 

7/2- Z,4 

etc. etc. 

3/Z+, 1,3 I 
5/Z- 27 4 

f 
~ - 0.9 to -0.5 

7/Z+ 3,5 
I 

etc. etc. .I 

The observed value is 1.4 ± 0.5, which favors the hypothes es 
P ± P - 5/Z+, 7/Z-, etc. P + - /-j-J = l/Z and J = 3/Z , over J = 3/2 , 5/Z , 7 Z , etc. 
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Th 1 h 1/Z - 1/Z+, and 3/Z- dIn e l.ypot eses, correspon respective y to ... .x- = 0, 1, 
-,-

and 2 for ::("(1817) - A + K and (if higher waves are ignored) to 
):( >:~ 

1. =2,1, and o for 2: (1817) ........ 2: (1530)+TI. 
,', 

Background events outside the ~'(1817) region yield a value 

a = 0.2 ± 0;4, indicating that the observed anisotropy may indeed be 
Z ':' ':' 

associated with ~ (1817). However, because the ~ (1817) sample 

contains 2: 50% background, we cannot ignore the possibility that the 
,', 

anisotropy may be due to ~'(1817) interference with non-resonant back-. . 
ground. In conclusion, our analysis does not permit us to rule out con-

P >'0:: 

clusively any J hypothesis for :s' (1817). 

B. Dis cus sion 

,', 
There is no evidence for a 2:' resonance near 1600 Me V, which 

has been suggested as the missing member of a 3/Z- unitary octet con-
>'0:: -' ,Ie ,'e 

taining N;/2(1518), Y~(1520), and Y;(1660). However, if a pheno~enon 

analogous to w-¢ mixing in the pseudoscalar octet occurs, the :::: (1817) 

could be incorporated in the SU(3) symmetry scheme as a member of a 

3/2- nonet. 

In another approach, Corben has recently devised a symmetry 

s cheIne bas ed on the relativistic quantum theory of the symmetric top, 

in which the simplest choices of certain quantum numbers lead to a cor­

rect description of J, I, I ,S, andP (or G) for every known strongly 
.. b Z 106 I h' h >-<':'(1817) , 1nteractlng meson or aryon state. n t 1S sc eme, :::... 1S 

", 
tentatively assigned [along with Y~(1765)] to a multiplet having 

JP = 5/2- . 
:>'< :>IC 

Our results from the analysis of 2:' (18-17) - :s' ('1530) + TI are 

consistent with those obtained in previous investigations. In an earlier 

analysis 11 of essentially the same data, the distribution appearing in 

Fig. Vn-3(a) was fOUlid to be consistent with isotropy. In the same 
, .. >:< ':< 

analysis, the observed branching ratios of 2: (1817) into A (1530) + TI, 

A + K, and E: + TI were cited as evidence pos sibly favoring the 
P ~ ~ 

J = 3/2 and 5/Z' hypotheses. (More recent information regarding 

branching ratios renders the same test somewhat less conclusive than 

it was considered earlier. ) 
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In Ref., 1Z Button-Shafer performed a Byers -Fenster moment 
).( -

analysis of A (1817) (in K-63 f:,.. KK final states) decaying into f:,.. + R. 
l We disregard a 

believed that the 
. ,;, 14 
to :::: (19 33) .. ] 

~:~ 

similar analysis of A (1817) -I>- A + TI, as it is now 

STI enhancement near 1817 MeVmaybe entirely due 
>:' -

The analysis of :s (1817) in f:,..KK final states is 

conlplicated by the presence of interfering ¢ (10Z0) and (in f:,..KoKo 

final states) by the impossibility of distinguishing KO from KO. After 

removal of events in the ¢ (10Z0) region, 71 events in the region 

l1775 Me V ~ m(AR) ~ 1850 MeV ] were found to require spin > 1/Z, 

with the hypothesis JP = 3/Z- slightly preferred over 3/Z+. However, 

strong conclusions could not be drawn; i. e. "background events outside. 
}:< 

the :::: (18Z0) region also require a 'spin' greater than 1/Z, but perhaps 

not so firmly as do the resonant events, " and "the evidence (for 

JP = 3/Z- over 3/Z+) is exceedingly weak because of large background 
* 1Z in the ~ (18Z0) decay channels. " 

We have attempted a maximum-likelihood analysis of a somewhat 

larger f:,..KK data sample than that analyzed earlier. Here we removed 
, ,.. ,.,.. >:< 

events containing ¢(10Z0) by requiring (f:,.. • :s (1817)) ~ 0, whereas in 

the previous analysis (due to statistical limitations) only events in a 

narrow ¢ band w:.re removed. For 59 e~ents in the region f 
l 1787 MeV ~m(f:,..K) ~ 1847 MeV] we obtam values of w =P.nu\= 0.00, 

1.01, 3.36, .and 3.66 for JP = 1/Z-, 1/Z+, 3/Z+, and 3/Z-, respectively. 

An increase of 3.0 is to be expected as J is increased from 1/Z to 3/Z, 

simply from the addition of six extra parameters, so that our analysis 

of :::(:'(1817) ->- f:,.. + K provides no spin or parity discrimination whatever. 

l Comparable results are obtained for background events outside the 
", 

:::: " (181 7) r e gi on. ] 

In contrast with the earlier analysis "requiring" spin > 1/2, the 
-', 

recent analysis indicates that the spin as well as the parity of :s" (1817) 

is still an open question •. L The recent analysis does not favor spin 1/Z; 

however, the way in which ¢(10Z0) were removed in the earlier analysls 
'Z 

could have produced anomalously high X values for the J = 1/Z hypoth-
>:< 

esis.] The :s (1817) will be studied further as more data become avail-

able. 
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APPENDICES 

A. Current Status of K-63 Data Analysis 

The K-63 data analyzed in this report are those which were 

available September 1965 on the following data-summary tapes: 

1.7 BeV/c: 814>:~14, 821>:'11, 831':'6 

2.1 BeV/c: 513>:'28, 525':~15 , 53 H'11, 544>:'4 

2.45 BeV/c: 114':'34, 125 ':~45, 132':'27 

2. 55'BeV /c: 415 ':'30, 423':'8 

2.6 BeV/c: 311 ':'61, 317':<12, 324':'39, 333 ':'28, 339>:'4, 344':<19, 

2.7 BeV/c: 214':'59, 232':'12, 234':'8, 253':'8 . 

351':,6 

Approximately 200 type -7 2 events were updated with additional ionization 

, f' 'd h I' d 107 I 1 ' f h lnormahon not contalne on t e tapes lste . n our ana YS1S 0 t e 
>:<:: :s (1530) e. m. mass difference, only ~ 70% of the events could be used, 

namely those available on master PANAL tapes as of September 1965. 

In Table A-I we tabulate events observed at each momentum 

(from first scan tallies) and events passing the selection criteria of 

Sec. IV. From these data one may estimate the total number of ~ 

events expected in the K-63 experiment. For example, type-40 events 

at 1. 7 Be V / c should yield approximately 

29 X 41 X ~?2 == 42 
34 134 

b ' '"'" ° KO ( "f V) h 11 unam 19UOUS::c. events by the cntena 0 Sec. I ,wen a events 

have been measured, and when all ::::.0, candidates have been processed 

in'TT-63 PACKAGE. Similarly, we have estimated the numbers of events 
>'< ,'0: 

expected to survive the additional selection criteria (K' and ::::' mass 

limits, etc.) of Secs. VI and VII. 

In Table A-II we estimate the total K-63 data available for the 
", 

analysis of E: decay parameters, :~(' (1530) e. m. mass difference, etc., 

~su~j22E that all selection criteria remain unchanged. Because few 

events have yet been ,measured more than once, we cannot estimate how 

many presently failing events will pass on subsequent measurements. 

Hence the estimates of total K-63 events in Table A-II are lower, limits, 

being bas cd on currently obs ervcd ratios of (pas sing events)/ (events 

measured). 
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Table A-I. Status of K-63 data analysis, September 1965. 

Events 
observed 

Events 
measured 

Events passing 
any hypothesis 

2: candidates 

2: candidates 
processed 

in IT-63 
PACKAGE 

Unambiguous 
events 

Momentulu 
(BeV/c) 

( 

1.7 

2.1
a 

2.45 

2.55 

2.6 

2.7 

Total 

( 

1.7 

2.1 

2.45 

2.55 

2.6 

2.7 

Total 

( 

1.7 

2.1 

2.45 

2.55 

2.6 

2.7 

Total 

( 

1.7 

2.1 

2.45 

2.55 

2.6 

2.7 

Total 

( 

1.7 

2.1 

2.45 

2.55 

2.6 

2.7 

Total 

( 
1.7 

2.1 

2.45 

2.55 

2.6 

2.7 

Total 

72 

555 

769 

291 

486 

834 

479 

3414 

478 

789 

267 

463 

731 

403 

3131 

403 

696 

203 

327 

588 

259 

2476 

387 

634 

186 

293 

504 

216 

2220 

354 

578 

157 

253 

409 

172 

1923 

74 

15 

15 

35 

70 

40 

177 

17 

15 

31 

55 

28 

147 

o 
4 

17 

38 

11 

78 

o 
4 

17 

38 

11 

78 

4 

15 

35 

11 

72 

Event type 

12 

37 

135 

40 

50 

104 

31 

397 

13 

119 

38 

48 

101 

29 

348 

94 

34 

32 

83 

28 

280 

94 

34 

32 

83 

28 

280 

9 

89 

32 

31 

73 

26 

260 

32 

17400 

28300 

8900 

17400 

29900 

15500 

117400 

12800 

17600 

8300 

10000 

26700 

14 000 

89400 

8600 

13 800 

7400 

6800 

19900 

11700 

68200 

29 

197 

87 

143 

348 

199 

1003 

22 

128 

86 

49 

254 

188 

727 

17 

94 

56 

25 

112 

78 

382 

40 

159 

315 

163· 

299 

500 

416 

1852 

134 

311 

137 

287 

451 

365 

1685 

65 

193 

81 

185 

312 

227 

1063 

41 

38 

10 

34 

36 

44 

203 

34 

37 

10 

26 

27 

40 

174 

29 

27 

11 

10 

88 

asome events measured at 2.1 BeV/c do not appear on first scan tally, 

42 

23 

41 

40 

79 

121 

132 

436 

17 

44 

31 

69 

96 

96 

353 

o 
o 
6 

12 

23 

21 

62 

o 
o 
5 

9 

13 

12 

39 

13 

11 

37 

o 
o 

8 

4 

20 
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Table A-IL Percentage of K -63 data analyzed. 

2: spin and 
decay paraITleters 

2:0 decay paraITleters 

2:':'( 1530) spin and 
parity 

2:':'( 1530) e. ITl. b 
ITlass difference 

.', 
2:"'( 1817) spin and 

parity (£rOITl 2:KmT 
final state s) 

{ 

3 -body 

4-body 

Total 

{

2:':'0 

S:{~-

Total 

Total 
K-63 events

a 

( estiITlate) 

2800 

850 

330 

120 

450 

540 

700 

1240 

24 

Events 
analyzed 

2529 

490 

251 

9b 

347 

345 

355 

700 

20 

ApproxiITlate 
percentage 

of K-63 data 
analyzed 

90 

60 

75 

85 

80 

65 

50 

55 

85 

a Data £rOITl 1.7 to 2.7 BeV/c, excluding 2.0 BeV/c, D?.' and lead plate 
filITl. BeaITl ITlOITlentUITl and fiducial voluITle criteria-have not been 
iITlposed. EstiITlates in coluITln 1 are lower liITlits, being based on 
currently observed ratios of (passing events)/(events ITleasured). 

bOnly ~500/0 of the events listed are in the 2;'\ 1530) resonant peak. 
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B. Scanning Biases and.. Other Systematic Errors 

In this appendix we consider possible systematic errors due to 

the following effects: 

(i) (~ only) los s of events having 7T track (from A decay) 

nearly collinear with :::: track; 

(ii) los s of events having short :s or h track; 

(iii}escape from chamber, prior to decay, of E: or h; 

(iv) precession of 2: and h polarization in magnetic field. 

Our discussion centers on K-63 data. The same considerations apply 

to K-72 data, although quantitative estimates of effects such as scan­

ning biases and escape losses are somewhat different. The most signifi­

cant effect is found to be (i); observed distortions in the ~ decay 

distribution are consistent with thos e expected from such an effect alone. 

We find (in Sec. 2 of this appendix) that weighting of 2: events with an 

empirical factor corrects the observed distortions without altering our 

conclusions regarding :::: spin and decay parameters. 

In the following dis cus sion we refer to two new coordinate systems I 

(x, y I z.) and (x' ,y I , z' ), having their z (z' ) axes oriented along pilab
) 

and pJlab), the lab directions of the incident K- and ~ respectively 

(s ee Fig. B-1). We define y" = p~lab) X ; ch and -y' = p~lab) X ~ ch' 

where ~ ch is the bubble chamber z-axis (es s entially the optic axis and 

the direction of the magnetic field). 108 Directions of particles with respect 

to (x,y,z) and (x' ,y' ,z') are specified by angles (e,q,) and(OI ,q,I) re-

s pecti vely, as illustrated for p,;lab} and pJlab), the lab directions of ...,. 
the :s and decay pion. Incident beam tracks are nearly horizontal in 

the bubble chamber (i. e., x ~ Z ), so we may regard ljJ(lab) and ljJl (lab) 
ch 

(projected angles in the y-z plane) as the projected angles (relative to 
A (lab) d" (lab) .) P

K 
an PE: ,respechvely seen by the scanner. 

1. Caus es of Systematic Errors 

a. Small-angle 2: dec~ In Figs. B~2 and B-3 we present, for the 

2529 K-63 E:" events listed in Table V -I, scatter plots and projections 

of q,,;:;,(c. m. ) vs cos eJc. m. }, angles describing :s production in the 
>-\ ....... 
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"I "I "Zl X = Y X 

cl 

" ~- H 

" Z 

II"" " I X=Yxz 

" I ~ zch 

CPa (lab) I ~ - A 

I 
I 
I 

1~=====~~~f7r/ 
F ,,(lab) 
A 
z = P 

K 

-I A(lab}XZ"h y = p c 
a - A (lab) 1\ 

Y = P K x Zch . 

M U B :13880 

Fig. B-1 
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__ Pa(lOb): 1.0 BeV/c 
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Fig. B-3 
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,h~(~) -_ ('I'TII(;::) + TI) vs. c.m. frame, relative to axes (x,y,z); and 't'1.\.. 't' 

I (':::") I (';:;') 

cos 0 A>-<' = - cos 0TI >-< , angles describing E: decay in the ~ rest 

I I I (c m ) 
frame, relative to axes (x , y ,z ). The quantity cos 0 t;:::' • is equivalent 

...... 
" I ( .... ) 

('0 (~. K) as defined by Fig. II~ 1; however, cos eA'::'. is no! equivalent 

-). 

to (A. • :S), because in Fig. B-3 we have transformed p A. from the lrlb 

frame to the A rest frame via a single Lorentz transformation along 

pJlab) (rather than through the intermediate c. m. frame). 109,110 In 
>-< 

"r"" I (2:) I (lab), I "1'-1'" ... ' / ... ...' J' . 
l:'lg. B-3, <PA ::: <PA ; 1. e. <PA = tan \..(PA.· y ) (PA' x) is the 

same in the :s rest frame as in the lab frame. 

l 'h d' 'b' f j. (c. m. ), F' B 2 ' 't' h' t e Istn uhon 0 't";~< In Ig. - IS conslsten' WIt IS0 ropy. 
l--t. -+ "" .,... 

Hence, becaus e the :s can be polarized only along n::: (K X~) and be-
... 

cause n is uncorrelated with the bubble chamber z-axis, the distribution 

in Fig. B-3 should be isotropic if the ~ has spin 1/2 and if systematic 

bias es are abs ent. [Even if J .. ", > 1/2, th'e distribution must be even in 
H 

cos 

We have sketched on the s,catter plot (Fig. B-3), for 

pJlab) ::: 1.0 and 2.4 BeV/c, contours representing ljJl (lab) = 5°, where 
~ , TI 

ljJ~(lab) is the projected lab angle between the 2:- and decay pion at the 

'::- ,'111 , 1(2:)" ...... decay vertex. The curye In the cos 0 A proJechon represents 

the expected distribution of events, calculated under the as sumption 

that no events, having ljJ~ (lab) ~ 5° are detected. The observed. d.istri­

bution is consistent with assumed cutoff values [ljJ' (lab)] ::: 5°± 2°, 
1T , 

mIn 
corresponding to a 10 to 20% loss of events. 

b. Short :::: or A tracks. For' short::.:\- tracks we assume a detection 

efficiency of the form 

(B-1) 



-135-

where P.. • is an assumed projected length cutoff, of the order of 
mln 

1 c.m.; f. (~-)·is the mean projected 2:- path length, given by 
av 

-(lab) (- (lab) .")" p - p • x x 
~- .~-
...... >-< 

c T 1m 
~- ';1-
...... >-< 

(B- 2) 

Similarly, we assume (for :s events) a A detection efficiency of the 

form 

det. eff. (A) == exp[ -1. . I J... (A)], 
m.ln av 

(B- 3) 

and for events an (approximate) overall detection efficiency of the 

form 

d ff (-0 /\) == ex [_n . In (:SO+.L\.)), et. e • A, J.}.. P ~ '" mln avo 
(B-4) 

where 

p.. (:so +A) == 
av ~(lab) (- (lab) "~ ,,]. . / . p - p . x x CT 1m 

";:;' 0 ,,;;,0 ';:;' 0 ';:' 0 
~ It-{ II-t. t-ot 

(B··5a) 

~ i?(lab) _(-p(lab) . X)X C(T + 7/\) 1m . (B-5b) 
';:(0 ~o t;10 J.l. /J ~o 
t,.--o{ ~ II-{, , t--( 

(We find the approximation i?yab)/m/\ ~-t(lab)/m to be valid to 
1), 11. ~o ~o 

>-< >-< 

~ 50 in angle and ~ 10% in magnitude. ) 

In Figs. B-4 and B-5 we present observed distributions of 

parallel and transverse :s and A momentum components (relative to 
'" (lab) -the beam direction z. == P

K 
) for the 2529 K-63:S events of Table V-1. 

Distributions for :sO events are similar. From these data, assuming 

f. . == 1. em. we estimate the fractional los s of events as 
mIn 
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( 1 - det. ef£. > ~ 16% for ';::;" ...... 

~ 10% for A ,-
events, and 1n H 

~ 5% for 2:0 events . 
These estim.ates exceed actual fractional losses, as the scanning de­

tection efficiency for short:::; and A (in K-63 :s events) is ~ 100% 
.....,.- 1\ 112 ...... 

for;..:.. and H at least as short as 1 c.m. In K-72 H data (where 

we expcctJ?:igher loss rates than in K-·63 data), the actual loss rates 

for short:S and A (in:S events) are about 6% and 2%, respectively. 
7 

Becaus e backward-produced :s (and A from them) have small 

lab ~omenta, we expect a preferential depletion of events having 

(2:' 1<:) ~ - 1. This effect in its elf cannot bias the :s decay distribution. 

Howcvcl', we also expect a preferential depletion of events having small 

values of cos e ~('2.) ~ (il.. K) 

and that yl.:S) = El.::::) /mA ~ 1 , 

where (>-(lab) 
'l,,;::: 

I-< 

" (lab) 
P,,;::: 

>-< 

y~lab) ) = 1 
>-< 

110 -+ (lab)/ ~ -(lab)/ 
Noting that p A rnA ,..., P:::: m:::; 

we see that 

(B-6a) 

(B-6b) 

(B-6c) 

1 (p(S) = 
rnA A 

E l.::!)) (with 'l == i3y) refer to the ~ in the lab frame and to 

the A in the :s rest frame, respectively. Hence 

det. eff. (A) ~ expl-tmirAilab) CT A J (if A dip angle is ignored) 

(B-7a) 



-139-

J. 
min I i3 (2:) 

e I (:=::) 
1 

i I i -
n i (B-7b) :::: - (lab)-- i3~~ab) 

cos n ! 'ris CTn \ , 
J \... 0-< 

Assuming J. . = i em, we crudely estimate (for K-63 S events) 
mln 

0.125 It';;:;'} 
<det. eff. (A}) :::::l1- 0.10 (1 - cose ...... 

0.8 A 

:::: 0.90 + 0.015 , 
I (t-') 

cos e H n 

(B- 8a) 

(B- 8b) 

The expected asymmetry, <cose~(:S-}) :::::l0.017, is to be compared with 

0.011, the statistical error for 2529 events. 

c. ~_~_<:~E~ lo_~~. In Fig. B-6 we illustrate the position in the bubble 

chamber of the production vertex of the 2529 K-63:S events appearing 

in Table V-I. Distributions for :::;-0 events are similar. Also illustrated 

are the approximate limits of volume visible in all three camera views, 

the position of rake 15 (the scan limit), and the position of a lead plate 

that limited the chamber for all of the 1. 7 Be V I c exposure and 37% of 
. 113 

the 2.1 Be V I c exposure.' (Visibility limits were estimated from 

blueprints and scan table measurements and then checked against distri­

butions of the n decay vertex of the same :s events; vees from n de­

cayare'observed, although sparsely, as far out as the stated boundaries.) 

Using the data of Fig. B-6 and the momentum distributions of 

Figs. B-4 and B-5, we have crudely estimated the fracti<?nal losses of 

:s and A through the walls of the chamber prior to decay; the results 

are presented in Table B-I. In the calculations, the ~ priori distribution 

of events (prior to escape losses) was assumed to be 

dN I 

d-- 0: exp[ -y hi I. ] , 
Ych c 

(B- 9) 

where f.. is a (momentum-dependent) effective decay length describing 

beam attenuation due to interaction and decay of the incident K-. 

Es cape los s es cause a preferential depletion of events having 
'" '" 

large values of (A' K) , an effect which biases the :s production distri-

bution. In the :=:: decay distribution, the estimated asymmetry in 
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Table B-I. Estimated 2: and A escape losses (percent). 

2: events 8:° events 

Wall of :s outside S inside 
chamber 2: unseen ~ seen Total chamber chamber Total 

----- -----

{ with lead Plate} 3.6 5.3 8.9 6.2 5.3 
Rear and 

no lead plate 1.0 3.5 4.5 2.9 4.0 
far right 

overall a 1.6 4.0 5.6 3.5 4.2 

Bottom 0.05 1.1 1.2 0.5 1.6 

Left 0.06 0.9 1.0 0.4 1.3 

Top 0.004 0.4 0.4 0.1 0.7 

Near right 0.004 0.4 0.4 0.1 0.7 

aApproximately 25% of 2: and 19% of 2:0 in our sample are from film exposed while lead 
plate was in place. 

11.5 

6.9 

7.7 

2.1 

1.7 

0.8 

0.8 
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cos 0 ~('2) ~ (A., I() resulting from the cos e ~'£!.) dependence of p f ab) 

( B1b'), ( OI(A) 0002( see Sec, ., 1S cos 1\ ~ -. to be compared with a 

statistical error ;:::; 0.011..) 10 

d. Precession of A and' A polarization. As a function of time t, 

the precession of the polarization vector P(t) of a particle in a magnetic 

field H is described by 

P'" (t) = d~~t) = ~t) X 15(t) (B-10) 

-)0 

(Here P is the polarization three-vector defined in the particle 1 s rest 

frame, and t is measured in the lab fraIne.) As dis cus s ed by 

Simmons, 114 the effective angular preces sion velocity ~(t) may be con­

sidered as consisting of two term.s: 

where 

t:;(t) 
-> -~ = W + W (t) 

Larmor Thomas 

-> e 
W 
Larmor 

= -fJ. J_ H J- 2m c 
p 

(B-1l) 

(B - 12) 

represents the Larmor precession of a particle at rest, and 

-)0 y- 1 !..)o-)o. 

wThomas (t) = -2 l v(t) X v (t)} , (B-13) 
v 

called the ThoIn.as preces sion, 1S a relativistic effect caus ed by the 

acceleration of the particle (if charged) in the magnetic field. Here 

fJ. = magnetic moment in units of the Bohr nuclear magneton 

e 11/2m c (e and m are the proton charge and mass), 
p p p p 

J = spin in units of 11, 

'I = (total lab energy/rest mass), and 
-)0 

v(t)=particle velocity in the lab frame, described by 

4-
v(t) = e ...... -+ 

-- v(t)X H, 
ymc 

where e and m are the (signed) charge and mass of the particle in 

question. I-Ience 
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"Zi(t) = C 1 H + C
2 

[H . ';;:(t)] .;;: (t) , 

. 11. 5 
where 

e 
r -f-L ~ ,'1-1. e 

C 1. = L 2T m c T y mc ] H 
P 

C ~ = - ( Y:i) ~ H. 
~ 'I me 

As suming for magnetic mOITlents the ITlas s -corrected 

(B - 1.4) 

(B-1.S) 

(B-1.6 ) 

1.1.6 
SU(3) values 

f-L = - 0.66, f-L = - 1.32, and f-L" = - 0.78, one obtains 
~- ~rO 1.).. 

where 

....... >-< 

for :s-: 

for ':;' 0 • 
>-' 

for 1';.; 

e . '1-1. 
C 1 =[0.66-0.71. -:y] mPc H 

p 
e 

C 2 = [0.71. Y~1] mPc H 
p 

e 
C = [1.32J -L H; C = 0 

1 ITl e 2 
p 

e 
C 1 = [0.78J _L- H; C = 0 

ITl c 2 
P 

e 
n 3 -1 -1 

--.J-:'_ H=9.S8X10 sec gauss X17.9kgauss m c 
p 

= 1.71X10 8 sec- 1 . 

(B-17) 

(B-18) 

(B-1.9) 

(B-20a) 

(B-20b) 

Precession angles prior to decay are sITlall (of the order of 10° or less), 

so to a' good approxiITlation we ITlay ignore the variation of ;(t) as a 

function of tiITle; during a tiITle interval dt = yd't (where 'I is proper 
->- . 
pet) changes byapproxiITlately 

'" ->-
where vet) and pet) are evaluated at t = 0, the instant of :s pro-

duction 01" decay, for :s and 1';., respectively. 



(i) Precession of 2:- and :sO polarization. At time t::: 0, 
A A _ _ A 

the ~ have direction v(O) ::: 2:, and polarization P(O)::: P,;:;, ::: P On 
~ >-< ........ 

along the pl'ociuetion normal fi:i (K X ::;;::). (As in Fig. JI~ 1., K, ~8 and 

;;. are defined'in the production c. m.; H is defined in the lab frame. ) 

ruter an interval dt::: ydT, the'S will have acquired a longitudinal 
/,15 

polarization component (relative to axes defined at production) J. 

given by 

. ->-
dPo--< . 

H 

A A "" .,.. .,.. .,.. ;.. '" 

::;: ::: Po [ c 1 (H X n' :S) + C 2 (H· ~) (2: Xn' S)] 

D 'c e~,~c. m. ) , (co m.) d 
::: ..l. 0 1 cos;::::: cos <PS 'I T , 

A '" 

and a component along 
./",-. 

(SXn) ::: (2)<n) given by 

(:3-22a) 

(B-22b) 

(B-22c) 

_>- ~ .,.. A;" A A A""" .,.., ..... 

dP:::::. CSXn) ::: Po [C
1 

(H X n) . (2:><n) + C 2 (H. 2:) (:=:><n) (2Xn)) 'Id~r 

(B-23a) 

(B-23b) 

(B-23c) 

where e~c. m.) and ¢~c. m.) define the direction of the :s in the pro-
>-< >-< 

duction c. m., as illustrated in Fig. B-1. As the production of events 

is uniform about the beam axis, the average preces sion angles 
-,. / ........ 

and (
dPSp'o (2 Xn) ;\ are zero. From observed 

d ' .... 'b'" f d e·S,c.m.) 'h 1 lS ~r1 U~lons 0 'I an";::' we estlmate terms ang es 
I>-< 

s , z 7.0° for >;:;' o. 
>-< , (B-24) 

for (B- 25) 

'/ 
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-";>0 '" 

The effect of pre.cession on measured values of P,;:;,' n is of the order 
>-< 

of 0.05% and 0.7% for:=:- and :=:0, respectively. 

(ii) Preces sion of fl., polarization. At t = 0, the instant of 

decay, the fl. have direction ;(0) = 'A. and polarization P(O) = 15 fl. 
~~ _~ A 

.specified by helicity components P fl. . fl., P fl. . x, and 

Pi\ y (~ and yare now defined as in Fig. II- '1). After a time interval 

dt = ydT, a fl. initially having a longitudinal polarization P fl. = P OA 
will have acquired transvers e polarization components given by 

(B - 26a) 

(B-26b) 

where (8 fl.' <Pfl.) , corresponding to (8, cp) of Fig. II-1 , describe the fl. 

direction in the :=: rest frame. (Terms proportional to C 2 vanish for 
A 

neutral particles.) Similarly, a fl. initially having polarization POx 

will have acquired a y-cOmponent given by 

(B-27a) 

P C [ . Ci ,h ,h(c.m.) 8" (c.m.)] , = 0 1 - Sln II fl. cos y fl. cos 'V2 - cos -fl. Sln CP:=: yai . 

(B- 27b) 

(Equations (B-26) and (B-27) with signs reversed represent the precession of 

x- and y-components onto the fl. -axis,' and of the y-component onto the 

x-axis.) Each of the above expressions averages to zero upon integration 

over <PJc. m.); were this not the case, the precession described by 
>-< 

Eqs. (B-26) and (B-27) could result in a biased determination of 0.,;:;, 
r-< 

and <1>,;:;, , respectively. Averaging each of the expressions 
>-< 

over the observed 'I and ,(8 fl.' <Pfl.) distributions, we estimate the rms 

angles as 
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(B - 28) 

(B- 2 9) 

(B - 30) 

In conclusion, the precession of the :s and A polarization has 

no effect on :s decay distributions, and a negligible effect on :s pro­

duction distributions. 

2. Empirical Scanning-Bias Correction 
" '" In Fig. B-7 we present observed distributions of (A K) and 

tA . 2:) for the 4080 :s - and :s 0 events listed in Table V -1. 117 . Thes e 

distributions should be is otropic if J ';:;' 
...... 

other systematic effects are absent. 

= 1/2 and if scanning biases and 

[Even if J,;:;, > 1/2, these distri-
>-< 

(A. K) and (A . 2:) . ] butions must be even in 

The observed anisotropy in:S ~vents is related to the anisotropy 

in cos 0 .L~CS) illustrated in Fig. B-3, and may be entirely attributed to 

the loss of small-angle TI- from:S decay. As would. be expected from 

this bias, the anisotropy is most evident in cOs () ~ (:S) , less so in 

( ~ ~7) '111 . (~A) db' >-<0 110 
1)..' .1>', stl ess so ln 1!...· H, an a sent ln H events. 

.... '" 
We have empirically corrected the (1':... K) anisotropy by 

weighting:S events with a factor 

[ 
2 -1 

w(z) = 1 - C(z-zO)] , (B-3i) 

'" A 

W her e z:= (A' K), z 0 = - O. 3 5 , an d C = O. 50 (1. 24) for K - 72 (K - 6 3 ) 

events. (If the other biases discussed in Sec. B.1 were significant, 
" "-

their effects would be most evident in the (A, K) distribution and would 

be indistinguishable from the small-angle TI effect.) After correction, 

the re sulting K-72 and K-63 distributions are consistent with is otropy. 

In Table B-II we present measured values of (1)-<,0 ...... , t
10 J) /P \ .,.I' H H . 

= P:s/ -J3: and X=6..Q,n ~ = .Q,n (/\ (J = 1;2) - f..nr.\ (J = 3/2) for the cor-

rected and uncorrected :s - events, binned in 12 subsamples as in 
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Table B-II. Effect of S scanning bias correction. Subsamples listed are defined in 
Table V -II. First and second entries for each subsample represent results 

Subsample N 

1 194 

2 470 

3 166 

4 272 

5 342 

6 179 

7 229 

154 

9 301 

10 367 

11 473 

12 284 

Average c 3277 

of analysis before and after correction, respectively. 

Average 
weight 

1.0 
1.025 

1.0 
1.023 

1.0 
1.025 

1.0 
1.058 

1.0 
1.049 

1.0 
1.060 

1.0 
1.073 

1.0 
1.042 

1.0 
1.068 

1.0 
1.065 

1.0 
1.069 

1.0 
1.041 

1.0 
1.051 

{
-OA67 
-00459 ± 0.166 

{
-0.317 
-0.315 ±0.120 

{
-0.514 ± 0 158 
-0.524 . 

{
-0.537 
-0.529 ± 0.156 

{
-OA28 
-00438 ± 0.136 

{
-0.182 
-0.168 ± 0.12'3 

{
-0.274 
-0.268 ± 0.148 

{
-OA23 
-0.369 ± 0.233 

{
-0.314 
-0.300 ± 0.162 

{
-0.563 
-0.562 ± 0.125 

{
-OA96 
-00481 ±0.116 

{
-0.375 
-0.339 ±0.137 

{
-OA02 
-0.394 ±0.042 

<li"" (deg~ 

-13 
-13 ±40 

-87 
-87 ±41 

15 ± 39 
15 

-1 
7 ±40 

-13 
-22 ± 46 

30 
34 ± 18 

-2 
-5 ± 23 

51 
-108 ± 149 

-27 
-27 ± 60 

12 
18 ± 30 

-123 
-138 ±57 

-19 ± 34 
-18 

1. 3 9 8 
0.1 ± . 

-0.256 
-0.256 ± 0.098 

-0.104 
-0.108 ± 0.072 

0.307 
0.308 ± 0.101 

0.153 
0.151 ± 0.080 

0.139 
0.141 ±0.076 

0.516 
0.526 ± 0.107 

0.310 
0.323 ± 0.106 

+0.041 0 121 
-0.051 ± . 

-0.069 
-0.081 ± 0.089 

-0.198 
-0.205 ± 0.072 

0.103 
0.089 ± 0.065 

-0.253 0091 
-0.250 ± 

0.027 
0.024 ± 0.025 

x ~ 6fnct b 

0.59 0 69 
0.58 ± . 

0.02 044 
0.02 ± . 

0.92 024 
.0.85 ± . 

-0 56 
-0:52 ± 0048 

0.01 050 
-0.04 ± . 

1.66 1 34 
1.68 ± . 

-0 34 
-0:17 ±0.92 

-0 02 
0:00 ± 0.11 

-0 24 
-0:28 ± 0.25 

-0 15 
-0:27 ± 0.74 

0.08 0 40 
0.00 ± . 

1.27 082 
1.28 ± . 

3.24 2 29 
3.13 ± . 

aSample #8 excluded from average. Solutions listed correspond to two different local maxima 
in f n <{ . 

b"Error" of X is given by <YX ~ (0.037N) 1/2 It lo I. (See Sec. V. A. 3.) 

c In calculati.?f of average value s of "S and <liS' subsamples are weighted by (6"S) -2, 
and (6 <liS) ,respectively. Totals rather than averages are calculated for X ~ 6fnc(. 
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Table V -II. Parameters were obtained from se:parate maximum-

likelihood fits (with L = 1) to the 1.2 subsamples; axes defining 
max 

.,... '" ,....."... -.....,....,... 
the tLM were Z = n, Y = K, and X = K Xn. Except for t 20 and 

.... '" 
Re t22 (in fits with L = 3), which are sensitive to the (fl... K) max 
anis otropy, all parameters are shifted, on the average, by amounts 

small compared with the statistical errors quoted in the body of this 

report. We conclude that the biases discussed in this appendix do not 

affect our conclusions regarding the 2: spin and decay parameters. 

The analysis of 2:':'(1530) and 2:':'(1817) is even less likely to be 

affected by the same biases. 

C. Checkerboard Theorem for N-Body Final States 

In this appendix we prove the generalization of Capps I 

Checkerboard Theorem stated in Sec. II.A.3. The proof is analogous 

to that of Ref. 2i (unpublished appendix) for two-body final states. We 
-> -)00 -~ 

shall refer to Fig. C-1, in which the c. m. momentum vectors A, B, J, 
-)a -> -)00 -;-

and C, and the axis z == A X J are illustrated. 

Becaus e A and Bare unpolarized and becaus e we average. 

over final spin states of C, D,. etc., any expectation value tLM (before 

reflection) may be regarded as a function depending only upon the C, m. 
-> -> -+ -)00-

momenta A, J, C, D, etc., i. e. , 

~ -:>0 -»0- -)-

tLM =t
LM 

(A,J,C,D, ... ) (C-1.) 

-~ ~->-~ 

For an event having the configuration (AI, JI ,CI , D', ... ) the corre-

s ponding expectation value is equal to the s arne function of the trans­

formed momenta, i. e. , 

-> -')- -,.. -> 
tlLM =t

LM 
(AI,JI,CI,Dt, ... ). (C-.2) 

-->- -')00 -')00- ->-

We consider a transformation in which the vectors A, J, C, D, etc. 
-> -> -;.... -> ->-- -> .~ -> 

al-e reflected in the x-y plane: A -;.. AI, J -;.. JI , C -,. CI, D ->- D', etc., 
-)- -)0 -')0.. 

whc re AI, J I I and C I are as· illustrated in Fig. C -1. We note that 
-"}- .->: -)00--)0-

AI = A and JI = J. This transformation is equivalent to a spatial in-

version, followed by a 180 0 rotation about the z-axis. From Fig. C"-l 

we see that 
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t'LM= tLM[;:'J,C- 2(C. z)z, D- 2(5. z)z, ... J (C-3a) 

M ->....,. -> ->-
= (-) t LM - A, - J, - C , - D, ... ) (C-3b) 

(by the rotation transforrnation properties of the t LM)' 
D -)0. ->- -> ~ 

We define tLM as tLM ( -A, -J, -C, -D, ... ), the value of 

tLM for the inverted system, whereby 

tl = ( )M... P 
. LM ~ "LM (C-4) 

In general, tLM and tl LM differ because of the difference in the 

-)00 -)-. --'i'- ->-

vectors C, D, etc.; but if one averages over the directions C, D, etc., 

any dependence upon 
~ ... -)-

C,· D, etc. vanishes, so'that 

(tL~ 
C, D, etc. 

= (tl LM> 
C, D, etc. 

(C- 5) 

(where ( > 
--t ... -)0-

denotes an average over directions C,D, etc.). 
C, D, etc. 

Further, by the as sumption of parity cons ervation in the production 

process, 

(t LM> 
P 

= (t'LM> 
C, D, etc. C,D,etc. 

(C-6) 

so that 

(tLM> - (_) M (tl LM> 
C, D, etc. C, D, etc. 

(C-7a) 

= (_) M (tLM> 
C,D,etc. 

(C-7b) 

Hence (tLM> can be non-zero only if M is even. 
C,D, etc. 
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D. ~proximate K-63 Path Length and Beam Contamination 

In Table D-I we present rough estimates of the K-63 path 

length and percent beam contaminati.on at each momentum. Alter a 

fiducial volume correction is applied, the values of K- path length 

listed in Table D -I agree with values calculated independently by 

L " 121 The K hI" , b 1nCis ey. pat engtn 1S gl ven y 

K path length (cm) =: 

.p. decay( ) K cm 

BR(3P) 
X N(3P), (D-1) 

where N(3P) is the total observed number of three-prong events, 

BR(3 P) is the branching ratio for K- decay into the three-prong topology,122 

·and· n decay -_ PK C'7!' 'h thl t' f d ' K-K. • 1S t e mean pa eng n 0 a ecaym.g 
K m K K 

The fraction F of K in the beam (at the bubble chamber 

window) is 

F== 
! no. of 3-prongs l /1'" no. of 3-prongs l i per beam track I per beam track I 
L (observed) J l (expected) J . (D- 2a) 

r NPP) i//fl BR(3PJ X p. avl 
i N(BT) J ' f.. decay K J ' 
\.. . L K 

== (D'" 2b) 

where N(BT) is the total observed number of beam tracks, and 

f..;'v is the average distance traveled by a K- before it decays, inter­

acts, or leaves the chamber. To obtain .2..;'v , let NO be the number 

-xli K 
of K- beam tracks entering the chamber, so that N(x) == NOe 

is the number of beam tracks remaining after distance x, where 

( \ -1 
(.2.. I ) - 1 == 

K 
n decay'\' ..J.. 

IX,K )' I PO'_ 
\ K P 

is an effective decay rate for K 

(including attrition due to 

small-angle scatters) and 

K p interactions, corrected for uns een 
-3 

p (in cm ) is the proton density in the 

bubble chamber. By definition, 
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Table D-I. Approximate K -63 path length and percent beam contamination. 

1.71 2.097 

~ ~ 

{'"'",.no 249 235 

Frames/roll b 669 ± 17
d 

663 ± 2 

] BearD tracks/framc C 
7.0±1.0

d 
9.5±0.5 

• e 
6442 ::l N{3P) = observed 3-prong events 5042 

~ uK - corrected {mb/ 30.9 ± O. 7 27.S±O.6 

C! u P corrected {mb)g 31.6±0.7 33.0 ± 0.6 rr-p 
L(e=)h 151±5 160 ±4 

. 1" -,.n, '.0.," , .... "/,,.1 3.83±O.21 6.00±O.32 

~ Effective 1T path ~ength 1.1 ± 0.9 1.3 ± 0.6 

,;j {events/fJ-b)J 

% Non-K - background
k 

22 ± 17 18 ± 7 

aSee Ref. 118. 

b Frorn first scan sheets (Colette B. Merrill, April 1965). 

c From beam~can sheets (Jay Kahn, April 1965). 

dlncornplete data at 1.7 BeV/c. 

c From first scan tallies, June 1966. 

Momentum (BeVL e ) 
a 

2.435 2.581 2.610 

~ ± 0.024 ~ 

113 245 335 

595 ± 2 649 ± 2 603 ± 2 

7.1 ± 0.5 6.4 ± 0.5 8.2±O.5 

1859 3431 5814 

25.6±0.6 25.1 ± 0.6 25.0 ± 0.6 

31.9±0.6 31.2±0.6 31.1 ± 0.6 

165 ± 3 165 ± 3 165 ± 3 

2.01 ± 0.10 3.93±0.20 6.74 ± 0.34 

O.5±O.2 1.4 ± 0.5 1.8±0.6 

18±8 25 ±9 21 ± 7 

2.700 

~ Total 

204 1381 

592 ±4 

8.5±0.5 

2912 25.500 

24.7±0.6 

30.8 ± 0.6 

165 ± 3 

3.50 ± 0.18 26.0 ± 1.4 

1.8 ± 0.4 7.9±3.2 

34 ± 7 23 ± 9 

f Interpolated values fr'om Ref. 119, decreased by 23 ± 5% of K - P elastic cross section to correct for unseen small angle scatters 
(Gerald Lynch, private communication). 

gInterpolated values from Ref. 120, decreased by 8.0 ± 0.5% to correct for unseen small angle scatters (Lyndon Hardy, 
private communication), 

hScanned length of bubble chamber (-86 cm ~ y ch ~ 78 cm), corrected for track curvature. A lead plate at Y ch :::: 63 cm 
limited the chamber for all of the 1. 7 Be V /c and 37% of the 2.1 Be V /c exposure. About half of the tracks at 1. 7 BeV /c 
exit through the side wall of the chamber. 

j Path lengths correspond to entire scanned length of bubble chamber. 

kFraction of non-K- entering chamber. 
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1.';'V = (K- path length)/N
O 

1 L 
::: N r N(x)dx 

1 0)0 . 

L -x/1.~ 
::: fo e dx 

I I -L/£ ~l 
= £K L1-e J, 

(D-3a) . 

(D-3b) 

(D- 3c) 

(D- 3d) 

where L is the scanned length of a beam track in the bubble chamber. 

If all the beam contamination is 1i -, the K- and" path lengths are 

related by 

1i - path length ::: 

K path length 
, : 

1.. av 
K 

where 1. av is defined for 1i 

" 
I n av f exact y as x.. K or K . 

lation the ~ollowing constants were us ed: 

T =L229±0.008X10- 8
sec 

K 

T ::: 2.551 ± 0.026 
" 

BR(3P) = 0.0588 ±0.0017 

23 -3 
p= 0.350 X 10 cm , 

sec 

(D-4) 

In our calcu-

in addition to data appear'ing in Table D-I. Estimates of N(BT) were 

obtained from separate estimates at each momentum of rolls scanned, 

frames/roll, and beam tracks/frame. 

Approximate effective path lengths (e. g., for comparison with 
, 123 

the entries of Table V-I) may be estlmated as 
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r -; 
i effective pathJ 
;:... length 

I '1 ! K- path 
! lenat'n 1 L b .J 

(Table D-I) 

x 

x 

fevents pas slng ,... '. l1. 24 

Lany hypothesis_ 

[events obs erved] 

[2 candidates (4/65)] 

[2 candidates (9/65)] 

For example, for event-type 72 at·1..7 BeV/c, 

! effective -, 
'I path length! 
i_ j 

so that 

~ 3.83 events/fJ.b 

X 403 
455 

x (272 + 31 + 54 :=: 357) 
387 

~ 2.6 events/fJ.b; 

(Table A- I) 

(Table:; V-I) 1. 25 

(Table A-I) 

(D- 5) 

(D-6a) 

(D-6b) 

272 
~ 160 fJ.b . 

2.6 events7fJ.b 
(D-7) 

E. Analysis of Monte Carlo Events 

The maximum-likelihood programs us ed in this analysis were 

checked by generating and analyzing samples of Monte Carlo events. '126 

In Figs. E-'1 through E-6 we present distributions of observed values 

of (].s' <1>2' and t 10 for the is 2- and SO subsamples of Table V-II, 

and for the three sets of Monte Carlo events described in Section V.A.3 

In Table E-I we specify the fixed and variable parameters in the various 

fits. Values listed for variable parameters and their errors, corre­

sponding to the curves plotted in Figs. E-1 through E-6, are averages 

of values calculated for the individual 272-event Monte Carlo samples. 

Agreement between the observed distributions and plotted curves 
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Fig. E- 5 
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MU-36861 

Fig. E-6 
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Table E-1. Analysis of Monte Carlo events. 

Fixed parameters 
in fits b 

Fig. 
5amplea 

Parameter 
Investigated J Curv,es illustrated 

E-1 (a) 

(b) 

(c) 

(d) 

E-2 (a) 

(b) 

(c) 

(d) 

E-3 (a) 

(b) 

(c) 

(d) 

E-4 (a) 

(b) 

(c) 

(d) 

E-5 (a) 

(b) 

E-6 (a) 

(b) 

:s data 

:s data 

51 

51 

52 

52 

53 

53 

:s data 

:s data 

51 

51 

52 

52 

53 

53 

:s data 

51 

52 

53 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

3/2 

1/2 

1/2 

1/2 

3/2 

-0.40 

-0.40 

-0.40 

-0.40 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

(uS) = -0.40 

(uS) = -0.40 

(uS) = -0.40 

(uS) = -0.54 

(uS) = -0.33 

(u:s) = -0.40 

(t10) = 0.00 

(t10) = 0.00 

(t10) = 0.57 

(t10) = 0.82 

(t 10) = 0.30 

(t10) = 0.43 

(<l?:s) ,= 0° 

(<l?:s) =0° 

«6u:s)2)1/2 = 0.16 

«6u:s)2)1/2 = 0.17 

«6u:s)2)1/2 = 0.09 

«6u:s)2)1/2 = 0.11 

« 6u
S

)2) 1/2 = 0.13 

«6u:s)2)1/2 = 0.14 

({6t10)2)1/2 = 0.09 

«6t10)2)1/2 = 0.13 

«6t10)2)1/2 = 0.07 

«6t10)2)1/2 = 0.11 

«6t10)2)1/2 = 0.09 

«6t10)2)1/2 = 0.12 

«6<l?:s)2)1/2 = 12° 

«6<l?:s)2//2 = 19° 

a The :s data are the 15 subsamples defined in Table V -II. The Monte Carlo samples 

51, 52, and 53 were generated under the assumptions (51) J = 1/2, t
10 

= 0; (52) J = 1/2, 
max / max t

10
=t

10 
=0.57;(53)J=3 2, t

10
=t

10 
=0.43. All Monte Carlo samples (51, 52, 53) are 

in 272-event subsamples having uil. =0.62, U:s = -0.40, <l?:s =0. 

bAll fits assume uil. =0.62. 



-163-

illustrates that a;:::.;' w:=:, and t'iO are correctly calculated, and that the 

calculated error 8 X (for x == a;:::.;' ~;:::.;' t1.0) corresponds to the rms 

deviation of independent measurements of x, i. e. , 

Z Z z i 
«(8x) == «(x-(x»)) == (x) - (x) (E-1.) 

Similarly, we find that the parameters tZM and t3M (and corresponding 

errors) are correctly estimated by our maximum-likelihood prograrns. 

Further checks demonstrated that the two maximum-likelihood 
1.27 

programs used (one written by the author and Morris and the other 

by Berge) yield identical results. The results are also in agreement 

" '" 'b Sh f 1.28 wlth a moment-proJectlon program wntten y a er. 
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FIGURE CAPTIONS 

Fig. II-1.. Diagram of 2: production and decay. See text for definition 

of angles and coordinate systems .(page 4). 

Fig. III-l, Schematic layout of K-63 beam. Sf and S2 are electrostatic 

separators; Mi, M2, M3, and M4 are bending magnets; Q1., 

Q2, ... Q13 are quadrupoles. 

Fig. 1II-2. Profiles of K-63 beam in (a) vertical plane and (b) hori­

zontal plane. The y-axis (beam direction) is compressed by a 

factor of 80 relative to x and i, and effects of bending magnets 

are ignored. 

Fig. III - 3. Schematic drawing of first mas s slit seen (a) end on, and 

. (b) from above lower jaw. The y-axis (beam direction) is com­

pressed by a factor of 6 relative to x and z. High and low mo­

mentum K (20/0 above and below the nominal momentum) are 

focused at A and B respectively. 

Fig. IV-i, Results of ionization investigation, for 138 type-72 events 

having 1/3 ~ Q ~ 3. Ionization showed the positive track at the 

production vertex to be k+ in 61 cases and ,/ in 61 cases; 

16 events could not be resolved. 

Fig. IV-Z. Confidence-level p~ot for 2720 passing type-72 events. 

Most points lie on the x- or y-axis. 

Fig. IV-3. Classification of events by confidence levels (drawing not 

to scale). 
- 0 + -

Fig. IV-4. Distribution of 10g10R for the hypothesis K +p->-2: +K +1T 

[Eq. IV - 14J for (a) K-63 events at 1. 7 and 2.1 Be V / c, and 

(b) 1T-63 events at 2.1. BeV/c. The effective 1T- path length in 

(b) 1S 4.1.±3.0 times that of the estimated 1T beam contamination 

in (a). 
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Fig. IV-5. Same as Fig. IV-4, except for (a) K-63 events, 2.45 

through 2.7 BeV/c, and (b) 'IT-63 events at 2.6 and 3.1 BeV/c. 

The effective rr- path length in (b) is 1. 7±0. 5 times that of the 

estimated 'IT beam contamination in (a). 

Fig. IV -6. Distribution of log10R for the hypothesis K- tp -,.. :::; ° tKO 

l Eq. IV-iS] for (a) K-63 events at 1.7 and 2.1 BeV/c, and' 

(b) 'IT- 63 events at 2.1 Be V / c. The effective 'IT- path length in 

,(b) is 2.0±i.2 times that of the estimated rr- beam contamination 

in (a). 

Fig. IV-7. Same as Fig. IV-6, except for (a) K-63 events, 

2,45 through 2.7 BeV/c, and (b) 'IT-63 events at 2.6 and 3.i BeV/c. 

The effective 'IT-path length in (b) is 2. 3±0. 7 times that of the 

estimated rr beam contamination in (a). 

Fig. IV-S. Distribution of log10R for the hypothesis K- tp ..... :::;oH(Ot'IT
t 

t'IT 

[Eq. IV-16] for.(a) K-63 events, 2.45 through 2.7 BeV/c, and 

(b) rr-63 events at 2.6 and 3.1 BeV/c. The effective 'IT- path 

length in (b) is 3.2±L1 times that of the estimated rr beam con­

tamination in (a). 

Fig. V-1. Dependence of w = in oZupon assumed spin factor (2J t 1), 

for 327S-event:::; sample. Black and white points represent 

values obtained with and without density matrix constraint 

applied, respectively. 
:5 

Fig. V - 2. Distribution of X = 6.i n:/....... for (a) the 15:::; subsamples of 

Fig. 

Fig. 

Table V -II; and (b) 75 Monte Carlo samples having J = 1/2, 

The curve shown in Q" = 0.62, Q>;:;< ='- 0.40, w>;:;< = 0, tAO = O. 
1~ _ _ 1 

(b) represents X = 0, a
X

= 0.~7. 
V - 3. .Distribution of X = 6.2. n::L. for (a) 75 Monte Carlo samples 

max 
having J = 1/2, Q A = 0.62, 0,:::; = - 0.40, 9:::; = 0, t 10 = t 10 = 0.57; 

and (b) 75 Monte Carlo samples having J = 3/2; ,aA = 0.62, 
max Q:s = - 0.40, 9;S = 0, t1.0 = t
10 

= 0.43 Curves shown represent 

(a) X = 1. 66, aX = 1. 9 3; (b) X = - O. 67, a X = 1. 07 . 

V-4. Observed values X b and calculated functions P(X, J) for 
o s 

(a) 40S0 - event combined:::; sample (s ee Table V-II), and (b) 
- 60 

3130 events of the 327S-event:::; sample (see Table V-III). 

Arrows indicate values of X b . o s 
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Fig. V - 5. Observed values X b and calculated functions P(X, J) for 
o s 

(a) 649-event ::::0 sample (see Table V-III) and (b) 3779-event 
>-< 60 . 

combined H sample. Arrows indicate values of X 1 • 
,f o)S 

Fig. V-6. Plot of X :::: Nn CJ~ vs It
iO 

I for 45 ~ subsamples and 7 ::::0 
subsamples (see Table V-III). Values of It

10 
I were obtained 

with J :::: 1/2:. Dashed curves represent the expected range of X 

(X ± (J X) for the J :::: i/2 and J :::: 3/2 as sumptions, as a function 

of It iO I. The solid curve represents the expected distribution 

in It io I (due to measure,ment errors) if all subsamples have 

zero polarization. Points a, b, and c designate 
2 1/2 2 2 1/2_ 

( ( 6 t i 0) :::: O. 1. 6, < t 1 0 - (6 t 1 0 ) - O. 24 , and 

(tl0 Z) 1/2 :::: 0.29. 

Fig. V -7. Plot of w ::::.Q n If.( as a function of as sumed w2: 0 , for 2:0 data 

appearing in Table V-VI. Error bars represent 1 standard 

deviation. For K-72 and K-63 data combined, no value of gJ,;:;,o 

is excluded by more than 2.9 standard deviations, and all values 

between -10? and +220 0 are consistent (within 2 standard devia­

tions) with the data. 

Fig. V-So Correlation between o.
A 

and 0.::::-, ° for combined K-72 and 

K-63 data. Diagonal lines represent the variation of 0.,;:;,- and ,..... 
o.~~ 0 as functions of a A; points A and AI indicate the values 

(o. A :::: 0.673±0.072, 0.';:;'_ :::: - 0.389±0.044, 0.,;:;,0 :::: - 0.398±O.1.06) 
1), >-< ...... 

that maximize the likelihood for combined 2:- and ~o data. If 

the value o.
A

:::: 0.62±0.07 is included as independent information, 56 

the likelihood is maximized at Band BI (o.
A

:::: 0.647±0.04S, 

0.::::-:::: - 0.398±0.041, o.:so:::: -0.413±0.i04). Quoted errors 6o.A 
and 60.,;:;, correspond to (one-hal£) the horizontal and vertical di-

:--< 

mensions of the ellipses. If correlations between o.
A 

and 

0.>-<_ ° were ignored, the errors 60.,;:;,_ and 60.,;:;,0 would be 
~ , ~;.-.-! 

equal to the distances AC:::: AD and AI C I :::: AI D I , respectively. 

Fig. V - 9. Values of 2: decay parameters obtained in various experi­

ments (plotted in order of number of events processed). See 

text regarding calculation of approximate world average values 

(indi.cated by arrows). Dashed entry for <J?>-<o represents 
H 

secondary solution in K-72 data, less likely by z 1.6 standard 
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deviations. For combined }(-72 and K-63 ;SO data, all values 

of W,;:;,O between -10 ° and +220 ° are consistent (within two 
>-< 

standard deviations) with the data. 

Fig. V -10. Comparison of experimental data with Lee 1 s SU(3} triangle 

prediction ( :z:;~ :::v"} [2;S = - A ~ J) and 1611 ::: 1/2 rule 

(L'O' ::: r1_ l:Z:;- - :Z:;+J ). The SU(3) prediction '[Eq. (V-28) Jre-
.; 2 ~ + . 

quires overlap of ellipses 1 and 2; the 1611= 1/2 prediction 

[Eq. (V-29)Jrequires overlap of 2 with either 3 or 4 (corre-

s ponding to solutions with:Z:; decaying via S- or P-wave, 

respectively). Both predictions combined (Eq.· (V-32) Jrequire 

overlap of 1 with either 3 or 4. Solution 4 is incompatible with 

the results of a recent experiment. 73 
A A 

Fig. V -11. Distributions of (p . A) for (a) 3431:S events and 

(b) 649 ;SO events. K-72 events are shaded. 

Fig. V -12. Decay distribution, 4080 ;S - and ;SO events. Events in 

subsamples having P,;:;, < 0 (shaded) have been rotated 180 ° about 
>-< 

the. beam axis, effectively raising (P,;::;,) from 0.02±0.04 to 
t--< 

0.23±0.04. The theoretical curves are plotted for J ::: 1/2, 

a i\ ::: O. 6 2 , a,;:;, ::: - O. 40, W,;:;, ::: 0, an d P,;:;,::: O. 23 . 
11. ~ ~ ~ 

Fig. V -13. Decay distribution, 649 ;S ° events. Events in subsamples 

having P,;:;, < 0 (shaded) have been rotated 180° about the beam 
>-< 

axis, effectively raising (P,;:;,) from 0.18±0.12 to 0.30±0.12. 
>-< 

The theoretical curves are plotted for J ::: 1/2, all.. ::: 0.62, 

a,;:;,::: - 0.40, w,;:;,::: 130°, and P,;:;,::: 0.30. 
>-< >-< >-< 

Fig. V -14 .. Decay distribution, 4080 - event Monte Carlo sample having 

J ::: 1/2, all.. ::: 0.62, a;S ::: - 0.40, rJ.?;S ::: 0, and t10::: 0.57. The 

theoretical curves correspond to the parameters used in gen­

erating the events. 

Fig. V - 1 5. Decay distribution, 4080 -event Monte Carlo sample having 

J ::: 3/2, all.. ::: 0.62, a;S ::: - 0.40, §'?;S ::: 0, and t10::: 0.43. The 

theoretical curves corresponcl to the parameters used in gen­

erating the events. 
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Fig. VI-1. Dalitz plot for 1819 unambiguous 2:K" final states, 1..7 to 

2.7 Be V / c (s ee text). Curves shown are kinematic limits for 

1. 7, 2. 1, an d 2. 7 Be V / c . 

l r b ;:; 12 Me V and .~ 50 
o s 

s pectively ] . 

Error bars repres ent 2r b 
", ,0 S 1--1"........ :'1:: 

MeV for ..:c. (15.)0) and K (890), re-

Fig. VI-2. Observed 2:" mass distribution for unambiguous 2:K" 
,', 

final states. Only the 1017 unshaded events (non-K', with 

visible A decay) are used in further analysis. Solid curve 
,', 

represents a P-wave resonance havingm(2: ') = 1533 MeV, 

rO (true width) = 7 MeV, folded with the experimental resolution 

function having width r
RF 

= 6 MeV. Dashed curve is phase 

space. 

Fig. ,VI-3. Plot of K"2 mass squared vs :S"1 mass squared, for 265 

1 2 

unambiguous :SK"" final states, 2.1 to 2.7 Be V / c (s ee text). 

Only K"2 and A"l pairs having 1
z 

= ± 1/2 are plotted (two 

1 2 

points/eventfor A-Ko"+,,o final states). Curve shown is 

kinematic limit for 2.7 Be V / c. Error bars repreS ent 
,', 

2r b (r b ;:; 12 MeV and;:; 50 MeV for, A '(153,0) and 
o s 0 s 

K':'(890) respectively). 

Fig. VI -4. Observed :::;" mas s distribution for unambiguous AK"" final 

states. Only A" pairs having I = ± 1/2 are plotted (two pOints/ 
z 

event for A-Ko" + ,,0 final states). Only the 1 72 unshaded A" 

pairs are used in further analysis. Solid curve represents a 
", 

P-wave resonance having m(2:") = 1532 MeV, r
O 

(true width) = 7 MeV, 

folded with the experimental res olution function having width 

r RF = 5 MeV. Dashed curve is phase space. 

Fig. VI- 5. Observed A"" eHective -mas s distributions for unambiguous 
>:.; 

non-K AK" events, fit according to iC hypotheses (VI-7) through 

(VI-9). Plotted curves represent best fits, with the assumptions 

of (i) P-wave resonance, zero-width resolution function; 

(ii) Gaussian resolution function, zero-width resonance; (iii) P-wave 

resonance having r 0 (reduced width) = 7 MeV, folded' with expcri-
", 

mental resolution function (illustrated). Values of m( :::(') and 

r b refer to solid Curves (iii). 
o s 
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)'c 
Fig. VI-6. Dependence of m(~ ') (triangles) and m(A.'IT) (circles) upon 

as sumed masses m(,Z-) and m(~o), for (a) ~- KO .y/ events; 

...... - + ° ...... 0 + - - + ° (b) .:::. K 1T events; (c) .:::. K 1T events; (d) and (e), ~ K 1T 

and ~o K+ 1T - events combined. In (d) and (e), m(Z-) and m(Zo) 

are varied in parallel and opposite directions, respectively. In 

the fits , we assumed a zero-width resolution function, as in 

Eq. (VI-11). Numbers in parentheses indicate the number of 

events passing the selection criteria in each case. Diagonal 

solid lines represent least-squares fits to the plotted points. 

Diagonal dashed lines represent the condition m( A 1T) = m(~); 

i. e., (measured ~ mass) = (assumed ~ mass). 

Fig. VI-7. Predicted electromagnetic mass splittings .of the spin­

i/2 octet and spin-3/2 decuplet, in (a) SU(3) and SU(6}; 

(b) quark model; (c) tadpole model. In SU(3}, the 10 mas s 

differences are described by five independent parameters (a, b, 

c, ai, b ' ). In SU(6)82 a = a ' and b = b ' • In the more restricted 
83· . 

SU(6} model of Sakita, a = ai, b = b ' , and c = O. In the quark 

model, 84 there ar'e four independent parameters (all, b", e", d".); 

if the spin- and isospin-dependence of quark forces is ignored, 

d" = O. In the tadpole model, 86 there is one independent 

. parameter x; the three terms associated with each,mass dif­

ference represent, respectively, (i) tadpole term alone; 

(ii) contribution due to spin-i/2 octet; (iii) contribution due to 

spin-3/2 decuplet. 

Fig. VI-8. Comparison of observed decuplet mass splittings with pre­

dictions of SU(3). Solid straight lines represent observed mass 

differences, in terms of SU (3) parameters a I and b I defined in 

Fig. VI-7; dashed lines represent standard-deviation errors. 

Ellipses centered at A andB represent best-fit values of a ' and b ' 
)'c 

(with standard-deviation errors) without and with ~. data,. re-

spectively. Values of parameters and X 2 are presented in 

Table VI-IV. 
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Fig. VI-9. Values of w:::: i.n1..from fits to (a) 159 2:-K°'IT+; 

(b) 392:-K+'IT°; (c) 53 2:°K+'IT-; (d) 962:K'IT'IT. Fits with 

L :::: 1, have four free parameters (one per sample); fits with max 
L :::: 3 have 28 parameters (7 per sample). max 

Fig. VII-i. Plot of 2:'IT mass squared vs 2:11'IT mass squared for 164 

K-63 2:K11'IT events. Only 2:'IT combinations having I :::: ± 1/2 
z ...... - ° + ° are plotted; '"""' K 'IT 11 events appear twice in the scatter plot 

and 2:'IT distribution, but only once in the 2:'IT'IT distribution. 

The shaded regions and resonance widths illustrated correspond 

to mas s limits defined in the text. The kinem.atic boundary 

illustrated corresponds to an incident momentum of 2.7 BeV/c. 

The plotted curve represents 2:1111 phase space for all events 

* * containing 2: (i530), with and without K (890), normalized 

to events outside the region 3.2 BeV
2 ~ m2(2:11TI} ~ 3.4 BeV

2
. 

Fi g. VII-2. Scatter plot of c. m. energy vs cos 0.:::: :3':'(1530} . ;3':' (i.817) 
':< ,:~ 

for 41 events containing both 2: (1817) and 2: (1530). Events in 

K':' band (m(K11
1

) ::::. 840 MeV} lie above the left-hand curves and 
", 

are dis carded; the 21 K" events removed are replaced by 

assigning double weight to the 8 events above the right-hand 

curves. 

Fig. VII- 3. Distribution of (a) 1 cos 0 1 = 1 :3':'(1530) . n I and 

(b) Icosl/J 1= 1:2. 2':'(1530) 1 for 41 events containing both 
':{ >:< 

:::: (1817) and 2: (1530). Theoretical curves, indicating the ex-
I-i >;t: P 

pected anisotropy for various '"""' (1817) J assumptions, are 

normalized to the shaded area (1.2 + 8 + 8 :::: 28 events). 

Fig. B - 1. Coordinate systerns us ed in discus sion of systematic er rors. 

Points A', B', ... F' represent projection.s of A, B, ... F. 

See R~f. 1.08 regarding the direction of fr, 
Fig. B-2. Observed 2: production distribution, in production c. m. , 

for 2529 K-63 2: events: Angles.and axes are defined with 

respect to the beam direction A (lab) and the bubble chamber PK 
z-axis, as illustrated in Fig. B-1. 

, . 
l 

i· 
( 



-183-

Fig. B-3. Observed 2: decay distribution, in 2: rest frame, for 

2529 K-63 2: events. Angles and axes are defined with respect 

to pJlab) and the bubble chamber z-axis, is illustrated in 
>-1 

Fig. B-1.. 

Fig. B-4. Parallel and perpendicular components (relative to incident 
... (lab) ) ..... (lab) 

beam direction PK of 2: lab .momentum P2: . (See 

Fig. B-1..) 

Fig. B- 5. Parallel and perpendicular components (relative to incident 
... (lab))· -:-(Jab) 

beam direction PK of.A. lab momentum p A . (See 

Fig. B-1). 

Fig. B-6. Position in bubble chamber of the production vertex of 

2529 K-63 2: events. Solid boundaries indicate visible volume 

of bubble chamber. 

Fig. B -7. Distribution of (A K) and (A 2:) for (a, c) 3431 2 events 

and (b, d) 649 2:0 events listed in Table V-I. The K-72 events 
-1 

are shaded. Curve in (a) represents [w(z)] ,where w(z) is 

given by Eq. (B-31). 

Fig. C-L Diagram illustrating c. m. momenta of particles A, B, J, 

and C in the reaction A + B --<>- J + C + D + .... 
Fig. E-L Measured values of Q>;:;< for (a, b) t5 2: samples; and (c, d) 

>-< 

75 Monte Carlo samples having J = 1/2, t
10 

= O. 

Fig. E-2. Measured values of Q>;:;< for (a, b) 75 Monte Carlo samples 
..... 

having J = 1/2, tto ;;; 0.57; and (c, d) 75 Monte Carlo samples 

havin(Y J = 3/2, t = 0.43. 
b , 1.0 

Fig. E-3. Measured values of tiO for (a, b) 15 2: samples; and (c, d) 

75 Monte Carlo samples having J = 1./2, tto = O. 

Fig. E-4. Measured values of t
iO 

for (a, b) 75 Monte Carlo samples 

having J ::0 i/2, 'c tO ::: 0.57; and (c, d) 75 Monte Carlo samples 

having J = 3/2, t 1.0 ~ 0.43. 

Fig. E-5. Measured values of 92>;:;< for (a) 15 2 samples; and 
>--< 

(b) 75 Monte Carlo samples hewing J = t/2, t1.0 = O. The t5 2 

samples in (a) have been weighted by (0<2>;:;<)-2. 
>-< 

Fig. E-6. Measured values of 9?>;:;< for (a) 75 Monte Carlo samples 
...., 

having J = 1/2, t iO = 0.: 7; and (b) 75 Monte Carlo samples 

having J = 3/2, t 10 . - 0.43 . 





This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1SS1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 


