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DECAY PROPERTIES OF THE = HYPERON
AND E™ RESONANCES

Deane Whitney Merrill, Jr.

Lawrence Radiation Laboratory
University of California
Berkeley, California

September 10, 1966
ABSTRACT

A sample of 2500 = and 500 B° hyperons, produced in =K,
ZKm, and EKvw final states by K (in H,) at incident momenta of 1.7
to 2.7 BeV/c, has been analyzed. The data are from an exposure
(K-63) of 26 events/ub in the 72-inch bubble chamber; approximately
85% of the E events and 60% of the E° events have been analyzed. For
the &, we determine the spin and decay parameters a.. and &,
= tan 0 (BEE/YE)‘ Combining our data with 900 &~ and T150 B0 events

56

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

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

I

deviations;

% decay parameters (assuming ap = 0.647+0.048):
Qe = = 0.398+0.0414, .. = 9.8°%9.0°;
a;o = - 0.4413+£0.104. a

e

We observe E>'<(1530) and = (41817); our data are insufficient for

analysis of suggested & resonances at 1705 and 1933 MeV. We
measure the E>:<(1530) electromagnetic mass dif.ference
Am. = m(?ﬁ*") - m(E*o) = 2,0+3,2 MeV. Using data,part of which has
already been descri‘bed;f we find for “;51*(1530):
J =3/2 favored over J = 41/2 {the J = 1/2 hypothesis is
o ~ 3.5% as probable as the J = 3/2 hypothesis);

J = 3/2‘}- favored over 3/Z~ by = 2.8 standard deviations.
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For = (1847) decaying into = (1530) + w, the hypotheses J© = 1/27,
1/27, 3/27, 8/2%, 1/27, etc. (corresponding to 4 = 4, 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.

>kJ. 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-11510, April 1966.

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

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






I. INTRODUCTION

The E hyperon was first observed in cosmic ray experiments
in 1952, Five years later, Alvarez et al. observed the first =0 in

the Laboratory's 45-inch bubble chamber, 2 Since that time the X
doublet has played a central role in the development of elementary
particle physics. It was soon recognized that the eight baryons
4,0
N 3

attempts were made to relate their observed properties. The most

AW zF 0 T, =97 nave similar characteristics, and various
successful scheme yet devised is that of Gell-Mann3 and Ne'eman,
SU(3), in which the baryons are represented as members of a unitary
-octet. Their predictions relating the baryon masses, magnetic mo-
ments, lifetimes, decay parameters, and production cross 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(12) and others] vyield further
predictions. The testing of the predictions of SU(3) and the higher symmetry
‘schemes continues to be a most active area of research in experimental '
high-energy physics. A better knowledge of the properties of the =
hyperon and E* resonances will allow more sensitive tests to be made.

At the time of this writing, more than 5000 = and 800 =’ 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 E and 500 E° in the K-63 experi-
ment. We presént the first discussion of the following in K-63: (i) the
separation of =° final sfates from background; (ii) the E*(1530) elec~
tromagnetic mass difference; (iii) =  and 50 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 150 E°

from the K-72 experiment.) Analysis of K-72 data, -9 and partial analysis



9,10 has been previously reported. The decay prop-

EXY

(1530) and 55*(1817) have been analyzed in earlier pub-

lished work;ii_13 in these areas we have analyzed a larger data sample,

.of K-63 =" data

erties of

but no essential modification of earlier results is indicated.
The analysis of K-63 X data is far from complete; 10% of the

= events and 40% of the £° events remain to be measured (sce
Appendix A), and the analysis of & production properties, lifetimes,
leptonic decay modes, and the lF:i e.m. mass difference has not been
started. It is hoped that information presented in this report will be
useful to experimenters working with K-63 X data in the future.

In this analysis such topics as escape losses and scanning‘ biases
are discussed (see Appendix B), but corrections 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; howéver,specific. corrections for scahning 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

relegated to a separate chapter.



II. THEORY

A. Non-Leptonic Hyperon Decay

bt
¥

In this paper we shall discuss the decay properfies of the X
hyperon, the = (1530), and the = (1817). The = decays weakly,

principally via the non-leptonic modes

R R | (II-1a.)
and
. =0 A+ w0 (I1-1b)
The EDI((CLSBO) decays strongly via
= (1530) = 4+ ™ (1I- 2)
¢ . a -
and the = (1817) decays strongly, principally viaii’ 12, 14-17
. »:* - — —3
and M>k('1817) A*+ K (J1-3a)
EC(1847)E (1530) + T . : (1I-3D)

We may schematically represent all of these processes by
FJ ~- FJt + BO ,

where F 1, and B, are a fermion of spin J, a fermion of spin J',

J’ FJ 0
and a spinless boson, respectively.

The angular distributions in a decay process of this type have
been investigated by a number of authors, including (among others)
Ademollo and Gatto, 18 Gatto and Stapp, 19 Capps, 20 Byers and Fens’cer,2
Button-Shafer, 22 Zemach, 23 and Berman and Jacob. We shall lean
most heavily on the work of Byers and Fenster, who use the language
of irreducible tensors TLM to develop a sensitive test for the spin
J of Fy, for the special case J' = 1/2. We shall also use Button-
Shafer's work, which is an extension of the Byers~-Fenster formalismi,
to treat the case J' = 3/2. |

The ByerSwEF‘enster formalisfn has several appealing features:

(i) the initial spin state of FJ is described with a minimum number of
parameters, without assumptions regarding the mechanisms that pro-
duced F; (ii) the mechanism describing the decay of Fj is described
with 2 minimum number of parameters in terms of helicity amplitudes;
(iii) the spin state of FJ, is expressed in terms of expectation values
of a minimum number of spin operators. As a result, one can readily

formulate tests to extract complete information (about the spin and



decay properties of FJ) from a given set of observed events.

1. Coordinate Systems and Relativistic Transformations

Figure II-1 illustrates & production and decay via the sequence
(A) K+ p~=+ K (B) E->~A+m (C) A-p+ m In the c.m. frame
(A), the axes X, Y, Z, and the = production angle & are defined in terms
of the incoming K direction K and the outgoing & direction %. In the
= rest frame (B), the A direction A is defined in terms of angles 0
and ¢. In the A rest frame (C), the A polarization ESA and the
proton direction D are described with reference to axes x and vy,
illustrated in the expanded view (upper left) of system (B).

In a particle's own rest frame, its spin state, and the angular
distribution of its decay proaducts, are conveniently expressed in terms
of tensors formed from the three components of a spin operator 3. A
complication arises when one wishes to describe multistep production
and decay processes similar to that of Fig. I1I-41. Nevertheless, the
nonrelativistic three-dimensional description of spin étates may be used
even in the relativistic region, provided the observed momenta of the
reaction are transformed successively through all intermediate rest
frames, via successive direct Lorentz transformations. 25,26 Three
successive transformations are required, for example, to transform
the momentum ; of the decay proton from the lab frame into the A
rest frame.

The processes (II~-2) and (II-3) are described in a fashion exactly
analogous to that illustré.ted in Fig. 1I-1 for the process (II-1). In each
case the production normal @A = Z is defined by n = KX?‘J, where ﬁj‘

is the direction of F . in the production c.m. The choice of axes

~ A ~ ~ J
Y =K X=KX5n is arbitrary; one could choose instead
Y = l;J, X = f‘J X, which we have done in analyzing decays of E>'<(1530)

Sk

and E (1817).

2. Density Matrix Formalism

&

The density matrix formalism yields a correct description of an
experimental situation in which the decaying particles are not in a pure
quantum-~mechanical spin state. We review some basic concepts of the

density matrix formalism before switching over to the convenient

language of Byers and Fenster. 21
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Considered in its rest frame, a particle JET‘;r of spin J in any
pure spin state n may be represented by a wave function |¢n> “of the
form 2T+ . | :

ey = ;q ajn W)y, (11-4)

=1

where the expansion. coefficients a,® = { Llelkbn) are complex numbers,
and where the [qﬂ} are the (2J+1)Jeigenfunctions of the operator Jz"
the component of angular momentum along some arbitrary z-axis. An
ensemble of particles in various pure states n may be represented by

a density matrix pjk of the form .

R " \ o .n_ 2"
Py = g P v (xpnﬂ.k: P ata®, (11-5)
] ~ L IE .[n n o j

where Pn is the probability of observing a particle in the nth pure
27. »

spin state.
The expéctation value of any operator Q, for the ensemble as
a whole, is equal to

YR (7ol

Tr (Qp) n
Av(Q) = = : — . C(II-6)
R N R
n

Normalization of I Ll)n>' so that -(an l \pn) = 1 implies that

Tr(p) = 1, Ay(Q) = Tr (Qp) . (I1-7)
Consider an ensemble of particles E‘J, each decaying into

a particle F., of spin J' and a pé.rticle BO' of spin zero. The density

!
matrix descri{oing the initial spin state is Py of dimensionality (2J+1);
the density matrix describing the final spin state is Per of dimensionality
(2J'+1). 1If the decay process is described by an operator M defined so that
oy = ety - are)
where l\lJi> and Ilif> are a pure initial spin state and its corresponding
final spin state, respectively, then the final state density matrix is equal

to

- Vi -
pf~MpiM . : , (I1~-9)

Given knowledge of oy and M, one can calculate expectation values of



any operator Q' on the final-state ensemble, by taking

Tz (Q' o)

‘T—;—(-p-f—)——‘— . (II-iO)

Av(Q') =

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 dehsity matrix for the proton in the decay sequence

e Eoam HeAfm N ptow (11-11)

is equal to
N E>‘< b t “" " ’
S VYL VR YUYS LR YR L ’ (11-12)
1 1" e
where M, M , and M describe the decay of the = , =, and A,
respectively.

3. Description of Initial Spin State .
. Using the language of Byers and Fenster, 21 we expand the initial-

state density matrix Py in terms of irreducible tensor operators TLM:

27 ‘ -
p} .t N i(Zlﬁi)t* T } . (I1-13)

LM "LM

if 2J+1 .
ij =0 M=Z-L : J‘Jk
where the quantities tLM = Tr-(pi TLM) are expectation values of the TLM'
The TLM are normalized so that
2 -
Tr (T 1 ' TZM)= 'Z'% 6 1 6 T (11'14)
L M LL MM

and are formed from spin operators Sx’ Sy’ and Sz’ as the spherical
harmonics YLM are formed from coordinates x,y, and z. [For ex-

ample, T, < (S + iSy), in analogy with ¥,, o (x + iy). ] The tensox

operators TLM and the expectation values tLM obey the relations

M .1
T, -m™ 07 Ty
and _ M %
b, -am™ )ty
Hence t is real. The normalization conditions (II-7) and (II-14)

L0 .
imply that tOO = 1. The matrix representation of the TLM depends upon



the dimensionality (2J+1) of the spin space, and also upon the choice

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

Tro
to Clebsch-Gordan coefficients:

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

LM

A M ,M +M

: {
TLM] = CLI:; M M) 6 ,
M M

s’ (2541 \ /2 no_
= (-) o e C{JIL;M ,-M )6\/1 o
. ML, -

(I1-15)

(The notation for the Clebsch-Gordan coefficients corresponds to

C(j1 j2j3; ., mz), where j1+j2=j3 and m1+m2=m3.)

Noting that t is related to the expectation value of the spin

10
operator SZ . by

{ . Ei/z

b0 7 | TOFD |

i

(s,) (11~ 1‘6)

[ J
one obtains an upper limit for itiOl , for any spin J:
| < | =S 1 ' 17
lt4ol < | 577 : (1I-17)
Similar relations may be derived for other ty o An additional restric-

tion on the permitted range of the t is imposed by the requirement

L0
that the diagonal elements of the density matrix be real and non-negative.

Substituting appropriate values of the matrix elements TLMJ ~into
Eq. (II-13), one obtains the following inequalities: jk
For J=1/2:
1+ /3 t,,20. . (1I-18)
For J=3/2:
3 /'"7'
13 /1 ot /By,
. (I1-419)
Wi tio /“5t20+3/% t30/0
For J=5/2:
- T .
1i3/7 b0+ 5/ 3 tr /ié“t°o+3 14:‘“40fc 77 t50 >0
[T 5 3" 11
i3:9/3’5“"10"’ 7 t20 4'7/30 t30 = 9/ Txtag.F %/ Trtsg >0

1 10 ~ 14 6 22
13 /%’tio“z ’[“':/"t.zoJr 2 7I§t3o+3~/7 £5 4 7 ts0 20

(II-20)



If all tLO having L. > 1 are zero, these various inequalities

reduce to the condition

J } L, (1T-21)

|<

W]

It40

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

of Lee and Yang:28

jod ~ 1
A(eos 0) | =[(F;-8) | <53 (I1-22)

and , :
]<c05 ) | < 6%‘ . ) (11-23)

Equation (II-23) holds only if no powers higher than ('cés 0) appear in the -
FJ decay distribution I(0, ¢). Further inequalities restr;iting the values
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 t; y ™ay 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+..., (11-24)

the expectation values tLM describing the spin state of the particles J
in their rest frame vanish for odd M, provided:

(1) the a>-<is of quantization of the oM is the production normal
z = AXJ;

(ii) the beam and target particles (A ana B) are unpolarized, and
averages are taken over the spin states of the final-state
particles C,D, E, etc.; '

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

(This is a generalizaﬁion of Capps! Checkerboard Theorem, which has
been demonstrated by Cavpps29 and by Byers and Fens‘ceerL for two-body
production reactions of the type A+ B - J + C., The name is due to the

appearance of thedensity matrix when elements corresponding to odd-M

t vanish. )

LM
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4, Spin J - Spin J' 4 Spin 0

As stated earlier, the initial and final state density matrices

Ps and p, are related by

pe= Mo, MT ; | (I1-25)

where M is the transition matrix for the process

Fpo FJ, + B, (11-26)

defined so that

Wby = M| ety L (11~27)
In the "helicity' coordinate system (x,y,z) having its z-axis along
F ,» the direction of F , (& , = A in Fig. II-1), the orbital angular
m%mentum of the two--paiyrticlg final state can hdve no z=-component, so
that an initial state Mi} = |J,2\> (having z~-component of angular mo-
mentum  \) can couple only with the final state |¢£> = ‘J‘ ) ?\l> having

N = N Hencé in the helicity representation the transition matrix M

is diagonal.

Because of the symmetries in the productibn reaction, we choose
to express the initial-—sta"ce density matrix 05 in the (X, Y,VZ) coordinate
system, having as its. Z-axis the production normal . (See Fig. II-1).
Hence M must consist of two parts: a rotation matrix R{(¢,0,0) trans-
forming 0; into the helicity representation, 30 and the diagonalized
transition matrix M' describing the actual decay. That is,
i

= MR (¢,0,0) o, R'(¢,0,0) (M) (I1-28)

Pt
1 .
where M and Py are represented in the helicity system (x,v,z) and
Py in the production system (X, Y, Z). '
\ .

The element of the complete decay matrix M = M R (¢,0,0)

may be Wri‘cten32

M, = Ayl (27+1)/4n] Vzﬁfm (4, 0,0, (11-29)

1
where XN is the projection of spin J (and J ) on the helicity z-axis, and
m 1is the projection of spin J on the production Z-axis. The "helicity
amplitudes" A)\ are the elements of the diagonalized transition matrix

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

helicity \)
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1 .
e ERSECEFARVIES- A (11-30)
Al
The functions oijgn o (a,B,V), sometimes called "symmetric top

functions, ' are matrix elements of the rotation operator Rf{a,p, V) in

the spin-J representation:

o5 _ i i i
o—/) m,m, (a,B,Y) = (J,mi lexp(-— = O.JZ) exp(-—ﬁBJy) exp(~;ﬁ YJ??) lJ,mZ>
(I1-314)
In the representation where Jz‘~ is diagonal,
EfT (0B = explrimya) & (8] expl-im)
/) m,m P p 1 m,m P 2
1772 : 1772
(11-32)
where 4
J i
dm1m2 (B) = (J,mi ]exp(— ,-ﬁ—BJy) IJ,m2> .
| (11-33)

The qﬁan’cities O’z\jL (6,0, 0) are related to the spherical harmonics

31
M0 ) by

Y 1/2. - |
c@/L (¢, 9, 0) 7/Z4L+1) Yool 9 . (1I-34)

-

. ' .~w\'/‘{ )
The quantities ﬁ“/ii}u (¢, 0,0) may be calculated easily by means of (II-32)

3
and the relations

N
al 10) = [ L(L+1)] 1/2§ - M(t+cos 0) 4=, (0)/sin 0 ) .
4 DYV s(n— )
1- [(L-M) (L+M+1)] / dM+1’O(0) i
[ .
L o LANLL _ i
Ao (0) = () dyn (m-0) - (11-36)

k)

In general, the decay process FJ el P BO can proceed via several
different partial waves £, where £ may assume values from \J—Jl 1

. 1
to |J+J | . 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 aps the helicity ampli-

tudes of Eq. (II—Z.()) have the forrn33

1
- g 1 :

A= (MY Y s cwr' e -N (11~ 37)

N ' o L

subject to a normalization constraint

W 2
MQIA)\ |“=4. . (I1-38)
N .

For example, for Jl =1/2,

(11-39)

azxb
1

=5 Lat]a]®+ [p]%)]

172
2 .

where a = aJ~1/Z and b = aJ+1/2 .
Combining Eqs. (II-13),(II-15), (II-28), and (II~29), one obtains

a rather unwieldy expression for p'f in terms of the helicity amplitudes

A, and the t describing the initial spin state of FJ. Byers and

A LM 22
Fenster and Button-Shafer simplify the expression by utilizing the

orthogonality properties of theo’\/}im functions and Clebsch~Gordén co-
efficients. The general form of an element of Ps (in the helicity repre-
sentation) is

1

- 1 (I - 0 2
pr = (3N o 1Ay = 7N Ay a", jam st/
f .
AN M

2J L
g—— Fantane e -
\ N T 1 / 2 TR ol L H

% [RLA) T CETL N, o 7 2 ($,0,0) §,
Z,..NI .'2.“”) L LM M, A= -}
L=0 M=-L ' ‘ (1I-40)

1
which is valid for any spin J and J (integer as well as half-integer). We
. f\"L’P
te that only the Y i i indi
no e‘ only ;J)M’}\_)\l ($,0,0) having integral indices L, M, and
(N=-N ) appear in Eq. (1I-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_~-~F 1 +B ‘as

J J 0 .
J 4 :
1(0, ) = Tr(p,) = Z P . _ (I1-41)
f , £ AN
AN=-T
A complete description of the spin state of F K as a functlon of 0 and
¢ is obtained by calculating the quantities (for 0= ZJ and
-LsM <L)
7'
(0. ) pf LM Z , pr TLM} ,
?\, ?\ -J  HAN NN
(11-42)

In. Sec.Il.A.4.2 we evaluate (II~-41) and (11-42) for the special
case Jl = 1/2, following the work of Byers and Fens‘cer.»Zi In Sec.Il.A.4.b
we discuss some of the results obtained by Button~Shafer for the special
case of strong decay with J1 = 3/2. a2
a. Spin J =spin 1/2 + spin 0. By considering the special case 7= 1/2,

we may apply the theory already presented to reactions of the type

Fy—~ Fi/Z T By
where Fi/z is a spin-1/2 férmion, ‘We shall consider the weak decay
process . .

o~ At | (I1-43)

and the strong decay processes

=(1817) = A + K (11~ 44)
=(1530) ~ E + T

(where spin 1/2 is assumed for the =).

For weak decay, the two partial waves a =a
I- 7
and b = a . can contribute to the transition matrix M. One
J + VA ’ '

customanrily defines



4=

a+ip E(R@-fihnﬂzgk/(lalz+'|bl%}
(I1-45)

_ 2 2 2 2
v=Cla]® = ol% / (fa]®+ B ]9
2 2 2 .
sothat a + B + v = 4. Alternatively, the parameters 3 and Yy may
be expressed in terms of independent parameters a and @ :

v+ip=[1-a21/2 0,

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

servation can contribute, whereby a =8 =0, y= =1, and & =0 or m.

The final-state density matrix may be written as

1+ P2 B.%-i1B.7%
o, = .I_(QZL@ R N T , (11-46)
X+iP.§. 1-P. z

.

where D is the polarization of Fi/Z’ and (x,y,2z) are helicity axes
(see Fig.II-1). Equating matrix elements of (II-40) and .(1I-46), and
using Eqs. (II-34), (II-39), (II-45), and the relation

1 1 2J+1L, 1 1
CIIL; 5, = =) =(-) CUIL; = 5, =),
v (11-47)
one arrives at the result21’ 7
2J-14 2J ] L
(':“"""‘“"“9 \"’”‘”WI
- . N\ ‘\‘ J ! I3 .
10, ¢) > +a /.» P 0]ty Yaml@ @) (I-48a)
[A— | R A |
L=20 L=1 M=~ 1,
] L even L odd
T 271 27 1 L
< 1\ o -
-}. 7= s \\» J g ~ 48]
IP. 2 =0 > K . g 2T otim YLM 6,d) (I1-48b)
} e L
L=0 L=413; M=-L
.. Loeven L odd }
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IP x+1IP y=(y+16) (23, +1) Tﬂ g‘ n1 0 t M V/II\J/M(%@,O)

~..._. ..........

1, odd : (I1-48c)

X[ L+ 9/4m Y% (L s ]2,

where

1
. J- %
ol = Plers /et ourn s -4 e

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

over non-negative M-values only, and rewrite the O@f/” functions in
terms of the familiar spherical harmonics YLM:35

25 -4+ 23 ') B L
e (:-—“y ! (- "
1(0, &) = \:f:t ta ﬁ‘nio N +2 ) Y. 00,0) Re(tLMe”iM¢>
Lo /’/ﬂ o é W/ ot ’ b .
L= L=1| M= 0 M = 1
L even L odd_.}g J('l term) ~
B - (I1-502)
20 -1 23 "} 3 L
\_,. — {{.\ \-—u-—-—‘ ..\_..,,-—M'i . . .
- T \‘ N\ } J ! \l % b "1M¢.
IP.Z =} a / + /," t nLO ) + Z/.,f YLM (9; O) RGGLMG )
LA— 2 AR S S }
L= L =1 M= 0 M= 4y
L even L oddj L (1 term) |
{II-50Db)
2J
- ”~ A \\ J --1
IP - % +ilP - §= (2T + 1) (~y+iB) ) nl o [ L(L+ 1]
AR
L=1
L odd
r L7
A v )]
-1 Md; -1
I b 6
X ; /MJ + 2 /, [ALM(Q) Re(tLM e ) + BLM( YIm <CLM8 /M
IM=T0 M = 4
i (1 term) ‘ )
- {(I11-50c¢
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where A = - MY M(G, 0) cot 0~ (L.-M) (L+M+1)] 1/ZY (6, O).

BV L

and BLM(@) = - MYLM(O,O)/§in 0

L, M+1

for any L and M, even or odd. » \
Experimentally, the polarization P of Fi/Z may be observed
" through scattering or, if F-’_L/Z decays weakly, through the angular

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

Dd

2N+ m A-pt+ T,

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

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

I(A,B) @ LA) [1+a, B, (A) . ]
TANNAN (I1-51)
= 10,9) + ay [TP, - A R) + 1P, - % (p- %) + TP, - § (- D],

where the A angular distribution I(0, ¢) and the A polarization com-

ponents IEDA- g, IPA' ¥, and A.If;A. zZ = I?A- A are given‘ by Egs. (I1I-48).
The distribution in (P - A) is obtained by integrating (II-51) over
"’1 A ~ ~ ~
6, ¢, and cppE tan” " [(P. §)/ (D )] :
Sop-A) <1+ ap o (B-R); | (11~ 52)

this relation holds for any spin J. Thus a spin-independent estimate
of a.. is possible even if all by With L > 0 are zero.

The presence of non-zero t with L > 0 permits a more

LM
accurate (and spin-dependent) determination of a.. . If the & has spin

—

1/2 and polarization Pw = P_.f = /3 tyo » the distribution function

(II-51) reduces to the familiar form

LA, p) « 1+ o P cos 0+o.A ('p-ﬁ)[a.:,ﬁ- P, cos 0]

[ r—

(11-53)
+a, Py sin 7 [BEf)- § \/Eﬁ %] .

>
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Equations (II-48), (II-50), and (II-51) hold also for the reactions
2T = A + By Amp 4 T, (11-54)

and (if spin 1/2 is assumed for the E)
":'*,(1530) ~EA T E - AT, (I1I-55)

-t 3

provided the appropriate substitutions are made:

Decay  (a,f, V) a
Reaction f___{_ F:1/2 fermion Fs Fifz
B A4 T = A p (0 B Vg) oy
N-—-p+ ‘
(4817 A + K3 B (1847) A p (0,0, = 1) ay
N - P 4T
E(1530) = E 4+ 7 E(1530) = N 0,0, =4) O

Eo-NA+T

Coordinate systems and angles are defined as in Fig. II-1 , after the
corresponding unit vectors are substituted in place of &, A, and D.

The choice Yp = 1 is appropriate for JP = 1/2+, 3/Zi, 5/Z+, etc. ,
J

where P is the parity of Fy relative to that of Fi/Z“ The relative

parity P cannot be determined unless at least one odd-L trM 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 distribu’cion;' i.e. J ZLmaX/Z where Lmax is the L-~value of
the highest non-zero £y M (i1) if ,t’lOl or any other !tLMl exceeds
its J-dependent bounds, an upper limit for J may be
established by inequalities similar to the Lebe~Yang inequalities (II-22)
and (II-23); (iii) if any odd-L t;y &Fe nom-zero, a best value of the
factor (2J+1) of Eq. (I1I-48c) may be determined experimentally.
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b. Strong decay: Spin J=spin 3/2 + spin 0. The strong decay process

Fy=Fy/,+ By (I1-56)

(where F3/2 is a sp3in-3/2 fermion) has beenziiscussed by Button-
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 7\0 (Eq. II-_68) and of the
momentum-barrier treatment of higher {-waves.

A variety of tests may be performed to determine the spin and

parity of ~FJ; we shall describe here only those used in our analysis

of th'e reaction
27(1847)> 87(1530) +m; B (1530) ~E + 7, (II-57)

which we denote symbolically by

FJ“"F3/2+BO; 4F3/2’¢Fi/ +BO (11-58)

As was shown earlier, the spin state of Fays may be represen‘ced

by a 4X4 density matrix p. whose elements pf]\}d = 2 N ]pf I SN
(in the helicity representation) are given by Eq. (II-40). In particular,

the diagonal elements are
SN
) £ 2
el toa | A |
1{’5’ 0 Mé':'L

where the tLM describe the spin state of FJ, and where 0 and & de-

fine the direction of F3/Z in the FJ. rest frame. The helicity amplitudes
Ay are given by Eq. (II-37), and the J-dependent constants n, O(Z)\) by

the relation

(2N (-)J”‘[ (2J+1)/4Tr)]1/2 CITL; N, ~N) . (1I-60)
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The angular distribution of F3/2 (in the FJ rest frame) is

10, ¢) = Tx (p,)

23-1 L
* T NRE) 2, ()]

"t/ A R Y S N L VPR PR LSS VRSRY (0.6 .
somcurend Lt = ' .
L= M= L
L even

(11-61)

A lower limit on the spin J is established by the maximum complexity of
the observed I(0, ¢) distributi‘on; i.e., if the data require non-zero t M
through order L, then J > L/2. No spin information is obtained from
BEq., (I1-61) if all tLM ‘having L > 0 are consistent with zero. One finds
that I(0,¢) has a particularly simple form if ¢ is ignored and only the
lower £-wave included.

1f F3/2 subsequently decays strongly via F3/Z_’ Fi/ Bys
the angular distribution of Fi/Z (in the F3/Z rest frame) is given by

the Byers-Fenster formalism of Sec. Il.A.4.a:

S = 10,0 [1-/F (T2, ,, O P, (cos ) ], (11-62)

where Y is the angle of F'l/Z relative to the F3/2 direction of flight,

50
where Pz(x)E —%x - %’ , and where we have ignored the azimuthal ori-

entation of Fi/Z' The quantity

L (Taq F3 /2 (9, ¢) = Tx (o Tp)

2J-1 TI:“"
e i/2 N v L (3) 25, 1 .
= 2(5) /, % }A3/2] - iA'l/Z] n tLMYLM(G’
ene) LA
L=20 M=-1L
L even

(I1-63)

represents the TZO component of F3/2 polarization referred to helicity

axes, i.e., the F3/Z spin alignment along its direction of flight.

o
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Combining Eqgs. (II-61) through (II-63) and integrating over 0
and ¢ (the angles describing the direction of F3/2) ywe are left with

only those terms containing tOO’ so that

9\/(41) « 1+ a, P, (cos Y) = 1 + a, (3 cos2 y-1)/2, (11—64)

where
2 2, o 2 2, -1
ay = (18,1 - {A3/Zl ) % (]Ai/z{ Flay 1070 w69

(We have used the relation nOO(i) = noo(3).) After integration over 0

and ¢, the azimuthal distribution of Fi/z about the F3/Z line of flight

is isotropic.
If J=1/2, then As /s = 0, sothat a, = 1.0 regardless of the
parity of J. If J =3/2, the helicity amplitudes A}\ have the following

¢

form for various E (1817) spin and parity assumptions JP [ where P

is the parity of E (1817) relative to that of =7 (1530)] -
7F =327, /27, 1727, ete. :
By a(37-3/2)% - o3+ 3/2) /2 | | (11-66a)
gy ©all s 3/0y4 /2 4 35 - 3/2)1/? (11-66D) |
7F = 3/2%, 5727, 1727, ete. o
Ay = BIT - 1/2)H% - a3re9/2) 1/ 2 (11-67a)
By b(3J+9‘/Z)1/2 vag - 1/? I, | (I1-67D)

where a,b,c, and d are complex amplitudes £o: decay via partial
waves £ = J-3/2, J-1/2, J+1/2, and J+3/2 respectively. One may

show that a, is of the form

a, =S cos ?\O - T sin 2\.0 cos &g, (11-68)
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where S, T,Ad, and cos ?\.O have the following values and where

lal?+ Je]®=1, [p]®+ ]a]® =1, sinn, 20:
P

3 s T Ao cos ?\O
3/27, 5/2%, 1727, ete. |a|? - |c]|? 2|al |<] 8.6,  (23-3)/43
3/2%, 527, 1/2%, ete. |b]% - |d]® 2lb| |a] b6, (-23-5)/(4T+4)

_Id

We note that -1 <a_ <1, regardless of the magnitudes and relative

2
phases of a,b,c, and d. If only the lower partial wave (a or b) con-

tributes {for those cases having J> 1/2), a, has the“ féllowing values:37

75 22 | 7 2
1/2% 1.00 1/2" 1.00
3/27 10.00 - 3/2% ~ -0.80
5/2t 0.20 5/2" -0.71
7/2" . 0.29 7/27 -0.67

limit J — oo 0.50 limit J = e -0.50

One expects the rate of decay via partial wave £ to be suppressed

(relative to 4.0 for £ = 0) by a factor of the order of38

(qR)® [ 1 + (‘qR)ZJ"i for £ =1  (I1I-69a)
(@) [9+ 3 (qR) + (qR)4} - for 2 =2 (1I-69b)
@R)® [225 + 45 (@R)Z + 6 (qR)* + (@R)®]™Y for& =3,  (1-69¢)

where ¢ 1is the momentpm of F3/2 in t‘he FJ rest frame,—iand R is

a. characteristic 1'"adius of inte"raction, of the order of (2m_) = . (For the
decay process = (1847) - E (4530) + 7, q = 230 MeV/c ~ 1/R .) Taking
gR =1, we estimate ]Dzl / lSZ[ ~ 0,08 and !FZ} / IPZIzAO.OO”i,
where S,P,D, and F -are decay amplitudes for £ = 0,4,2, and 3, re-
spectively. Even with complete ignorance of the relative phase A¢, we
may specify the permitted range of the coefficient a,, allowing for the

presence of higher partial waves:
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P = ' ‘ a,

I - Partial waves £ L

1/2" S : 10

1/2" S 2 1.0

3/2° ) 0,2 . 0.0£0.5 |
3/27 1,3 - | -0.8%0.1
5/2" 1,30 0.20,2

3

Decay via the higher partial wave is negiigible for higher spin hypotheses.

B. Maximum- Likelihood Analysis of Data

g 4
The likelihood function #, = ,?{M_(xila) may be defined.as the

probability of obtaining a set of N observations Xy x>2, e Xy given

a theoretical model described by a number of parameters which we denote
collectively by a. For examplé, if the quantities X, are angles describing
the decay of N events, then the likelihood function is given by

’ﬂ —N

£ 6 |a) n (x,, o) (11‘-70)

where f(xi, a) is an expected angular decay distribution, i.e., the
probability of observin X given a.

We consider j as a function ,,{_ (0'1’ PO am) of m wvari-
able parameters Qs Gps won am. A maximum-likelihood analysis con-
sists of varying the parameters a, to achieve a maximum in s at
which point the final values a0 of the parameters a, constitute a

description of the experimental data. At the maximum, .

A A
AT ‘/{max = o (ogor @200 0 Yol (LL-74)

’ '
If w=Un 97.{;, a maximum in w (and in J\i) is achieved when
ow 9w _ 0w .
o = g Eeees = gm0, (I1-72)

1 2 m.
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Near the maximum, by a Taylor's expansion,

12
wRwW T 5 X (11-73)
and ‘
1 2 :
o{z o(max exp (- 5 x°) (11-74)
where N - 32
= - - g w__ - -
X = ) e g (%Ko (11-75)
P J k
ik

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

The value of W ax increases by 0.5, on the a;\rerage, for each
additional unnecessary parameter a; that is allowed to vary; an in-
crease of more than this amount indicates that the additional degree of
freedom is necessary to describe the data. For example, an increase of
2.5 for three additional degrees of freedom corresponds to a XZ of 5.0
for three degrees of freedom, or a probability of = 15% that the data
were correctly described by the smaller number of parameters.

Accordingly, we may define the gtandard deviation error 6ai
of any parameter a, as that change in a; which causes w to decrecase
by 0.5 from its maximum value Wt (To properly account for cor-
relations between parameters, w should be remaximized with respect
to all other parameters as a is varied.) A change in a, which causes
w to decrease by an amount X is equivalent to an n-standard-deviation
effect, where n = (ZX)i/Z.

In the above definition of 6.0;,1, nothing is assumed about the form
of A 28 2 function. of a,. Now if the parameters a, are suitably chosen,
and if N (the number of observations) is sufficiently large, the likelihood
function may be quite nearly Gaussian in the vicinity of the maximum; i.e.,
Egs. (II-73) and (1I-74) are good approximations, and the second derivatives
9 Zw/aajaak are approximately independent of Qs Goy ove Q. If this

is the case, the error oa, of any parameter a, (as defined previously)
K 2 8 W
(We note

. . | 1/2 -
is approximately equal to (G,;)"" ", where (G )jk— aajaa

k

that w « N, so ba, o Nui/z, as required.)
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B3

In this report we analyze & and E decay distributions, using

the maximum-likelihood method. For = decay, the distribution func-

tion f{x, a) is the function I(f&,f)) of (II-51), normalized so that n =0

for an isotropic distribution. Continuous parameters (aA, Oy $oy  and
tLM) are determined (with errors) by maximizing w = Ind and inverting
the second derivative matrix; discrete parameters (J and Lma\c) are in-

L

vestigated by comparing values of In &_obtained under different spin

assumptions.
B3

The analysis of & decay distributions is similar, except that
the continuous parameters O'FJ’ and -@FJ are replaced by a discrete
parameter ( = % 1) specifying the parity of FJ (the EI>'<).

'Y =
Ey
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III. DESCRIPTION OF K-63 BEAM

The data analyzed in this report were obtained from photogiaphs
of K +p interactions in the Laboratory'!s 72-inch bubble chamber. Most
of the data are from a 1.7 to 2.7 B‘eV/c separated K beam (K-63) |
designed by Joseph J. Murray with the assistance of Janice Button-Shafer;
however, our analysis of & decay properties includes data from an

earlier beam, K-72, 78

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 BeV, 4.2X 1012
protons/pulse) strikes a copper target 4 in. long by 1/8-in. wide by
1/16-in. high. The secohdary beam channel accepts ~ 0.40 msr at an
angle of 0°. - Momentum-_iselection (= = 1.5% about the nominal momentum)
is performed by‘collimaﬁors at mass s;lit 1, after horizontal dis>persion in
M3. FElectrostatic separators 51 and S2 separate K from background
(mostely T )in two stages, in the vertical plane. These separators, of
the glass cathode type described in Ref. 43, maintain a potential of 500 kV
across a 2-inch gap. At the two mass slits, K  and 7 are focused into
images 1/16-in. high separated by = 1/8-in. The K pass through the
slits to the bubble chamber, whereas the T , passing through uranium
in the slit jaws (see Fig. III-3), lose 2 8% of their momentum and are
swept aside by the bending magnet M4. \

The rather broad momentum bite, required for adequate K {lux
at the bubble chamber, necessitated the use of special cocked mass slits,
a design feature utilized for perhaps the first time. One of these slits
(#1) is illustrated in Fig. III-3; slit #2 is similar in design but more
nearly parallel to the beam direction. Particles are focused 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 3% interval)isfocused at some point along the mass slit.
The beam is so designed that images in the horizontal and vertical planes

approximately coincide and "track' linearly with momentum to follow

the mass slit.
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The critiéal design requirements necessitated the use of many
quadrupoles, which were careﬂﬂiy corrected for small aberrations.
Optimum quadrupole positions and currents were calculated with a
special analog computer designe& by hﬁlrray.4i The beam was turned on
in July 1963.

Over an 18-month period, 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 2.4 BeV/c; (c) 249 rolls at 1.7 BeV/c;*> (d) 26 rolls
at 2.9 BeV/c, which had unacceptably low K vyield 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 D, (no lead plates),
at 2.1 and 2.63 BeV/c. Only the data from (a), (b), and (c), amounting
to = 26 events/nnicrobarn, are discussed.h1this report; in this exposure,
we observe 6 to 10 beam tracks per frame, including 15 to 35% non-K
background. The path length and ™ 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 ™ exposure from 1.6 to
| 4.2 BeFV/c. Data from this experiment (7m-63) were useful in assessing
the effects of w 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).

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-examined at the scanning table. For ambiguous
events, ionization information was used wherever possible to distinguish
between competing hypotheses. Except as otherwise noted, the standard
analysis procedure was used without.modification., +1-49 '

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 loss, 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
to each of several particle-éssi.gnment hypotheses, é,nd a XZ 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 =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 XZ from individual vertices are combined
to form an overall confidence level (c.l.) for each of several production-
and~decay hypotheses, including rriiésing—rﬁass hypotheses. >0 Con-~

fidence levels of hypotheses 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 1n
selecting =" and E° 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 =~

and A decayed visibly, via

BN+ T Ap oo g (IV-1)
Such events occur with the following topologies (code numbers refer to
the event type classification of Ref. 48):.

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

K +p—E +K o (1v-2)
~E + K+ - - (av-3)
-2+ KO o (KO unseen) (IV-4)
-5 4+ K" + neutrals (IV-5)
~%" + " + peutrals, - (1v-6)

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

K +p—-2 +K +7 41, (1V-17)
Event-type 12 (two vees, two prongs, and negative decay vertex):
K +p=E + K+ 7 Konn + 1 (K° seen) (IV-8)
0 +

~E 4 KO+ 4 1% KO+ (KO seen) . (IV-9)

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

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

K® was observed. The fitted A momentum was used in a 4C fit (3C
for events having short E ) at the E decay vertex. Finally the fitted

5 momentum was used in a 4C fit, a 4C fit, or a missing-mass

[
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calculation at the-production vertex. Both possible assignments were
tested for the K and T of (IV-7), and for the A and K° 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:

K +p—- 58 +K + 'rr+; 2N+ KO - 7 (A unseen)

i L 2an

(IV-10)

-t P

2 KO 4w w0 B A+ K01 4 w7 (Aunseen)

(IV-11)
Gu + 0, = - 0 + - -
-2 + K +K;& »n+7m; Ki=>m +1m ., (IV~-12)

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

For most events, an unambiguous choice between competing
hypotheses could be made on the basis of calculated confidence levels
(c.l.) alone. Most of the remaining ambiguities (for example, ambiguities
between E“KJFTTO and E:"KOTF+ final states) could be resolved, at the
scanning table, by identification of the positivé track at the production -

vertex as either KJr or Tr+.

Partial results of the ionization study are illustrated in Fig. IV-1,
where we have plotted the number of events vs Q= c.l. '

(best K+ hypothesis)/c.l. (best n’ hypothesis). We find that in the region
investigated (1/3 €Q <3), 33/422 or 27% of the resolvable events would
have beenb 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 assigned events.

In Fig. IV-2 we present a confidence-level plot for 2720 type=-72
events, obtained&r application of available ionization information.
Only passing events (greatest c.l. 20.005) are included. Each event is
represented by a point (x,y), where x is the c.l. of one hypothesis X

[in this case Eq. (IV-3)] and y is the c.l. of the best other hypothesis
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tested. Events falling below the 45° 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~Z)‘ through (IV-9); in no case are ambiguities more numerous than in

Fig. IV-2. "

For purposes of further discussion we arbitrarily classify events
according to the following criteria:

Failing events: greatest c.l. <0.005.

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

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

‘ visible A decay.
Non-E~ candidates (type 72 only): greatest c.lL is from one of
~ the competing hypotheses (IV-10) through
(Iv-12).

Only =~ candidates are considered further. These are classified as

follows :
Unambiguous: greatest c.l. 210X (second greatest c.l. ), and
greatest c.l. 2 0.05;
Low c.l. : greatest c.l. <0.05, and (sécond greatest c.1.) <0.005;
Ambiguous : greatest c.l, <10 X (second greatest c.1,), and

(second greatest c.1.) = 0.005.

The classification of events is illustrated in Fig. IV-3, which corresponds
to the scatter plot of Fig. IV-2. ’
We define an ambiguity ratio R as the lesser of x/y and

x/0.005 (see Fig. IV=-3). 52 Events assigned to hypothesis X are those

having R > 1; those having R = 10 are unambiguous by the definition
‘above. Figure IV~1 indicates that few, if any, events having R =3 are
likely to be assigned to the wrong final-state hypothesis; accordingly we
expect our unambiguous sample (R 2 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

¢



best

confidence level,

y:

-36-
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Table IV-I, Classification of passing type-72 events.
. b
Best hypothesis
= Non-5 "~
2nd candidates candidates
best b Total Total
Clasgsification hyp. A B G D E F G H A-E A-H
A -- 0 0* o 0* o 0 0 0 0
B 2 -- 24 2 2* o0 0 0 27 27
c 1% 25% - 3% 0 0 0 30 30
D + 2 13% - 1% o 0 0 17 17
Ambiguous B 0* 7% o 9% - 0 0 0 16 16
(1< R<10) F ©o o 0o 0 0 -- 1 o0 0 1
G 0 0 0 0 0 1 -- 0 1
H 0 0 0 0 0 1 0 ~-- 0 1
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 54 65
Unambiguous
(R=10) 1135 438 577 52 101 176 30 53 2303 2562
Total 1164 479 622 71 108 186 31 59 2444 2720

%These entries represent ambiguities remaining after application of available ionization

information,

bHypothe sis
code

A

T Q=" B9

About half cannot be resolved; the others have not yet been examined,

Eq. Reaction
(IV-2) K 4+p->2"+K" B > A+1 (A seen)
(1V -3) B 4K 40 BT S A b1 (A seen)
(1v-4) - = +K ¢+ TT+; 27> A+w (A seen, K® unseen)
(IV-5) - = 4 K+ neutrals; = - A+ (A seen)
(IV -6) > % +n' 4t neutrals; 2 > A 4 17 (A seen)
(IV-10) > =+ KO ¢+ ’n'+; 2> A+7 (K° seen, A unseen)
(IV-14) 24K bt ;5" > A+ (K® seen, A unseen)
(1V-12) -7 +K++—K0;Z}_—>n+1-r- (K? seen)
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Table IV-TI. Classification of passing type-74 events,

Classification” Total
Ambiguousb (1<R<10) 1
Low c.l. (1<R<10) 2
Unambiguous (R =10) 78
Total 81

%The only hypothesis tested is K_+p—>5—+K++1T++1T—
(Eq. IV-7).

bAmbiguous in identification of KJr and 1T+.

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

Best hypothesisa

Classification A B Total
Ambiguous (1 <R< 10) 0 0 0
Low c.1l. (1<£R<10) 8 0 8
Unambiguous (R =10) 266 37 303
Total 274 37 341

aHypothesis
code Eq. Reaction
A (IV-8) K_+p—->3-+KO+1T+; Z >A+m ; Aand K® seen

B (IV-9) SE K +nt % B A tn s A and KO seen
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that among 2720 passing type-72 evénts, there are no ambiguities what-
ever between hypotheses (A-E) and hypofheses (F-H). Because a A
from E decay is so readily distinguished from a K° at the production
vertex, we judge that the = candidates (involving a = with visible
A decay) contain negligible non-E  background. Final states produced
by 7 contamination in the beam--~for example, T p~Z Ko or
T p -pK°K"™ (with K~ decay)~--likewise involve a K°® at the production
vertex and are not easily mistaken for B events with visible A decay.
In the analysis of :5:*(1530) and E*('1817) (Secs. VI and VII) we
use only unambiguous events, in order to avoid»,incluciing events assigned
to incorrect final states. Howeve_r, because our ar\’nalysis of = spin and
decay parameters (Sec. V) is essentially independent of the final state in
which the = is formed, all = candidates are used in that analysis. The
following are (very approximate) c‘onservative_ guesses of background in

"

the & samples selected:

~(Sec.V): non-z events < 0.1%

—t

= candidates

wrongly assigned final states < 5% .

(Secs. VI, VII): -
unambiguous & events

2. B° Events .
The only E° events analyzed are those in which both the E° and

the A decay in the chamber, via

O + 7% A-pat+ T, T {IV-13)
We consider the following final states and event-type topologies:
Event-type 32 (two prongs with vee):
K +p—=5°+K +7 (IV=-14)
Event-type 40 (zero prong with two vees):
K 4+ p—-E4 K% KO-rm 4o (IV~15)
Event-type 42 (two prongs with two vees): |

K +p—-80+ KOt a4 a7 KOmm + 1, (IV-16)

by
-4
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In the fitting of each of the hypotheses (IV-14) through (IV-16), a 4C {it

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

where a K° was observed. Then the E° 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 =0 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.] Bothpossible assignments weretested for the A and K° of (IV-16).
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

4‘8 O . » . Beand .
hypotheses. Events were classified as failing, i 0 candidates, or

0 , - 0 L1,
non-%~ candidates exactly as were the = events; only =~ candidates

[ greatest c.l. 20.005 and from one of the hypotheses (IV-14) through

(IV-16) | were analyzed further, These were fit (by 763 PACKAGE)
to a number of Tr~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

for =° events, 'fT—p hypotheses as well as K—p hypotheses are considered,

We define as 7 hypothe.ses those =° candidates having R <1;i.e.,

those =° candidates for which a T p hypothesis is preferred over the

B hypothesis.

The selection criteria for =° events were chosen after examina-
‘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 non-:=°
background while retaining a sizeable fraction. of the true E° events.,
The above definition of unambiguous events corresponds to the choice
R > 10, the value finally sclected. ZFor these events, the distribution of
confidence levels (for the E° hypothesis) is reasonably uniform from
0.05 (the minimum value) to 1.00.

In order to determine the effects of T contamination in the K-63
beam, we subjected a sample of T -produced events to the same analysis
as the K-63 events. Some 3000 m-63 events (including events failing

m-63 hypotheses) of types 32, 40, and 42, at incident ™ momenta fromy
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2.4 to 3.4 BeV/c, were first fit by K-63 PACKAGE; then the K p.con-
fidence levels of all E° candidates were compared with those obtained
from m-63 PACKAGE.

. In Figs. IV~4 through IV-8 we plot, for both K-63 and m-63
events, the number Qf events vs 1og10R, for each of the following event

types and momentum intervals:

Fig. Event type K-63 momenta (BeV/c) m-63 momenta (BeV/é)
V-4 32(20K w7) 1.7, 2.1 2.1 |
V-5 32(E0K w7y 2.45t02.7 - 2.6, 3.4

V-6 40 (=°K) 1.7, 2.4 2.1

V-7 40 (=K 2,45t0 2.7 2.6, 3.1

V-8 422K n") 2.45t0 2.7 ‘ 2.6, 3.1

Only =% candidates are plotted. The various shadings (i.e., TT:p ambiguities,

K p ambiguities, and no ambiguities) indicate, regardless of the value of
R, whether the best non-&° hypothesis is a TT—p or a K—p hypothesis, or
whether only the E° hypothesis has a c.l. >0.005. With unambiguous,

lowc.l., ambiguous, and T hypotheses defined as described above, the

=0 candidates are classified as follows:

R x=logqgR T p ambiguities K p ambiguities No ambiguities
R <1 : x <0 T hypotheses | - » -
1 €«R<10 0=x<1 ambiguous ambiguous low c.l.
R =210 l x 21 unambiguous unambiguous unambiguous

The nature of the ambiguities among K-63 and 7-63 =% 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 T -produced events. Knowing the effective path length of the m-63
sample, and the effective m path length (due to beam contamination) of
the K-63 sample (see Appendix D),we may estimate the number of T -

. produced events remaining in the unambiguous K-63 =% sample. The

results of this analysis are presented in Table IV-V,
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Table [V-IV., Ambiguities among =

[

candidates.

Event type 32

Event type 40

Event type 42

K™p—E°K 'n- K "p-> EOKO Kp->=K'rTn
(Eq. TV-14) (Eq. TV-15) (Eq. IV-16)
K-63 w-63 K-63 w-63 w ﬂ
T > AR e 8 11 AK® 21 58  AKntn” 0 39
. S50k T 15 g ®B°K° 29 61  =ORqtq" 4 18
hypotheses AR 0 17 1 AKOn® 6 17 AK’nTr T 4 10
(R< 1) »A(Ko)w+n—a 28 1 Otherd 3 Otherd 0 2
- Otherd 4 0
T p > AK T 3 14 AK® 2 17 AR Tn” 0 7
~uokty” 22 9 oK 8 20 ERerteT 2 5
> AR a0 47 2 AKO 0 3 6  AK°n'n e 4 3
AR 31 4 Other? 1 0 Other® 0 0
> Other? 5 0
{1<R<10) ) .- oo o -
Ambiguous { K P AT 1 0 AK°R 0 2 AK'R°x 0 0
with: >z 0q T 0 4 AK®+mmP 3 6 AK°K x" 0 0
—>A1r+17—11° 15 24 AK® +mm© 2 2
— Anta +mm 42 9 Other® 0 0
NS 7 0
- A +other® 42 31
—»K? hypotheses 7 6
Totals:
R< 1 w hypotheses 72 21 57 139 8 69
wp 108 26 14 43 6 15
4 <R< 10 {Ambig' With{K'p} hyP. 414 72 5 10 0 0
Low c.1. 48 5 8 2 3 0
R=10 Unambiguous 363 16 87 13 20 3
Total 5% candidates 705 142 174 207 37 87

aA seen, K® unseen.
biC A used in fit,
©3C A used in fit,
dSee Ref. 53 for a complete list of v p hypotheses te.sted.

®See Ref. 48 for a complete list of K p hypotheses tested,
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Table IV-V, Estimate of n -produced background in "unambiguous" K-63 E° sample,
K-63 Effective m”-produced background in
or Momentum ¢~ path length®  "Unambiguous" 'unambiguous" K-63 &° sample
Eq, Reaction w-63 (BeV/c) (events/ub) =0 events Events Percent
(Iv-14) K'p~— 50K " K 1,7, 2.1 1.4£0,8 144 1.0£0,9 0.9+0.8
{W 2.1 4,5%0,3 4 - -
(Iv-14) K'p »=K'q~ {'K 2.45-2,7 .3.41: 1,0 271 6,7+2,8 2.5%1,1
- 2,6, 3.1 5,6 0,4 11 R -
(Iv-15)  K7p »E°K® K 1.7, 2,4 2.0%1,2 56 3.642,6 65
{Tr 2,1 3,940,3 7 - -
(IV-15) K'p-—+EIK® K 2,45-2,7 4.1+14,3 32 2,7+14,4 85
{w 2,6, 3.1 9.3£0,6 6 - -
(IV-16) K p->E°K%7tr- [K 2.45-2,7 4,451.3 20 0.9 0,6 53
{n’ 2.6, 3.1 13.3+0,9 3 - -
Cormbined K 1,7-2,7 -- 490 1547 3,0+1,4
%’N 2.1-3,1 -- 31 - -

EEffective path lengths were estimated similarly for K-63 and 7-63 samples analyzed, as described in
Appendix D, Path lengths refer to entire scanned volume of bubble chamber,




-48-

An accurate estimate of K_-produced non-=° background would
involve a detailed analysis of Monte Carlo events, which we have not
attempted. Nevertheless we. find that among K-63 E® candidates,
ambiguities with 'IT_p hypotheses are as nUMErous as K-p ambiguities,
even though K p final states comprise the majority of K-63 events, We
infer that =° final states are more easily faked by T p than by K p
final states, and that at lea'st half of the non-=° background in the
unambiguo_ué =% sarmple is likely to be 7 -produced.

In our further analysis of % final states, we use only unam-

biguous events, which by a conservative estimate contain 6x3% non-=°

background.
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V. PROPERTIES OF THE E AND E° HYPERONS

In this chapter we consider only = and E° with visible A de-
cay. In Table V-I we list the events analyzed according to momentum

and final state. Much of the data (all K~72 data, and most of the
K-63 ="K events) has been previously analyzed. 7-10 The K-63 events

.

=0

analyzed here are the % candidates and unambiguous =~ described in
Sec. IV; the selection of K-72 events is discussed in Refs. 7 and 8.
The analysis of = and =° inv 2~-, 3~, and 4-b»ody final states

[oaal

(=K, BEKm, and EK7mm) is identical; in each case & polarization par-
’ ~ —m A

fmhetel\rs tLM are expressed with reference to axes Y=K, -Z:KX::‘?I,
X=YXZ , defined in the production c.m. as in Fig. II-I. Polarization
along other axes |for example, along the 3*(1530) production normal
in 3- and 4-body final states] has not been investigated.

The ¥ spin is analyzed in Sec. V.A for a combined sample in-
cluding both K-72 and K-63 events. Deycay parameters are analyzed
in Sec. V.B both for a combined sample and for K-72 and K-63 data
separately. Decay distributions are presented in Sec.V.C., and scanning

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

A. Spin Analysis

1. Preliminary Considerations
The existence, in the observed & decay distribution, of any

non-zero t; .. having I, >1 would immediately establish the ¥ spin
J to be greater than 41/2. In Table V-II we present, for 15 subsamples

of % and E° events, values of tLM obtained from maximum-~likeli-

hood fits assuming J = 3/2, L =3, N = 0.62, a- = o0 = - 0.40,

39, 55 max
P P 0 = 0. The =~ data have been corrected for scanning biases,

as explalned in Appendix B. We compare values of Kn{ from the
I"max 3 fits (seven parameters per sample) with values obtained
assuming L o = 4 (one parameter per sample). For the 15 samples,
we observe an overall increase of 44.41 1in fln as Lmax

from 41 to 3 (an increase of 45.0 is expected). We conclude that the spin—i/z

is increased

hypothesis is permitted, although not required, by the data.
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Final states and momenta of %~ and E° cvents analyzed,

= event type

=0

event type

72 12 74 _40 32 42

P i ety e s Bt e i+ e . BT E® Grand

Expt. (BeV/c) EK EK EK°r' tneutrals +neutrals EK°w EK’rw® EKaw o EKY E°K'nT HK'y total total total
K-72 1.2 33 0 0 0 0 0 0 0 5 0 0 33 5 38
K-72 13 74 0 0 0 0 0 0 0 7 0 o 747 81
K-72 1.4 87 0 0 0 0 0 0 0 3 0 0 87 3 90
K-72 4.5 470 6 10 0 0 3 0 0 63 18 0 489 81 570
K-72 1.6 61 4 9 0 0 2 0 0 9 9 0 76 18 94
K-72 4.7 105 8 20 0 0 10 0 0 19 26 0 143 45 188
K-63 L7 212 31 54 0 0 0 0 0 29 17 0 357 46 403
K-63 2.1 342 105 173 1 6 94 0 4 27 94 0 725 121 846
K-63  2.45 76 47 50 6 7 24 10 8 5 56 3 228 64 292
K-63  2.55 103 66 85 15 24 26 6 17 125 5 342 4 383
K-63 2.6 153 431 145 28 45 67 15 38 10 112 8 622 130 752
K-63 2.7 76 49 54 13 24 22 6 14 6 78 4 255 88 343
K-72 total 830 18 39 0 0 15 0 0 106 53 0 902 159 1061
.K-63 total 1022 429 561 63 106 233 37 8 88 382 20 2529 490 3019
Grand total 1852 447 600 63 106 248 37 78 194 435 20 3431 649 4080
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Table V-1I, Search for J = 3/2 moments in = decay.
Subsample N w=tn& tom (x100)
Expt., Final state p(BevV/c) Lo Looo=3 Aw tig tyg  Ret,, Imt,, ty Ret,, Imt,,
1. K-72 =kt 1,2-1,4 194 4.8 5.9 44 -35:ia 247 5+5 jx5 748 -326 ~46
2, K-72 = Kt 1.5 470 3.8 6.4 2.6 010 525 243 —243 346 344 ~6x4
3. K-72 =Kkt 1,6, 1,7 166 6.5 8.5 2,0 40£17 1328 -2%5 0%5 749 247 ~26
4, K-63 =-k* 1,7 272 7.4 11,0 3.6 27+12  -5%6 ~7x4 -3%4 97 -4£5 ~6%5
5. K-63 =-KF EX 342 4.9 8,7 3.8 17641 -946 ~4x4 S5e4 76 ~6%4 34
6. - K-63 2-Kt 2.45,2,55 179 6.9 9.1 2.2 5515 47 425 ~5£5 48 ~9+6 ~246
7. K-63 -kt 2.6,2,7 229 27 10.1 2.4 47+14 47 3¢5 2x5 1248 85 ~245
8, K-72,K-63 E-K'r° 1.5-2,1 154 1.6 5.2 3.6 4x17 08 ~16 -5x6 159 -326 1247
9, K-63 H-Ktp® 2,45-2,7 3012 2.2 3,9 1,7 -18£13  -746 24 34 737 0£5 05
10, K-72,K-63 =E-K%qt 1,5-2,1 3672 11,5 15.4 3.6 “31£11 435 0x4 -8+4 46 -324 244
11, K-63 =Koy 2.45-2,7 473 8.0 14,3 6.3 -2410 04 213 -6+3  -946 -6x4 744
12, K-63 =-Knw AN 284 4,6 6,4 1.8 -27x13 36 1£5 _2x4 10£7 -3£5 -3%5
13, K-72,K-63 E°K° Al 194 1.2 4.7 3.5 —24+14 447 -3x5 1345 048 -346 ~16
14, K-72,K-63 EOK - 1,5-2.1 164 2.8 4,2 1.4 016 748 346 -6 69 426 56
15. {K‘“ EOR 2.45-2.7 2“} 3.9 8.4 4.5 2412 136 34 4 %7 045 1485
K-63 O P Al 20
112 27 total 3431 69,9  104,6 34,7 2.6£3,6 <0,581,7 0,3+1.2 -3,0£1.2 0,6+2.0 -2,1£4,4 -0,1+1.4
13-15 29 total 649 7.9 17,3 9.4 -5.3¢8,1  2.5£3.9 1,042,7  5.6x2.7 1.9%4.7 0,3%3,2 7.243,2
1-15 27 and =9, total 4080 77.8 1249 44.1 1,333 0.024,6 0,5+4,1 -1,6+1.1 0.824.8 -1,7+1,3 1,013

2sample No. 9 contains eight K-72 E~K°x™,
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~ The spin-3/2 hypothesis could be ruled out if one of the in-
equalities (II-17) or (II-19) were violated. Although the spin-3/2
density matrix constraint (II-19) is technically violated by three sub-
samples (3,6, and 7), the effect is less than. 1 standard deviation in
each caée. Violation of the spin-5/2 density matrix constraint (II-20)
is*oﬁly slightly more significant. o

| Hence, only the presence of the (2J+1) factor in the transverse
. /A polarization distribution (11-4‘8c) or (II-50c) affords us a possibility
of spin discrimination.

2. (2J+1) Spin Factor
We have investigated the (2J+1) spin factor using 3278 K-72 and

 K-63 =" events (only 96% of the events appearing in Table V-1 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 ¢, m. = production angle (see Table V-III). .No attempt
was made to optimize the binning criteria. Also listed in Table V-III

are seven =% subsamples to be discussed in Sec. V.A.3

Pt

Lnd
>t

Maximum-likelihood fits were performed to an assumed = de-
cay distribution of the form (II-51); variable parameters in the fits were
dA ) O 63..4 ,» and a value of tyo for each of the 47 subsamples.
(The method of analysis is identical with that described in Ref. 7).
Having found toor ta20 g and ty, to be consistent with zero, we
assgmed Lmax =1 (i.e., tog T tp T tag T by, = 0); the assumption
does not bias our determination_ of (2J+1). Fits were performed in
three ways: (i) with no information regarding Gp  OF G (ii) with
an constramef)% to be 0.62+0.07, corresponding to the value of Cronin
and Overseth; {lil) with N constrained to be 0.62+0,07 and
O Q- constrained to be -0.321+0.048, a value roughly corresponding
to the world average of spin-independent determinations of Gp G- s
excluding Berkeley data, (These constraints were applied by including

in the likelihood {»factors of the form exp| - % (aA - 0.62)7/(0.07)7]
and exp| - —% (aAa,:j_ + 0.321)/ 0.048) ] )
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=

Table V-III. Subsamples used in = spin analysis (K-72 and K-63 data combined).

Subsample T
Sub -~ Events per ~A A
Final state plBeV/c) Events samples subsample (=°K) cutoff points
=KT 1.2-1.4 194 3 65 0.69, 0.10
=K' 1.5 470 7 67 0.94, 0,78, 0.59, 0.29,
-0.44, -0.51
=Kt 1.6, 1.7 304 4 76 0.87, 0.65, -0.14
=T 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
=R 2.6,2.7 229 3 76 0.89, 0.50
=K 0 1.5-2.1 147 2 73 0.43
o 2.45,2.55 112 2 56 0.34
=K a0 2.6,2.7 180 2 90 0.43
=Kot 1.5-2.1 350 5 70 0.69, 0.41, -0,02, -0.48
EKOqT 2.45,2.55 186 3 62 0.70, 0.07
2ROyt 2.6,2.7 288 4 72 0.78, 0.43, -0.47
=K n all 135 2 68 0.29
=R Ot all 149 2 74 -0.05
%~ sample, total 3278 47 70 -~
=OoRO 1.2-1.7 106 1 106 --
(K-72)
=ORO 1,7-2.7 88 1 88 --
(K-63)
=0k 1.5-1.7 70 1 70 --
=0k 2.1 94 1 94 -
2okt 2.45, 2.55 81 1 81 --
=OR Ty 2.6 112 1 112 --
{EOK " 2.7 78} 1 98 .
0ROty all 20
=% sample, total 649 7 93 --
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In Fig. V-1 we iliustrate the behavior of w = 4n 46 as a func-
tion of the assumed spin factor (ZJ+1). From curve (_ii) (aA constrained
to 0.62+0.07, a O.E_ free) we estimate (2J+1) = zofgi s corresponding
toa = spin J=1/2. (At the likelihood maximum, o, = 0.650.05,

A= = ~ 0.41£0.04, and &,__ = 13°%9°.) The J = 1/2 hypothesis is favored
o:er J=3/2 by = (ZX3.5{1/2 = 2.45 standard deviations; higher spin
hypotheses 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 when the constraint is applied; however, the violation

is not statistically significant. °

3. Analysis of Monte Carlo Events
The conclusions of Sec. V.A.2 were checked by comparing éxperi—

mental data with samples of computer~generated Monte Carlo events.

For comparison with the 415 B~ and =% subsamples of Table V-II, we

generated 75 Monte Carlo samples, having 272 events each, according to
each of the following hypotheses:
(a)y J=1/2, o, = 0.62, Oy = = 0.40, @ =0, £y =0

(indistinguishable from J = 3/2 with tyg = 0);
A% - 0.57;

(b) J=1/2, ay = 0.62, O = = 0.40, (EE: 05 t10 © tiomax )
(c) - 3/2’ o, = 0.62, a:';:: = - 0.40, Q?E =0, tiO = tiO = 0.43,

For each sample, we performed two maximum-likelihood fits, assuming
o, = 0.62, @E =0, and J = 1/2 and 3/2, respectively; O and t o were
free parame.ters in the fits. In Fig/s. V-2 and V-3 we present distributions
of XEAJZnO{ = ﬂn,,< (J = 1/2)—£n5< (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. ¥orm of P(X,J) for a simplified model, Let us assume that the

likelihood function <(J) for a given experiment is Gaussian in (2J+1)

and hence in J; i.e.,

2] (V-1)

2

.a{m x expl - 5 (37117 /0 5,
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. . 1

where J % 0 _, 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, >8 implying that individual

\ .
determinations of J are distributed according to

dN 1
- & exp[ - 'Z‘(J

aj ac:tu.al—J )> /4OJ 1 | (V-2)

where 0y =0 4« (We neglect variations in individual determinations
J
of 0 , .) For the assumed model, individual determinations of
J
' 1
X = ﬁn;<(1/2) - znﬁf (3/2) = 4 'ZJ - (V-3)
g
J

are distributed according to

- 2
AN _ AN AT o exp| f%(X—X)Z/oX ] (V-4

P T, ctuall © T 7 dxX
dJ
where
_ ~1
O = (05) (V-5)
and _ .
1 -7 : '
= actual _’ 1 1 _[1/2
Re——— = (&) 7 W g0 o T inal® <3/z> :
O'J ZO'J /

Henceforth we shall use the symbol J to mean J .
ractual

For a sample of N events having average polarization P..,
[ L

: . . . . . o)
a lower limit on 0 5 (ignoring error correlations) is given by

2 A |
L <- N]x(ﬁ,fy) 9.0n 1D gq, an (V-7a)
P
o (0J)
3
. ) A ~ 2 B
= N ;[ X ?31@’1’)} d, 49 (V=7b)
JUA B L R

where I(A,D) is the (normalized) = decay distribution (II-51). Evaluating

the integral and assuming J = 1/2, an = 0.62, a_ =-- 0.40, and & =0,
f'9 Tt et

. 5
one finds
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12

= 2X <0.08 prz (V-8)

If correlations between J and other parameters are considered, the
1 . . -y
constant factor decreases, but -~ Tremains approximately proportional

77
2 s .
to NP. . If measurements of P.. have a statistical uncertainty o (P,

I

we expect 0 and X to depend upon rms and average values of P.. ,

respectively, i, e,,

2 L2 ‘ _
0y mCN(PE ) (V~9?

2 (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=14/2, P= A/ 3 t10):

J=1/2 . J=3/2
2 . 2 2 2
O‘X %Ci/z N<t10> . O'X ~C3/2 N<t10>
R+ 1/2C, , N(t, )" %=- +¢ 'Nt>2
& 1/2 N{ty) = 3 G372 Nty

The constants Ci/Z and C3/2 may be determined from analysis of
Monte Carlo events, by performing fits under the assumptions J = 1/2
and 3/2, respectively.

b. Calculation of = spin probabilities. In Table V-IV we present ob-
2 2
- (6t10) ) for the

served values of 0 5 %, (ti()z) , and <t10>2 = <’c10

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

- 5 = 5
Ci/Z = 0.037+0.005 and C3/2 = 0,024+£0,005.
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Table V-1V, Determination of Ci/Z and C372 from
» analysis of Monte Carlo’‘eVents.
2 —
2
9% l X‘
J t, . assumed o X (t Z) (t >Z N(t Z) N(t >Z
10 X 10 10 o “ho
1/2 0 0.27  0.00  0.0081 0 0.033% --
1/2 0.57 1.93  1.66  0.330 0.325 0.041% 0.037%
3/2 0 0.27  0.00  0.0469 0 0.016% --
3/2 0.43 1.07  -0.67  0.198 0.184 0.021% 0.027%

a _ _
Best values are Ci/Z = 0,037+0,005, C3/2 =0,021+0.005,




b

Given the expectation values <t102> and <t10> 2 for each of
the 15 % and E° subsamples of Table V-II and Fig. V-2(a), one
could, in principle, calculate the spin—i/Z' 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
quantities <t102> and <t10>2 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
X

k=1

value of X for subsample k. Under our previous assumption that each

resulting sum. We re-define X = @ Where Xy i the

X, is distributed according to

k
P(X,,T) « expl - + (X -% )%/o Z.] (V-11)
Kk’ *P Z kT Kk L '
the sum X 1is distributed according to
: .2, 2 .
PX, D) exp [ - 5 (X-X) /cX] , C(V-12)
where o
15 15
O c,
% . N e yI-1/2 T30 2 -
X = Z £ = ) 2 Z; Ny (t10)k (V-13)
— -
k=1 k=1
and .
.45 ' 15 _
T 2 — ,
2 _ 2
o= /\ 7%, = C; g N (t00) - (V-14)
R A |
k=1 k= 4

. 15 2 45 2
We evaluate the quantities Zk:i N, <t10>k and Zk:i Nk<Lio >k
<15 2 2 15 2 :

as ij:i Nk(tio-(étio) )k and e Nk(’c10 )k’ respectively, where
(tiO)k + (& tiO)k ‘is the measured value of tyo for subsample k.

In Fig. V-4 we compare the observed value Xobs = 3.08 with
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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P(X,J)
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=" and E°? sample (see Table V-II), we estimate the relative (spin-

3/2)/(spin-1/2) probability as

Pons 9 .08, 3/2) o 4o » V-15)
P(X ,4/2 T P(3.08, 1/2) © ( )

The probability P(X X )= P(X >3.08) of observing X >3.08, if the
spin is really 3/2 (1/2), is 0.015 (0.35).

If Xk and orXZ are proportional to Nk’ as predicted by our
simplified model, thérulcthe analysis of this section may be extended to

the 3278-event = sample of Table V-III. For this sample,

3/2)
_ P(6.88, 3/2) _ )
B(X_, 1/2] ~ P(6.88, 1/2) ~0.01, (V-16)

and P(X>X_, )= P(X 26.88) = 0.0008 (0.16) for J = 3/2 (1/2). %"

[ The estimate Of_BPO(é{ob;*’ 3/2)/P(Xobs, 1/2) = 0.01 is to be compared
with the value e "7 = 0.05 obtained in the analysis of Sec. V.A.2.]

Inclusion of 649 H° 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 = 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 assumptions:
(1) Assumed X-dependence of P(X,J): The observed Monte

Carlo distributions are consistent with the predictions of our assumed

model, that

P(X, T) « exp] - %(:{»7{)2’/@;] (V-17)
where ’

X o= (&) %‘Oé for J = é?g) (V-18)

(if measurement errors are neg]ec’ced) The model assumes that ,,\( )
and dN/dJ' are Gaysnan in J, which is not the case in Fig. V-1,
A rough calculation based on the obscrved form of U@ yields values
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Table V-V, Estimates of = spin probabilities,

Sample
LY =7 =0 =T o0
No. of events 4080 3130 649 37792
No. of samples 15 45% 7 522
X ‘ 3.08 6.88 0.70 7.58
obs
Spin probabilities and related quantities
2 b
(tyo) 0.029 0.064 0.023 0.057
£0.009  +0.015 £0,025  +0.013
(ty 0.037  0.094  0.046  0.083
£0,009  +0.015 £0,025  £0.043
J=1/2 X 2.19 3.70 0.28 3.99
hypothesis ) : ' :
L 2.37 3.25 1.05 3.41
d
Std. devs, 0.38 0.98 0.40 1.05
P(X=2X ., ) 0.35 0.16 0.34 0.15
obs
2b
(tyo) 0.047 0.108 0.047 0.098
+0.018 +0.029 +0.051 +0,030
(ty) 0.065  0.166  0.095 0.154
£0.018  +£0,029  £0,051 0,030
J=3/2 =
hypothe sis X -2.01 -3.55 -0.32 -3.89
oy 2.36 3.31 1.14 3.50
d
Std, devs. 2.16 3.15 0.89 3.28
P(X =X ) 0.0415 0.0008 0.19 0.0005
obs
P(X o 3/2)/P(X . 1/2)  0.10 0.01 0.70 0.007
2Gece Ref. 60,
2 2
b 2_1 =N [t - (6t, )],
(tyo = § 3 k Y40 107 1k

¢, 24 2
(t102 = N 2 N (b0 e

d

Std. devs. =(X_ - X)/oy.
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|2 and oy

—1/2 1
| 2% / ®Ox® 763

are still approximately valid. A more sensitive check would require

about half as large as expected (i.e.,

); however, the relations (V-17) and (V-18)

analys:Ls of more Monte Carlo events.

(i1) Assumed P -dependence of X and e The assumed

iﬁroportionality between P;’ X, and UXZ is verified within =25%
from the observed Monte Carlo distributions. As a visual check on the
PE—dependence of X and 0y, We present in Fig. V-6 a scatter plot of
X vs ltio‘ :li}’;l / ~/ 3 for the 45 % subsamples and 7 E° subsamples
of Table V-IIIL 60 The data are consmten‘c with the J=1/2 hypothesis.

(ii1) Uncertainty in CJ <Lio> and <t10 ) Provided the rela-

tions (V-17) and (V-18) are approximately satisfied, the spin analysis

is not sensitive to calculated values of CJ, <t10> , and <t10 )
Allowing for = 25% error in CJ and for estimated statistical errors in
(t10>_ and (tio > (see Table V-V), we find that [ (¥_, = - X)/o] does
not vary by more than = 0.2 standard deviations; this value corresponds
to < 50% variation in estimated spin probabilities P(XZXObS), and to
< 10% wvariation in the ratio P(Xobs, 3/_2)/P(Xobs’ 1/2).

(iv) Assumed N-dependence of X and 0y The assumed N-

dependence of X and 0 seems reasonable, simply because

X = !’n¢’< (1/2)~ lln/ (3/2) is proportional to N. Even if the assumed
N-dependence is not correct, the conclusions drawn from the 4080-
event combined =  and = sample of Table V~II are not affected (be-

Laaa¥

cause the = samples and the Monte Carlovs\amples contain the same

Pt

average number of events).
4. Discussion

Our conclusion that the E 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
on 828 K-72 ',E—K+ events alone, vields a value X = [n. /7 (1/2)-4n N (3/2)
= 2.60, favoring the spin-1/2 hypothesis by 2.3 standard dcvmtions. ! (Our
analysis of 3278 events yields only slightly better spin discrimination
(2.45 s.d.), partly because K-63 events are not strongly polarized and

[
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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
polarization distributions. 79,21, 61 In the notafion of Ref. 61, if only

moments proportional to tiO are considered,

(V-19)

(23+1) = [(p. B

For 356 & events, Carmony et al. 61 obtain a value (2J+1) = 4.53,
assuming 0. = - 0.48. They presumably calculate an expected distri-
bution in (Z;+1) by assuming 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 sta_ndard deviations. (Button-Shafer has
pointed out that the assumption is not valid, as neither term in the
numerator of Eq. (V-19) is negligible in UCLA data.)

For 749 B events. of the K-72 experiment, Button-Shafer obtains

values of (ZJ+‘1)
7,9

11

2.86 and 2.18, assuming a..= ;0.48 and -0.34, re-
spectively. Here the expected distributio:is calculated as the ratio
of two normally distributed quantities, 62 by ignoring the (P - ﬁ*{ﬁ) term
(proportional to B..) and correcting for the error thus introduced. The
resulting confiden(:a levels, with d... assumed to be -0.48 (-0.34), are
0.22 (0.42) for J = 4/2, 0.15 (0.015)?or J = 3/2, and 0.003 (0.0002) for

J=5/2.

TR,
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B. Decay Parameters

1. Maximumdﬁkelihood Analysis
In our analysis of = decay parameters, we consider the 902

-

K-72 5", 2529 K~63 B, 459 K-72 2%, and 490 K-63 =° 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
parameters obtained from maximum-likelihood analysis. Results ap-
pearingin Tables V-VII and V-VIII are for = and E® data treated
~ separately and together, respectively, With the exception of values

quoted for a, .. and a, a—o(whichare spinindependent), all results were ob-

-

tained under the assumption J.. = 1/2, For combined K-72 and K-&3

[

data, our best estimates of decay parameters are the boxed values appear-
ing in Table V-VIII,

Quoted results were obtained as follows:
analyzed separately (Table V-VII), The method of analysis
‘ The sample described

a. B and E°
is identical to that previously applied to K-72 data, !

in Ref, 7 contains additional events not in our K~72 sample, but polariza-
tion information from 3-body final states was not used. The previously

published K-72 results are included in Table V-VII for comparison with

our values, '

Estimates of ap ag were obtained from fits to a decay distribution
of the form 1 + Qp G (P + A); these estimates arve independent of both the
spin and the way in which subsamples are defined. Estimates of Apo

and @ were obtained from maximum-likelihood fits under the

(o} b—t
o
-

=
—~

assumption J = 1/2; variable parameters in the fits were Cp oy G D\
— -

and the polarization of each subsample. Fits to the s data were per-

formed (as indicated) both with N free, and with ap constrained (by

2 ‘ .
a factor exp| - %— (uA - 0,62) /(0.07)2] in the likelihood) to be

0.62+0,07, 6 The =° . data could not be fit unless the constraint was

r—
applied,
Quoted errors on a,x y G, and @  were obtained from the
d - * - !

error matrix G, calculated as the negative of the inverse of the second

Y,
derivative matrix of w =4n.& . If ai, QZ «v. ete, are variabhle parameters
\ !
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—

Table V-VI. Subsamples used in & decay parameter analysis (K-72 and K-63 data separated).

Subsample Sub- Events per PR
Expt. Final state p(BeV/c) Events samples subsample E- K cutoff points
K-72 =kt 1.2-1.4 194 3 65 0.69, 0.10
K-72 =kt 1.5 470 7 67 {8:23:_8:12:_8:22
K-72 2K’ 1.6, 1.7 166 2 83 0.66
K-72 = a0 AlL 18 . 12 C
{K—?Z =2 K" All 54}
K-72 & sample, total 902 13 69 -
K-63 =K' 1.7 272 4 68 0.88, 0.70,-0.07
K-63 = k' 2.1 342 5 68 0.90, 0.75, 0.45,-0.43
K-63 2K 2,45, 2.55 179 2 89 0.73
K-63 = K" 2.6 , 2.7 229 3 76 0.89, 0.50
K-63 = K 0 1.7, 24 136 2 68 0.43
K-63 =K 0 2.45, 2,55 113 2 56 a
K-63 =K 0 2.6, 2.7 180 2 90 0.43
K-63 = k0" 1.7, 2.4 321 4 80 0.58, 0.20,-0.36
K-63 = K" 2.45, 2.55 185 3 62 0.70, 0.07
K-63 g K0 2.6 , 2.7 288 4 72 0.78, 0.43,-0.17
K-63 2 Kuw All 115 1 115 --
{K—63 E:K:+neutrals All '} 169 ) g5 0.04
K-63 = T +neutrals All
K-63 = sample, total 2529 34 75 --
K-72 = sample, total 159 1 159 -~
K-63 20k0 All 88 1 88 -
K-63 =0xtn 1.7, 2.1 11 1 111 -
K-63 =0xta 2,45, 2,55 81. 1 81 --
K-63 =0k a 2.6 112 1 112 --
{K—63 EgKoﬂ; ) 2.7 78 } " 98 N
K-63 20k Ty All 20
K-63 Eosample,total 490 5 98 --

%Both subsamples contain events from X K=-1to +1.
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Table V-VIl. Decay parameters, E and EO data analyzed separately.

Fitted parameters Correlation matrix
Independent
Ainformation D,
used in fit Sample Events N Subsamples  An e o (deg) 0p0e) oy %) (agPo)
K-63 &~ 2529 -0.262+0,033 34 68.95 0.743+0,122 -0,3440,063 10.1%£11,4 0.789 -0.027 -0.018
ap free K-72 27 _ 902 ~0,281%0,055 i3 41,16 0.685%0,107 =0,42640,067 9,7+14.1 0,295 0.008 -0.020
Combined = 3434 -0.267+0,028 47 109.70 0.698+0,069 -0.381+0,045 10,0+ 8.9 0.653 ~0.026 -0.025
K-72 8 2 1004b - 12 38.74 0.682+0.104 -0.362+0,058 0.3+10.6 0.295 0.027 0,015
K-63 5 2529 -0.262+0,033 34 68.53 0.656+0,055 -0,375£0,051 9.8£11.6 0.404 -0.018 -0.015
K-72 E'.- 902 -0.281+0.055 13 41,02 0.64120.057 -0.432+0.066 9.8+14,3 0.099 0.010 -0.018
Combined &~ 3431 -0,267+0,028 47 109.41 0,657+0,047 ~0,394£0,041 9.9+ 9.0 0,383 -0.013 -0.019
ap = K-72%" 2 1004 b -— 12 38,65 0,641+0,056 ~0,368+0,057 0,5+10.7 0.096 0.014 0.007
0,6240,07
K-63 EO 490 -0.269+0.076 5 10,75 0.60020.067 -0.489%0,124 107£39 0.345 -0.013 -0.0414
K-72 EO 159 -0.1830.139 1 3.73 0.628+0,070 -0,116+0.193 - 1*28 -0,165 0.018 -0.091
K-72 =0 159 -0,183%0.139 1 2,43 ¢ 0.61840,069 ~0.281%0.205 177432 0.106 0,003 ~0.049
Combined EO 649 -0,249£0.067 6 12,11 0,5990,068 -0.444+40,114 15136 d 0.384 -0.064 -0.144
K-72 =0 * 206 € -- 1 5.01 0.627+0,07 -0.149+0,154 - 323 -0.058 0,003 -0.064
a

Previously published results, included for comparison with our K-72 sample {see Ref. 7).
bIncludes 176 events providing information only on ap - -

“Includes 60 events providing information only on apag0 .

Likelihood function extremely non-Gaussian in @50 {see Fig. V-7 and text).

secondary K-72 ED solution, less likely by ~1,6 standard deviations.
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Decay parameters, % and E° data combined,

Fitted parameters

Correlation matrixb

Independent @ 3
ap information = =0
used in fit Sample Events int ap [T a0 (deg) (deg) (aAa,:—) (uAu.:o)
K-63 3019 79.24 0,682 -0.366 -0,438 9.9+11.5 108 +38 0.63 0.50
+0.102 +0.059 +0,124
K-72 1061 45.02 0.708 ~0.421 -0.147 9.7+ 14.0 -1+28 0.36 -0.15
+0,110 +0.068 +0,179
on free
K-72 1061 43,562 0,679 -0.427 -0.261 9.7£14,2 177232 0.28 0.18
+ 0,105 +0,067 +0,195
Combined 4080 121.45 0.673 -0.389 -0.398 9.9+£8.9 154 £34° 0.51 0.41
+0,072 +0,044 +0,106
K-63 3019 79.10 0.642 -0.380 -0.463 9.8+11.6 107438 0.38 0.30
+0.055 +0.052 +0,116
K-72 1061 44.79 0.647 -0.432 -0.124 9.8+14,3 -1+28 0.11 -0.12
+0.057 +0.065 +0,189
LN =0.62+0.07
K-72 1061 43.44% 0.639 -0.433 -0.275% 9.8+14.3 177+32 0.09 0,09
+0,057 +0.066 +0,200
Combined 4080 121.31 0.647 -0.398 -0,413 9.8+9.0 153 £ 35° 0.34 0.28
+0.048 +0,041 +0,104

(“E'QE")

0.11
-0.04

0.01

aSecondary K-72 =° solution, less likely by =1.6 standard deviations.

bCorrelation coefficients not listed (uAnIh;, a®, etc,) are all 0.1,

®Likelihood function extremely non-Gaussian in &_o (see Fig. V-7 and text),
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in the maximum-likelihood fit, the error 6ai of a parameter «, is
. i

given by 5

(6a,)" = G, (V-20)
where B azw '

(G )jk = - —é—aj——aak . (V-21)
The correlation coefficients ‘listed are off-diagonal elements of the

-1/2 ey
) / We note that

normalized error matrix C., = G., - (G.. G,
jk ik jj Tkk
$.. is virtually uncorrelated with ap OF Ou A study of Monte Carlo
—t bt

events (see Appendix E) demonstrates that the calculated errors oda,
i
correspond to the rms deviation of independent measurements of a.,
' i

i.e.,
2 2 2 2 ;
(6ai) = <(ai - (ai>) y = <ai y - (ai> . (V-22)

The 159-event K-72 =° sample yields a best value' & _.0 =

~ 4

-1°£28° and a secondary solution @ = 177°x=32° (less likely by = 1.6

standard deviations). (Two maxima are also observed for the 206~

event K-72 5° sample of Ref. 7, although there the solution near 180°

is more strongly excluded than for our sample.) DBecause of the cyclic

nature of @.., , best values from K-63 and K-72 data cannot be averaged
= .

in a simple fashion. In Fig. V-7 we present a plot of w =ln »\{0 as a

function of assumed ,@EO , for the 159-event K-72 =° sample, for the

490-event K-63 =° sample, and for the combined data. In these {its we

assume J = 1/2, ap = 0.62, and a.—, = - 0.40; the polarization of each

)
subsample is allowed to vary as a free parameter. .

b. = and E° analyzed together (Table V-VIII). Because different

values of a, are obtained in separate fits to & and =° data, values

of =  and E° decay parameters (particularly a,__. and a.0) in
=

— treef
i

Table V-VII should not be compared directly. Peter Berge is presently
s . . . T >—0 .
(8/66) constructing a program that will fit = and Z° data simultancously
with a single value of Gpo allowing G-, @ip, Pi~, and P tovaryindependently.
: s et -+ frent

]

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 =° data separately [or various

assumed values of ano and then selected that value which maximizes

the likelihood for the combined data. Errors quoted in Table V-VIII

take into account the correlation of a.. and &, with ap - The corre-
A =

lation coefficients listed were obtained from the relations

AN
6'G.A aa;;,-, 0 l\
Cla, a T o . P (V-23)
A = 0 6(1»:_’ . ,\ c)aA //z
Cle__ o _)=Claga ) Claya ), (V-24)
‘where 6o,A, ba _ , and ba are quoted errors, and where (9a _ o/aaA)
describes the variation of o _ or a . as a function of an when all

other parameters are allowed to vary freely.
In Fig. V-8 we illustrate the correlation between N and

a for the combined K-72 and K-63 data. (See figure caption for

=Te 0
bt :0

= » . . I .
a detailed discussion.) The overlap of the = and = error ellipses
indicates that the data are consistent with equality of o _ and a o

as predicted by the |AI‘ = 1/2 rule.

1
n

2. Discussion

The values of & decay parameters reported in Tables V-VII
and V-VIII are in agreement with previously published results obtained
from K-72 data and from K-63 E K data. 1-10 The slight discrepancies
observed are due to differences in the samples analyzed, in binning criteria,
and in values assumed for ap - ’

In Table V-IX and Fig. V-9 we compare values listed in Table V-VIII

(with an constraint applied) with values previously reported in other ex-

. . 7,61,63-065 . .
periments, and we list approximate world averages of a ,
)
o , and & . DBecause different assumed values of a, were used in
0 e
[ oy

various experiments, and because an and a.. are highly correlated,

=
values of a and a were not averaged directly. For non-Berikeley
- 0

— —
et —
bt —
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Table V-1X, Decay parameters, comparison of experimental results.

Fitted or
Events assumed ® - D 0
__ Lab - Eo, UAGE' QAEEO value oqu uE_ qu (deg) (deg)
-12)* - () 0.64120.056  -0.368  -0.149 et
LRL(K-72) 004 206 (£0) 0.62740.070 20,057 20,154  0-5¥10.7 - 3423
b
LRL{K-63) 2529 490 -0.262 -0.269 0.642 -0.380  -0.463
o X0.033 #0,076 301085 30,052 0.6 PSHLE | 107438
LRL combined® 3431 649 -0.267 -0.249 0.647 -0.398 0,413 oo )
£0.028 £0.067 £0.048 +0.041 0,104 -8£9. i
BNL+5° 700 46 -0.34 -0.12 0.62 -0.47 -0.20" 0420 B
+0,09 +0,23 £0.07 £0,12 £0,37 -
Ep+d 547 25 -0.27 -0.3 0.62 -0.44 -0.5% lox37 .
£0.07 £0.4 £0.07 £0.11 +0.4
e
UCLA 356 54 -0.41 0.62 -0.62
‘ +0.10 - +0.07 0,12 - 54425 --
I
CERN'. 62 4 -0.35 -0.73
I - 0.61 o -- 45430 -
Average’ 5066 777 -0.283 -0.240 0.647 S0.419  -0.397 s 4. )
£0,024 £0,064 £0,048 0,037 0,099 sl *

%See Ref. 7.

bSee Table V-VIII, bottom (with an constraint applied).
¢(Brookhaven National Laboratory and Syracuse University).
d(EcoIe Polytechnique and others). See Ref., 64,

®See Ref. 61,

fSee Ref, 65,

Ba secondary solution is observed with @EO ~ 180 deg.

ha._:.o estimated directly from ap Qe

*Likelihood function for combined Berkeley data extremely non-Gaussian in 2,0 (see Fig. V-7 and text).

‘]Only entries below dashed line are included in average. See text regarding average values of o_- and a,,0.

See Ref, 63,
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data, we calculated aya = -0.32520.047 and a,a . = - 0.416%0.20;
then assuming ay = O.647i0.043, we obtained values a _ = ~ 0.502+0.082
and a_ = - 0.25%0.31, which were averaged with Berkeley values to ob-

tain the world averages listed.
In the following discussion we assume the = spin to be 1/2
= 0

(see Sec. V.A). The | AIl = 1/2 prediction, that the  and E° de-
cay amplitudes are proportional [i.e., S(E )= /2 S(E°) and

ot - —t Oy 1 . N 3 .

PE )Y =.J2 PE")], and thus that the decay parameters are equal, is

csatisfied within experimental error. The nonzero value of «a (and o )
—t " e 0
= =

shows that both S- and P-wave amplitudes contribute to the decay, and the

positive value of v _ = ./ 1 -a Z cos @ shows that the S-wave
. —t —t " —

>, b 0y
- i ot

arity-nonconserving) amplitude dominates. For =° deca , solutions
y g Yy

having v . < 0 cannot be excluded.
The phase difference of S and P amplitudés, calculated from

the Berkeley values a _ = - 0.40+0.04, & = 10°%9°, i566
. -1 L aEeet21° ‘ o a ]
(AP—AS) = tan (B _/(1 ) = 157 _250 In the absence of final-state

interactions, T invariance in the decay transition requires
AN AN

P S)
It appears that the hypothesis of T invariance is favored by the data.

' ; . . . 67
=0 or m, whereas C invariance requires (AP ~ AS) =% 7/2,

Under the assumptions of SU(3) symmetry, octet dominance, and
invariance under R (i.e., inversion through the origin IZ =0, ¥Y=0).
4 . o

;068 . . .. . , Y
Lee  ~ has predicted a triangular relationship among the non-leptonic co-

variant decay amplitudes for the processes

T A+ . (V-25)

A A =p ot (V=26)
and xg A (V-27)

According to Lee, both the S~-wave (parity-nonconserving)and P-wave

(parity-conserving) amplitudes satisfy the relationship
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2 B0 - A= /3 5. (V-28)

The same relationship (for either parity-nonconserving or parity-con-

serving amplitudes, or both) has been derived by other authors under

different assumptions. 69
Furthermore, the ]AI[ = 1/2 rule predicts a triangle relation
. 1 - s
= -2 . -
20 —= [(Z_ -2 ] (V-29)

between amplitudes for the processes

zy 2 p - (V-27)
stz ans (V-30)
L Z —sntom o, , (V-31)
so that the Lee triangle prediction and the [AII = 1/2 rule together re-
guire '
i-[zEj—Af}:-—L,[‘::-zi]. (V-32)
3 J 2

In Egs. (V-28), (V-29), and (V-32), the covariant S- and P-wave
amplitudes (denoted by A and B, respectively) are related to the partial
decay rate w by

~

x )
W ke A]Z[(M+m)2 - A [BIZ [(M~m)2-.uz}§, ,(V=33)
gm M~ L J

where M, m, and p are the rest masses of the parent baryon, the

-

decay baryon, and the decay pion, respectively, and g 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-39), A and

B are given by

2 2
F b (M+m) - p -
5_‘3’ s 2 ) . _ (V“‘J;)
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A recent determination of the 2 decay parameters Q(Z())f’

L -
a(}ilj'L), and a(Z ) has demonstrated that (V-29) is well satisfied, 70
and also permits a more accurate test of Eqgs. (V-28) and (V—3Z) thém
7,71

was previously possible. In Table V-X we present covariant

amplitudes A and B for the processes (V=-25), (V-26), (V-27), (V-30),
,and (V-31), calculated under the assumption that A and B are relatively
real.‘72 Only the relative signs of A and B are exbperimentally ob~
servable; a furt‘her ambiguity exists in the case of the 248 and = de-
cays (V-27) and (V-31), where the sign of v has not been determined.
A recent experiment has shown that y <0 for Ei decay (V-30). 3
In Table V-X , world average values of lifetimes, branching fractions,
and decay parameters are used. 4 |

The consistency of the data with Eqs. (V-28), (V-29), and (V-32)

is illustrated in Fig. V-10. In plotting the error ellipse for

ll pt . .
— (227 - A%), we have taken into account the correlation between o
2 R
)

and o _. 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 deal 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. 5 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 y (A, B)
Branching -5 1/2 Correlation
Decay ><1010sec_)1 fraction a x 10 (sec~mn_) coefficient
B2 > A+wT) 1.75 40,05 1,00 ~0.381+0.037 2.025+0,029 -6.46 £ 0,66 0.136
AYA > ptn) 2.53+0.05  0.663+0,014  0.690+0.048  1.528+0,030  11.48%0.97  -0.532
Eo+(2+ - p+70)
v>0 1.558£0.442 -11.71+1.88
{Y . 0} 0.810+0,043 0.528+0,045 -0.960£0,067 {1'168:&0_187 s etiidal -0:959
Ei(ZJr - n+1r+)
v>0?
-1,864:+0,034 0,05 0,41
{v<0 } 0.810+0,013 0,472+£0,045 -0,006+0,043 {_0‘0051&0'040 19'08%'35} -0.001
Z:(E— > n+tw )

Yoo 1.654 0,031 1.00 -0.017+0,042 (1.863:20.047  -0.45£0.391 4 o40
y<0 . . . . . 0.015 0,039  -18.34 £0.47 .
3—_(23' ) - - - 1,455 £0,040 14,09 £0,70 0,004

AR
1 0= ot
iz o=
N
Yz >0, zh< o(} 1.321£0.031  -13.60+0.37 0.005}
{Y(z:)<o, Y(zbzo 1,327+£0,037 -13.01£0,31 0.005

aThis solution is inconsistent with recent evidence that y(E:) <0, 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 & and =° decay distri-
butions.
In Fig. V-1iwe present distributions of (p - A) for 4080 =~ and

=% events (Table V-I),which should be proportional to 1 + O p G RN
regardless of the & polarization and for any = spin J. The ob:erved distri-
butions agree with the expected distributions,which are plotted for

Ap Qo = 0.27 and QAQEO = - 0.25, the values listed in Table V-VIIL.

In Figs., V~-12 through V-15 we present distributions of the four

. SN . UN . . ;
quantities N {(no. of events}), Jii=q <p'A)i T ) (B y)i , and
DN . . . ~ h .
L\"Ji:i ® - X)i as a function of (A . fi) = cos0. In Figs. V-12 through

=0

V-415 appear, respectively, distributions from (i) the 4080 = and =
events listed in Table V-I; (ii) the 649 =% events alone; (iii) a 4080~
event Monte Carlo sample generated under the assumption that J = i/2,
ap = 0.62, o = - 0.40, &= 0, and t ., =t 00 = 0.57; (iv) a similar
 Monte Carlo sample having J = 3/2, and tio= ‘féla:\ = 0.43.

The observed distributions in Figs. V-12 through V-14 agree with

the expected distributions for J = 1/2, namely

4m :%\11(0): %I—[i+aEPE cos 0] , . (V-35a)
4m 31% %I?A. A= —C;é[asfpz cosej (V-35b)
4n,%%}-lﬁA.§:% %1—\[@39,&5111 0] (V-35¢)
4o %“a”‘s’lﬁzx' % = ZI\‘T‘ %f}[ = Yy Py sin 0] . - (V-35d)

Similarly, the observed distributions in Fig. V-15 agree with those
expected. for J = 3/2. Parameters corresponding to the plotted curves

arc specified in the figure captions.



-85-

500
400
300

200

T T T 1 !

—

I

¥

Fig, V-11

OOr——T—1—T—TT—TT71

40 -
& N :
0 i ) jT\N \\ AN
~ 0 N+
p-A
MUB- 9195



-86-

600F T +100 T
< _
400% - 0 & &

MU-36794

Fig, v-12



-87-

404 ZINE

P, 1

<Q 0

ZIN" +

MU .36855

Fig. V-13



-88-

600

400

200

+100
>
2 o0
ZNL
-100
1 |
-1 0 +1 . . _
A A
AR °,
MU-36795

Fig. V-14



-89-

600
400
z
200
-1
T
+IOOF - +100-
= s —~
< E [) [ < x
ZN" ~_
ZINL
-100+ ~100-
| |

Fig. v-15

MU-36796



-90-

VI. PROPERTIES OF E (1530)

1,

The E_I:'<(1530) has been discussed by a number of

: -14,63 ‘ . . -
authors. 7,11-14,063,76,77 Best estimates of its mass and width are

m = 152_9,7;0.9 MeV, I' = 7.5%1.7 MeV; the I = 1/2 assignment has been
confirmed. Several experiments have shown the spin to be

23/2;13’ 63,76 using a portion of the data analyzed in this report,
Button-Shafer et al. 13 have ruled out the D3/Z parity assignment.
Although spin hypotheses J> 3/2 have not been ruled out experimentally,
the E;>:<(1530) is generally believed to be the I = 1/2 member of an |
SU(3) 3/2" decuplet containing N (1238), Y,(4385), 2 (1530), and

©(1675). In this section we measure the = (1530) electromagnetic mass

2%
A

difference, and we investigate the = (1530) spin and parity, using a data

sample larger than that analyzed in Ref. 13,

A. TFinal States Analyzed

In the K-63 experiment, at incident K lab momenta of
e ’

1,7 to 2.7 BeV/c, we observe 5 (1530) in the fol'lowing.states:

HKw final states:

K +p =8 +K +7 (270 (VI-1)
—~ B 4+ K+ ("5 (VI-2)
A U =l (VI-3)

S KT final states:

- A k=g
K+p~ B +K +7 +7 (=) (VI-4)
2+ KO+ ® (270 and ET) (IV-5)
- BOL KR s T (BT (VI-6)

"

1. =K7 Final States

In Fig. VIi-1 we present a Dalitz pldt for 18419 unambiguous

™ T

KT final states, including 1021 E:~KOTT+, 435 H &k w0, and 363

=0k 7T 78 (Of the 1024 B K 7" events, 176 lack visible A decay and

are not analyzed further.) Approximately 60% of the events -are at

2.45 to 2.7 BeV/c, 30% at 2.4 BeV/c, and 10% at 1.7 BeV/c. Both

kz *(1530) and I{>:<(8‘-}Q) arc apparent in all three final states. Tt is dif-
12 = 0.53 (Bev)”

L 2 : :
ficult to say that any k at m = (0.725 BeV cexists in
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our data. We do not see E>:<(1817); the slight =T enhancement around
(1.86 BeV)Z = 3,45 (BeV)2 is believed to be 3*(1933), shifted due to
limited phase space. A slight enhancement around (1.7 BeV)Z = 2.9(BeV)Z,
pointed out by Smith and Lindsey, 14 shows up more clearly in AKK final
states. |

The =7 mass distribution in the E*(1530) region is shown more.;
clearly in Fig. VI-2, For the 1017 non—K* events analyzed further

(unshaded), we estimate N(& )/Ne 475/1017 = 47£5%, m, =~ 153333 MeV, and

robs (observed width) = 1243 Me'V, 9 The data are adequately fit by a
P-wave resonance having I‘O (true width) = 7 MeV, folded with the ex-
80 '

perimental resolution function (illustrated).

2. ZKmw Final States

Figure VI-3 is a mass-squared plot for 265 unambiguous EKwn
final states, including 78 E~K+1T+TT—, 66 E‘K°ﬂ+ﬂo, 1014 En”ﬁﬁ-neutrals,
and 20 20K, 8
lack visible A decay, are not analyzed further.) All but six of the events
are at 2.45 to 2.7 BeV/c.

The ""*’*(1530) is clearly scen; about half of the -EI* are produced

(The 101 E~1T+ + neutrals, and 29 E§~K0ﬂ+ﬁo which

p—t

'
sk

- * . . . . -
via K +p=E + K. The ET mass distribution is shown in greater
detail in Fig. VI-4, TFor the 172 =7 pairs analyzed further (unshaded),

we estimate N(Z)/N# 100/172 = 58+10%, m, ~ 1532%4 MeV, and

robs = 14125 MeV. The mass and width are consistent with those ob-

served in &Kmw final states.
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B. Electromagnetic Mass Difference

¢ : i
The = (1530) electromagnetic mass difference has been discussed
1-90

in a number of recent theoretical papers. Previous measurements
2

have been reported by Pjerrou et al. 77 and by London et al.;(w in ouxr
analysis we follow closely the methods adopted by Pjerrou et al. 77

1. Seclection and Fitting of Events

S % 4
In principle, measurements of m(E ) or m(= % may be made
from data in any of the final states (VI-1) through (VI-6). Because our
data in EKmwm final states are statistically limited, we restrict our

discussion to the =KT7 final states (VI-1) through (VI-3):

K4p ~ 8 +x+7 (2 (VI-1)
- 2+ K4 =" (VI-2)
A (=" (VI-3)

Due to the different topologies of the reactions involved, special fitting

procedures are required if systematic errors are to be avoided.
=t a

: . 77 ’ . . s
As Pjerrou et al. have done, events containing = or with

il

visible A decay were fitted similarly, by disregarding the = and by
considering the A and © from = decay as end products of the pro~

duction reaction:

K 4p = A+m + (K +m (87 (VI-T)
AT K4 (no) =" (VI-8)
= A+ (%) + K+ ") (VI-9)

(The A and ©m from = decaywere first rotated backward in azimuth
by the turning angle of the = in the magnetic field.) After the A mo-
mentum had been obtained from a 41C {fit at the A decay vertex, each
event was fitted to one of the 1C hypotheses (VI-7) through (VI-9) (the
missing particle in each case is indicated by parentheses). In reaction
(VI-7) the K%was omitted from the fit even if it was observed

We have analyzed only unambiguous & and =% events with
visible A decay, selected as described in Sec. IV. In the fits used to
sclect events, we assumed m(E°) = 1314.3 MeV and m(E") = 1320.8 MeV

7,91

corresponding to world average values. A total of 1156 unambiguous
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events were fit to the 41C hypotheses (VI—?) through (VI-9), of which
1133 (including 700 outside the K* region) yielded acceptable fits

(c.1. =0.005). In order to avoid possible K* interference cffects,

we discarded events having 840 MeV <m(Km) <940 MeV. The events
analyzed are listed by momentum and final state in Table VI-I. In
Fig. VI-5 we present ATT effective-mass distributions for the non—K*
events fit according to the 1C hypotheses (VI-7) through (VI-9).

B

2. Determination of m Masses and Mass Difference

. 50 . e, . .
The = 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. ve In this program, the assumed

A7n (Z7) effective-mass distribution is of the form

dN . o 4
o ©« (phase space) + (phase space) X Cp X ¥ (w), (VI-10)
where C;D\ specifies the relative amounts of resonance and nonresonant
background, and the E’ﬁ resonance function g‘QR(W) is that given by
Jacks on:9
Ny Y T(W) 44
opWr e g — 22 72 ' (VI-11)

- +w, I
(w™ - wy) 0 (w)
Here w is the B effective mass, W is the resonant mass, and
q = q{w) is the & momentum in the =7 rest frame. The energy-

dependent width I'(w) is given by

4 3
rw =r, (LY B, (VI-12)
0 Vg, § 1
‘ L0
where I' = I(w,) and q, = q(w,). The function B,{q) is a P-wave
0 0 0 0 94 1 :
angular-momentum barrier factor, given by
1+ (qOR)2
B,lq) = ————— (VI-13)
1+ (q R)
4
where R = (Zmﬁ) ' is a characteristic radius of interaction. The

form of \;17R(w) is insensitive to the value assumed for R,
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Table VI-I. Events used in & (1530) mass-difference analysis.
Entries are of the form N(non—K>'<)/Ntot. Events used in the
mass-difference analysis are the 700 non-K" events
fitted according to Egs. (VI-7)-(VI-9).

1C fits
Usual fits (VI-T)-(VI-3) g%:;;"
Momentum ({BeV/c)

Final state 1.7 2.1 2.45-2.7 Total Total
=K%t (KO scen 0/0 46/67  47/96 93/163 92/157
{ unseen} 23/23  404/457 130/227  257/407 253/397
BK o 15/15  57/92  412/196  184/303  186/296
2o " 11/41  45/76  114/196  170/283  169/283
Total ™0 23/23  150/224 477/323  350/570 345/554

26/26  102/168 226/392  354/586 355/579

=
(@]
[l
Q
=
It

Grand Total 49/49  252/392 403/745  704/1456  700/1133
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‘The assumed function QOR(xv) describes the observed distri-

bution correctly only if TRF < ‘<_I“O (where I‘RF is the width of the

experimental resolution function). Alternatively, if the resolution
function is Gaussian and FRF > > I‘O, l\QQ(w) may be approximated
. X .

- . . - i
by the Gaussian form

";OR(W) o« exp| -% (w=w) Z/o Z] . (VI-14)

¢
\

he E>'<(1530) resonance represents an intermediate case, with
TRFZ I‘o for EW,'and FRF:::' 3]."0 for ¥ . We have fit the ob-
served distributions as s'ur'ning the.two limiting cases (VI-11) and
(VIi-14); free parar_neters in the fits were N(E’p) N {(fraction of events
contributing to the _r'esor'lance)', the resonant mass m(E;>'<)Eva, and a
width parameter T (= I‘O or 2.35 ¢). >Then‘N(‘E>'<)/N, W and I

were estimated with the assumption of a resonance having FO =7 MeV,

008

folded with the experimental resolution function. Data from the fits are
presented in Table VI-I1I, and the corresponding theoretical curves are

plotted in Fig. VI-5. After considering possible systematic errors
P_I:,'<_. >

- . . ;_..~"<0 i ~ X
(see Sec. VI.B.3), we estimate Am = m{& ) - m(E ) tobe 2.0£3.2 MeV,
We compare this result with previously reported values of 5.7=3.0 Mev'T

and 7.044.0. MeV. 63

3. Possible Systematic Errors

We consider possible systematic errors due to the following

effeces:

14
a. Uncertainty regarding form of \")R(w). For the 345-event =
. 1

3
S -

sample and the 355-event =  sample, we observe variation of the

. /
o @s the assumed resonance function i';)D\(w) is
varied between the two limiting cases (VI-11) and (VI-14). (For the

=0 Q- . . < P P .
Z 7 and E W samples considered separately, variation of the order

order of 0.5 MeV in w

—

of 1+to 2 MeV is observed, but the cffect cancels out in the combined

% sample.) Although the effect is small compared with statistical
. 3 g . N iy . . . ».4*0

errors, we conservatively increase the estimated errors on m{Z )

and m(Z ) by 0.5 MeV. (3ece Table VI-II.)
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Table VI-II. Resonance parameters of =¥ and SR

' m(E") = w I
B0 oy R Final state N Fit N(=")/N (MeV) (MeV)
(0) 2ROt 345 (a) 0.56+ 0,04 1534.6 £ 0.8  14.7+ 1.8
(b) 0,48+ 0.03 1532.14£4.0  25.4%2.8
(¢) 0.5+0.1 1531,8 + 1,49 1443
() =R 0 186  (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
(-) - 20K ™ 169  (a)  0.38+0.06  1536.9+3.9  32.3+11.3
(b) 0,32 +0.05 1537.743.4  42.8+4.7
(-) R0, 2Ok T 355  (a)  0.33+£0.04  1533.7+2.2  24.9+6.1
combined (b)  0.2940.03  4533.742.4  40.5+4.5
(c) 0.3+0.1 1533.7+2.9% 2710
Am =m(E* ") em(2*0) (a) - 2.1£2.5 -
(b) - 1.6 £2.6 --
(c) —- 2.0+3,2° --
a. . . - — . =
Fit assuming IRF =0 (Eq., VI-11); I''= Ly
bFit assuming PO =0, Gaussian resolution function (Eq. VI-14); I''= I‘RF =2.35 0.
“Estimate assuming Foz 7 MeV, folded with experimental resolution function; I''= Fobs'

dError on wq increased by 0.5 MeV due to uncertainty in form of d)R(w).
(See Sec. VI.C. 3a.)

®Estimate of Am 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

e

SUPER FIT is not corrected for effects due to removal of the K
band (840 to 940 MeV). The error in W, may be roughly estimated
by as.suming a Gaussian resonance having ¢ = I‘ObS/Z.35 and

by assuming phase space to be linear in the vicinity of W If true
and assumed phase space are proportional to [ 1 + C(w~wo)} and

[1+ C'(w-w,}], Tespectively, the error in wq is approximately

N ale
B3 3K -

\
O/

(C-C') - OZ = 0.18 (C-Ct") - T7 2, For the =& and = resonances,

obs
we estimate

Error

CiMeV 1)_ C (MeV—i) TObS(MeV) in \VO(MGV)
=% 0.0024 0.0044 14 -0.08
=™ 0.0033 0.0045. 27 -0.16

Accordingly we correct our estimate of Am by +0.1 MeV. (Sce

Table VI-IL)

c. Discrepancies in 1C fits. Pjerrou et al. have pointed out that the

1C fits used in fitting the various final states are not quite identical;

i.e., in the three reactions (VI-7) through (VI-9), the missing particle

is respectively the K, the pion not from E decay, and the pion from = decay,
' et
=

The effect ofthese differences may be checked to some extent for the 93
having visible K° decay, by performing all possible 1C fits, omitlting
in turn each of the observed particles (including the rotated w from
= decay). In Table VI-III we list values of R obtained by fitting
cach of the resulting Am7w effective-mass distributions in the usual

fashion. The limited data available allow us to detect systematic shifts

in Am of the order of 3 MeV. ZEffects this large are not observed, so
oy . . » 95
we make no additional correction to our estimate of Am.

d. Assumed masses. The only masses entering into the 1C fits are

those of A, K, and ® . All of these are known to within 0.3 MeV;

variations of this order in the assumed masses cannot produce signifi-
. . . = =0

cantly larger variations in O&m. The assumed = and =5 masses

do not enter into the 41C fits, but enter only (a) in the sclection of
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Table VI-III, Analysis of 93 E_KonJr events with visible K? decay.

b
1C Events fitting W Analogous 1C fit in
hypothesis® 1C hypothesis (MeV) mass-difference analysis®
ArT(KO)n" 92 1533.6 £ 1.7 Ar(KO)w' (VI-7)
ArKO(xh) 88 1533.6+2.6 Av K (2% (VI-8)
- 0 + 0 + -
Mrm K n 91 1535.3+2.1 MoK m (VI-9)

dparticle omitted from 1C fit is indicated by parentheses,

Fits assume zero-width resolution function, as in Eq. (VI-11).
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events; (b) in the calculation of the = turning angle (the angle
/.

through which the A and T must be rotated before fitting); ° and
(¢) in the calculation of three-body phase space, for the fitting of thé
Av7w effective-mass distributions.

As Pjerrou et al. hzive done, we too have repeated the entire

mass-difference analysis, assuming slightly different values for
- b ;
m(z ) and m(=°). The dependence of m{& )= W upon the assumed

masses is illustrated by triangles in the top half of Fig. VI-6. From

(2), (d), and (e), we estimate the following partial derivatives:

! s
A

dm (= )

dmi= ) 4. g.45, iz ) £ 0.04;
dm(= ) om(=°)

M*O %0
dml=s ) o412 - graln ) =g,
om(Z) om(=°)
o2(Am) ~ - 0.27 MzO.OLL .
om (=) om (E°)

World average values of m(5 ) and m(E°?) are 1320.8%0,2 MeV and
1344.3%4,0 MeV, respectively. 17 Variations (in the assumed =
masses) comparable with experimental errors cannot produce varia-
tions greater than = 0.4 MeV in Am ,

In the lower half of Fig. VI-6 (circles) we have plotted weighted
averages of Am and AT® effective masses m (AT obtained from the
1C fits, as functions of assumed m(E ) and m(=2°). The AT effective
masses thus calcuiated agree with the assumed = mmasses, and are not
sensitive to them. We estimate &m(AT/0m(E) = 0.15, 0.16, and

0.08 for E—KOTT+, E“K+TTO, and EOK+W events, respectively, After
a priori errors have been multiplied by an appropriate scaling factor
“of 1,15 {to yield correct XZ distributions), the AT effcctive-mass
distributions agree with the corresponding resolution functions. This
consistency check provides evidence that the sample analyzed contains

little non-= background, and that systematic errors ave not introduced

in the 4C {fits,
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4, Discussion

Two well-established supermultiplets in the SU(3) unitary
symmetry scheme are the spin-1/2 baryon octet (containing N, A,

, and Z), and the spin-3/2 decuplet [ containing N>'<(1Z'38), YI(1385),

JS !

(1530), and $(1675)]. In each case, the mass splitting between
isomultiplets, due to a medium-strong symmetry-breaking interaction,
. . . 3,97

is accurately described by the Gell-Mann-Okubo mass formula. ’

In the limit where SU(3) symmetry is violated only by the electro-

magnetic interaction, the e.m. mass splittings within isomultiplets

are related as follows :8l’ 8

Spin-1/2 octet:
- +

m(= ) - m(& ) +m(p) - m(n) (VI-15)

1
o
it
8
I
!
1
8
&

Spin-3/2 decuplet:
2
m = my +my0+ m,07 (VI-16)

where Q = charge, and Jmo,rni,zn2 are constants.

In the SU(6) symmetry scheme, the spin-1/2 octet and the
spin-3/2 decuplet are incorporated into a 56-dimensional representation.
In the limit where SU(6) symmetry is violated only by electromagnetism,
the following relations hold, in addition to (VI-15) and (VI~16):8'Z

(N - Ty = mm) - mp) (VI-47)
m(N ) - m(N ) = mn) - mp) + m(2) + m(EY) - 2m(29) .
(VI-18)
By considering the effects of only the charge operator to second order,
Sakita obtains an additional restriction:gg’ 79
mn) - mp) = m(E%) - m(=T) . - »(vx-m)

In Fig. VI-7(a) we illustrate the various SU(3) and SU(6) predictions in

terms of a minimum number of free parameters.
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Other relationships have been obtained by considering the
members of the octet and decuplet as bound states of quarks. The
predictions of two proposed models (Rubinstein, Ref. 84) (which differ
in assumptions regarding the spin- and isospin-dependence of forces be-
tween quarks) are illustrated in Fig. VI-7(b). ‘

By assuming that the symmetry-breaking interaction is dominated
by "tadpole" diagrams resulting from the existence oi an octet of scalar
particles, Coleman and Glashowa predict equal-mass c¢.m. splitting

within the spin-3/2 decuplet, i.e.,

m = mo + miQ, (VI-20j
where Q is charge, and where
. T* ~ 5 . -
m,m 2N =Y ) m Ty L m(2T)] R - 3 MeV. (VI-21)

17 m(N) -~ m(E)

The major non-tadpole contributions, which disrupt the equal~spacing

4

pattern, have been estimated by Socolow; 86 the predictions of the cor-
rected tadpole model are illustrated in Fig. VI-7{c). Dashen and
Frautschi have derived the equal-mass-splitting rule from the bootstrap
theory of octet enhancement. 81 Here again, higher order effects dis-

rupt the equal-mass spacing pattern.
0 o
: ; 88 R N
Finally, Kumar = has calculated the = (1530) mass differ-
_ M>::~ n—r*o P . ~ , . . q 4
ence Am = m(E ) - m(E ) to be 3.87 MeV, using an S-matrix method

4 ste
32

. — .100 .
suggested by Dashen and Frautschi and assuming the = to be a
o . 89-. . Cn . . .
bound state of K and A. Gilman “ is pursuing similar investigations
but has not yet published an estimate of Am(E ).

To date, the following e.m. mass differences (in MeV) have

been reported: 101
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Spin- 1/2 octet:

min) - m(p): 1.2933%0,0001 (Rosenfeld)

—_- |

(27 - m(zT): 7.900.09 (Rosenfeld) |
> average 7.90%06.07

1

7.89:0.12 . (Schmidt) |

m(Z7) - m(2%): 4,86x0.07 (Rosenfeld)“i
} average 4.89=0.06

4.9940.12 (Schmidt) |

m(E ) - m(E%): 6.5 1.0 (Rosenfeld)

m(N ) - m(N y: 0.45+0.85 (Olsson)
wNY - mN T 7.9 6.8 (Gidal)
m(Y*_) - m(er-): 17 £ 7 (Cooper) g
. - |
4,3 =2.2 (nuwe) }average 3.3L4.2
2,0 1.5 (Armenteros)|
j
11 %9 (London) J
K M0 N -
m(= ) -m(=E ): 5,7 £3.0 (Pjerrou)! |
i i
}average 6.2+2.4 j‘avg.
7.0 +4.0 (London) | b 4.7
. b
2.0 £3,2 (this experiment) 4 £.9

The experimental data are in good agreement with the prediction

et

of Kumar, 88 that Am(E’k)é m(E>:<—) -m(= )= 3.87 MeV. For the
theoretical models relating &m(E>'<) to other mass differences, predicted
values of /.\m(E*) may be obtained by performing fits to available data
ng:cluding ':.’:J;zl< data; the results of these {its are presented in Table VI-IV,
The two-parameter SU() modelg3 and the corrected tadpole mode,l86 do
not describe the observed octet mass differences within experimental
errors; here, in estimating Am(E>'<), we have allowed for = 0.5-MeV
uncertainty in theoretical mass predictions.

In Fig. VI-8 we illustrate the agreement of the observed de-

cuplet mass differences with the predictions of SU(3).
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Table VI-IV. Comparison of predicted and observed e. m, mass splittings,
) am(=")
Hypothesis X (NC)g Fitted parameters (MeV) Correlation coefficients predicted (MeV)
No =¥ wim =¥ No 2" With = No = with 2 No 2"
1. SU(3}) a 0.01 (4C) a = 3.47+0.14 (a,c) = -0.94 -
octet b= 1.2933
c = 3.44+£0,18
2. SU(3) b 0.55 (1C) 1,70{2C) a'=  2.,44+0,92 2.8640.83 {a'",b'}y = 0,66 0.62 2.44 £0.92
decuplet b= 0.98+0.36  1.09%0.35
3. SU(6)°© 1,40 (4C)  2.04 (5C) a = 3.47£0,14 (a,c) = -0,94 3.17£0,14
b= 1.2933
c = 3.44+0.18
4. Restricted h (5C) h(6C) a = 5,28+0,31 {a, b) = -0,10 5.28+0.31
su(6)d -
= 1.80+0,24
5. Quark 0.45 {3C)  1.89 (4C) a"= 3.1820,14 (am ¢ = -0,94 2.00%1.20
model® - -
bt = 1.2933 {av,d") = -0.03
e = 3.42£0,18 (e, dnm) = 0,04
dn = 4.60+1,20 3.83+1.02
6. Restricted 15.1 (4C) 16.41{5C) a" = 3.20+0,14 (am,c") = -0.94 6.59+ 0,07
quark model® bh = 1.2933
ch = 3.39+0.418
7. Tadpole (1) h (6C) h{7C) x = 2.460.13 2.76 £0.15
8. Tadpole (ii) h (6C) h(7C) x = 2.02+0.43 5.59+0.15
9. Tadpole (iii) h (6C) h(7C) x = 1,89 £0.13 6.86+0,15

See Ref., 98.
Sce Ref, 81,
See Ref, 82.
See Ref. 83.
See Ref., 84,
fSee Refs. 85, 86.

a,
b
c
d,

e

g)(Z(NC) is a chi-squared for N degrees of freedom,

Baryon octet cannot be fitted within experimental errors (XZ > 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-1/2 octet; {(iii) = (i} + (ii) + correction due to spin-3/2 decuplet.
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AN

|
SU(3), without H* data
SU (3), with B data

= 3b = 7.9+ 6.8 MeV

\ (N*'_N*++)

a’'=4.711.9 MeV

50 =

- (5%

Fig, VI-8

MUB-13876
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C. Spin and Parity

Using the Byers-Fenster formalism, one may determine the

spin and parity of = (1530) decaying via

y
Sk

= (1530) —E 4+ W
o N T
In our analysis we fit the observed decay distribution to a distribution

function analogous to (II-51), assuming spin 1/2 for the = and disregarding

the dircction of the proton from A decay. We analyze only those K-03
events which have visible A decay and which unambiguously fit one of
the following hypotheses:
K o +p—5" +K +a (780 events) (VI-1)
- =T K+ + 0 (422 events) {(VIi-2)
L (366 events) (VI-3)
BT e K b 4w (78 events) (VI-4)
- =T e KO+ a0 (37 events) (VI-5)
- HO 4 KO 4w+ (20 events) . (VI-6)
(A sample containing essentially the events of type (VI-4) and (VI-6)
has been analyzed previously.)i?)
In the present analysis we selected =7 combinations (having oo
- 102

17 = = 1/2) in the range 1540 to 1555 MeV, corresponding to =~ 4 I obs®
N Y . 0
In = K'm 7 events containing two = (4530), only the = nearer

B3

1530 MeV was analyzed. In order to avoid possible K interference

e sle

effects in ZKXKm events, we required (:: . %:% =20 (where A:':‘ is the di-
rection of the ¥ in the §§>'< rest frame, and = is the direction of
transiormation into that frame). All events in the K*(S()O) band were
‘ sk A 2
thus removed without distorting the =  decay distribution. "7 In the
0 "

=R sample, which is the only =ZKwm final state where K in-

P . . . - . s 1
terierence can occur, there were no events having both 2 & and an
3¢ :

interfering X .

The remaining events were divided into four subsamples

. e " + = p— - - e —
(159 = K°w", 39 = K‘TTO, 53 =0K w, and 96 EKww). Rach subsample

o . N S P
was fit independently to various = spin and parity hypotheses J°,
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with spin 1/2 assumed for the =, and with a = q = - 0.4, Tits
.- — 0

= =
(== 4

were performed with the assumptions of Lvnax =14
4

sample) and L ax o 3 (seven parameters per sample). The choice

one parameter per

2

v = % 1 is appropriate for the sequence J =1/2", 3/27, 5/Z+, etc.
4

Values of the t. LM and of w :)va\ are presented‘in Fig. VJ'9 and

Table VI-V. Axes used in defining the th are Z = KX s

A 3k

$=5" and X=YX 7.

Fits with L = 1,3, and 5 (4,7, and 17 parameters respectively)
max
were performed for the combined sample of 347 events; the results of

IXI

these fits are presented in Table VI-VI. Due to the large number of

parameters, fits with Lmax = 5 were not possible for the smaller

subsamples.

- We may draw the following conclusions regarding the spin and

parity of =" (1530):
(a) Spin 23/2 is favored by the daua (Refer to Fid. VI-9)

As L is increased from 1 to 3 (for J 3/2 Jlnf is increased
max ™\

: 2
by 19.2, corresponding to a y of 384 for 24 degreces of freedom. The

J=141/2 i.e., L 1) hypothesis is roughly 3.5% as likely as the

max
o a _ e
J=3/2(@G.e., Lmax = 3) hypothesis.
) -

(b) The hypothesis J = 3/Z+ is favored over 3/2 by
&~ (2 X 3.8) /2 = 2.8 standard deviations. (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 max
JT o= 5/27), Ind, is increased by 8.3, corresponding to a X~ of 16.6
for 10 degrees of freedom. The J = 3/2 (i.e., Loox © 3) hypothesis
is IOLlfley 8% as likely as the J = 5/2 (i.e., L 2y © 5) hypothesis.
[If the = (4530) spin is 5/2, the hypothesis P = 5/2 is favored over
5/2" by = 2.4 standard deviations. ] '

o

o Lot . .
For the 251 & {rom EZKw final states, which have not been analyzed

previously, the J = 1/2 hypothesis is roughly 3 or 4% as lil cly
s

Xisc
favored over 3/2° by = 2.1 standard deviations. We compare these new

= 30.8) as the J = 3/2 hypothesis. " The hypothesis =3/2

results with those reported in recent experiments:
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l I I T T l 1 l 24
B Anz 7]
| (dy =38 —20
B \\ (d)
- (c) s
= (c) -
B (b (b) ]|
_ o ey
| Afnt 1 _] To i
i =19.2 1=
i (a) i
° (|
{c) T
— T
‘(T))*\‘\" (d) .
Od—1 4 + ! - | 0
JP=1/27 372t 5727 /2t 32 B2t 3/2Y 527 3s2- 5Ot
Lmax = ! Lmax=! Lmax=3 Lmox=3
Y=+ Y=-1 Y =+ Y=\
MUB-13655

Fig. VI-9
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Table VI-V, Values of w = tnX and trM (x 100)

for E7(1530) subsamples (a)-(d).

o

1/2"

1/2%

3/2%

3/2°

Z
I

Ing

IPvd

I

i

i

1}

H

i

i

it

Sample
Total,
{a) {b) {c) (d) (a)-(d)
2R B m%%te EKa
159 39 53 96 347
0.00 1.43 1.86 0.68 3.97
0+20 -67+36 64 +31 -31+26
0.18 0.00 0.02 0.95 1.45
12+ 20 -2 438 6+30 3626
10.88 1.55 5.15 4.91 22.49
8+24 ~94+57 67+41 ~43 + 34
25+ 8 -5+16 1+ 14 7+9
1+5 -9 +11 -41+10 4 +£7
135 3415 11+9 6+8
14 £ 17 -24 + 34 75 £ 31 29 +£18
24 £12 -10+27 25 +22 ~14 +16
-10+11 -4+ 34 17+ 20 28 +£16
10.35 2.33 2.70 3.31 18.69
18+ 24 46 +54 -28+39 46 £33
-25+8 -4 +£17 3+ 145 7+9
345 -6+£11 5+11 5+7
14+£5 2+15 8+9 6+8
~28 £ 17 -33+37 -2+ 34 -18 £ 19
-8+ 11 8+26 28 +24 10+ 16
-10+11 56+ 28 46 +25 -16+ 16
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Table VI-VI, Values of w = £nX and tLM {x 100)
for combined E*(1530) sample.

1P 2 1/27,3/2%,5/27 (v = +1)

P =4/2%, 37275727 (y = -1)

Lmax =1 Lmax :3 Lmax:5 Lmax: Lmax =3 max:

In(T=1/2) 0.07% - - 0.67% - -

In (T =3/2) 0.24 7.78% -- 0.65 6.86% --
In’ (T=5/2) 0.32 8.27 12.83% 0.61 7.28 15.63%
o -5+ 14 13+ 17 -12+17 15 + 13 19 £ 17 1747

to -10+5 “11+5 -11+5 -9 %5

Ret,, 343 44 343 3+4

Im‘22 9+4 8+3 9+4 943
ts0 20411 35+ 16 -19+ 11 -32+16
Ret, 12+8 15+ 12 2+8 -5+ 12
Imt,, 54+ 8 10+ 11 -2+8 211

t40 36 2+6

Ret,, -T+4 -7x4

Imt, 1+4 1:4

Ret44 T7+4 6+4

Imt44 2+4 1+4
1:5O 2+ 10 -6+10

Ret,, 548 “247

Im1:52 3+6 -49+6

Ret, , 97 07

Imt54 1+7 -9x7

%Value of JZno(J: corresponding to t listed.

LM
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q s i . N e i 0 v + .
Using 77 = produced in & K T and =0x04" T final

states by K +p at 2.45-2.7 BeV/c uerkeley‘- K-63 da’ca), Bu.tton—Shaferi3
finds J 23/2 (for the J = 1/2 hypoLhesm, X486 = 449); = 5/2 is not
required by the data. The 3/2 and 3/2" hypotheses have confidence

levels of 0.75 (ch = 5.0) and 0.005 ( éc 21.5), respec‘clvcly 104
(If.J = 5/2, the hypothesxs 7% = 5/2" is preferred over 5/2
Using 80 5 produced in 2 K final states by K + pat

1.8 and 1.95 BeV/c ( UCLA) Schlein et al. 76 find J =3/2 (for the
j = 1/2 hypothesis, XZ4C.: 47); J =5/2 is not required by the data.
The 3/2Jr and 3/2" hypotheses have confidence levels of 0,83
(\("’C = 1.5) %Td 0.035 (Xic = 10.3), respectively. 104 (If J=5/2, the
hypothesis 5/27 is preferred over 5/2+.)
~ Using 132 = produced in EK7 final states by K + p at

2.24 BeV/c (Brookhaven), London et al. 52 find that the J = 1/2 hypo-

thesis is discriminated against with a confidence level of = 1%. They
did not investigate parity. |

Using 108 E* produced in EXw final states by K + p at
1.5 to 1.7 BeV/c (Berkeley K-72 data), Berge et al. | find very slight
evidence favoring J=3/2 (c.l. of J = 1/2 hypothesis ~ 12%), but re-
sults are inconclusive, " '

E perimental results to date are consistent with the assignment
of the = (i 30) to an SU(3 J/Z decuplet containing N (1238),

r—t

Y, (1385) = (4530), and Q(1675). At present, however, the possibility

of higher spin for 5 (1530) cannot be excluded.
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VI, PROPERTIES OF % (1817)

. — < . P
The existence of = {1817 MeV) has been established in a number
_ . Lodi, 12, 14-16 L. ,
of recent experiments. The state is most clearly seen as

- — - +. 0 — 0 .
AK™ and AK® in the reactions K +p—-A+ K’ + K’ ; these ob-

servations are sufficient to establish the S = - 2, I = 1/2 assignment.
Esﬁimates of the E* mass and width, as obtained from AKX mass distri-
butions, are m = 1847 =7 MeV, I' = 30 = 7 MeV (Berkeley), L4 and

m = 1844 =4 MeV, I' = 12 £ 4 MeV (Paris~Sac1ay—Amsterddm). L5

ri ~—_
ot P TI]]

The = (18417) is also observed as & (1530) + 7 and Eww, in

e

14

i

(Kmm final states; the intensity of this effect is = 25% that of AK,

1

B3

Observed branching ratios in the production and decay of ¥ (1847)
confirm 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 = (41817), was
. : . . . 11, 12 .
reported in =T mass distributions from XEXv final states; "’ the

apparent broadening and upward shift of the peak was not understood,

Later the Paris-Saclay-Amsterdam group reported the existence of a

L
oy st . et T 0,0 . .
possible new E  resomance (in = K 7 final states) having mass
_ . 15 .
m = 1933 % 16 MeV and width T = 140 £ 35 MeV. 7 A rough fit to the
% mass distributions in the Berkeley data indicates that the broad en-

hancement around 1900 MeV in the =7 distributions may be entirely

, e 14
due to & (1933), attenuated by phase space.
Finally, there is evidence in K-63 data for an S =-2,1= 1/2

- . ____O - . X
enhancement around 4705 MeV in 2 7% and AK ’  mass distributions
y { A 4
s = ot = 12, 14 . ,
from = K 7% and AKK final states. =’ At present the data are too
limited for conclusions to be drawn regarding the spin and parity of

=(1705).
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A. Analysis of E (4817)~ = (1530) + =

)
B3

" In this section we investigate the spin and parity of = (4847),
using a cleaner sample of EOKOWJFTT“ events than that studied previously,
and utilizing two spin tests proposed by Button-Shafer, ez (One of these
has been previously applied. )i{L The scarcity of data prevents the use
of more elaborate tests.

In Fig. VII-1 we present a plot of =T mass squared vs ETT
mass squared for 164 EKww events from the K-63 experiment. Six
events are. at 2.1 BeV/c, and the remainder are from 2.45 to 2.7 BeV/C.

— . . . ML i =0 +r0 T~ ;
Plotted are 135 unambiguous events (78 & K = m , 20 2 "K' 7' 7 , and

s

— + . .. : —— i
37 K% w0 with visible lambda decay, plus 29 = KO w0 events
without visible lambda decay., Only the 135 unambiguous events are

. . 5 — .
further analyzed. Events designated & (1817) have Zuw effective masses
—~ oY

between 1775 and 1850 MeV, corresponding to an interval of =2 X I s

2k [ . .
Events designated = (1530) have at least one 7 pair with [ == 1/2

and [ 4510 MeV <m(Em) <1550 MeV]; events designated K have at

least one K7 pair with I =3 1/2 and [ 840 MeV <m(Km) <940 MeV].

e

B S

Of the events designated as both & (1847) 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 E>‘<(1530)} of 5')6(4-817) decaying via E*(iSi?)
- E>'<(1530) + m, The sample analyzed contains 41 unambiguous =EKmw
events (23 E_K+w+w—, 13 E~I{0W+Wo, and 5 Eo9K° T?+'»’T-) having both a

s e .

(1847) and a E (4530). Of the 13 = K% 7 ecvents, 6 contain a

" (1530) and 7 contain a &  (1530); none contains both.

oI

Let us designate as T and L the pions included and not in-

cluded, respectively, in the E"(1530); 1o Co s

Ao

K 4+ p — 2 (4817 + K
-ET(1530) + ™,
s T (VII-14)
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Fig. VII-1
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In the = K°w n° final state, either K”«T1 or Kmw, may form a K,

—

N — + + - faaey + - N - - -
whereas inthe & K w 7w and QOI{Oﬁ ™ final states, only L{Wi may

st
by

forma K.
From the 41-event sample, in order to avoid interference effects

between = (1817) and K":(S()O), we removed 21 events having m(Kmw,)
+_o

Ped

1
> 840 MeV. The 20 events remaining include 15 E"-K+TT+TT~, 47 KO w0,
and 1 EOKOTY+TT~. None of the 4 E—KOTT+TT° events remaining has a K,
effective mass in the K>'< region.

In order that the angular distributions of interest be undistorted
>

by the removal of K events, we assigned double weight to certain

ste
B2

non-K events, selected as follows. For an event of type {VII-1), the

e
b3

K cutoff criterion m(KWi) > 840 MeV may be re~expressed as a cutoff
in cos a = E'Z:'(({LS?)O) o Z,;.fa\(iBi?), where the cutoff point in cos o depends
upon the c.m. energy of the Kmp system and upon the eiffective masses
m(i"ﬁfﬁi?z) and m(":’i"ﬂz) 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 o corresponding to m(KﬁTi) = 840 MeV for events having

Me
2K

both a E (1817) and a = (1530). In the right half of Fig. VII-2 the
same curves appear, reflected about the line cos a = 0, For each event
we imagine a single curve (and its 1‘eflection)'corresponding to the
particular values of m(EiTTiTTZ) and m(ETrZ) for that event. FEach K*
event falls to the left of the left-hand curve and is discarded; in order
to correct for the events lost, each event falling to the right of the re-
flected curve (oﬁ the right-hand side) is assigned double weight in the
analysis to follow. In effect, some events havirig cos o <0 are replaced
by other events having cos a > 0. The relnovalA—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
lcos 0] = | 8¥(4530) - 2|, where n = KX 5 (4847) is the = (1817)
production normal. Assuming I(0) to be of the form 1 + aZPZ(cos 0y, wc’

calculate the coefficient a, as

NI
5 & R _
a, = 5 <pz> = ), PZ (cos Oi) (VII-2)
, N i=1
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(e o)H ™ K'mhrw (23 events)
(& 8)8 KT T® (13 events)
(@ 0)E°KTTTT (5 events)
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Fig., VII-2
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- o 121 k*events (removed) =~ s
12 Singly weighted events
1ak 8 Doubly weighted events (plotted twice) |
|2 (a) (b) -
ol /]
- 3/2%5/2] 7] %; %
8 etc. 1
6 3/2", 5/2 :
|72t etc. \
: DN
NNE
2 \ “ N
N
O & l\\ L 1 J_/ X \\\\\ J\ 1
0 0.5 1.0 0 0.5 1.0
A} A A
|cos B]|E*(1530)-4 | |cos 4/|=|H-é*(|530)|
MUB 13879

Fig. VII-3
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with an experimental error

/2, 1/2 -
=56 (P,) —(5) Li-T % a, - »51~ ~a22] : (V11-3)

Here N (= 20) is the actual number of events, and NI (= 28) is the
number with doubly weighted events counted twice. For the r1on-K>:<
events of Fig. VII-3 we obtain a, = 0.6 +0.5, consistent v?ith isotroopy
and with the J = 1/2 assignment. We cannot rule out higher spin
hypothesee. ‘Background events lying outside the i (J.8'l7) region
(1775 to 1850 MeV), but otherwise selected just as the E (1817) events,
also yield an I(0) distribution consistent with isotropy.
In Fig. VII-3(b) we plot the distribution of

lcos \J,Jl = ] R g.:*(1530) l , 1. e., the decay angle of E>:<(1530) relative
to its line of flight. The expected distribution is of the form |
W) 4 +a, P, (cos ¥) for any value of the = (1817) spin J. For
a pure sample of E*(1817) decaying via = (1817)—~ = (1530) + , pre-

dicted values of the coefficient a, are as follows {see Sec.Il.A.4.b): 105

JP Partial wave £ S a, predicted
1/2 :
/2 1 o 1.0
1/2 2 |
3/2" 0,2 ) _
+ .

5/2 .

/ ~ 1,3 A = -0,5 to +0.5
7/2 . © 2,4 :
etc. - etc. ,
3/2" 1,3 \
5/2° :

/ + 2y 4 g = -0,9 to -0.5
7/2 3,5 ? :
etc. etc. J

The observed value is 1.4 = 0.5, which favors the hypotheses ) _
= 1/2% =3/27, 5/2%, 7/27, ete. over 3T =3/2%,5/27, 7/27, ete.
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The hypotheses 1/27, /2+, and 3/2 correspond respectivel;} fo"_'JZ =0, 1,
and 2 for = (1817) -—-A + K and (1f higher waves are ignored) to
2 =2, 1, and 0 for E (181?) N (1530)

Background e.vents outside the E (18'17) region yield a value
a,=0,2%0: 4, 1ndlcat1ng that the observed amsotropy may indeed be
associated with = (1817) However, because the = (1817) sample
contains > 50% Dbackground, we cannot ignore the possibility that the
anisbtropy may be due to E>:<(1817) interference with non-resonant back-

ground. In conclusmn, our ana1y31s does not permlt us to rule out con~

clusively any gF hypothesis for - (1817).

B. Discussion

Sk

There is no evidence for a = resonance near 1600 MeV, which
has been suggested as the missing member of a 3/2° unitary octet con-
taining N;:</2(1518), Yg(1520), and Y:{<(1660). However, if a phenomcnon
analogous to w-¢ mixing in the pseudoscalar octet occurs, the E (1817)
could be incorporated in the SU(3) Symmétry scheme as a member of a
3/2- nonet.

In another approach, Corben has recently devised a symmetry
scheme based 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,L, I ,S, and P (or G) for every known strondly
interacting meson or baryon state. 106 In this scheme, E (1817)
tentatively assigned [along with Y (1765)] to a multiplet having

P 5/2°

QOur results fforn the analysis of E>:<(1817)» E>:<(1530) + T are
consistent with those obtained in previous investigations. In an earlier
analysis i1 of essentially the same data, the distribution appearing in
Fig. VII-3(a) was found to be consistent with 1sotropy In the same
analysis, the observed branchlng ratios of = (1817) into E (1530)

A+ K, and E + 7 were cited as evidence possibly favoring the
= 3/2; and 5/2+ 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. 12 Button-Shafer performed a Byers-Fenster moment
analysis of E>:<(1817) (in K-63 A KK final states) decaying into A + K.
| We disregard a similar analysis of 3*(18’17) -~ E + 7, as it is now
believed that the =7 enhancement near 1847 MeVmaybe entirely due
to 3*(1933)'; ] 14 The analysis of Ef*(1817) in AKK final states is
complicated by the presence of interfering ¢ (1020) and (in AKO_I@
final states) by the impossibility of distinguishing K° from K®. After
removal of events in the ¢ (1020) region, 741 events in the region
[1775 MeV <m(AK) <1850 MeV] were found to require spin > 1/2,
with the hypothesis JP =3/2" slightly preferred over ‘3/2‘+. However
strong conclusions could not be drawn; i.e. " background events outside
the '5*(1820) region also require a 'spin' greater than 1/2, but perhaps
not so firmly as do ‘che resonant events, ' and '"the evidence (for

P 3/2 over 3/2 is exceedingly weak because of large background

in the E (1820) decay channels. " 1z

We have attempted a maximum-likelihood analysis of a somewhat
larger AKK data sample than that analyzed earlier. Here we removed
events containing ¢{1020) by requiring (2\ . '.é,*(1817) ) <0, whereas in
the previous analysis (due to statistical limitations) only events in a
narrow ¢ band were removed. For 59 events in the region
[1787 MeV <m(AK) <1847 Mev] we obtain values of w znb\- 0.00,
1.01, 3.36, and 3.66 for 7 =1/27, 1/2 2", 3/2+, and 3/27, respectively.
An increase of 3.0 is to be expected as J is increased from 1/2 to 3/2,
51moly from the addition of six extra parameters, so that our analysis
of = ('1817) -~ A + K provides no spin or parlty discrimination whatever,

=3

| Comparable results are obtained for background events outside the
= '(1817) region. ]

In contrast with the earlier analysis 'requiring' spin > 1/2 the
recent analysis indicates that the spin as well as the parity of (1817)
is still an open question. [ The recent analysis does not favor spin 1/2;
however, the way in Wth.h $(1020) were removed in the earlier analysis

2
could have produced anomalously high y values for the J = 1/2 hypoth-

esis.] The = (18'17) 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: 81414, 824#14, 831%b

2.1 BeV/c: 513%28, 525%15, 534%11, 544%4

2.45 BeV/c: 114%34, 125445, 132%27

2.55BeV/c: 415%30, 423%8

2.6 BeV/c: 341%61, 317%12, 324%39, 3333428, 339%4, 344%19, 351%6

2.7 BeV/c: 244%59, 232412, 234%8, 253%8 . |
Approximately 200 type-72 events were updated with additional ionization
information not contained on the tapes listed. 107
'5‘1*(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 our analysis of the

In Table A-I1 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—4o events
at 1.7 BeV/c should yield approximately

29X S X 154 = 42

unambiguous =°K® events (by the criteria of Sec. IV), when all events
have been measured, and when all =° . candidates have been processed
inm-63 PACKAGE. Similarly, we have estimated the numbers of events
expected to survive the additional selection criteria (K* and E* mass
Jimits, etc.) of Secs. VI and VII.

In Table A-II we estimate the total K-63 data available for the
analysis of & decay parameters, = (1530) e. m. mass difference, etc.,

assuming 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 estiﬁates of total K=63 events in Table A-Il are lower limits,
being based on currently observed ratios of (passing events)/(events

measured),
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Table A-I. Status of K-63 data analysis, September 1965,

Event type
Momentum
_{BeV/e) Az 14 Mz 32 40 42
1,7 555 2 37 17400 159 23
2.1® 769 15 135 28300 315 41
2.45 291 15 40 8900 1637 40
Bvents 2.55 486 35 50 17400 299 79
2.6 834 70 104 29900 500 121
2.7 479 40 34 15 500 416 132
Total 3414 177 397 147400 1852 436
1.7 478 1 13 12800 134 17
2.1 789 17 119 17600 314 44
2.45 267 15 38 8300 137 31
i‘:’a";\fmd 2,55 463 31 48 10 000 287 69
2.6 731 55 101 26700 451 96
2.7 403 28 29 14000 365 96
Total 31434 147 348 89400 1685 353
1.7 403 0 9 8600 65 0
2.1 696 4 94 13800 193 0
) 2.45 203 8 34 7400 81 6
fr‘l’;‘;“t;pgf}fcss‘?f 2.55 327 17 32 6800 185 12
2.6 588 38 83 19900 312 23
2.7 259 11 28 11700 227 21
Total 2476 78 280 68200 1063 62
1.7 387 0 9 29 41 0
2.1 634 4 94 197 38 0
2.45 186 8 34 87 10 5
= candidates 2.55 293 17 32 143 34 9
2.6 504 38 83 348 36 13
2.7 216 1 28 199 44 12
Total 2220 78 280 1003 203 39
1.7 22 34 0
2.1 128 37 0
% candidates 2.4% 86 10 5
Pr;;fsz;d 2.55 49 26 8
PACKAGE 2.6 254 27 13
2.7 188 40 1
Total 727 174 37
1.7 354 0 9 17 29 0
2.1 578 4 89 94 27 0
2.45 157 7 32 56 5 3
Unambiguous 2.55 253 15 31 25 11 5
events
2.6 409 35 73 112 10 8
2.7 172 11 26 8 6 4
Total 1923 72 260 382 88 20

2Some events measured at 2.1 BeV/c do not appear on first scan tally.
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Table A-II, Percentage of K-63 data analyzed,

Approximate
Total a percentage
K-63 events Events of K-63 data
(estimate) analyzed analyzed
=" spin and
decay parameters 2800 2529 90
=% decay parameters 850 490 60
="(1530) spin and
parity 3-body 330 251 75
4-body 120 96 85
Total 450 347 80
E(1530) e.m.
mass difference =ro 540 345 65
ol 700 355 50
Total 1240 700 55
Al 1817) spin and
parity (from FKww
final states) 24 20 85

%Data from 1.7 to 2.7 BeV/c, excluding 2.0 BeV/c, D, and lead plate
film, Beam momentum and fiducial volume criteria“have not been
imposed. KEstimates in column 41 are lower limits, being based on
currently observed ratios of (passing events)/(events measured).

bOnly 250% of the events listed are in the E'>'<(1530) resonant peak.
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B. Scanning Biases and Other Systematic Errors

In this appendix we consider possible syst‘ematic errors due to
the following effects:
Gy (= only) loss of events having m track (from & decay)
nearly collinear with & track;
(ii) loss of events having short = or A track;
(iii)escape from chamber, prior to decay, of B or A;

(iv) precession of E and A polarization in magnetic field.

Our discussion centers on K-63 data. The same considerations apply
to K-72 data, although quantitative estimates of effecté 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 those expectéd from such an effect alone.
We find (in Sec. 2 of this appendix) that Weighting of & events with an
empirical factor corrects the observed distortions withou;c altering our
conclusions regarding = spin and decay pa.rafneters. |
In the following discussion we refer to two new coordinate systems,

(x,y,2) and (x’ v, z'), having their z(z') axes oriented along .f)kélab)
and %élab), the lab directions of the incident K and = respectively
ig. B-1). Wedefine y =5, *PIX5_ and ¥’ =vf>:(‘lab> X5y

is the bubble chamber z-axis (essentially the optic axis and

ch
the direction of the magnetic field). 108 Directions of particles with respect

(see Fig.
-~
where 2z

to (x,vy,z) and (x' ,y' s z') are specified by angles (0, ¢) and(@’ ,0') re-

spectively, as illustrated for ﬁélab) and f)élab), the lab directions of

(223

the E and decay pion. Incident beam tracks are nearly horizontal in
the bubble chamber (i.e., X = % h), so we may regard Lp(lab) and L’,J' (1ab)
c

(projected angles in the y=~z plane) as the projected angles (relative to

ﬁzg(lab) and ﬁ:fglab), respectively) seen by the scanner.

1. Causes of Systematic Errors

a. Small-angle & decay. In Figs. B-2 and B-3 we present, for the
2529 K-63 B~ events listed in Table V-1, scatter plots and projections

-
Lanal

of cpH(C' e ).vs cos Oéc' - ), angles describing & production in the

™
Lann o
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Fig. B-2
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HE) Lot (R

c.m. frame, relative to axes (x,y,z); and ¢ = (¢ + ™ vs.

N v
cos 0% = = cos OW(“), angles describing = decay in the = rest

A
! (c.m.)

1 1
frame, relative to axes (x ,y ,z ). The quantitycos 0,,: is equivalent
e, .
- '(E)

to (E - K) as defined by Fig. 1I-1; however, cos OA ~is not equivalent

to (A + &), because in Fig. B-3 we have transformed ;A from the lab

frame to the E rest frame via a single Lorentz transformation along

;élab) (rather than through the intermediate c.m. frame). 109, MO In

- ' (& "(lab), . ' S Al AN YL
Fig. B-3, ¢A( )= A(a );1.e. ¢A=tan L(pA- y )/(pA- x_)J is the

same in the = rest frame as in the lab frame.

The distribution of ¢ (c.m.) in Fig. B-2 is consistent with isotropy.

Hence, because the = ca:be polarized only along = (i{ X::EI) 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
biases are absent. [ Even if JE‘I > 1/2, the distribution must be even in
cos OA(E).} | |

We have sketched on the scatter plot (Fig. B-3), for

' (lab)

p(lab) = 1.0 and 2.4 BeV/c, contours representing UHTr = 5%, where

1 1

L\Uw(lao) is the projected lab angle between the = and decay pion at the
- v4 [y ‘

= decay vertex. 141 The curye in the cos OA(H) projection represents

the expected distribution of events, calculated under the assumption

' (lab)

that no events. having Y _ < 5° are detected. The observed distri~

!
bution is consistent with assumed cutoff values [wﬁ(lab)] =5°% 2°,
min -
corresponding to a 10 to 20% loss of events.

b. Short = or A tracks., For-short""{‘:ﬁw tracks we assume a detection

efficiency of the form

det. eff. (&) = exp[uzmin/fzav@“)} - (B-1)
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where ]Zmin is an assumed projected length cutoff, of the order of
1 cm.; lZa(j‘ )'is the mean projected = path length, given by

(27) _
JQav =P - - :

~(lab) -<5 (lab) s ) .

cr _/m _ . (B-2)

—
——t

T e
—

Similarly, we assume (for = events) a A detection efficiency of the

form

det. eff. (A) = exp| _Kmin/zav (A)] , | J (B-3)

and for =° events an (approximate) overall detection efficiency of the

form
=1 0
v 0 _ _ (="+ A) _
| det. eff. (2°,A) = exp[ ﬁmin/zav Y, : (B~4)
where
(B° +A) _ | |=(lab) _ [— (ab)  2\a|
ﬂav = i [p»:o pt:'o x| x CT:.o/m.:.o
-({lab —(lab PPN
+ bpx ). <pj(\a ). x)x} C'TA/mA! : (B-5a)

c<'r:‘0 +TA> /m,__(.o . (B-5b)"
- (lab)

(We {ind the approximation PA /mA z;(lab)/m o to be valid to

n
2

~5° in angle and » 10% in magnitude. ) .

In Figs. B-4 and B-5 we present observed distributions of
parallel and transverse = and A momentum components (relative to
the beam direction 2 = f)l({lab)) for the 2529 K-63 = events of Table V-1
Distributions for =° events are similar. From these data, assuming

ﬂmin = 4 cm, we estimate the fractional loss of events as
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{ 1 - det. eff.) ~ 16% for =
A in E events, and
~ 5% for =

These estimates exceed actual fractional losses, as the scanning de-

14
-
(@]
R
.
e}
=

events .

tection efficiency for short = and A (in K-63 = events)is =~ 100%
112 —

for & and A at least as short as 1 cm. In K-72 ¥ data (where
we expect higher loss rates than in K-~63 data), the actual loss rates
for short = and A (in Eim events) are a‘bout 6% and 2%, respectively.

Because backward~produced = (and A from them) have small
Jab momenta, we exioect a préferential depletion of events having'

~

(£ K) =~ 1. This effect in itself cannot bias the E decay distribution.

=

However, we also expect a preferential depletion of events having small

[ Arel¥ - A —tpe 3
values of cos GA("") ~ (N - K) . 110 Noting that Alab)/mA = pgab)/nn:

(=) -

] N Y o
and that YA —EA /mA~4 , we sece that

p*/(Xlab) ~ ;Ala.b) . ﬁélab) (B-6a)
~ n;r.(ilab) EX’E) + é:lab) pAE) COSG.;X( =) (B~6Db)
o , 1
zr@Angab){1+-£%g%7 cos@XEwg, (B-6c)
L. = J
whore ﬁigab)’ Yé?ﬂﬂ - ?ng <@é§ab% Eé&ﬂﬂ  and (%95% YX§)>
= - (_?(&E) s Ej({ﬂ)). (with m= By) refer to the = in the lab frame and tvo

rnA

the A inthe = restframe, respectively. Hence

det. eff. (A) = exp| —fmin/nj\“ab) e, ] (f A dip angle is ignored)
4 (B-"7a)
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, () .
min (=)
1, lab 3 1 - cos QA g (B-Tb)
= AL :a J
Assuming zmin = 1 cm, we crudely estimate (for K-63 = events)
~ 4 _ 0.125 =) .
(det. eff. (A)) =4 - 0.10 (1 - g™ cos 0, ) (B-8a)
s
% 0.90 + o.o¢§ cos 0,15 (B-8b)
The expected asymmetry, (cos 0 > = 0.017, is to bé compared with

0.011, the statistical error for 2529 events.

c. Escape losses. In Fig. B-6 we illustrate the position in the bubble

chamber of the pr‘oduction vertex of the 2529 K-63 & events appearing

in Table V-I. Distributions for E° events are similar. Also illustrated

are the approximate lihits of vélurne 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 B_eV/c exposure and 37% of

the 2.1.BeV/c exposure. 113 (Visibility limits were estimated from

blueprints and scan table measurements and then checked against distri-

butions of the A decay vertex of the same & events; vees from A de-

cay are 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 esfimated the fractional losses of

Z  and A through the walls of the chamber prior to decay; the results

are presented in Table B-1. In the calculations, the a priori distribution

-of events (prior to escape losses) was assumed to be

dN !
o expl-y_, /L], (B-9)
dych v ch ’
!

where £ is a (momentum-dependent) effective decay length describing
beam attenuation due to interaction and decay of the incident XK .

Escape losses cause a preferential depletion of events having
large values of (& + K) , an effect which biases the & production distri-

‘bution. In the & -decay distribution, the estimated asymmetry in i
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Fig. B-6
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Table B-I. Estimated & and A escape losses (percent).

0

=" events =Y events

Wall of = outside E inside
chamber = unseen = seen Total chamber chamber Total

with lead plate 3.6 5.3 8.9 6.2 5.3 11.5
fiia;i;ﬁ? no lead plate } 1.0 3.5 4.5 2.9 4.0 6.9

overall® 1.6 4.0 5.6 3.5 4,2 7.7
Bottom ’ 0.05 1.1 1.2 0.5 1.6 2.1
Left 0.06 0.9 1.0 0.4 1.3 1.7
Top 0.004 0.4 0.4 0.1 0.7 0.8
Near right 0.004 0.4 0.4 0.1 0.7 0.8

aApproxirna.tely 25% of B~ and 19% of E° in our sample are from film exposed while lead
plate was in place.
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PR A 2 T
cos OA(H)N (A - K) resulting from the cos GA(“) dependence of p[(ia.b)
(see Sec. B'i‘b) is (cos 0"/\1(;)> ~ ”‘_O-OOZ (to be compared with a

statistical error = 0.011.) 10

d. Precession of = and A polarization. As a function of time t,

iy

the precession of the polarization vector P(t) of a particle in a magnetic

field H is described by

B = d?ét) = o(t) X P(t) . o ' (B-10)

(Here B is the polarization three-vector defined in the particle's rest
frame, and t is measured in the lab frame.) As discussed by

. 114, . : . . —
Simmons, the effective angular precession velocity w>(t) may be con-

sidered as consisting of two terms:

wft) = wLarmor * wThomas (t) (B-11)
. w S o ‘ o
where 9! armor = I Zm‘;:“ H (B-12)

represents the Larmor precession of a particle at rest, and

—;Thomas t =5 (Vo XV, | (B-13)

called the Thomas precession, is a relativistic effect caused by the,_

acceleration of the particle (if charged) in the magnetic field. Here

M = magnetic moment in units of the Bohr nuclear magneton

e h/2m_c (e_ and m_ are the proton charge and mass),
P P p P

spin in units of +,

J =

v = (total lab energy/rest mass), and

*\;(t)zparticle velocity in the lab frame, described by
Vi) = o V)X,

yme

where e and m are the (signed) charge and mass of the particle in

question. Hence



W) =C, B+ C, [A. Y] v, (B-14)
L 4145
waere
o Op y-1 _e
Ciolzr me ™y melH (B-15)
C :_(li)_?__ H ) (3_16)
2 Y mec '

. . L L
Assuming for magnetic moments the mass-corrected SU(3) values

ko= - 0.66, 0 5T 1.32, and By = - 0.78, one obtains
- . v _1 €
for = " C,=[0.66-071 X2] P (B-17)
1 Y m_cC
P .
: - e
‘ c, =071 =] B &1
Y m_cC
P
=0, ep ' ' '
for =": Ci = [ 4.32] == H; C2 =0 (B-18)
8] B
for A: G, = [o.‘78]:5a — ‘c.2 =0 | | (B-19)
p .
o 3 -1 . | ,
where —*— H= 9.58 X110~ sec “gauss ~ X 17.9 k gauss (B-202)
_ . -1 '
= 1.71X 10" sec . , (B-20D)

Precession angles prior to decay are small (of the order of 10° or less),

-

so to a' good approximation we may ignore the variation of v(t) as a
function of time; during a time interval dt = ydv (where 7 is proper
—

time), P(t) changes by approximately

~

4B z{CiI:I X P(0) + C,l H -+ v(0)] v(0) X P(0)} dt , . (5-28)

~ ~ . —t
where v(t) and P{t) are evaluated at t = 0, the instant of = pro-

duction or decay, for = and A, respectively.
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. R - L0 R . .
(1) Precession of A and =~ polarization. At time t =0,

e

A~ ”~ - ”~
the = have direction v(0) = =, and polarization P(0) = P = Pon

—
-,

v TN ] ~ A
along the production normal # = (KX E)., (As in Fig. Il-41, K, X, and

n are defined in the production c.m.; H is defined in the lab frame.)
After an interval dt = yd7, the = will have acquired a longitudinal
A4
. . . . , . 145
polarization component (relative to axes defined at production)

given by
AP, - E= P [C,(HXn- B) £ G,y(H. &) (Exn- H)] viv (5-22a)
=P, C, (EX A -8 vdr | (B-22b)
= PO'C1 cés Oéc.m.) cos (j)F(_;C'm') vdT , 4 (B-22c)

/\, ) A ~
and a component along (EXn) = (EXn) given by

aPy- (Exm) = P, [ C, (HXn) + (EXn) + C,(H- &) (EXn)+ (EXn)] var
| (B-23a)
= Py (C, + C,) (7 - &) ydr " (B-23b)
= Py (C, + C,) sin eéc'm) cos qéc'm') ydv , (B-23¢)
where QE(C' m. ) and cpE(c . ) define the direction of the X in the pro-l

duction c.m., as illustrated in Fig. B-1. As the production of events

is uniform about the beam axis, the average precession angles

~ P

/dﬁ:‘ . aB.. . (2X0) \ . '
o > and s are zero. From observed

NP P, /

0
distributions of vy and 0,:(;.C"m') we estimate the rms angles
([aPy - &/P,1%) Y2 15 for E, ~7.0° for =° (B-24)
. AN / - ‘
([dPE-(EXn)/PO]Z> Y2 4180 for B, ~6.5° for =° . (B-25)
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. — .
The effect of precession on measured values of P - n is of the order

of 0.05% and 0.7% for &= and E°, respectively.

(ii) Precession of A. polarization. At t = 0, the instant of =

decay, the A have direction QI(O) = A and polarization ?(O) = ISA

specified by helicity components TJA VA ?)-A * %, and
—2\- gr (x and §r are now defined as in Fig. II-1). After a time interval
dt = vd7, a A initially having a longitudinal polarization ESA = POA

will have acquired transverse polarization components given by

e [
= Jx( _ N "_J:l ' -
S z';fj, = Py, Ci[ XA\ (]\{dT . (B-26a)
N L
. {c.m.)
J‘ smc})A oS Gy )
‘ = P, C _—--------—----'(C"lgl"-;“““b """"""""" TC“'r;l"S‘/YdT’
L-—sin@Asinq):.. T 4 cos OA cos <1>ACO§ QE\: T

(B-26b)

where (OA, ¢A) corresponding to (0, ¢) of Fig. II-1 , describe the A

2
direction in the = rest frame. (Terms proportional to C2 vanish for
neutral particles.) Similarly, a A initially having polarization’ Pox

will have acquired a y-component given by

0P, - y="P, C, [HXx -] vdr | (B-z7a
=P, C,[-sin0, cosd cos¢<c'm‘>-c050 sin.' (C'm')}\(d"
0 1 A A = ) '

(B-27b)

(Equations (B-26) and (B-27) with signs reversed represent the precession of

x- and y-components onto the NA-axis, and of the y-component onto the

Each of the above expressions averages to zero upon integration

xX~axis. )
{(c.m.) . . . .

over ¢ ; were this not the case, the precession described by
b—t

Egs. (B-26) and (B-27) could result in a biased determination of a.
and/or J—, and & , respectively. Averaging each of the expressions
— —t

over the observed vy and (OA, ¢A) distributions, we estimate the rms

angles as
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([aeyh) - /P %) % ~2.90; . (B-28)
(Latp Ry - 5/P, 0% Y2 wsae | (B-29)
(LaE) - 3/p,0%) Ve sisse (B-30)

In conclusion, the precession of the = and A polarization has
no effect on = decay distributions, and a negligible effect on = pro-

duction distributions.

2. IEmpirical Scanning-Bias Correction

In Fig. B-7 we present observed distributions of (Z& : fi)_ and
S~z ' - 147 -

(A - E) for the 4080 =~ and E° events listed in Table V-I. " These
distributions should be isotropic if J. = 1/2 and if scanning biases and
other systematic cffects are absent. if Jo > 'i/Z, these distri-

IIP 8

) . ]

The observed anisotropy in E events is related to the anisotropy

' (E)

in cos @, illustrated in Fig. B-3, and may be entirely attributed to
A

[E
butions must be even in '(2& . I%) and (?&

the loss of small-angle ™ from = decay. As would be expected from

F(E)

this pias, the anisotropy is most evident in cos QA , less so in
.(]X . E{), still less so in (7&.- é), and absent in =° events. L10

We have empirically corrected the (ZX . I:{) anisotropy by
weighting EZ  events with a factor

-1

wiz) = [1 - C(z~zo)2] , = (B-31)

where z = (A - K), zy= - 0.35, and C=0.50 (1.24) for K-72 (K-63)

events. (If the other biases discussed in Sec. B.4 were significant,:

their effects would be most evident in the (2& . IA{) distribution and would

be indistinguishable from the small-angle ™ effect.) After correction,

the resulting K-72 and K-63 distributions are consistent with isotropy.
In Table B-II we p)resent /memsurcd values of aH, &M, ’lO

= PE./,\/—T andXAKno\~ﬁn A (T = 1/2 - Lnd \ (J = 3/2 for the cor-

rected anduncorrected = events, binned in 12 subsamples as in
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Table B-II. Effect of 5 scanning bias correction, Subsamples listed are defined in
Table V-II. First and second entries for each subsample represent results
of analysis before and after correction, respectively,

Average
Subsample N weight O @,E: (deg) t’lO = PE/'\/? X = alnd b
1 194 10, {zgzigg £0.66 ;w40 02300098 029 1069
2 470 [0s {zg:zg £0.420  TRhaar 010 ao072 002 a0.44
3 166 0. {:g:ggz £0.158 1o 439 0308 £0.100 0324024
4 2tz 100 {:g:gz; £0.156 "1 +40 oia 40,080 7038 +0.48
5 Mz 1o {:gzgg £0.436 122446 07332£0.076 "0t +0.50
6 179 190 {:g:igg +0.123 20 +18 0216 so.007 108143y
7 229 oo, {:8:;2‘; +£0,148 BETE 0329 £0.406 0% 1092
8® 54 B0 {:g:‘;é;’ £0.233  _Sbaaag B0 aoa1 7008 w044
5 o1 B0 {Siieonee  Huso D0 eoom  0%aoss
10 367 1o {:g:ggg +0.125 12 £30  To¥ao0m2 02 so0ma
11 413 1o {:gziz(; £0.416 112357 0 089 £0.065 (08 10,40
12 284 o {:8:2;3 £0.137 e 0%ti0091 1oTios2
Average® 32771 0., {:8:;‘82 +0.,042 oax9.8  o0tTao0025 2% a2

a’Sample #8 excluded from average, Solutions listed correspond to two different local maxima
in fn
b " N _ 1/2
rror' of X is given by Oy = (0.037N) ItiO I (See Sec. V.A.3.)

“In calculatioix of average values of ary and &gz, subsamples are weighted by (641»;«)_2{
and (6®&x) =, respectively. Totals rather than averages are calculated for X = Af nd .




Table V-1II. Parameters were obtained from separate maximum-

likelihood fits (with Lmax = 1) to the 12 subsamples; axes defining
+ & l 7 = N = Z X = T - - £

the by Were Z=n, Y=K, and X r{‘Xn. Except for too and
Re tss (in fits with Lmax = 3), which are sensitive to the (A - X)

anisotropy, 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 = spin and decay parameters,
The analysis of = (1530) and = (4817) 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 generallizatiorx‘of Capps'
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
shall refer to Fig. C~4, in which the c. m. momentum veciors ;:, f—_‘;, 3:
and —C>, and the axis z = A XT are illusfrated. \

Because A and B are unpolarized and because we averége‘
over final spin states of C, D’- etc., any expectation valué tLM (before
reflection) may be regarded as a function depending only upon the ¢, m.

e e em .
momenta A,J,C, D, etc., i.e.,
B e e i o . .
A-; » y T . . -1
For an event having the configuration (X‘ .3, C, D, - - ) the corre-~
sponding expectation value is equal to the same function of the trans-
formed momenta, i.e.,

-

H = .I> Y ——)- R V -
tLM"‘tLM(f&x:J‘:CI:D‘:" )- (CZ>

Pt el il e

We consider a transformation in which the vectors A, J,C, D, etc.

are reflected in the x~-y plane: A-&K,T-7,C~C, D~>D", etc.,
where A',J', and C' are as illustrated in Fig. C-1. We note that
A=A and J' = 7. This transformation is equivalent to a spatial in-
vversion, followed by a 4180° rotation about the z-axis. From Fig. C+1

we see that
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Fig., C-1



th S tLM[A,E,E: -2(C- 2)z, D-2(D-. 2z, ] (C-3a)
= ( )MtLM( A -7, -C, -B, --4) (C-3b)

(by the rotation transformation properties of the tLM)'

—_ — —_—

™ —

3 C 1 * 4+ — / Ead - - - o o K £

We define tLM as tr (-A, -J, -C, -D, ), the vz;lue of
tr v for the inverted system, whereby

M P
H = — 4o -
. . ) v  fference ir

In general, tLM and t LM differ because of the difference in the
vectors Ef, B, etc. ; but if one averages over the directions 6, B, etc.,

any dependence upon C, D, etc. vanishes, so that

~

(C-5)

1

(ty v (t' a2
LM C,D, etc. LM C, D, etc.

fm  —De

(where ¢ > denotes an average over directions C,D, etc. 3.
C, D, etc.

Further, by the assumption of parity conservation in the production

process, .
<tLM>C,D, etc. ] <t‘LMP>C,D, etc. oo
so that
<tLM C, D, etc. ) (~)M <t!LM> C, D, etc emre)
Hence (tLM can be non-zero only’if ‘M is even.

C,D,etc.
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D. Approximate K-63 Path Length and Beam Contamination

In Table D-I we present rough estimates of the K-63 path
length and percent beam contamination at each momentum. After a
fiducial volume correction is applied, the values of K path length
listed in Table D-I agree with values calculated independently by
Lindsey. led The K path length is given by
| I decay

K
BR(3P)

(cm)

X N(3P), (D-1)

K path length (cm) =

where N(3P) is the total observed number of three-prong events,

- BR(3P) is the branching ratio for K decayinto the three-prong -topology,1

b -
and- z;{iecay = K CTye is the mean path length of a decaying K .

g
The fraction F of K .in the beam {at the bubble chamberx
window) is

~ o~

| no. of 3-prongs -{

no. of 3-prongs 7
|
|

1
= ;‘ per beam track | per beam track (D-2a)
‘ (observed) J f (expected) '
L L J
~ - 8
. N3P | /r BR(3E) X 2 av-i (D=2b)
- I N(B )J/ i ; decay K | :
- LK J

where N{(BT) is the total observed numb'er of beam tracks, and

ﬁgv is the average distance traveled by a K before it decays,inter-
acts, or leaves the chamber. To obtain Egv , let NO be the number

-x /2 K

of K beam tracks entering the chamber, so that N(x) = Njye

is the number of beam tracks remaining after distance x, where

4 \4("1
73 >—1 - (£ decay}

.L . . r -
K K ) - o0 is an effective decay rate for K

Kp :
(including attrition due to K p interactions, corrected for unseen

-3, . e
small~angle scatters) and p (in cm ) is the proton density in the

bubble chamber. By definition,

22
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Table D-I, Approximate K-63 path length and percent beam contamination,

Momentum (BeV/c) ®

1.71 2.097 2.435% 2,581 2.610 2.700
+0,04 %0.038 +0.045 +0.024 +0,034 +0,034 Total
Total rolls 249 235 113 245 335 204 1381
Frames/roll” 669179 66312 595 +2 649 £ 2 603 +2 592 £4
Y | Beam f:racks/iramcc 7.0 1.0d 9.5+0.5 7.1+0.5 6.4+05 8.2£0.5 8.50.5
3 N({3P) = observed 3-prong events® 5042 6442 1859 3434 5814 2912 25,500
g 9% -p corrected (mb)f 30.9x0.7 27.5%0.6 25.6+0.6 25.1+0,6 25.0+0.6 24,7+0.6
A o, _, corrected (mb)¥ 31,6+0.7  33.0+40.6  31.9%0.6  31.2£0.6  34.1x0.6  30.8+0.6
L (cm)b 15145 1604 1653 165+3 165 +3 165 +3
o [K7 path lengtn {events/pb) 3.83+0,24  6.00£0,32 2.04+0.10 3.93:0.20 6.74+0,34 3.50+0.48  26.0% 1.4
E Effective m path length 1.1+0.9 1.3:0.6 0.5+0.2 1.4 0.5 1.8£0.6 1.8+0.4 7.9£3.2
§ (ev.ents/pb)J .
% Non-K~ background 22+17 187 18+ 8 259 247 34x7 23x9

“See Ref. 118.
bFrom first scan sheets (Colette B. Merrill, April 1965).

SFrom beam\gcan sheets (Jay Kahn, April 1965).

o,

Incomplete data at 1,7 BeV/c.

®From first scan tallies, June 1966.

fInterpolated values from Ref. 119, decrcased 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 <
limited the chamber for all of the 1.7 BeV/c and 37% of the 2.1 BeV/c exposure.

exit through the side wall of the chamber,

78 cm), corrected for track curvature. A lead plate at yop = 63 cm
About half of the tracks at 1.7 BeV/c

) path lengths correspond to entire scanncd length of bubble chamber,

Fraction of non-K~ entering chamber.
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zg" = (K™ path length)/N, (D-3a).
s |
= Rrojo N(x)dx (D-3b)
L x/ﬁl
= I e K dx {D-3c)
0
[ -r/e]
= | 1-e ﬂ, | (D-3d)

where L is the scanned 'length of a beam track in the bubble chamber,
If all the beam contamination is 7 , the K and 7 path lengths are

related by

o v g AV :
m_path length _ 1 -F W _T ‘ , (D-4)
K- path length - F ﬂgv
where Ejv is defined for T exactly as ﬁ;v for K . In our calcu- -

lation the following constants were used:

Tre = 1.229 +0.008 X 1078 sec

v = 2.551 £ 0.026 X 10"° sec

BR(3P) = 0.0588 £.0,0017

b= 0.350 X 10%° cm™ >,

in addition to data appearing in Table D-1. Estimates of N(BT) were
obtained from separate estimates at each momentum of rolls scanned,
frames/roll, and beam tracks/frame.
Approximate _e_f_fecti've path lengths (e.g., for compérison with
1

the entries of Table V-I1) may be estimated as 23



r . [ part ]
; effective path { K~ path
. length J ~ Llength _f (Table D-I)

ievents passmcr'}

woBn y hypothesis Table A-1)
events observe
[ b d]
. . 2
% [= candidates (4/65)] (Table V-I){L 5
[Z candidates (9/65)] (Table A-I)
(D-5)
For example, for event-type 72 at-1.7 BeV/c,
" effective 7 .
’?path 1engthjl 3.83 events/pb
403
X 755
272 + 34 + 54 = 357 ‘
X (&7 3-2375 ) (D-6a)
= 2.6 events/ub; : ‘ ‘ (D-6b)
so that
UL - 272 o _ -
c(Kp—- =2 K)=3/2 X 6 evenis /b = 160 pb . (D-T)

E. Analysis of Monte Carlo Events

The maximum-likelihood programs used 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 Gy <I>H, and t, A0 for the 15 &~ and 'E:o, subsamples of Table V-II,
and for the three sets of Monte Carlo events described in Section V.ALS .
In Table E-I we specify the fixed and variable parameters in the various
fits. Values listed for variable paramet‘ers and their errors, corre-
sponding to the curves plotted in Figs. E-1 through E-6, are ave_ré,_ges
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-1
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Fig. E-2
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Table E-1. Analysis of Monte Carlo events,

Fixed parameters

in fits
a Parameter
Fig, Sample Investigated J G @E Curves illustrated
E-1 (a) E data Gy 1/2 -- 0 -- -
(b) = data Qe 3/2 - 0 - -
(c) s1 o /2 -- 0 (a) =-0.40  ((6a)?/? = 0.16
(d) s1 o 3/2 .- 0 (a) =-0.40  ((Sac)?y/? =0.47
E-2 | _ 2,1/2 _
- a} S2 L. 1/2 -- 0 {a.) = -0.40 ({8a ) = 0.09
(b) s2 o 32 - 0 (awy=-0.54  ((6a)B/2 = 0,11
(c) 3 " 1/2 - 0 (amy =-0.33 ({6022 = 0.13
(d) s3 o 3/2 - 0 (aw)=-0.40  ((5a)B1/? = 0.44
E-3 (a) = data tho 1/2 -- 0 . --
(b) = data t10 3/2 - 0 -- --
- 21/2 _
(c) S1 tyo 1/2 -- 0 (tyq) = 0.00 ({8t 1% /2 = 0.09
- 2.1/2 _
(d) S1 tyo 3/2 -- 0 (tyq) = 0.00 ((8t,0)7) /2 . 0.13
_ 21/2 _
E-4 (a) s2 tho 1/2 -- 0 (tw) =0.57 ((6t10) ) /2 . 0.07
- 2.1/2 _
(b) s2 ty0 3/2 -- 0 (tyo) = 0.82 ((6t,)%) = 0.11
- 2.4/2
{c) S3 tyo 1/2 -- 0 (tyor = 0.30 ((6t,)%) /2 . 0.09
- 21/2 _
(d) S3 to 3/2 -- 0 (tyo) = 0.43 ((8t,0)%) /2 . 0.12
E-5 (a) = data o 1/2 -0.40  -- -- -
(b) S1 By 1/2 -0,40  -- -- --
E-6 (a) S2 B, 1/2 -0.40 - (&)= 0° (60)2 2 < 120
(b) s3 o, 3/2 =040 -- (8 ) =0° (59212 = 190
8The = data are the 15 subsamples defined in Table V-II, The Monte Carlo samples
S1, S2, and S3 were generated under the assumptions (S1) J =1/2, t10 =0;(S2)J =1/2,
tw:tig“ax =0.57; (S3) T=3/2, t,, :tiglaxzo.m. All Monte Carlo samples (S1, S2, S3) are

in 272 -event subsamples having a , =0,62, oo =-0,40, &, =0,

A
b

All fits assume aA=O.62.
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illustrates that a-, @, and t'iO are correctly calculated, and that the

calculated error &6x (for x = a, @, tiO) corresponds to the rms

deviation of independent measurements of x, i.e.,
2 2 2 2 ‘ .
(1895 = (b= (%) = (x5 = (07 (£-1)

Similarly, we find that the parameters toM and 3 (and corresponding
errors) are correctly estimated by our maximum-likelihood programs.’

Further checks demonstrated that the two maximum-likelihood
A

. . 427
programs used (one written by the author and Morris and the other

by Berge) yie'ld identical results. The results are also in agreement
‘ e . 28
with a moment-projection program written by Shafer.
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with the z~axis; (ii) a Lorentz transformation along the z-axis

(pX and pY are unchanged); (iii) the inverse of the rotation in (i).
If this prescription is followed, components of vectors in frames
1 and 2 refer to the same coordinate system, so that scalar prod—.
ucts may be calculated in the usual fashion.
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The calculation of confidence levels is described in Ref. 49. In
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FLABEL({(19,20) = 0.2, 0.005. Beam momentum and fiducial
volume criteria werec not imposed on the events selected.
For all = hypotheses we observe slightly non<uniform confidence
level distributions, i.e., an excess of events for c.l. values near
1.0. *We judge that the XZ correction factors in DST-EXAM (sece
Ref. 50) are too extreme for =  events, and perhaps for multi-
vertex events in general. The use of incorrect X correction
factors has little effect on the classification of = events, how-
ever, because virtually all ambiguities are between two or more
=~ hypotheses, which are affected similarly.

The ratio R as defined contains more information than a simple
ratio of confidence levels x/y. Because confidence levels <0.005
may be recorded as zero (if contributing xz exceed certain limits
specified in Ref. 50) the observed ratio x/y is meaningless for
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the ratio R 1is a lower limit of the actual confidence-level ratio,
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XZ limits in DST-EXAM are set high enough that this is the case.
A list of kinematic hypotheses tested in 763 PACKAGE appears

in Dahl, Koellner, Miller, Starr, and Strong, w-63 Scanning'
Instructions, Alvarez Group Physics Memo NFD-507, May 1964.
As nearly as possible, the momenta of the 7-63 samples were
chosen to agree with those of the K-63 samples. Unfortunately,
the m-63 data at 2.6 BeV/c are limited; however, they yield results
similar to those at 3.4 BeV/c. _

The conclusions of this paragraph are not sensitive to assumed
values of decay parameters; the values used are approximately
those best fitting the data. ‘
James W. Cronin and O. E. Overseth, Phys. Rev. 129, 1795
(1963).

Given N subsamples having tioactual = tiomax, we expect

half of these, on the average, to yield experimental values n
obs l >;: max thereby producing a decrease of = N/4 in ﬂn_ﬁ.‘{\

40 10
when the constraint is applied. Owur data are consistent with
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actuaI,IN . max

= 3/2, with® 30 of the 47 subsamples having ltiO 2t

Frank T. Solmitz,  Ann. Rev. Nucl. Sci. 14, 375 (4964).

J. Peter Berge, private communication. The constant factor
actually varies from = 0.10 at |P.:al = 1.0 to = 0.07 a{ ! Py ‘% 0.05.
Two of the 47 E~ subsamples in T;ble V-III yielded unaccc;table
fits (f-[ O ‘> 1) and were ignored. '
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We define the S and P amplitudes as
= lS i elAS = pselés
= lpl (&) = pP616P

where 6g and 6p are final-state Am scattering phase shifts. Invar-

iL\.P

jance under T (C) requires that P and Pp be relatively real
(imaginary). As no spin-1/2 Aw resonances are known in the
vicinity of 1320 MeV, 68 and 6}? are expected to be small.

S. B. Treiman, The Weak Interactions, in Dispersion Relations

and Elementary Particles (Lectures for Summer School of Theo-
retical Physics, Les Houches, 1960), edited by C. DeWitt and R.
Omnes (Wiley Press, New York, 1960), p. 526.

Bénjamin Lee, Phys. Rev. Letters 12, 83 (1964).

Sce, for example, Murray Gell-Mann, Phys. Rev. Letters 12,
155 (1964); Hirotaka Sugawara, Progr. Theoret. Phys. (Kyoto)
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The calculation was performed by J. Peter Berge.
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A. Pais, Rev. Mod. Phys. 38, 215 (1966).

P. E. Schlein, D. D. Cérmony, G. M. Pjerrou, W. E. Slater,

D. H. Stork, and H. K. Ticho, Phys. Rev. Letters 11, 167 (1963).
G. M. Pjerrou, P. E. Schlein, W. E. Slater, L. T. Smith, D. H.
Stork, and H. K. Ticho, Phys. Rev. Letters 14, 275 (1965).
Because not all event-type topologies have been fully measured,

no conclusions regarding cross sections or branching ratios should
be drawn from these data.

The K* mass limits are 840. to 940 MeV, corresponding to :

2 X J?obs'

A priori errors have been'multiplied by appropriate scaling factors

of #1.0 to 1.3 in order to produce correct ¥ distributions foy fits -

at the production vertex.
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'S. P. Rosen, Phys. Rev. Letters 11, 100 (1963); and A. J. Mac~
farlane and E. C. G. Sudarshan, Nuovo Gimento ;3_1_, 1476 (1964).
C. H. Chan and A. Q. Sagrker, Phys. Rev. Letters 13, 734 (1964);
T. K. Kuo and Tsu Yao, Phys. Rev. Letters 14, 79 (1965); and

A. D. Dolgov, L. B. Okun, I. Ya. Pomeranchuk, and V. V.
Solovyev, Phys. Letters ilé_,l85 (1965).

B. Sakita, Phys. Rev. Letters 13, 643 (1964).

H. R. Rubinstein, Phys. Rev. Letters 17, 41 (1966).

Sidney Coleman and Sheldon L. Glashow, Phys. Rev. 134, B674
(1964). - |

R. H. Socolow, Electromagnetic Masses in the Unitary Symmetry
Theory (Ph. D. thesis), Harvard University, Cambridge, Massachu-
setts, 1964 (unpublished).

Roger F. Dashen and Steven C. Frautschi, Phys. Rev. Letter‘s

13, 497 (1964); Phys. Rev. 137, B1334 (1965); and Phys. Rev. 137,
B1318 (1965).

Aditya Kumar, Phys. Rev. 140, B202 (1965).

Frederick J. Gilman, Phys. Rev. 147, 1094 (1965).

H. Harari, Phys. Rev. il_i)_, B1323 (1965).

The standard version of PACKAGE, which was used in the analysis
of this report except in the E>z<(1530) mass-difference analysis,
assumes m (2°) = 4316.0 MeV and m{(Z7) = 1324.0 MeV.

See J. Friedman and R. Ross, Maximum Likelihood Estimate of
Resonant State Production in Multiparticle Final States, Alvarez
Group Programming Memo P-102, October 1964; and J. Friedman,
MURTLEBERT Reference Guide, Alvares Programming Memo
P-144, July 1966. | ~

J. D. Jackson, Nuovo Cimento 34, 1644 (1964). In SUPER FIT,
{.I’)R(W) is calculated by a subroutine BREWIG, coded by Angela
Barbaro-Galtieri.

John M. Blatt and Victor F. Weisskopf, Theoretical Nuclear

Physics (Wiley‘Press, New York, 1952), p. 361.
We observe an upward shift of 2 £ 3 MeV in W for fits omitting,

the pion from = decay, as compared to fits omitting the K or
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the other pion. If not merely a statistical fluctuation, this effect

could partially explain a 5-MeV discrepancy, observed both in

- this experiment and in the UCLA experiment,  between =% and

%" resonant masses.
Calculating the E turning angle directly from the measured
length and curvature of the =7 track, we obtained poor 1C fits

for many events having =  shorter than ®4 cm. Acceptable fits
were obtained for 97% of the events when the 5~ curvature was
calculated from a Z-mass-dependent fit at the =~ decay vertex.
Susumo Okubo, Progr. Theoret. Phys. (Kyoto) 27, 949 (1962).
Sidney Coleman and Sheldon L. Glashow, Phys. Rev. Letters 6,
423 (1961). | |

For a comparison of various SU(3) and SU(6) symmetry schemes,
see Refs. 75 and 90. A

Roger F. Dashen and Steven C. Frautschi, Phys. Rev. 135, B1190
(1964).

Values quoted are from the compilation of A. H. Rosenfeld et al.
(Ref. 17) and from the following experiments: P. Schmidt, Phys.
Rev. 140, B1329 (1965); Martin G. Olsson, ‘Phys. Rev. Letters -
14, 148 (1965); George Gidal, Anne Kernan, and Sedong K‘im,
Phys. Rev. 141, 1261 (1966); W. A. Cooper, H. Filthut, A.
Fridman, E. Malamud, E. S. Gelsema, J. C. Kluyver, and A.

G. Tenner, Phys. Rev. Letters 8, 365 (1964): R. Armenteros,

M. Ferro-Luzzi, D. W. G. Leith, R. Levi-Setti, and A. Minten,
Phys. Letters 19, 75 (1965); G. W. London et al. {Ref. 63); and
G. M. Pjerrou et al. (Ref. 77). .

From Figs. VI-2 and VI-4 we estimate that these mass limits
accept (393 + 88)/(475 + 100) = 84%of the
containing (70 + 18)/(463 + 106) = 15% non-

appropriate limits might have been 1520 to 1545 MeV, accepting

N—"

(1530), in a sample

II II

background. More

72% of the = with 11% background.

With our choice of axes (75 =K X Em, Y = :‘::’ =5 X 4) only the

~

A~

"

0dd-M moments [those containing odd powers of (=- Y)] arc affected
by the removal of events having (=- 7)< O But these moments are

zero due to parity conservation in the : (1530) production process.
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The q\'loted xz and confidence levels are taken from Ref. 13,
where results from UCLA data (Ref. 76) and Berkeley data (Ref.
13) are comprared in a consistent fashion. Button-Shafer points
out that confidence levels are underestimated (especially for spin
XZ values) due to the smallness of samples analyzed. Compari-
son of XZ with those obtained from randomly generated events
indicates that (in Ref. 43) "the D3/2 hypothesis is discriminated
against with perhaps a <3% confidence level."

The parity of ".5*(1817) ié defined relative to that of 3*(1530).

H. C. Corben, Phys. Rev. 145, 1251 (1966).

The ionization information, obtained for the author by Tom Strong,
has been forwarded to J. Richard Hubbard and J. Peter Berge so
that current tapes may be properly updated.

Like the bubble-chambgr .coovrdinate system (Xch’ Yen? Zch)’ the
systems (x,y,z) and (%', y', 27) are right-handed in Fig. B-~1 and
left-handed in real space; i.e., X(%'), $(§'), and %(2') lie roughly
along "Zch, ich’ and ?ch’ respectively. For purposes of this dis-
cussion we assume the magnetic field to point along _%ch (which
is not really the case) so that negative particles curve toward

+% ., as desired. | |

ch
Here f)’:‘(lab) is measured at the = decay vertex.

(=) is more nearly equivalent to (A+ f{)

N (lab)

than to (A+Z), since P is moxe nearly parallel to

K = ISK(C' m. ) than to & = %T(C. e ). Nevertheless, due to the

forward (Z°K = +1) peak in the = production distribution,

cos 9’(:*) is roughly equivalent to (f&'é) as well as to (A_-f{).
A ghiy eq

The observed distribution of"pE(lab) extends from 0.5 to 3.0 Bev/c,
with a mean value near'1.7 Bev/c. Approximately 80% of the
events lie between the representative values 1.0 and 2.4 Bev/c.
Philippe Eberhard, private communication.

The visible volume of the chamber is approximately defined by:
-19 cm. chh <47 ¢cm., -86 ¢cm. < Yen <86 ¢m.,

4 cm. = Zoy <(0.132 Xt 36cm. ). Rake 15 and the lead plate -

are aty , = 78 cm. and Yep = 63 cm., respectively.
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James E. Simmons, Effect of Proton-Proton Scattering on an’
Initial Longitudinal-Spin Polarization (Ph.D. thesis), UCRL-3625,
Jan. 1957. A covariant derivation is given by V. Bargmann, Louis
Michel, and V. L. Telegdi, Phys. Rev. Letters 2, 435 (4959).

For & , Tq. B-14 expresses the rate of precision relative to
fixe@. axecs defined at the = production vertex, which we have
used. Relative to axes rotating with the =  momentum, the

~

i{-component of & (t) is C‘1 :.Ci - wcy’ where wcy’ the cyclotron
frequency, is -eH/ymc. For the case of protons, C'1 reduces
to the familiar form v{u -1)wcy

M. A. B. Beg and A. Pais, Phys. Rev. 137, B1514 (1965). The
experimental value of '\.LAV is =0.73 # 0.47. [See D. A. Hill and
K. K. Li, Phys. Rev. Letters 15, 85 (1965).]

Distributions of .(A';l) appear in Fig. V-12. Distributions of

A (K/ﬂ) and A- (2 X n) are consistent with isotropy.

D. Siegel, J. Friedman, and R. Ross, Study of K-63 Beam
Momenta using Taus, Alvarez Group Physics Memo NFD-582,
February 1966, and Alan Rittenberg, private communication.

V. Cook, Bruce Cork, T. F Hoang, D. Keefe, L.-T. Kerth,
W. A. Wenzel, and T. ¥. Zipf, Phys. Rev. 123, 320 (1961)}.

A. N. Diddens, E. W. Jenkins, T. F. Kycia, and K. F. Riley,
Phys. Rev. Letters 10, 262 (1963).

James S. Lindsey, Production Properties and Decay Modes of the
¢ Meson (Ph.D. thesis), UCRL-16526, December 1965.

Most three-prong events are due to the 7 decay mode

K™ - o' +m + 7 ; however, one cannot always distinguisha T
decay from other three-prong decay modes of thé K™. In our
calculatlion we assume the true number of three-prong events to
be the number observed in the first scan (sce Ref. 124, p. 30).
A 4% uncertainty is included to allow for uncertainty in the scan-

ning procedure followed; i.e., although scanners were instructed

to record all three-prong events, some obvious Dalitz pairs were

omitted.
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For =% events, an extra factor of (Z candidates processed in
7-63 PACKAGE)/(ZE candidates) (See Table A-I) should be included
in effective path lengths.

This factor, to correct for unmeasured events, is appropriate if
failing events are assumed to be correctly identified but badly
measured. If failing events are assumed to be junk, i.e., stray
vees, misidentified event types, etc., the correct factor is (events
measured)/(events observed). In actuality the failing events in-
clude both bad measurements and junk, with the ratio depending
upon the topology and the status of remeasurements.

This factor corrects for the fact that Table A-I represents a more
complete =~ sample than Table V-I. The factor is not necessary
for B° events.

Jim Morris and J. B. Shafer, SPIN-P-MOCK, a Program to
Generate Randomly a Two-Step Decay Chain of Polarized Fermions,
Alvarez Group Programming Memo P-74, February 1964.

D. W. Merrill, J B. Shafer, and J. R. Morris, LIKEF, a
Maximum-~Likelihood Program for Byers-Fenster Analysis of
Nonleptonic Hyperon Decay, Alvarez Group Programming Memo
(in preparation).

J. B. Shafer and J. R. Morris, SPINPAR-I, a Program to
Determine Spin and Parity of a Fexmion, Alvarez Group Program-

ming Memo P-69, November 1963.
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FIGURE CAPTIONS

II-1. Diagram I'of = production and decay. See text for definition
of angles and coordinate systems.(page 4).

III1-1. Schematic layout of K-63 beam. S1 and S2 are electrostatic
separators; M1, M2, M3, and M4 are bending magnets; Q1,

02, «++ Q13 are quadrupoles.

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 z, and effects of bending magnets
are ignored. ’ '
JII-3. Schematic drawing ;)f first mass 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 (2% ébove and below the nominal momentum) are
focused at A and B respectively. |
IV-1. Results of ionization investigation, for 138 type-72 events
having 1/3 <Q < 3. Ionization showed the positive track at the

. g + .
production vertex to be K in 61 cases and 7 in 61 cases;

16 events could hot be resolved.

. IV-2. Confidence-level plot for 2720 passing type—72 events,

Most points lie on the x- or y-axis.

. IvV-3, Classification of events by confidence levels {drawing not

to scale).
- — + -
IV-4. Distribution of log, R for the hypothesis K +prE 0K+
[ Eq. IV~-14] for (a) K-63 events at 1.7 and 2.1 BeV/c, and
(b) m-63 events at 2.4 BeV/c. The effective m path length in

(b) is 4.4#£3.0 times that of the estimated ™ 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) m-63 events at 2.6 and 3.1 BeV/c.
The effective " path length in (b) is 1.7+0.5 times that of the
estimated T beam contamination in (a).

Fig. IV-6. Distribution of log, R for the hypothesis K +p— =°+K’

[ Eq. IV-15] for (a) K-63 events at 1.7 and 2.1 BeV/c, and

(b) ™-63 events at 2.4 BeV/c. The effective ™ path length in
(b) is 2.041.2 times that of the estimated ™ 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) m-63 events at 2.6 and 3.4 BeV/c.
The effective T path length in (b) is 2.3#0.7 times that of the
evstima’ced 7 beam contamination in. (a).

Fig. 1V-8. Distribution of log, JR for the hypothesis K +p-»20+ Ko+ +m°
[ Eq. 1V-16] for (a) K-63 events, 2.45 through 2.7 BeV/c, and
(b) ™-63 events at 2.6 and 3.1 BeV/c. The effective ™ path
length in (b) is 3.2%4.1 times that of the estimated T beam con-
tamination in (a).

Fig. V-41. Dependence of w = {n Jiupon assumed spin factor (2J + 1),
for 3278-event = sample. Black and white points represent
values obtained with and without density matrix constraint
applied, respectively. :

Fig. V-2. Distribution of X = MniL  for (a) the 155 subsamples of
Table V-II; and (b) 75 Monte Carlo samples having J = 1/2,
ay = 0.62, o.E =~ 0,40, @E = Q, tiO = 0, The curve shéwn in
(b) represents X = O,orX= O.??.

Fig. V-3. .Distribution of X = A _for (a) 75 Monte Carlo samples
max

having J = 1/2, ap = 0.62, an= - 0.40, & =0, £, =t 5" =0.57;

and (b) 75 Monte Carlo samples having J = 3/2; apy = 0.62,

Qs = = 0.40, & = 0, tiO = tzxz)ax: 0.43. Curves shown represent
M:: = -9' n:‘ = - =

(a)y X = 41.66, Oy 1.93; (b) X 0.67, 0 1.07.

Fig. V-4. Observed values X obs and calculated functions P(X, J) for

(a) 4080-event combined = sample (see Table V-II), and (b)
3130 events of the 3278-event & sample (see Table V-III). 60

Arrows indicate wvalues of Xébs'
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Fig. V-5, Observed values Xobs and calculated functions P(X,J) for
(a) 649-event E° sample (see Table V-III) and (b) 3779-event
_ combined = sample. %0 Arrows indicate values of X . .
Fig., V-6. Plot of X =Adn éfvs Itiol for 45 & subsamplesoifld 7 8°
subsamples (see Table V-III). Values of ‘ti()l were obtained
with J = 4/2, Dashed curves represent the expected range of X
(X % O’X) for the J = 4/2 and J = 3/2 assumptions, as a function
The solid curve represents the expected distribution
in ltio‘ {due to measurement errors) if all subsamples have
zero polarization. Points a, b, and c designate
(66,0 ) =016, (6,7 - (61, )%) % = 0.24, and
(t05 /2= 0.29. |

Fig. V-7. Plot of w ={n «{ as a function of assumed ®_o , for E° data
appearing in Table V-VI, Error bars represent 1 standard

deviation. For K-72 and K-63 data combined, no value of &_o
is excluded by more than 2.9 standard deviations, and all valges
between ~410° and +220° are consistent (within 2 standard devia-
tions) with the data.
Fig., V-8. Correlation between aA and G =, 0 for combined K-72 and
K-63 data. Diagonal lines represent the variation of a..- and
an as functions of aA; points A and A' indicate the leues
(aA = 0.673+0.072, Uogm = - 0.389:+0.044, Qg0 = = 0.398+0.106)
that maximize the likelihood for combined = and =° data. If
the value ap = 0.62+0.07 is included as independent information, 56
the likelihood is maximized at B and B' (QA = 0.647+0.048,

O = = 0_398.10,041, o = = 0.443%0.104). Quoted errors 6(1/&

and daw correspond to (one-half) the horizontal and vertical di~
mensio;s of the ellipses. If correlations between o\ and
‘aE-,o were ignored, the errors 6aE_ and. 6an would be
eéual to the distances AC = AD and A'C' = A'D', respectively.

Fig. V-9. Values of * decay parameters obtained in various experi-
ments (plotted in order of number of events processed). Sece
text regarding calculation of approximate world average values
(indicated by arrows). Dashed entry for @wo repreéeﬁts

secondary solution in K-72 data, less likely by = 1.6 standard
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deviations. For combined K-72 and K-63 =° data, all values

of &0 Dbetween -10° and +220° are consistent (within two

standard deviations) with the data.

-10. Comparison of experimental data with Lee's SU(3) triangle
prediction ( Eg = \/—? [2E" -Af 1) and "AII = 1/2 rule

(-zg = /_—1: (2 - Efr] ). The SU(3) prediction [Eq. (V-28)Jre-
2 - :

quires overlap of ellipses 1 and 2; the ‘AI |= 1/2 prediction

[Eq. (V—29)]requ.ires overlap of 2 with either 3 or 4 (corre-

sponding to solutions with Z~ decaying via S- or P-wave,

v

v

respectively). Both predictions combined [Eq ' (V~32)]require
overlap of 4 with either 3 or 4. Solution 4 is incompatible with
the results of a recent experiment. v .

-141. Distributions of (f) -.&) for (a) 3431 = events and

(b) 649 =% events. K-72 events are shaded.

-12. Decay distribution, 4080 = and E° events. Events in
subsamples having PE < 0 (shaded) have been rotated 180° about

the beam axis, effectively raising (P.) from 0.02+0.04 to

0.23#0.04. The theoretical curves are plotted for J = 1/2,

O«A = 0.62, a,.: = - 0.420, @)—:{ = O’ and P»:( = 0.23.

V-13. Decay distribution, 649 =% events. Events in subsamples

v

having P <0 (shaded) have been rotated 180° about the beam
axis, effe:tively raising (Pw) from 0.18+0.12 to 0.30+0.12.
The theoretical curves are p’_iotted for J =1/2, ap = 0.62,

aw = - 0.40, & = 130°, and P = 0.30.

-12. - Decay dis?ribﬁtion, 4080~§vent Monte Carlo sample having
J=1/2, ) =062, ag = - 0.40, =0, and t, = 0.57. The
theoretical curves correspond to the parameters used in gen-

erating the events.

V-15. Decay distribution, 4080-event Monte Carlo sample having

J=3/2, ap = 0.62, a, = - 0.40, &= 0, and = tyg” 0.43. The
theoretical curves correspond to the parameters used in gen-

erating the events.
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VIi-1. Dalitz plof for 1819 unambiguous ZK ™ final states, 1.7 to

2.7 BeV/c (see text)., Curves shown are kinematic limits for
1.7, 2.1, and 2.7 BeV/c. Error bars represent 2T

_ o N obs
[robs ~ 12 MeV and = 50 MeV for = (1530) and K (890), re-
sp,ectively] . -

VI-2. Observed =7 mass distribution for unambiguous ZKm

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 having m(= '<) = 1533 MeV,

FO {true width) = 7 MeV, folded with the experimental resolution
function having width l"‘RI‘? = 6 MeV. Dashed curve is phase

space.

. .VI-3. Plot of Km, mass squared vs ETri mass squared, for 265

1 2
unambiguous SKuwm final states, 2.1 to 2.7 BeV/c (see text).
Only Km, and X, pairs having I == 1/2 are plotted (two
1 2
points/event for 2 KO 0 final states). Curve shown is
kinematic limit for 2.7 BeV/c. Error bars represent
2r' ([ %12 MeV and =50 MeV for = (1530) and

Obs bs
K*(890) respectively).

VI-4. Observed =w mass distribution for unambiguous ZKm7 final

states. Only T opairs having IZ =+ 1/2 are plotted (two points/
event for = K%' m° final states). Only the 172 unshaded =7

pairs are used in further analysis. Solid curve represents a

P-wave resonance haviﬁg m(E*) = 1532 MeV, fo (true width) = 7 MeV,
folded with the experimental resolution function having width

FRF = 5 MeV. Dashed curve is phase space.

VI-5. Observed AT effective-mass distributions for unambiguous

non—K* EKT events, fit according to 4C hypotheses (VI-7) through
(VI-9). Plotted curves represent best fits, with the assumptions
of (1) P-wave resonance, zero-width resolution function;
(ii) Gaussian resolution function, zero-width resonance; (iii) P—'wave
resonance having TO (reduced width) = 7 MeV, folded w‘ith experi-
mental resolution function (illustrated). Values of m( EE>I<) and

r refer to solid curves (iii).
obs
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Fig.v VI-6. Dependence of m(E>'<) (triangles) and m(Aw) (circles) upon

e -0+
assumed masses m(E ) and m(E%), for (a) E K’x events,

—
—t

(b) 2 K ' events; (c) EOxTn” events; (d) and (e), = K n0
and EOKTn” events combined. In (d) and (e), m(E ) and m(=°)

are varied in parallei and oppoéite'directions, respectively. In
the fits , we assumed a zero-width resolution function, as in
Eq (VI-14). Numbers in pérentheses indicate the number of
events passing the selectlon criteria in each case. Diagonal
solid lines represent lea.st ~squares fits to the plotted points.

' Diagonal dashed lines represent the condition m(AT) = m(E);
i.e., (measured E mass) = (assumed = mass). ‘

Fig. VI-7. Predicted electromagnetic mass splittings of the spin-

1/2 octet and spin-3/2 decuplet, in (a) SU(3) and SU(6);
(b) quark model; (c) tadpole model. In SU(3), the 10 mass
differences are described by five independent parameters (a,b,
c,a',b'), In SU(6)82 a=a' and b =D>b'. Inthe more restricted
SU(6) model of Sakita, 83 .= a', b=b', and ¢ = 0. In the quark
model, 84 there are four indepehdent parameters (a',b',c',d" );
if the spin- and isospin-dependence of quark forces is ignored,
d'" = 0. In the tadpole model, 86 there is one independent

, parameter x; the three terms associated with each mass dif-
ference represent, respectively, (i) fadpole term alone;
(ii) contribution due to spin-1/2 octet; (iii) contribution due to
spin-3/2 decuplet.

Fig. V'I‘-8. C.ompa.rison 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' and b' defined in
Fig' VI-7; dashed lines represent standard-deviation errors.
Ellipses centered at A and B represent best-fit values of a' and b'
(with standard deviation errors) without and with = data, re-
spectively. Values of parameters and y 2 are presented in

Table VI-IV,
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VI-9. Values of w = fzno{ from fits to (a) 159 = K%« ;
by 39 B K 7% (c) 53 2OKTwT; (d) 96 EXwm. Fits with

Lm?{ = 1 have four free parameters (one per sample); fits with
A 3 have 28 parameters (7 per sample).

Fig. VII-1i. Plot of T mass squared vs =77 mass squared for 164

Fig.

Fig.

Fig.

K-63 EKmm events. Only 57 combinations having I = = 1/2

are plotted; BT O events appear twice in the scatter plot
and =7 distribution, but only once in the Emm distribution.

The shaded regions and resonance widths illustrated correspond
to mass limits defined in the text. The kinematic boundary
illustrated corresponds to an incident momentum of 2.7 BeV/c.
The plotted curve represents STT phase space foxr all events

containing = (1530), with and Wlthout K (890), normalized
to events outside the region 3.2 BeV SmZ(EWTr) < 3.4 BeVZ.

VII-2. Scatter plot of c.m. enexgy vs cos o = A>:<(153O) B Ty
for 41 events containing both &' (1817) and = "(15‘)0) Events in
K" band (m(Km,) > 840 Me V) lie above the left-hand curves and
arec discarded; the 24 K events removed are replaced by

assigning double weight to the & events above the right-hand

curves.
VII-3. Distribution of (a) |cos0|=|27(1530) - 4 | and
\coskll l-— ‘ . ﬁ F 1530) l for 441 events containing both

bt d

= (1817) and = (1530) Theoretical curves, indicating the ex-
pected anisotropy for various E>:<(1817) JP assumptions, are
normalized to the shaded area (12 + 8 + 8 = 28 e.vents).

B-1. Coordinate systems used in discussion of systematic errors.
Points A', B', --+- F' represent projections of A, B, --- FI.
See Ref, 108 regarding the direction of A.

B-2. Observed = production distribution, in production ¢.m.,

for 2529 K-63 & events. Angles.and axes are defined with

respect to the beam direction f)élab) and the bubble chamber

z~axis, as illustrated in Fig. B-1.

P e
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Fig. B-3. Observed & decay distribution, in & rest frame, for

2529 K-63 = events. Angles and axes are defined with respect

to Eélab) and the bubble chamber z-axis, is illustrated in
Fig. ”1*3—1. _

Fig. B-4. Parallel and perpendicular components (relative to incident
beam direction fo}gab) ) of E lab momentum gz(lab). (See

\ Fig. B-1.)
Fig. B-5. Parallel and perpendicular components (relative to incident
- beam direction %I(ilab) ) of A . lab momentum ;A(lab) . (See

Fig. B-1).

Fig. B-6. Position in bubble chamber of the production vertex of
2529 K-63 =~ events. Solid boundaries indicate visible volume
of bubble chamber.

Fig. B-7. Distribution of (A . f{) and (A . ﬁ) for (a,c) 3431 = events
and (b, d) 649 %% events listed in Table V-I. The K-72 events
are shaded. Curve in {a) represents [w(z)ri, where w(z)is
given by Eq. (B-31).

Fig. C-41. Diagram illustrating c.m. momenta of particles A, B, J,
and C in the reaction A+ B—~>J+ C+ D+ ...

Fig. E-1. Measured values of a for (a,b) 15 = sarhples; and (c, d)
75 Monte Carlo samples h;ving J=1/2, tio = 0.

Fig. E-2. Measured values of a.. for (a,b) 75 Monte Carlo samples
having J = 1/2, tig * 0.57;H and (c,d) 75 Monte Carlo samples
having J = 3/2.,/ tiO = 0.43.

" Fig. E-3. Measured values of tio for (a,b) 15 & samples; and (c,d)
75 Monte Carlo samples having J = 1/2, tio = 0.

Fig. E-4. Measured values of tio for (a,b) 75 Monte Carlo samples
having J = 1/2, tig = 0.57; and (c,d) 75 Monte Carlo samples

having J = 3/2, o = 0.43. _
Fig, E-5. Measured values of @.. for (a) 15 = samples; and
(b) 75 Monte Carlo samples having J = 1/2, tyo = 0. The 15 =

samples in (a) have been weighted by (BC’DT)“&.

Fig. E-6. Measured values of @ for (a) 75 Monte Carlo samples

-t

1

having J = 1/2, 0 O.Ek7; and (b) 75 Monte Carlo samples

i

having J = 3/2, tig = 0.43.
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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-
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this report.

As used in the above, '"person acting on behalf 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.



