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ABSTRACT
o _ | . %
A sample of 2529 =~ hyperons, produced in =K', £k°r",
S
and E—K9ﬂ0n+

+0

final states by K~ (in hydrogen) at incident
momenta.frombl,7 to 2.7 BeV/c, has beén analyzéd.  The-data
are from an exposure 6f 26 eveﬁts/ pb ("K-63" run) in the
Alvarez 72-inch bubble chambéf; approximately 85% of the

=" events with Visible A decay have been analyzéd. A maxi-
mum-1ikelihood fit (with dA.=,O;656 + 0.055 and with the

= spin = 1/2) yields thé-following values of & decay para-
Y ey = 9.8°

+ 11.6°. Cur Spin analysis of the 3400 E” decays from the

meters: a.- = -0.375 + 0.051; ¢~ = tan”

Lo ]

K-72 and K-63 experiments(gives'likelihood results which

“favor J_. = i/2 over J_ = 3/2 by the equivalent of approxi-

S *
mately 2.5 stdndard deviations. Analysis of the £ (1817)~

57 (1530) + m decay mode indicates that the hypotheses J& =

+

1/2°, 1/27, 3/27, 5/2+,_7/2—, etc. are favored; but results

are 1inconclusive because of highbackground as well as poor

v . ~ ‘
statistics. Analysis of the £ (1817) - A + K provides no

~ spin or parity discrimination. The K-63 beam channel is

briefly descrilbed.
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" includes 900 £~ and 150 EO events from the K-72 experiment

Propertles of the = and the g_ (1817) from
K~ p Interactions above 1.7 BeV/c

Deane W.'Merrill+and Janice Button-Shaferi

Lawrence Radiation Laboratory
University of California
Berkeley, California

July 10, 1967
I. INTRODUCTION

'Prior to this experiment approximately 2600 = had

”"been analyzed to determine the = decay parameters 0=

. 1-6 .
and ¢~ = tan~ (B&/yb-), The largest single

- sample previously analyzed consisted of 1004 events from

1, ~ s
the K-72 experiment (K p at 1.2-1.7 GeV/c), for which the
values o.- = -0.368 + 0.057 and ¢.- = 0.5° + 10.7° (with

@, = 0.641 + 0.056 and with the = spih assumed to be 1/2)

were reported In this paper we describe the analysis of
2529 ;— events in the K-63 experiment (K p at 1.7-2.7 GeV/c),

' 6,7
including 224 =7 +vevents:previously analyzed. From

K-63 data we_obtain values a,.- = -0.375 + 0.051 and ¢~ =.

9.8° + 11.6° (with J_- = 1/2 and a, = 0.656 + 0.055), in
good agreement with&preViously reported values. Combining

our data With 902 K~T72 events, we obtain (w;th aA = 0,657 +

0.047) a.- = -0.394 + 0.0M1vand ¢~ ='9.9 +_9{o°

The = spin 1s also analyzed in a combincd sample which
18

]



The decay properties of the £ (1530) and the
B O-11

1

:h(18l7) have been analyzed in earlier published work.
In these areas We‘have treated a somewhat larger data
sample, but no essential modification of earlier results

is indicated.
A later paper will treat other toplcs, such as .z, decay

paramneters and production.systematics. z
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IT. DESCRIPTlQN OF THE K-63 BEAM CHANNEL'.

The data.analyzed in this report’were obtained from
photographs of K“%p interactions in the Laboratory's 72-
inch bubble chamber} Most of the datalare from-a 1.7 to
2.7 BeV/c separated K beam (K—63)'designed by Joseph J.
Murray with the assistance of:J Button—Shafer- howeVer

-

our analysis of B decay properties includes data from an

earlier beam, K-72. (designed by Harold K. Ticho and others). 12

Figures II-1 and II—2 illustrate the general features

of the K-63 beam, which has been described in detail else-
12-14

) The Bevatron internal proton beam (operating

12

where.
at 6.1 BeV, lr2XlO protons/pulse) strikes a copper
target 4 in. long.by.l/8‘in. wide bykl/l6'in. high. The
secondary beam channel accepts %'O{lo msr at an angle of
°. Momentum selection (p + 1.5% about the nominal mOmenF
tum) is performed by collimators at mass slit 1, after
horiaontal dispersion in M3. Electrostatic separators

Sl and S2 separate K from background (mostly m ) in two

stages, in the vertical plane. These separators, of the

glass-cathode type described in Ref. 1§, maintain a

' potentlal_of 500 kV across a 2-inch gap, At the two‘mass

slits, K~ and m~ 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 n—,lpassing through

‘uranium in the slit jaws (see Fig. II-3), lose 2 8% of

their momentum and are swept aside by the bending magnet M.
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The‘rather broad momentum bite necessitated the

use of special cocked mass slits, a design feature
utilized for perhaps the first time in a bubble-chamber
beam. One of these slits (#1) 1s.described in Fig. II-3;
slit #2 is_similer in design:but more nearly parallél
to the beam direction,.‘Particles are focused at various
distances (§) along‘the beam axis, the higher-momentum
'particles beingvfocused further downstream. The bending
in the Bevatron field and 1n magnet M3'produces_herizon—
tal dispefsion; and.the~mass_slit.is designed so_that a
‘particle of any momentum,(in'the 3% interval) is focused
at some point along the mass_slit. ‘Images in the.hori-
zontal and vertical planes approximately colncide and
.“trackvilinearly with.momentﬁm.tobfellow the,méss<slit.
(Degrading and multiple-scattering in the tapered Jaws
were studied by computer calculations;vuranium was found
| more effective in eliminating plons than iron er copper;)
The critical design,requirements-necessitated the‘
vvluse of man{ quadrupoles, which were carefully corrected
for a;berratio'ns.16 Optimum-qgadrupole positions and
‘cufrents were calculated.with avspecial analog computer
designed by Murray.'4'_The beém was tuned for initial
running in July, 1963. | |

- Over an 18-month period, 2376 roils‘(average v 630

frames/roll) of K film were photographed,,ineluding:

(a) 897 rolls at 2.45 to 2,7 Bev/c; (b) 235 rolls at
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2.1 BeV/cj; (c) 249 rolls at 1.7 BeV/c; (d) 26 rolls

at 2.9 BeV/c; which had unaccepfably low K~ yield‘and
high background; (e) 321 rolls at 2.0 BeV/c, for UCLA;
(£) 425 rolls’at_2.1_BeV/c, with'lead'plé@es“in the
chamber; and (g). 223 rolls in D, (no lead piates), at
2.1 and 2.63 BeV/c. dnly the data from (a), (b), and
(¢), amounting to v 26 eventsd/ﬁgwaarn; are discussed
in this report; in this exposure, we observe 6 to 10

beam tracks per frame, including 15 to 35% non-X~

~ background.

The same beam setup was used for a m exposure

from 1.6 to 4.2 BeV/c.



iII° SELECTION OF = EVENTS.

After being topologically scanned, the evénts of
the K-63 éXperiment were measured either on one of the
Franckenstein measuring projectors or on one ogﬁgMP'
(scanning and measuring pr*o,jectors).18 The measured
events were processed on the iBM 7094 or 7044 with the
standard data—analysis-pfograms of thévAlvarez group--
PANAL, PACKAGE, WRING, AFREET, and DST-EXAM. Failing
events (evenfs failiné to fit acceptably any kinematic
hypdthesis) Were remeasured énd,.when necessary, re-
examlined at the écanning_table,l_Forrambiguous events,
innization information'was used wherever possible to
distinguish between competiné hypotnéses; |

The actual fitting of the eVénts, done by PACKAGE,
begins nith althreé—dimensibnallreconstruétion of each
measured track;.apprqpriate corréctions are made for
eneréy loss, optical distortions, and non-uniformity
of the magnétiéAfield}sfmﬁaﬁwasured momenta and angles
of each track at a production or decay vertex are

’adjusted to give a best fit to each of several particle-

assignment hypotheses, and a x2 is caiculated In DST-
values from -

~EXAM the ¥ Xindividual vertices are combined to-’ form an .

overall confidence level for each_of several production
¢ .

and decay hypotheses, on the basis of which the most

~ likely hypothesis is selected; Events passing no hypo-

thesis with a confidence level > 0.005 are not used.
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In this paper we consider only = events in which

both the 5~ and A decay visibly in the chamber; these
occur in the followingvfinal'states and topologies:

Event-type T2 (vgé with two prongsvand negative decay
vertex):

- - +
K 4+ p »E ’

(1]
]
SN

= c
> EZ 4+ K +7

- . + 0

+ 8" + K% 4+ ¢ (K7 unseen)
_ +

-+ & 4+ K' + neutrals
- +

+ 7 4+ 7" 4+ neutrals,

Event-type 74 (vee with four prongs andinegative decay

vertex):

- e + + -
K- +p 5" + X + 71 +a

(1)

(2)

Eventwtype 12 (two vees, two prongs, and.negative decay

vertex):
K~ +p > 5
+ 27 4+ KT o+ o+ omy > o+ o (ko

In fitting each of the hypotheses, we made a 3C

(three—conétraint) fit at the A decay vertex, and a 3C

e 0. . ‘ ' 0
fit at the K~ decay vertex where a K was observed.

1
+

=

+

=3

=

¥

=3

+

4+ =
¥

i

(®Y
N

The fitted A momentum was used in a 4C fit (3C for events

haviﬁg short E7) at the = decay vertex. Finally the

fitted =~ momentum was used in a UC fit, a 1C fit, or

a missing—masé calculation at the production vertex.

In Table III-1 we 1list, according to topology and

final state; the number of events obtained at each



Table ITI-1. Final states and momenta of 5~ events analyzed.

=~ event type .

72 | s o 12 Sy

'Rp”vs“;- + -+ 0 _-,0 + E_K+ g =0+ =0 % o) ;‘+ + -

Expt. (BeV/c) E K Ko = Km tneutrals +neutrals E K'm S K E KT
K-63 1.7 = 272 31 sy o 0 0 0 0
/GCZE?\ 2.1", 342 105 173 v - 6 94 0 4
| K-63 | 'é.us 76 47" 50 6 7 e | 10 8
\‘ ; 2.55 103 66 85 15 oy 26 6 17
-%K-63§ S 2.6 153 131 145 28 - 45 67 15 38

k§-6%f 2.7 76 49 sk 13 o 22 6 11

X-63 total 1022 429 561 63 106 233 37 78
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momentum;in the K-63 experiment. The’eventé iisted
represent approximately 85% of'the events %hat will
eventually be avallable when the remeasufement.process
has been~compleﬁed.

The identification of a &~ with visible A aecay,
even without ionization information, is completely
unambiguoué._ Of the 2181 typef72‘eveﬁts listed, not
FOne was ambiguous with ﬁne other hypbtheses tested,
namely: |

- - F - -
K +p » 57+K%n"; 27 » a+n”; K°

)

- -
ol LA o SN S SR B VR DS

> E’+K0+n++ﬂ%;ZF*A+n H }{°-+vn++qf? ji?wWCﬁﬁ)aﬁ
N S ] £ n+ﬁ"; K® » ptenT |
Né'competing hypotheseé_were tested 'for event type 74
or.l?l
'f>About 6%'of ﬁﬁe events listed ére ambiguous beﬁween

e ambiguitles o
two or more hypotheseq%inv lving 2K

and = K°#" final
states_(ih event'type.72) are most numerous. Our analyéis
of =~ decay parameterél however, 1s virtually independent
bf the flnal state in which,the'E"‘is produced, so that
we retain in our sample events ambiguous between two or
more final.étatesyinvdlving =" with Visibie A decay.
Table ITI-2 lists the subsamples into>which the data
" were divided for.analysis. The older K-72 experiment is 1ncluded;
For more detalled discussion of the selection of events,

especially the gseparation of n-p from K™ -p 1nteractlons, see

Ref. 21.
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Subsample sy L
_ : : ub- Events per . - _
Expt. Final state B p(BeV/c) Events samples subsample =Z+K cutoff points
K63 ' .17 2t2 b 68 0.88,0.70,-0.07
| @ =Tk L2 342 5 68 0.90, 0.75, 0.45,-0.43.
‘ K-63‘; Eny ' . 2.45,25% - 179 2 89 ©0.73 |
| - . : .

K-631 - =K' 2.6 ,2.7 © 229 3 76 0.89, 0.50

K-63 \; 57K n° 1.7 ,21 136 2 68 0.43

K-63 ;’nv- =K n° 2.45,25 113 . . 2 - 56 a

= LA o 2.6 ,27 180 2 90 " 0.43
=x%* 1.7 ,21. 321 4 80 0.58, 0.20,-0.36
= k%t S 2.45,255 185 ' 3. . 62 0.70, aov7 ‘ |
=7KOnt 2.6 , 27 288 4 72 0.78,043,-0.17
=TKnm C a1 115 1 s --
» ="K'+neutrals a1l L - T - |
. : | , 169 2 85 0.04
/. Z m +neutrals All . ' » '
“Total, vois 2529 34 75 _

K-72 ="kt ©l.2-1.4 194 3 65 0.62, 0.10
F:—K+ ‘ . ' 0.90, 0078, 0053
= - 1.5 - 470 7 o7 0.29,-0.1%,-0.53
="kt 1.6, 1.7 166 2 83 0.66
=-Kkén? a1 72 1 72 -

Total 902 13 69 =

8Both subsamples contain events from Z-K= — 1 to +1.

c ’ . - - o x



IV, THEORY

In this paper we shail discuss the decay properties

13

of the E hyperon.and the £ (1817). The E decays weakly,
principally via the non-leptonic modes |

BN N S | LS)

° 5 A+ 70 -

{1}

1 9 )o zz-25
The = (1817) decays strongly, principallv via ¢ / ’

£ (1817)> A + K S . VG%)'
57(1817)2 (1530) - . | |
We may schematically represent these processes by

(7)

where F;, Fy, , and B éré:é fermion of spin J, a fermion’

Py > Fyi + By

of spin J', and a Spinléss boson, respectively. The
angular distributions in a decay process of this type
have been investigated-by a number of authors, including

26 ' 27 7.8
Capps, Gatto and Stapp,- Byers and Fenster, Ademollo

‘ 2 S0 _
and Gatto, Button-S8hafer, Zemach, and Berman and

32 :
Jacob. We shall lean most heavily on the work of Byers
and. Fenster (cast into a méximum—likelihood frameworfgj

this uses the language of irreducible tensors TLM for the

speclal case J' = 1/2. We shall also use Referenes 30,

an extension of the Byers-Fenster formallism, to treat the

g o= 3/2. | -
case : 3/ A type of

The  Byers-Fenster/formalism has several appealing

featufes: (1) the initlal spin state of FJvis described



by a complete .set of independent parameters, without
assumptions regarding the mechanisms'that’produced FJ;'

(ii) the mechanism describing the decay of F. may be

J
described in terms'of simple helicity amplitudes; . (iii)

the spin state of.F is expressed in terms of expec~

JV
tation values of a complete set of orthogonal spin

operators. As a result, one can readily formulate tests
to eXtraCt all possible information (about the spin and

decay properties of-FJ)'from a given set of observed

' decays.-

Coordinate Systems and RelatiVistic Transformations

I

Figure IY¥1-illustrates :'prbduction and decay

" via the sequence‘(A) K" +p»E& + K3 (B) B> A+ omg

(C)_ Ai>p + 1 . Inttne ¢.m. frame (A), the axes X,Y,Z,
and the = production angie ® are defined in terms of the
incoming K~ direction K and the outgoing E'directionzg.

In the S'rest frame (B), the A direction K is defined in
terms of angles 6 and ¢. In the rest frame (C), the A
'polariZation'ﬁA_and the proton direction p are descrilbed
with fefereng:fto axes x and y,.illuStrated,in the
expanded view (upper 1eft) of system (B)

In a particle S own rest'frame, its spin state andv
the angular distribution of 1its decay products, are
conveniently expressed in terms of tensors formed from
the three components of a spin operator $. When one

Ww

wishes to describe multistep production and decay processes
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similar to that of Fig. J=], the three-dimensional

description of spin states may be used (even:in the

relativietic fegion), provided the observed momenta of

the reaction are-transformed successively through all

intermediate reét frames, via successive "direct Lorentz
34 35

transformatlons.,

Description of Initial spin State

28 ‘
U81ng the language of Byers and Fenster, we expand
36
the initial-state density matrix Py in terms of irreduc-

“ible tensor operators TLM

o 2 L. y o
(03} = 5757 Z o (L) £y (‘TLM\) , o (8)
ik ¢ L=_0 M= ——L“ | ik
where_the quantities tLM = Tr(p1 LM) are expectation
- ‘__‘\ ) e R SO A 5 .
values of the T Ly The'f\ are normalized so'that' aﬁé*e”“ﬂ
- + 23+1 ™~ '
J = ;
TI’(T SR C Tr) 2LHL {”LL o’ (2)

and are formed from spin operators Sx’ Sy’ and'SZj as
the spherical harmonics YLIVI are formed from c¢oordinates

X,y, and z. [Foroexample, Tllfx(Sx +-iSy), in enalogy

with Yll

expectation values tLM obey the .relations

«(x + 1y).] - The tensor operators TLIVI and the

- Mgt .
/TL,—.-M-‘(-) LM -
, v | ~— ;o
Y . . M % CA0UL Ly
e e O e r
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1

Hence t is real,' The normalization condition 'T}ffi = 1

LO
- implies that t00=«lﬁ The matrix representation of the
THEM depends upon the dimensionality (2J+1) of the spin ' N
- : :

space, and also upon the cholce of basis vectors used
to define the space. ~In a representation where TLO is
diagonal,- the matWix elements of the T LM are real, and

equal to Clebsch—GQrdan-coefficients.

v . .l '
T ) = C(JLI; M M) & " .t |
(. \._,LM M"M' ? M, M +M : | (,,)
- ' /2
- J-M [ 2J+1 v :
= (=) (m) O(ITLM LMY &Yy "y

(The notation for'the Clebsch-Gordan coefficients corre-
sponds td)
. . 7 » _ _
C(Jlj2j3, ml 2) wherejl + 32 —‘33 and my + m, m3r)

“Noting that tlo

of the spiln operator S, by

one obtains an upper limit for ltlolt’ for any spin J:

is related to the expectation value

e | . -
10" '~ . \J+1 o g . ‘ (
Similar relations may be derived for other t . . An '
additional restriction on the permitted range of the 7 v
tLO is imposed by the requirement that the diagonal
elements of the density matrix be real and non- negative.

Substituting appropriate‘values of the matrix elements

<TLM) into Eq. (3) ~, one obtalns the following
Jk .
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inequaiities:

(re)

is)

+I
N

For J = 1/2:
1473 t520
For J = 3/2:
1+ 3 ¢f3 610 * /5 tao £ /8 byg 3 0
1+ /3" - V5t 13/Tt 2 0
L /5 %0 20 Y5 30 7
. e - M..‘.w.-_ ,:}?«
For J = 5/2:
1y RS SN A
o f ) 2/ Pao E't?‘>0v+3'/~ﬂT “uo- %
.V.A [___ 2 -? )
_]_i9 -3—-— /"‘ﬂ‘ 20-"/‘/30' 0“94/—171—.%0
T JIo, 5, 1T

113.1/35.'C =2/ T a0 +2/15 3o+3J7"ﬂ4o—)

If all t having L > 1 are zero, these varilous

inequalities reduce to the condition

!10] 3

The inequalities (/3) 'andv (17) are equivalent to

the two inequalities of Lee and Yang:

: P 1
i(bos e)] = '<F -vr1> li§ 2742 .
L | TS e
~and | |
|<cos LM 6%" .

Equation (/9) holds only if no powers higherfthan

(cos 8) appear in the FJ decay distribution I(6,¢).

(17)

(18)

Ty

+
~
i
'Cf'_‘
Ul
o
v
o



'*J(éifb,:

Tt

Further inequalities restricting the values of the tiy |
o , ' - 38

.have been pointed‘out by Byers and Fenster, and others,
but in our analysis-these iﬁequalities provide no new
information. |

In certain cases some of the tLMdmay.vanish due to .
symmetries in the production process. For example, for
particles J produced in a parity-cohserving reaction: of
the type //,ﬁf

- A+ B»>J +C+D+E+ ..., . 1 (20)
the expectation'values‘tLM describingdthexspih state of
A_the_particles,J in their rest frameSVanish,for odd M,
provided:

(1) the axis of quantization of the tLM is the

production normal

z = A X 3
) - [ a"%2 223
(11) the beam and target particles (A and B) are
_unpolarized, and averages are taken over
the spin states of- the final-state particles
c,D,E, etc., |
(111) averages are taken over all.directions of
c,D,E, etec. |
16
(This is a generalization of Capps' Checkerboard Theorem. )
Because of the symmetries in the production reaction,

we choose to‘express the initial-state density matrix 0y

in the (X,Y,Z) coordinate system. having as its Z-axis
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the proauction hdrmal g, (See Fig;jﬂf—l.)‘ Hence M must
¢onéist of two parts: a rotation matrix.R(¢,6,0) trans-
forming pi'into-the helicity representationjsq and the
diagonaliéed transition matrix M describing the actual

~decay. That 1s,

' ' e '
0p = M'R(9,0,0) o, R7(6,0,0) ()T (21)
i : ’
where M and pp are represented in the helicity system
(x,y,2) and_pi in the production system (X,Y,z2).
!
The element of the complete decay matrix M = M R (¢,9,0)

40

| may be written

v : o _ ‘
(m), = A Lea+ /a2 Y L e,6,0), (zz2)
where )\ 1s the projection of spin Jf(and J{):on the helidity
-z~axis,'and m is the projection of spih‘J‘dn the production
Z-axis. The ﬁhelicity ampiitudés” AX aré the elements of
the diagonalizéd‘transition mafrix M', each representing
the érobability amplitude for the pfocess (with'heliéity A);
| | BISNES ]J',)\>. +By .o - (23)
S T s N . - '
_ iﬁ,&swy The functiohs' /%1m3\<d,B;Y) are.the_usual matrix elements
» o

- of ‘the rotatign operator R(“4B’Y):C?;%iﬁ§S“’B’Y) =

eXp(jmld),di m/\(B) eXp(—im2y). (See, for example,
- . l 2 P . .

L
_ 4y
Jacob and Wick. )

In general, the decay process FJ > FJ' + Bolcan

proceed via several different partial waves &, where 2

, \ , _ .
may assume values from |[J-J | to [J+J |. 1In strong decay,
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only'those partlal waves'consistent with parity conserva-
tion contribute to the decay amplitude. In terms of the
usual complex partlal-wave decay amplitudes 89 the

helicity amplitudes of Eq. (Z 2.)_ have the form #o
= (M Z e, et . (24)
. s ‘ |

- 28, P '
Byers and Fenster . (and Button-Shafer ) simplify the
eXpression for pf by utilizing the orthogonality properties

of the £5§; functions and Clebsch-~Gordan coefficients -The

general form (in the helicity representation) is

. ’r\)} ‘ ' : ' '. ‘
(pr) ,;\EKJ Aeel > (-)7=* (a4 /) (20412

(257)

23 L o o
S 1/2 .
Xi 7 )‘(2L+1)_/ C(JJL‘;VX, LM,@*M -’ (6.6.0)
- L=0 M=-L - . . C
. ‘ | ' _
which 1s valid for any spin J and J. (inteyger as well
* .

as half integer) We note that only the & - A - (¢,6,0)

having integral indices L,M, and (X- A ) appear in Eq. (2.5')

multiplies g

and that each t describing the initial F
* 14

LM _ J
singlegk,x_k' fnncltion. A

Having arrivedvat an expreSeion for the final-state
deneity matrix, one may calculate the'angular distribu;-

tion of the:decay~proceei:2“

oo
C;;;:ﬁFJ + %O as

I(6,6) = Trlpp) & (2¢)
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A complete description of the spin staté of F;' as a

function of 8 and:¢ 1s obtained by calculating the

quantities (with T . operators now used in the F.' spin

LM © J
space, helicity representation)
Iy > (8,0) = Tr (ppTp) | -(2'7).

With slight deviation_from the work of Byers and
Fenster, we now evéluaﬁe (26) and (2.7) for ﬁhe
special case J' = 1/2. Then'ﬁe discuss sdme of the results
'obtained bynBuﬁton;Shafer for the speciéi case of strong

I .

. 1 .t~
decay with J = 3/2..

a. Spin J »spin 1/2 + spin 0.

For weak decay, the two partial*Wajes a = aJ_Fl and

. , e
b = anlﬁl can contribute to the transition matrix .M.
N : .
One customarily defines
. *l ! . )
o+ 18 = (Re +1 Imlab/(lal® + |b]?)]
. o (z28)
- 2 2 .12 2

y = (Jal® - |p[%)/(]al® + [p]7)

so that o~ + B~ + vy~ = 1, Alternatively, the parameters

B and y may be expressed 'in terns of indepéndent parameters

a and &v , . o
- | sl o - (25)

B+ 1y =1 - a2 ;/2ei® . . )
o prifortional to

Using Egs. (2 6) “and (27) with T, / o, and
| ' 6, 28 33

N . ,
o, ¥+ ioy (L,M = 1,0 and 1,1) one arrives.at the result

X
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faple
(@]
ct
!
=
-
Z/’\
[an]
©-
~
W
o
)
Nor

| 2J-1 . 2J L
I(es(b) =
{ L &0 L =1| M=2-L
[ 'L even _L odd |
2J-1 - 23 - L
..... ~ N J 30
IP-z = |a 2 ot 2 Z Nyo . Eom Ypu(8s9) ( 2
L=20 L =1 M==
L even L odd
RIAER S 1By = (-y.+ iB)(2J +1) % E ny, tLMéﬁ 1 (9,0,0)
. _ : L =1 MNM=-L
S : L oddv_ _’
Clowee L | . (30C>
,//' '
X[ (2L_¥ 1>/un11/2 [L(L ¥ 1)1° /2
where

*_J

nd 27 (- )J' 3 [(27 +1)/4n7Y/2

Lo C(JJL,Z, l) @3,)

Fbr_the fwé—step decay process

AN+ 1wy A>p + T, o ‘ (BZJ

[

b . ' E -
the Joint angular distribution of the A (in the Z rest
frame) and of the decéy proton: (in the A rest frame) ‘is

given by
A~ A

I(A,p) « I(A) [1 + a PA(ALJ\/p]

(33)

= 1(0,9) +'aA[I§ CApA) o+ TP X(p.x) 4 ¥5A y(p.¥)7,

Wy { x
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‘where the A angular distribution I(6,¢) and the A
o ' ’ > AL oA -;— ) ~ _ . . A
polarization components %EA x,faA y, and %BA Z = £MA'A

are given by Eqs (30) L%
The distribution in?(p-A} is obtained by 1ntegrating
i (33)over 8,9, and ¢ = tan~ -1 [{ p.y /(p x/]:
(p}A) x 1 + a, o (p»A);' - - 6349

This relation holds fOr any spin J. Thus a spin—independent
estimate of aEJis possible even if all trm witn L > 0 are
'zero. | | |
The presence'of non-zero tLM with L > 0 permlts a
more accurate (and spin dependent) determination of d,
V_ If the Z has spin 1/2 and polarization Pg Emﬁa'n = V3 ti0>
the distribution function ‘6337 reduces to the familiar

form

I(A,p) « 1 + a; P. cos 8 +.aA \p A) [a: + P- cos 6]

’ A, aa (35
+ oo, P sin'e_[B:p.y - Y:p'x] .

N

For either strong or weak'decay, three featufes of
the decay dietribution enaole one, in principle, to
'c-r | determine the spin J:_ (1)_a iower limit for. J is
established by the maximum complexity of the observed
distribution; i.e., ;_; ax/2 where L. is the L-value
vof.the highest non-zero tLM’ (ii) ifr |t lOI or any other

ItLM] exceeds 1its J—dependént bounds, an upper limit for
SO T — R
L#, The above equations hold also for a decay such as;‘*(1817)—*\\
| A + K; /\_..p+n' 1f o and/G xare set equal to zero and ¥ - /

taken ag +1.

- - e e —— e ————————— e e



-~ J may be'established by‘ineqnalities siﬁilar-to the Lee-

Yang inequalities ’(IX) and. (/4) ; (11i) if any odd-1

.‘. tLM are non-zero, a best vaiue of the factof (2J+1) of
Eq. _<3 Oﬁ) may be determined experimen‘tally.

| AFor further discussion of thevabove formalism and

use of the likelihood method see Refsmpences 3.3’, 6, or 21/.

" b. Strong decay: Spin J - spin 3/2 + spin 0.

The strong-decay process

Py > Py p + By - (36)

(where F3/2 is a spine3/2 fermion).has‘been discussed by
‘Button‘_Shaf‘ver,so‘_ Zemacn,z’ and ‘Berman and Jacobfl among
others. We utilize the formalism of refefence SQIthch
extendslthe Bjers—Fenstef theory to obtailn a complete
and general description of‘ the decay process (3 6)
All equations are discussed more exten51vely in Ref. 30,
except for the introduction here of the parameter AO
(Eq. - f‘8 ) and of tne momentum-barrier t-reafcment of
~higher f-waves. | ) a

A variety of téests may be performed to.detefmine-
the spin and parity of FJ, we shall describe here only

those used in our analysis of the reaction
- #]//#f : R :
81 1530y ems 2R (1530YE + ¥, (37)
.ﬁ‘» # (;Mnc ﬁ/;ACC)

which we denote symbolically by

)

+ By Fypp > Fyp # By o (3%)

J 3/2
k( mane spdee )

P, + F

The spin state of F3/2 may be represented by a- 4X4

’{1/’,|/b\. G-
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density matrix-pf whose elements (in the helilcity

representation) are given by Eq. (26’}

the diagonal elements are.

'

’:' | %E‘; ;mn_L» |
(éf)kk =';E;;, ‘2{::\ t;M IAAI

L =0 M=-L

. nLO

where the tLM

‘6 and ¢ define the direction of F

3/2

A

The helicity amplitudes )

frame.

and the J-dependent.constants N1 g

(22)

in the F

Y;(8,6),

In particular,

(39)

describe the spin state of Fr, and where

I rest

- are given by (24-]
(2x) by the relation

nLO(ZA) - (-)J‘*[(23+1)/uw)]1/% C(IIL; X,-\). (¥o)
The angular distribution of F3/2 (in the F; rest frame)
is ‘
1(6,4) = Tr (p,)
' 27-1 . L ‘ C*’)
P - (3) 2 (1) *
"2 2 o 2 , (|A3/2' 18y /10 } Prm¥rm (85
L =0 M=-L : - | |
L even S

A-lower 1imit on the spin J is established by the maximum

complexity of the‘observed I(6,¢) distribution; i.e}, if L
the'data‘require-nonezero tLM9through order L, then , |

J 2 L/2. No spin information.is obtained from Eq. (41) '\j
if all ¢t having L: > 0 are consistent withrzero. One

LM

finds that I(6,¢) has a particularly simple form if ¢ is
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4z

lgnored and only the lower #-wave included, I+ dziz +-Q4F; v e
- If F3/2zsubsequently decaysvstrongly via,F3/2 -+

F + B the angular distribution of F1/2 (in the

1/2 0°
F3/2 rest'frame) isAgiven by the Byers—Fenster formalism:

(6,6) Pylcos)], (F2)

e e,
e

v
éa(w) 7 1(8, ¢)[1 - V5 <<@207>(n,“

where'w is the angle of F1/2 relative to the F3/2 direc-

‘tlon of flight'veﬁé~where %e—have—&gn@@@d—the azlmuth of
F1/2 1s . 1gnored, and where <?26> describes the F3/2 spin state.
The* quantity

e r——

(.’_Ll_ P - o . ’ (43
' c”;> 27-1 ) Q ' _ )
. -1/2 E } 2, (3) 12, (1) *
= 0 M=-L ‘ ' :
L .even.

repreéents the<@26>cpmpongnt,§fvF3/2“polar;zétion"réferred
"tO'hglicity axes, i.e.,.the Fa/o spin alignment along its
direction of flight. :

Combin’ing Eqs. (%) 3 through (%3) and ‘integrating

over 8 and'¢'(the anglés describing the direction of F3/é),

we are left with only,thosevterms'containing'too, so that 3

& (p) =1+ h, P, (cos ¥) =1+ b, (3 cos® V- /2, (+4)

where S ' ‘ : , -
2 42 ‘ 2 : 2\-1 _

bv (|A1/2| ' 'A3/2| )X (|A1/2l + 'vA3/2| ) ) (4\3’}

(We have used the relatidn n00(1)= n00(3).) After

integration over 6 and ¢, the azimuthal distribution of
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F about the F line of flight 1s isotropic.

1/2 3/2

" If J = 1/2, then Ay, = 0, s0 that-bg = 1.0 regard-

less of the parity of J. If J 3 3/2. the helicity

- amplitudes A)\ have the following form for varilous

Z (1817) spin and pa(g;x}ty assumptions JF [where P 1s the

parity of 2 (1817) relative to that of 5 (1530)]: ' N
. ) ) . \
P S | (G at e

3F = 3727, 572%, /27, ete. R Oquéi*
" - o =3

1/2 1/2 A

Ayjo © a(3J 3/2)7° - c(J +. 3/2) - (#46a)

' 12 4 o(357"3 /2y 2 |

Ay e a( 4 3/2)M% + o(310-(3/2)2 (#¢5)

7" = 3/2%, 5727, 1/2%, eter . _(sh T2

Ay sy = b(3 = 1/2)H2 - d(3J+9/2)1/2 (*7a)

YA3/2. « b(3J+9/2)1/2 +'d_(J w2, (#7s) o

where a,b,c, and_.d are complex-amplitudes for decay via
partial waves & = J-3/2, J-1/2, J+1/2, and J+3/2 respec-
tively. One may show that b2 is of the form '

cos A , ' (4?)

b, =s cos Ag = T sin A,

where S,T,Ad),_ and cos A, have the."fbllowing values and N

‘ 0

where = . P

A | et

al® + fel? =1, .Ibvl? + |d|2 =1, sin Xy > 07
TP p : o : o cos An-
J , : S , - T Ao 700
3/27,5/27,1/27, et Jal® - [c]®  2Ja| |cf §,-6,  (2J-3)/4J

32%,5727,1/2%, ete. [o]® - (a1 20b] Ja|  6g-sy (=23-5)/ (B4
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2
and relative phases of a,b,c, and d. If only the lower

We note that -1 g b, <1, regardléss of the magnitudes

partial wave (a or b) contributes (for those cases

having J > 1/2), 52 has the following values:

1727 “1.00. | 1/2" ~1.00
S o | . ' .
3/2 ©0.00 y 3/2" ~0.80
52t 0.20 7R -0.71
7727 0.29 g2t -o0.67
limit J > o  0.50 - | limit J » @  -0.50
\'\»,..__/.‘ . C \__/

One expects the rate. of decay yia'paftial wave £
to'be'suppresséd (relative to 1.0 for ¢ = O)Aby a factor

of the order of

(£9a)

@R2 1+ @2t for £ = 1
@R 19+ 3 (@2 + (am)'17h o rore=2 (498)
@b 225 + 45 (@RI2 4+ 6 (@t + @ROITT ror 1 =3, (49¢)

where q is the momentum of F372-in the FJ’rest_ffame, and .

R 1s a characteristic radius of interaction, of the order
- : * ‘ 3
of (2m ). (For the decay process I (1817) > = (1530)

+ m, q = 230 MeV/c Ad l/R.) Taking qR g 1, we estimate

ID%]/]s?| & 0.08 anda |F?|/|P?| n 0.007, where S,P,D, and

F are decay'amplitudes-for % = 0,1,2, and'3, respectively.
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'~ Even with complete ignorance of the'rélative phase Ad,

we may spécify the permitted range of the coefficient,

85, allowing for the presence of higher partial waves:
JF . Partial waves £ b
et 1 , 1.0
1727 o 2 1.0
3/2° o 10,2 . - 0.040.5
32t . 1,3 ~ -0.8+0.1
spet 1,3 o 0.240.2

Decay via the higher partial wave 1s negligible for higher

spin hypotheses.
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V. ANALYSIS OF DATA

—_—

A. ' Decay parameters of the =

Because the overall averagevpolarization ef our =
sample is small, the 2529 K-63 events'were arbiﬁrarily

divided, aecofding to final—state momentum, and values

of (éfﬁ);_into 34 sunsamples, defined in Table IM[-2

No attempf‘was.made to eptimiZe the binning criteria.

Also listed, in-13 subsamples, are 902 events of the

K-72 experiment, corresponding approximateiy to'the
sample analyzed earlier. "(The eemple described in
Ref. I contains additional events not in our K-72 sample,
but polarization_informatien from 3—bedy‘final states |
was.not used.) In Table 'I?‘l; we compare‘results
obtained separately from K-63 and K~72 data, and we
present results from a combined sample contailning

2529 + 902 = 3431 =7 events.

Estimates of dA d;+ were obtained from maximum-
likelihood fits to a decay distribution of the form E?.,L34v
:these estimates are independent of the assumed = spin,

.and 1ndependent of the way in which subsamples-are defined.
Estimates of dA, dgﬁ , and @s— were obtained from fits

to a deeay distribution of the form (387; Variable
parameters in the fits were aA,da~,‘¢g—, and the polar-
ization offeach'subsample. Fits were performed (as

indicated)-both with a, free. and with a, weighted (by



Table V-1 .

Decay parameters for &

o free

B Fitted parameters

Correlation matrix

L sup- - | %z - "
Sample Events 7%z samples inL %7 Oz "~ (deg) (qAaE) (aA¢E) (aEQE)
K-63 2529 . -0.262+0.033 - 34 68.95 0.743+0.122 -0.34440.063 10.1#11.4 0.789 -0.027 -0.018
K-72 © .902  -0.281+0.055 - 13 41.16 0.685+0.107 -0.42640.067 9.7+14.1 0.295 0.008 -0.020
Combined 3431  -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% . 1004 = - 12 .38.74 0.682+0.104 -0.362+40.058  0.3+10.6 0.295 0.027 0.015
a, = 0.62+0.07 included
Fitted parameters Correlafion matrix
g a Sub- a ' a %= a0y 0,0y 0.0
Sample Events AYE- samples  &nL p - = (deg) ("A7=) (PaTE)  (PeE)
K-63 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-72 902  -0.28140.055 13 41.02 0.641+0.057 -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
K-72%  1004° - 12 38.65 0 7 0.007

.641+0.056 -0.368+0.057  0.5+10.

0.096 0.014

b

includes 176 events prbviding information only on o

a'_‘—-
ATE

8 previously published results, included for comparison with our K72 sample (see Ref. 1 ).
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a factor exp [-122 (oy 'I—O'.62)?/(O'.O7)2]vin the likeli-
nood). | |

Quoted errors on aA, aa-, and‘@E- were obtalned
from the error matrix G, calculated as the negative.of
~the inverse of the seoond—derivative matrix of w = n L
(where the likelihood ;( 1-,? I (A_L,pi IT X)5%X5,e -
are variable parameters in the maximum-likelihood fit,

the'error §x, of a parameter x, 1ls given by
i - . 71

2

(8%,)7 = Gyy . <  ($0a)
| 5 _ |
-1 §™W . '
where (G~ )jk = —__——6;\_;1 ij - | ) (50 A)

The correlation coefficientsilisted are off-diagonal

elements of the normalized error matrix Cjk = ij

(G ')"l‘/2 . A study of Monte Carlo events 9 demon-

33°

'strates_that the_calculated errors Gxi correspond to the

rms deviation of independent measurementS'of %y s i.e.
) 2 , L a2\ 20 L2 .
(ox)% = COop =g D = D - - (s1)
In Fig V-1 ve 1llustrate the correlation between

o, and aa- , for the combined K-72 and K-63 data

A A
Correlations between aA and,®:~ s and between a,_~ and

¢, _~.are negligible.

As a visual oheok on the results presented we display

=t

certain angular oorrelatiOns in the observed 5 decay

distributions.
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In Fig. ¥ -2 we-display the distribution of peA

for the 3431 5~ events listed in Table I[-2. As expected,
, : : AN

the observed distribution is proportional to 1 + aAd —.F.A
tpi%; with aAa - = —O 27 (corresponding to the straight
line plotted). |
In Flg. ¥X-3 we ‘present distributions of the four
. : . - : N A A N A A )
~quantities N (no. of events), & (p+A), , ¥ (p-y), and
- SIS, BRI ST R

N

~n A i : (AT AT . .
z (p-x)'i as functions of A-n = cos 6. For purposes of
"

=1
(see Table V-2)

plotting, events in subsamples/having Po < 0 (shaded)

were rotated 180° about the beam axis, effective?raising

“the overall average polarization from 0.04+0.04 to

0.26+0.04 .

'B. Spin of the =

-

The existence, in the observed E decay distribution,

of any non-zero t., having L > 1 would immediately establish

LM
the Z spin J to be greater than 1/2, 1In Table X-2 we

. : _ - /
-present, for 15 subsamples of Z and Eo‘events, values

S of try obtained from maximum-1likelihood fits_aseuming

=3/2, L =3, o) = 0.62, §3=\= ago.= - 0.40, ¢ - =

¢_o0 = 0. B JThe =7. data have been corrected for scanning
blases), as,explained in the Appendix (and in Appendix B

: ofFReﬁemananl). We compare values of znx.from the Lmax.=

3 fits (seven parameters per sample) with values obtained

assuming Lmax = 1 (one parameter:y per sample). For'the

15 samples, we observe an overall increase of 44.1 in

znx_as Lmax'istincreased from.1 to 3, (An increase of



Table V-2, Search for J = 3/2 moments in Z decay.

Subsample N w=inl . trm (X100)

Expt. Final state © p(BeV/c) Lot Lax™3 AW tyo t,g - Ret,, 'Imt22 tyg ~ Rety,  Imt,,
1. K-72 =kt 21,4 194 4.8 5.9 1.4 -35%¢14 227  5%5 145  _7+8 36 -446
2. K-72 =Kt 1,5 . 470 3.8 6.4 2.6 0210  5%5 243 -2+3 36 324 -6+4
3. K-72 2okt 1.6, 4.7 166 6.5 8.5 2.0 40£17 138 -2£5 05 719 247 -246
4, K-63 ‘E‘KJr ‘ A7 - 272 7.4 11,0 3.6 27+12  -5x6 -7+4 -3%4 9+7 -445 -6+5
5. K-63 =-k* 24342 4.9 8.7 3.8 17244 -9%6  -424 -5%4  _7x6  -6x4 344
6. K-63 =-kt ' 2,45, 2,55 179 . 6.9 . 9.1 2.2 55+15 4x7 45 -5+5 448 -9+6 -2x6
7. K-63 =-Kt 2.6,2.7 229 A 10,1 - 2.4 47214 427 3£5 2£5 1248 8+5 = -2#5
8. K-72,K-63 E-Ktq° 1.5-2.1 - 154 1.6 5,2 3.6 417 0+8 16 -5+6 15+9 -316 1247
9. K-63 E-K*tr? 2,45-2,7 3012 2.2 3.9 1.7 -18£13  -746 244 34 747 045 0£5
10, K-72,K-63 Z-K°xt C1,5-2,1 3672 14,5 15,1 3.6 -31#11 425 0+4 -84 4x6 -3%4 244
11, K-63 - =K%t 2,45-2.7 473 8.0 14,3 6.3 -2+10 024 243 -6+£3  -9x6 -6x4 7+4
12, K-63 E-Knw Al 284 4.6 6.4 1.8 -27+13 346 135 -2+4 . 1027 -3x5 -345
13, K-72,K-63 E°K® All 194 1,2 4.7 3.5 -24+14 %7 -3:5 - 135 0£8 -3%6 -1£6
14, K-72,K-63 E°K'n- 1.5-2.1 164 2.8 4.2 1,4 . 016 78 336 T -1x6 . 629 46  ° 5%6
15, {K’“ =K'et 24527 2”} 39 84 a5 2612 126 344 4x4 &7 025 1445
K-63 2°K’rtn- Al .20 C '

1-12 =7 total 3431 69.9 - 104.6  34.7 2.643.6 -0.5¢1.7 0,3:1,2 -3,0+1.2 0.6+2.0 -2.1%1.4 -0.1x1.4

13-15 =0 total T 649 7.9 17,3 9.4 -5.3:8,1 2.5£3.9 1,0£2,7  5.622,7 1.9%4.7 0.3%3.2  7.243,2

1-15 Z”andZ°, total 4080 77.8  121.9 44,1 1,3£3,3  0,0+1.6 0,5%1.1 -1,6+1.1 0.8+1.8 -1.7¢#1,3 1,0£1.3

aSample No. 9 contains eight K-72 =-K%pt,

-zs_
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b5.0 is expected)) "We -conclude that the spin-1/2 hypo;

theSis is permitted, although not required, by the data;
The spin-3/2 hypothesis could be discounted if one

of the inequalities (/3) or (1%) were significantly

violated. Although the spin-3/2 denslty matrix constraint

(/57 is violatedlby'three subsamples. (3, 6, and 7),

. one
the effect 1s less than & standard deviation in each

case. Violation of the spin-5/2 density'matrix constraint
(/6) is only slightly more significant.

- Hence, only the presence of the (2J+l) factor in

the transverse A polarization distribution (3o c)

Q: affords us a possibility of spin disbrimination

(2J+1) Spin Factor

We have investigated.the'(2J+l) spin factor using
3278 K-72 and K-63 =~ évents.(Only’96% of theieventé
appearing in Tablelﬂ?i,were avallable at the time of_
this analysis@q The data;were arbitraril& divided into
L7 approximately equal subsampies according to final
state,'momeﬁtum, and c<:m. g production angle (see
Table ¥ -3 . No atterr;pt was made to optimize the
binning criteria.‘ Also listed in Table V-3 are seven
éo-subsamples. : ' .
Maximum-likelihood fits were performed to an assumed
with (30);
E decay distribution of the form 63 ‘) A variable para-

meters in_the fits were a,, Og-, ¢ _-, and g_value of th

-
)
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Table V-3. Subsamples used 'in = spin analysis (K-72 and K-63 data combined),

Subsample :

» ‘ ‘ , Sub - .Events per ~A -
Final state p(BeV/c) Events samples “subsample (=K) cutoff points
=k’ 1.2-1.4 194 3 65 0.69, 0,10
=K' 1.5 470 7 67 0.91, 0.78, 0.59, 0.29,

, -0.11, -0.51
=Kk’ 1.6, 1.7 304 4 76 0.87, 0.65, -0.14
=K' 2.1 355 5 71 0.89, 0.76, 0.44, -0.44
=K' 2.45,2.55 179 3 60 0.86, 0.26
=K' "2.6,2.7 229 3 76 0.89, 0.50
=K 45-2.4 0 147 2 73 0.43
=K n0 2.45,2.55 . 112 2 56 0.34
=K 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
=KOr" . 2.45,2.55 . 186 3 62 °  0.70,0.07
=Ko 2.6,2.7 288 4 72 0,78,0.43, -0.17
="Ktmr all 135 2 68  0.29
=2 KO a0 all 449 2 74 . -0,05
=" sample, total 3278 .47 70 - R
=0KO 1.2-1.7 106 1 106 --
. (K-72) . .
=OKO 1.7-2.7 g8 . 1 - 88
(K-63) ' :

=0kt n” 1.5-1.7 70 1 70 -
20K T 2.4 94 1 94 .-
=0k 2.45, 2.55 81 1 81 S
20K T 2.6 142 | 1 142 -
20K Tr” 2.7 .78y - . '
E°K°n+1r- all | 20} : ! 70- -

Il

% sample, total 649 7 . 93 -
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for each of thev47 subsampleé. (The method of analysis
is similar to.the likelihood treatment of Refsmrenees 6

and J .) Having found thoo thos t30,'and t32 to be

consistent with zero, we assumed Lmax =1 (i.e., t20 =

t22 = t30 =,t32'= 0); the assumption should hot bias our

determination of (2J+1). Flts were performed 1q&hree
ways: '(i)v with no information regarding a, or a3

(11) with the use of a, = 0.62+0.07, the value of Cronin

-

and Overseth; = (iil) with weighting of a, = 0.62+0.07
the latter

and o, Q.- = 0.32140.048, ¢ value roughly corresponding

to the world average of spin-independent determinations

of a, dom excluding Berkeley data. -(Fhese—constraints

= )
were—applied—by (includedr in the likelihood X wereofactors
of the form expl[- % (o - 0.62)°/(0.07)°] and expl- %
-+ 0. 321)2/(0 048)°7. )

(dA o

)

In Fig TY'¢ we 1illustrate the behavior of w = and
as a function of the assumed spin factor (2J+l) From
'.curve (11) (o weighted by 0 62+0.07, qA aE- free) we
estimate (2J+1) = 2,0_8.3 , corresponding to a E'spin
J = 1/2. (At the likelihood maximum, a, = 0:65+0.05,

- = -0.41+0.04, and &_.- = 13°+9°7) The J = 1/2 hypo-

thesis is favored over J = 3/2 by (2X3‘o)1/2 = 2. us

o

-~

- e

standard deviations; higher spin hypotheses are excluded
by >>3~standard deviations. Violation of the spin—3/2
density matrix constraint in 16 subeamples causes a
~decrease of 7.03 in w = nX when the constraint is

applied; however, the.violaﬁion 1s not statistically



significant.

Analysis of Monte Carlo Events

above

The conclusions/e#:%es*Aﬁxﬁzzz were checked by com-

paring experimental data with samples of computer-generated

—
—

{1

Monte Carlo events. For comparison with the 15 and

° subsamples of Table JZ-Z, we generated 75 Monte Carlo

-
—

samples, having 272 events each, according to each of

-the following hypothéses:

(a) J = 1/2, a, = 0.62, ay = - O.MO,@E =0, t,5=0
(indistinguishable from J = 3/2 with £, = 0);
L : _ _ _ _ L maxe .
(b) J = 1/2, a) = 0. 62, aE = - 0. Llo 5 = 0, tyg = £yt = 0.57;
_ o _ o _ max = 0.43,.
(¢) J = 3/2, o, -,0.62,‘ocE = -FO.UO,®E‘—_O, tio = t1p

For each sample, we performed~two.maximum—likelihood fits,

assuming o, =‘O.62, )  = 0, gnd J = 1/2 and 3/2, respec-

[89]

tively; Og and tlo were free parameters in the fits.

In Figs. W-S and ¥-6 we present-distributibns of X =
AnX = enk (T = l/QjJQni,(J = 3/2) for the experimental
data and for the Monte Carlo samples. See Ref 2/
for'further‘disCuésion_of Monte Cérlo events and inter-

pretation of likelihood results.

. . = _
C. Analysis of & (1817) -+ = (1530) + 7

’In this section we investigatg_the spin and parity

. _
Z (1817), using a cleaner sample of :0K0ﬂ+ﬂ events

" than that studied previously, and’utiliZing two spin
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tests proposed by Button-Shafer. - (0One of these has

been previously applied?) The scarclity of data prevents
the use of more elaborate tests. B |

In Fig, Iﬁ-? we present a piot of én mass squared
vs. EmT mass squared for'l6u EKmm events‘from the K-63
experiment. Six events are at 2.1 BeV/c, and tne remainder
are from 2.45 to 2. 7 BeV/c Plotted are 135 unambiguous

events (78 == K'ntr™, 20 5°K~n+n’; and 37 7K1 %) with

0

-

visible lambda decay, plus 29 &~ Kow+ﬂ events without
E visible lambda decay . Only the 135 unambiguous events
are further analyzed. ' Events designated E*(i817) have
=mm effective masses between 1775 and 1850 MeV, correspond-
ing.to an interval of g 2 X‘fosé. Events designated
IE*(153O) have at least one Ew paif-with‘IZ = + 1/2 and
(1510 MeV < m.(Em) < 1550 MeV]; eventsldesignated K"
‘have at least one Kn pair with I = + 1/2 and [840 MeV
£ me(Kn) 940 MeV] Of the events designated as both
é*{1817) and Z (1530), aboutegalg are due to.non-resonant
>background‘ - | |

Using the extended Byers-Fenster formalism for
hyperon decay into a spin-3/2 fermion plus a spln-zero
boson (see Sec. ..m__ - and Ref.{fo), and assuming the |
E*(1530) to‘have spin 3/2, we examine the spiln and parity
{relative to & (1530)] of & (1817) decaying via = (1817)
- E*(1530) + 7. The sample analyzed contains 41 unambiguous

+

EKnm events (23 2~ K T, 13 o 2%t n7)

27K "7, ‘ana 5 2%K°n
¥ * .
having both a £ (1817) and a E (1530). Of the 13 i
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' o ‘ %o
KOntgO events, 6 contain a E ©(1530) and 7 contain a

I

¥_ ' S .
E (1530); none contains both.
Let us designate as Ty and‘nl the pione included

_ _ %
and not included, respectively, in the E.(1530); 1.e.,

K 4poE (18*'2) +K v (¢2)

© final state, either Km, or Km,

_K+n*ﬁ+ and 2%k%*n” final states,

In the 5 K°r*m may form
X _

a K , whereas in the =
*

only Km, may form a K

1 _
From the U4l-event sample, in order to avoid inter-

ference effects between E (1817) and K (890), we removed

21 events having m(Km ) > 840 MeV. ‘The 20 events remain-

+ ot -,0 + 0 ~0,0_+ -

~ing include 15 E°K'n s W EK'mwr”, and 1 K mm

None of the 4 E—Koﬂ+ﬂo events remaining has a an effec-

*
tive mass in the K regilon.

' In order that the angular distributions of interest

' be undistorted by the removal.of K events,.we assigned

. . * , : .
"~ double weight'to certain non-K events, selected as

follows.  For an event of the above type (’.f'(.fl)

L%
K cutoff criterion m(Kn ) > 840 MeV may be re-expressed

as a cutoff in'cos o = E (1530) . g (1817), where the

cutoff point in cos d depends npon the cf\m. energy ef'

R

the K p system and upon the effective masseS'm(Enln2

and m(Enz)‘for the particular event. The curves plotted
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in the‘left half of Fig. Y'-ﬁ representv-the_ rel‘a..'tion;,_betweenvl
ijy‘?nefSYGBgdi the value of cos o . corresponding to .
'm(Knl)_= 840 MeV fof events having both a 5*(1817) and

a E*(1530). In thé right half of Fig. Y»& the same
curvés appear, reflected about the line cos o = 0. For
each event we imaginé a'single cufve (and its’feflection)
corresponding to the particular values ofvm(3n1n2) and
m(Em,) for that event. .Each K* event falls to the left

of the left-hand cur&é and is discarded; in order to

correct for the'evéﬁts lost, each eVent falling to the

fight of the refiected'curve (on the right-hand side)

vis assigned-doublé weight in the analysls to follow{

In efféct, some events'having cos o < 0 are replaced by
other éVents'having cos'a'>10. The removal-and-
replacement.procedure does not Syétematically bias elther -

of the two ékperimental distributions of'interest in-

- theifollowing analysis.

In Fig. V- 9(a) we plot the distribution of
|cos 6[_57|§*(1530)‘- gl;uﬁhere‘én= ﬁxg*(1817) is the
E*(l817)'prqduction'norﬁal; Assuming I(6) to be of>the
formAl + aéPé(éosbe),-wé caiculate thé cdefficient a2 as
L o v - ' .
. =5-‘P>=(—?)ZN P, (cos 6,) (£3)
AP NoTya | |

with ah ekperimental error

) 1/2 1/2
| ~ (5 . o1 2]
Sa, = ) _ [1 + Za, - F a, J L (5“4}

(The a, 1s proportlonal'to togs @ measure of =*(1817)
alignment along n.) ' '
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Here-N&(=e20).is the actual number ofvevents and N!

(— 28) is the number with doubly weighted events
'counted twice. For the non-K events of Fig jr;

we ebtain aé.= O 6+O 5, con51stent wjtn ¢sot“0py and

. However,
with the J = 1/2 assi nment. /ie cannot rule out higher spin
hypotheses. For 34 (/') a, may have any value between -1.0 and
0(~0+8:and:0.8)Backgrounid events lying outside the

E‘(1817) region (1775 to 1850 MeV), but otherwise

selected jﬁst as the E*(l8l7) events, also yield an

I(8) dietribdtienvconéistent with 1sotropy.

- In Fig. Y ~9(b) we plet: the distribution of
|cos ¢ Ev|E~E'(lb30)| i.e,, the decay angle of

:*(1530) relatiVe to its line 6f fiight The expected
| distribution is of the form I(w) « 1 + b2P2 (cos @) for
any value of the g (18L7) spin Jf For a pure sample. of
(1817),decaying via E*(1817) > é*(1530) + m, predicted

values of the.coefficient b, are-as follows fiwhere. the parity

: —
of the;Ef?l8l7)'1s defined relative to that of the,:,(153oﬂ:

ahaE. Partial wave £ | ﬁé'prediCted'
+ . o |

ve ... . Lo 1.0

1/2” |

3727 - 0,2

5/27 1,3 , v -0.5 to +0.5

T2 2 | |

etec. - ete.

3/2% 1,3 - | -

5/2+ 2.4 : v -0.9 to =0.5

etc. ‘ . etc.
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The observed value of b is 1.45:0.5_,_‘wh_ich’ favors the hypotheses
JP - 1/2* and P = 3/27, 5/2%, 1/27, ete. over 3P = 32T, 5727, 1/2",
etc. Simply from angular—mo'm_entuni.barrier'—penetration arguments',
the lower £-wave hypothesesare more likely, so that the evidence points

to JP = 3/27 (with £ = 0) as the' most probable hypothesis.

—t

Background events outside the = (1817) region yield a value
b, = 0.2#0.4, indicating that the observed anisotropy may indeed be
associated with E*(1817).  However, because the =* (1817) sample con-
| tains > 50% background, v'vér cannot ignore the possibility that the ani-
sotropy may be due to Eﬁ (1817) interference with nonresonant background.
In conclusion, our analys‘is' does not permit us to rule out conclusively

any JF hypothesis for =™ (1817).

D. Results for B (1530)

Events containing the E*‘(1530); of the type'EKTT and EKrm,
were also analyzed by likelihood techniques to determine the = (1530)
spin and parity. For the 251 =* from EKT final states (hot previously
reported), the J = 1/2 hypothesis is roughly 3 or 4% as likely as the
J = 3/2 hypothesis. The hypothesis JF = 3/2" is favored over 3/2” by
=21 standardvdéviations, Fo‘1j the E* (1530) events from ZKm and
- BEKwm samples éombiﬁed, the spin result bécomeé 3.5% (J = 1/2‘ com-
‘pared with 3/2) and J¥ = 3/2” is favored over 3/2” by ~ 2.8 standard
deviations. Thus little improvement over the results from the SKmm
.sample (Ref. 11) is obtained; spin discrimination is poorer than that of
London et al. (1% for J = 1/2), but pa’rity discfimination is better than

‘that of Schlein et al. (0;‘035 confidence level for 3/27). 3,2
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~ VI. DISCUSSION

-

A.  Decay parameters of the &

The’valueS’of Ef'decay4parameters'reported in Table
,]Z°l are-in agreement with previously.published results
obtained from K- 72 data and from K~63 & ~x* data,,‘ 6'I‘he
,slight differences that exlst are due to differences in
the samples analyzed in the binning criteria and in
the values assumed for aA

In Table EI'I and Fig. ZI-lwe.compare values listed
in Table ¥ -/ with values previously reported in other
experimentslasg ."' ' and we ' list approximate world
averages of:dsr and ®zr».,lBeoause»different assumed
valueS‘of dA were used in various experiments, and becausel~’
a, and dsr‘are highly correlated,_values of’der were not

averaged directly- For non—Berkeley data, we calculated

,dA‘agF = -0.325 i 0.047; then assuming a, = - 0. 657+ 0. 047.
we obtained Oop— = -O 495 + O 080 which was averaged withh
‘the Berkeley value uz— = —0 394 + 0.041 to obtain the -

-‘world average listed

The positive value of 7;f.(l»~ dﬁ)l/z cos q_shoWs

" that the S-wave. (parity violating) amplitude dominates
in £ decay. The phase difference of S and P amplitudes
calculated from the Berkeley values of a and ¢, 1s

' o+2l° 48 Z =
(Ap - AS) = tan’ (Qz/az) = 157 ~250 - In the absence

of final-state interaCtions, T invariance in the decay
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Table Y[~ 1. Decay parameters: compariéon of experimental results;

Fitted or
EXEEEE assumed : ¢_~-
Lab COET . 9y0g- value of a) - dg- (deg)
LRL(K-72)2 1004 — 0.64140.056  -0.368 SRS
e | o - e Yo.957 0.5+10.7
‘ b - ’ - V . .’.' _- - . .
LRL(K-63) . 2529 -0.262 0.656 -0.375 ' :
| - o +0.033 +0.055 +0.051 -  9-8#11.6
LRL combined® - 3431 -0.267 . 0.657 20.39Y 9.649.
R . . +0.028 +0.0L7 © +0.001 9
" - U : S S
BNL+s® - 700 ~0.34 . 0.62 ~0.47
o 40090 +0.07 +0.12 0120
EP+ ~ 517 -~ -0.27 - .  0.62 - -0.h4
' o : . +0.07 - #0.07 ©40.11 -16+37
vera® . 356 -0.41 o 0.62 - Z0.62
| o o +0.10 +0.07 +0.12 5425
o o S ’ . . ,
cERNT - 62 -0.35 _  0.61 ~0.73
© +0.18 | +0.21 45430
average® - 5066  -0.28" 0.66° =0.M2% oo
. +0.02: +0.05: - io.ou‘ TEOsT T
See Ref. !

PSee Table Y-YIL (vottom) of Ref. 21.

(Brookhaven National Laboratory and Syracuse University). See Ref. 3
d(gcole Polytechnique and others). See Ref. ¥ '
€See Rer. 2 '
Tsee Rer.

gOnly entries below dashed line are included in average. See text regarding
values of a;- : :

~£F -
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transition requires (Ap - AS)‘ 0 or w, whereas C

. P o
b~ AL) = m/2 9L It appears

that thew hypothesis of T invariance 1s favored by the

invariance requires (A

" data.

Under the’assumptions of SU(3) symmetry, octet
dominance, and:invarianqe under R (1l.e., in?ersion
through'thé origin Iz = 0, Y = O) LeeJﬂohas predicted
a triangular reiationship'amoﬁg'ﬁhé non-lepﬁonic co-

-varlant decay amplitudes for the processes

A Y U

A : A e p nT o : - {ss)
and T o L ' o
. Zg‘: sV s p + 1% . '

Accofding to Lee, bbth'the S~wave (pafity-nonconserving)
and P-wave (parityfcdhserving)'amplitudes satisfy the

" relatlionship

s - =vEozh L o ($76)

The same felatiOnship (for either parity-nonconserving

or parity-memcoriserving amplitudes; or both) has been

derived by other authors under different assumptions.
Furthermore, the |AI| = 1/2 rule predicts a
triangie relation . |
+ 1 - + o v - .
1. = — [£7 - Z,] > -
0 o '- + : , (3 7)

amohg amplitudes for the proceséés



+ 0

zg' st s p 4+ o |
DM L | «s)
T I an+m

so that the Lee triangle prediction and the |AI]| = 1/2 |

rule together require”

_]:__[2. 5"_./\0]:__.]:__[2"_‘21]' . (J-f)
V3 - - ye - '
In Egs.’ (f‘}, lv (57), and (:f}, the covariant -

8- and P-wave amplitudes (denoted by A and B, respectively)
are reiated to the partial decay rate w by
‘W= ———‘1—2—A{'.‘|A]2. Cm)2 = w27 + B2 [(M-m)? - uzl} , (60)
. 81 M _ . . _ o
'where M, m, and u are ﬁhe rest mas-vses of the parent. baryon,
the decay baryon, and the decéy'pion_, réspectively, and 'q
is the pid_n momentum in the rest frame of'the. pafent'

baryon. In terms' of the»phenqmenological decay amplitﬁd_es

- a and b appearing in Eq. _ (28) , A and B are given by

S RS

. A recent determination of the I decay parameters
a(Zg), a(Z:), and a(f:) has demonstrated that (5’7) is
' g2 | . exact
well satlsfied, and also permits a more ae-e-af'&% test
’ ’ /. §3

)

"of Egs. (f‘) ~and (57) than was previously possible.

In Table ¥I-2 we present covariant amplitudes A and B

for the processes -y e oF '(5’5",) and
(_5'8), calculated under the assumption that A and B are



A
T

_ _ : 3 . ALY
Table ¥L-2. Non-leptonic hyperon decay amplitudes (U“Wa’/é b)
. ) . . ) o A
//
a / a
16 ~1 Branching XlO (sec m _) - Correlation
Decay - X107 "sec fraction o ' » coefficient
(T > A+ Tm) 1.75+0.05 1.00 ‘-0.39ui0{oh1 2.02240.029 -6470+0.66 0.136
°(h +p + 77 2.53+0.05 0.663+0.014 0.657+0.047 1.545+0.030 1@;85io.97 ~0.532
ot ep e | | | | |
y >0  aman A pan M1E 0 afoen nem 1.558+0.142 ~11,71+1.88
g _o.8;oiq,013 ,10.528io.015 -0.960+40.067 1.168%0.187 -15.6171.42  ~0-959
LY - , -
+(Z+ +n + 'TT+) ,
y > 0% ‘ RN ~1.861+0.034 ~ 0.05+0.41 ’
0.810+0.013  0.47240.015  -0.00640.043  Zo" Fore” 00 " 0" 0850 35  —0.001
vy < 0 - . . .' TU. L . . +0. . .
TG+ ) | L ,.
Yy >0 1.654+0.031 1.00 ~0.017+0.042 égggzggé; 183040737 -0.016
Yy <0 - | - - - -
1 (237 - 1% . E— - - 1.455+0.040 Z14.09+0.70 o.oo4
1 - + -
— (- D)
v(21) > 0, v(2,) <0 N - B 1.321+0.031 -13.6040.37 0.005
YD) <o, Y(Zi) 5 o® 1.327+0.037 ~13.01+0.31 0.005

The m, can be disregarded if the q of Eq. 60 is expressed in units of m ¢

‘This solution is inconsistent with recent evidence that y(Zi) < 0.

See Ref.JS S0
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5t

relatively real. Only the relative signs of A and B are
experimantally observable; a further ambiguity exists in
and 2 _decays [(J'S') and (5'8)], where

tHe sign of ¥ has not been determined_. A recent experiment

. : +
the case of the Zo

.has‘ shown that &< 0 for Z:decaytﬁr.in Table m-Z, world-
a\}erage values of lifetimes, bran,ch'ing fractidns, and decay
parameters are used{-éex'cept ﬁhat b(z-and O(A are our results
from K-63 and K-72 data.

The consistency of the data with Egs. (5§6)s (£7), ana (S"T) :
is illustrated in Fig.w-z‘..' In plotting the error ellipse
for (2 '_-?.:— /\i)//:s—, we have takén into account the correla-
tion between 'O(E_and O(A . . We conclude that Eqs.\‘(fé)and (57)
" aré well satisfied by th,e' experimental data; Eq.($§9) is less
well satisfied. EFig.ﬂvZ actAuélly represents —_ and /\?.
amplitudes derived from O( .= -0.381 ¢ 0.037land CXA = 0.690

+ 0.048. Our A_ and A, (Table ¥J-2) differ from these

by < 1%, whereas B:—.: is largef (3.7%) and BA smaller (5.5%);
_thus our Table ¥I-2 values yield a slightly better fit to the
triangle hypothesis) in that poiht 'l is moved up by &= 1% of

o its B coordinate.] ' | | |

‘A veritabl-e flood tﬁ‘ predictions concerning n'on;leptonic
‘hyperon decay has resulted from the advent of SU(6) and higher
symmetry scbhemes° (As of Apgust ,1966, at ieast 70 papers con-
taining speci.f‘ic predictions regarding decay ampliﬁudes _halve‘
apb-eared in the literature. Most of, these deal with the Lee
SU(3) triangle prediction apd the reasons for its apparentv »
validity.) The theoretical situation is far too complex t'o_ .'

discuss here, and the reader 1s referred to a r;ece,nt review by

7 : . .
_Pais. Predictions of various theoretical models may be readily ,
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B.. Spin of the =

—~

':Our conclusioh'thattthe B has_spin 1/2 is in agree-
ment with the prediction of SU(3) and with the findings
of previous Investigations. A maximum-likelihood analysis

identical with that of Sec. Wi B. performed on 828 K-72

{1}

~ k¥ events alone, ylelds a value X = 2n]{(l/2)-£n3f(3/2)

2.60, favoring the-spin—l/2 hypothesis by 2.3 standard
deviations. (Ouf analysis of 3278 events yields only
slightly better spin discriﬁination (2)&5 s.d.), partl&
.because K—63 events are not strongly polarized and partly
because we heve*not‘Optimized the binning criteria, as
1 was done 1n Ref; L;‘See Fig. VI-3.

In an alternative epproéch, oﬁe.may calculate directly
the factor (2J+1) as a ratlo of odd-L moments of the

zst“‘@L

transverse and longitudinal A polarization distributions.

If only moments proportional to t 10 are considered,
[(@y sinop® 4 (.3 sin0>2J (02)
(1-04)2 QM/\cos O>

For 356 Z events, Carmony et al obtained a value

2741 =

(2J+1) 1'53,'assuming - = - O 48. By calculating an
. assuming
Aexpected distribution in (2J+l) (presumably/the numerator : -
‘and denominator of Eq. (GZ) to be normally distributed
‘quantities) they claim an exclusion of the spin-3/2 hypo-
thesis by 3.1 standard deviations.,
For 749 =~ events of the K-72 experiment, Button-Shafer

et al. obtained values of (2J+1) = 2.86 .and 2.18, assuming



,¢7;

6,1

4= = = 0.48 and - 0.34, respectively.’ Here the

in

2J+l.values and thelr expected distributionsfwere cal-

culated as the ratio of two normally distributed quan—

Xy
tities. The resulting confidence levels, with a_-

assumed to be - 0.48 (- 0.34), were 0.22 (0.42) for J

1/2, 0.15 (0.015) for J = 3/2, and 0.003 (0.0002) for

. J = 5/2.

a

C. % (1817) classification.

Our reeultsjfrom the analyeis of E*(l8l7) >
E*(1530) ; m are consistent with those obtained in
~previous inveSfigatione;v The'hypotheees JP = 1/21,
3/27, 5/2%; 7/27, etc. are favored over others, but
any assignment from ourzgata ie_questionable because
_ (3% = 3/2° might be considered the most likely
of large background ,{See discusslion near the end of Sec. V.C. ) :
In an earlier analysis of.essentially the same
.data, the distribution appearing ‘in Fig. Y -9(a) was

found to be consistent with isotropy. In the same

4 ‘ - %
analysis, the observed branching ratios of E (1817) into
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+ m were cited as evidence -

8]

'E*(153o) + 7, A+ K, and
o

possibly favoring the J° = 3/27 and 5/2% hypotheses.

(More recent informatién regardingﬁbfanching ratios
renders the same test somewhat-less-conclgéive than 1t
was Cbﬁsidered éarlief.)

In Ref. !0 Button—Shafer:et‘al.>perf0rmed a Byers-
{ Fenster moment analysis of 2 (1817) (in K;63'&25K final
.sﬁates)_decayiﬁg into A + K. [We disregard a similar
analysié of E*(1817)ﬁ> E+om, as 1t is_nowvbelieved that
the én eﬁhancemént near 1817 MeV maW%e'entirely due to
S*(l933).]%%'fhe analysis of E (1817) in A:yK final
'ﬂﬂstates.is'compiicéted by thé presence Of‘interfering
6 (1020) and (in AK®K®. final states) by the impossi-
bility of Qistinguishing Ké‘ffoh EE.‘ After removal of
events inffhe ¢ (lOZO)’regién,-Zl (resonaht.plus back-
ground) e&ents in the fegion [1775 MeV-s m(AK)_< 1850
MeV.] weré'found_tq reduire"épin'-> 1/2, with the hypo-

thesis Jf = 3/2° slightly preferred over 3727, However,

' no firm coénclusions could be drawn; i.e. "background

. ' . % ’ : . _
events outside the £ (1820). reglon also require:a 'spin'

greater‘thén 1/2, but pgfhaps not so firmly as do the.
'resonant’ évents;" aﬁd "the'evidence,(fdr.JP = 3/27
over 3/2+) is exéeédingly weak because of large back-
grOUnd in the E*(1820) decay channels." 0. |
We have attempted a maximum-likelihood analysis of

: — A |
a somewhat larger AVKK data sample than that analyzed
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earlier. .Here we'removed events containing ¢ (1020)1by
requiring ‘K:}:A (1817) 0, whereas‘in the.previods
analysis (due to statlstical limitations) only events in
Aa'narrow ¢ band were removed . For 59 events in the |
region [1787 MeV s.m(AK):s 1847 MeV] we obtain‘valnes

of w=n¥ = 0.00, 1.01, 3.36, and 3.66 for J°© = 1/27,

1/2%, 3/2+; and 3/27, respectively. An increase of 3.0
is to be expected asiJ is increased,from 1/2 to 3/2,
simply from the addition of six‘extra parameters, so
that our analysis of E*(18l7) +> A + K provides no spin
- or parity discrimination~whatever.j [Comparable results
are obtained for background events outside the (1817)
region. ]

No evidendejhas been foundhfor‘a £* pesonance near
1600 MeV, .which had been suggested'as the missing member
'of a 3/2 ‘unitary octet containing the N1/2 (1525), the -

(1520),‘and the Y (1660). (The 1ast 1s not firmiy

_ 1
.established as a'3/2" state. )y

Dalitz ‘has suggested perhaps the most attractive

!

scheme to accoimmodate the._ (1817) if 1t has spin -and
. - 57 - ¥ * . *

~ parity 3/2°. " The N1/21(1525), Y (1520), ¥y (1660),

and E, 5 (1817) could form an octet, with the singlet

Yo mixing withva new 3/2° singlet state at perhaps 1670

_°MeV. However as indicated above other classifications.

- are certainly possible for the g (1817) [and perhaps

for the Y (1660)1,
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‘APPENDIX: DISCUSSION OF SYSTEMATIC ERRORS

In Fig. "A-1 we present, for the 3431 £~ events of
Table JI[-2, distributionsof A.K and A-Z. These dis-
tributions should be 1sotropic if JE = l/2 and if scann-
'ing biases and other systematic effects are absent.
(Even‘if I > 1/2, these distributions must be even in
) |

We attemptuto determine the exact cause of the observed;ani-

~

el

A-K and A-

- sotropy, in ordef to see whetner it can bilas our measure-
ment of 5 decay parameters.H The following effects are
considered: | |

(1) loss of events having T .(from 2" decay)

nearly collinear with Sf ;

(11) 1loss of events‘having short =~ and/or A ;

(141) ‘escape from cnamber, pricr‘to decay, of = or A ;

w(iv). precession of é— and/or A_pclarization‘in

‘magnetic field.

In order to facilitate cur discussion we .define two

new. coordinate systems, (x,y,z) ~and (x ,y z') The
‘axes z and z‘ correspond to p (lab) and- psflab) respec-

tively, the lab .directions of the incldent K~ and of the

£7. Ve definey = pk(lab) X 2, andi" - pH(lab) o,

wnere zch is the bubble chamber z-axis (essentially the
60
optic axis and the direction of the magnetic field).

Directions of particles with respect to (x,y,z) and
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(x',y';z') are specified by angies (6;¢) and (8',¢")

respectively. Incident beam tracks are nearly hori-

A

zontal in the bubble chamber (i.e., X %‘Zch)’ S0 wWe may
regard w(lab).and w;(lab) (projected angles in -the y-z

plane) as the projected angles (relative to pk(lab) nd
pi(lab), respectively) seen by the. scanner‘

1. ,Smallaangle 7 decay. In Figs.A-2 and A-2 we present;

for the 2529 K-63 E~ events llsted in Table -1, scatter

(c.m.) (c.m.)

plots and projections of ¢ vs.cos 0. , angles

describing = production in the c.m. frame, relative to

- axes (x,¥,2); and ¢A<,) = (¢ (2 )+ T) VS. cosbaA(E) =

-

' :
- cos e (2 ), angles describing E decay in the Z rest

frame, relative to axes7(x';y' z') The gquantity cos 9:(0-m5>
1s equivalent to (E-K) as defined by Fig. IZ-1; however,

( = ) CVG.C'I'J
cos 6 -7 1s, notAequivalent to (A ~), because{or Fig. A-3

we have transformed- pA from the lab. frame to the Z rest

" frame via a single Lorentz transformation along pﬁ(lab)
el 62
(rather than through the~intermediate c.m. frame)

' -1

In rig. A-3 ¢, (%) 3‘¢id(1ab)5 ce. 6, = tan™t (p, + ¥ )/

-

~

(pA © X ) is the'same in the rest frame as in the lab

1)

frame.

The distribution of ¢,
with 1sotropy. .Hence, because the £ can be polarized only

n = (K X Z) and because n is uncorrelated with the
vww .

‘bubble chamber z-axis, the distribultion in Flg. /4"3

along

should be isotropic 1f the £ has spin 1/2 and if systematic
biases are absent. [Even if Jg > 1/2 the distribution

~must be even in cos GA(H)-I'
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We “have sketched on the scatter plot (Fig. A-3),

.for pﬁ(lab) = l.OAand 2. 4 BeV/c, contours representing
t .
wﬂ(lab) = 5%  where ¥ (lab) is the projécted lab angle
S . - 63
between the & and decay pion at the £ decay vertex.

' (2)

The curve in the cos. 8 prOjection represents the

expected distribution of events, calculated under the

'(lab) 0

assumption that no events having w % 57 are

detected. The observed distribution 1s consistent with

(lab)]

assumed cutoff Values [w = 50;20 s correspondQ

-ing to a. 10 to 207 loss .of events.

The observed anisotropy in A°K and A-E (Fig. A=-l)
is related to the anisotropy in cos 8, ( ) (Fig. A4-=3),
and may be entirely attributed to the loss of small-

‘angle " from = = decay. “As would be expected from such

'(8)

a bias, the anisotropy is most evident in cos e s

3 AA /\AGL
~less so in A*X, and still less so in A=

: Correcting for such a bias 15 somewhat difficult.

eFof example, 1f one attemptsyto remove all events having

. '(lab)
Yy
‘weight to the remaining events, one inevitably loses all

' (E) '(E)

events in a finite range of oos GA near cos GA

less than some minimumlvalue,vsayISO, applying a

' e
"As a substitute measure, we have correct,the anlso-

" tropy in A-K (Fig. A-/) by weighting events with an

empirical correction factor of the form
w(z) =[1-C (2 - 20)2‘]_'.l o | (63)

"'where z = (A*K), Z = -0.35, and C = 0.50 (1.24) for
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K-72 (K-63) events. (The curve plotted in. Fig. A-/

corresponds'tO'[w(z)] 1.) After correction, the distribu-

tions in A K and A = (Flg. A- /) are consistent with
_isotropy . The changes in measured decay parameters

resulting from the correctlon are insignificant compared

¢F

with statistical errors.

—

The ‘loss of small—angle 2 deoays obviously distorts'
the:observed distribution of ¢'( ) as well as cos. e'( )
but because we average over ¢'( ) the distortion does
not bias our determination of = Adecay parameters.

2. Short £~ and/or A .

‘Because thefforward—pnoduced*ér_havevgreater lab
momenta and thushtravelffarther prior to the decay,_on'
the average,.than'do hackward—produced'3_5'one expects
a preferentialfloss‘offbackwafd—produced =", which dis—e‘

torts the observed‘E; production distribution (Fig.)4-zl',

The.loss rate is about 6% in K-72 events' and is most

likely lower in k—63 events, where = momenta are higher.

However, loss‘of short 2 cannot explain the'anisotropy

observed in the =~ decay distribution (Figs. A-/ and A4-3).
‘Due to the loss of short A, one also'expects'a

preferential depletion of events having small values of

M(lab)/m

t : .
cos 6 (2 ) Noting that pA(lab)/m NP = (an

‘approximation valid to about 10% in magnitude and lO

in angle for the events .of this experiment) and that

YA(@) ( )/m v 1, we may approximately write
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“(lab) [ = (1ab)‘g(_1ab)
n, =

) A — - _ o .l
: ),E*:(lab) EA( =)y oy (1ab) pA(~) cos e/'\('*) |
(1ab) g, & (=) |
%-MA Ho { + A . CcoS eA'”_
R _ 8 (1ab) A
CEEyTTTTT .
n MA'nA(lab) [l + B cos GA(”J
. 8 (Tab)
 where (hw(lab), Y;}lab)) = %—‘(Bé<lgb), Etflab)) and
. . . =1 WARL r—
S(=) oy L1 (5,8,
3,7 v, ) " (B ™% By
van . : . _ »
refer to the = in the lab frame and to the A in the =
rest frame respectiVely The A detection effic1ency is
_approximately of the form: (1f A dlp angle 1s 1gnored)
o L (lab) . A - - L
exp [‘“min my/py @ .TA] I :
. ‘ [} —t
| 3 BT (es)
~vlo- 2nin | l - BA cos GA o - (

\where 1 1S an effeetive\short#A cutoff lengtn-and T
is the A iifetime The ovefall loss rate (% 2min/NA(lab)vd Tk)}
1s of the order of 2% for K- 72 eventsI and most likely '
smaller for K- 63 events the quantity BA( )/Bbflab)

typically of the order of 0.15. Hence the expected asyhmetry_:
in cos OA(H) is of the order of 0 003 (to-be compared with

a statlstilcal error ova.Oll). We conclude that the
anisotropy in cos 6'( ) ‘caused by the loss of short A is

negligible,‘ in camparison with the enj'.‘sotropy resuting from_ o



other causes (e.g., small angle = decéy), and may be
 neglected in the analysis of Ef-decay; We have verified
that applicaﬁiOnAof a length cutoff for short 5 and/or
A (with appropriate weighting)-does in fact prbduce a
negligib;e»changegiﬁ méééured values of =~ decay para-

meters.

3. Escape Losses.

Due to the escape from the chamber pribr to decay,
one expects a preferentiéi‘loss of‘forward—produced =
and cof events having large values of cos SA(S);' The
16ss of high-momentum =~ can affect the = production .
distributién (Fig. #-2) but not the'Ef'decay distribution
(Fig. A-3). |

By a crude.calcdlation taking into account the
spatial distribution of the>beam'and‘the distribution

_ s .
of A lab momenta, . we estimate the asymmetry in cos

' (e
o (=)
resulting from the loss of high—energy.AAto~be of the
6rdef_of 0.002 (to‘be compéred with a‘statistical error
‘of 0.0ll).‘ The effect is cOmpanable with that from the
loss of short A and of opposite sign, and likewlse may
safely be neglected in thé analysis of =~ decay.

4. Precession of £ and A polarization.

As a function of time t, the precession of the
polarization vector P(t) of a particle in a magnetic

field H is déscribed by -
AW . .

.?(t)=9§§@ét—)=ﬂt) X B(e) . | (ce)

WA
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(Here ¥ is the polarization three-vector defined in the
.particle's rest frame; and t isvmeasured;in the lab frame.)v
As discussed by Simmons,cs- the effective -angular pre-
cession velocity w(t) may be considered as consisting of

MAa

two terms:

w&ft> =¢§Larmor +W§?h0mas(t) o ( 67)'
where. o :
N Cop % - | c N
Larmor = T 2mC ., o : (¢ #)
representsvthe Larmor precession of a:particle‘at rest,
and |
pnomas ) = - D) x I3, (69)

v U WA
_called'the Thomas precession,‘is a relativistic effect
caused by the acceleration of the particle (if charged)

in the magnetic field. Here

n magneticimoment in units of the Bohr nuclear

magneton eph/?mpc-(ep_and mp are-the:proton
charge and mass),
J = spin in units of h,
vy = (total lab energy/rest massj, and.
Wi}t) = particle velocity in the lab frame, deScribed
by v(t) s w‘ift) x 1,

‘where e and m are the (signed) charge and mass of the

particle in question. Hence



»;‘*E«(t)? C, H+Cy [H - v(t)] v(t) -_', | (70)
where : |
. -u %p L oy-1 e
ot la me t g ome
N (71)
02 = _(—Y_ ljn—C. H .
Assuming for magnetic moments the mass-corrected SU(3)
1ues €7 ‘ B |
va uiix/> | |
< u—- = =0.66, puso0 = =1.32, and uAA=,-O.78, one obtains
- . o1 ¥=17 b |
) for =& : Cl = f0.66 - 0.71 T] me H ,
oo : P
: ' 1. € (72J
= 7 _Y:_... .__L
C2‘ [0.71 y~]»m o H o
. .. P
. »- .‘-.“ . ep' ) ] . - .
- for A: Cy = [0778] mpc,'H;“ C,=0 . (72)
e . . 3 » _i 1 . . )
where EEE H=9.58 X 10° sec gauss X 17.9 k gauss '
| - ' ) (7¢)
8 -1

l.7l”X 10 sec K

Precession angles prior to deéay'afe small (of the order
of-loo or»leés), so to a‘good approximation we .may lgnore
the variation ofﬂG(t) as a fhnétion of time; during a
time iﬁterval dt'= ydt (where % is proper‘time)?;éit)

changes by'approximately |

B X B00) 4 o - v(0)] w(0) x B(0) ae , (79)
X B | ¢

where,?(t)'and'fét) are evaluated at t = 0, the instant

@by

. of E production or decay, for Z and A, respectively.

(i) Precession of E—_polarization:

It
(13 >

At time t = 0, tI2» E have direction v(0) , and
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_ . . . o
polarization P(0) = P =_P0n along the production normal
~ . AN

;é,= (X x ). (as in Fig.IZ'/; K,5; and_g are defined
iIn the production c.m.; ﬁ ié défined in the 1a5 frame.)
After;én interval dt =VYdT;_thé ¥ will have acquired a
longitudinal poiarization component,(réiative to axes

defined at production) ~given by

ap.. E = P,[C,y(H Xn - E) + C,(H » E) (EXn + 2)] ydr
= P, C(H X n - 3) ydr o - (74
(c.m.) (c.m.)

= P, C, cos 0,

o 1 icos ¢E

ydt -

. NG : A ~
and a component along (£ X-n) = (£ X n) given by

o N /\./\. AA A A A A A

dP; . (EXn) = P,[C,(HXn) - (EXn) +.C,(H-Z)(EXn) « (EXn)] vdt

A _ | AR v | ‘
- | oS- (17
= PolCy + €p) (- §) yar /

= P (C, # C,) sin e;(c‘m') cos ¢n(c'm‘) ydat ,
0'"1 2 = . o)
. where ec(c.m:) and ¢¢(c‘m')‘define the direction of the

£ in the production c.m., as illustrated in Fig. A-l.
As the production of events i1s uniform about the beam

axls, the average precession éngles

A
—_
-
—

- ar, . o 'dﬁ (xR N\ .
Jﬂ?}———-_ and e o are zero.
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Hence fhe precession of the E-'polarization cannot pro-

duce. an anisotropy in A:K or A*E . From observed dis-

(c.m.) : .

tributions of y and 6, we estimate -the rms angles

o . 1/2 - ' .

<j[d§f§f%$}Pb] ;? ETCLIN |
| - RS S (7{3)
<:[a(§é.é§Ed/PO]_:> . n1.8%

A _
The net effectfisva negligible (30.05%) decrease in the
E—COmponent of Ef'polarization, which is.the only comconf
ent considered in the dietribution function [Ef;(JJQJ. |
" conclude that the precession,of'~_ polarization vector

cannot bias our measurement of = decay parameters

(11) Precession of A polarization

At t = 0, the instant of‘b decay, the A have direc-

tion v(0) A and polarization, P(O) M:A specified by

~ N ~ NN A

helicity comporents P :ﬁ ’MMA and“EA .y (x and y

il
‘are’ now defined as in Fig. .lzll) After a time interval
,dt = YdT,'a A initially having a longitudinal polariza~

tion P, = P A will have acquired transverse polarization - |

ot 0: o o ‘ 7 ' Y.
’-components given by c . ' o > pﬁ}*
. . K | , ' " ‘

oA n - A

aB, .{A} = Py C,[H X A {A}] ydt | | o e

Man y ‘ ‘- ‘yA’ ‘ . , / '

. _ | : sin¢A cos¢§c‘m ) |
T T T T e SR L LT
0 in@ 1 ¢(C -1 )+cose cos¢, cosé (c.m.)

-sind, 'sin A A = C??)

where (6,,¢,), corresponding to (8,9) of Eig.lfcl, describe -

-

the A direction in the E rest frame. (Terms proportional
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¢

to C2 vanish for neutral particles.) Similarly, a A
initially having polarization POX wlll have acquired a

y=-component given by

e N A ’ K\(’\
dPA Ly = PO [H X X y] vdrt
s ’

no

0
(With signe reversed represent the precession ofbx- and y-
components ento the A-axls, and of the y-component onto
the x-axis.) Each ef,the abeve expressions averages to
,.zere'uponlintegration over ¢E(c.mr); were this not the
case, the-preCessiOn'described by Egs. ( 77 ) and ( #0 )
could result in a biased determination of Og and/or Iz
and ®E, respectivély. Averaginé eeeh of the expressions

over the observed y and (eA,¢A) distributions, we estimate

the rms engles as

AN A '
<[d(P A) cox/Bg ] >l/2 no2.9%

A/\/\A ) )
LLaeghy = yrpg1?p 2 g 370

<:[d<P SRR 32>>1/2 v 3.3°
The net effect 1s a slight uncertainty in the true direc—
1‘tion of the A_polarization.vector, which 1is not of such

a nature as to bias our measurement of the =" decay

. parameters.

P Cl[esineA cosd)A cosqb(C ;m.) eoseA sin¢éc'm')] yaTt

4(?1)

(&0
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P = IP! .elAP = pPeiGP

ey

51.

.MeV; 8§ and §

where GS and GP are‘finalestatefAn scaﬁtering phase
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Zch)’ the systems (x;_y; z) and (x', y', z’) are

| | . left-handed in real

space; l.e., x(x'), y(y'), and z(z') lie roughly

along Zon? Xeoh?

of this discussion we assume the magnetic field to

" , ‘
‘and Yop» respectively. For purposes

point along ~zch'(which-is not redlly the case) so

. : . ~ .
- that negative particles curve toward +x,, as desired.

(lab) 1s measured at the Z decay vertex.

oy (2

-
Here pg
N —

i1s more nearly equivalent
(lab)

For most events, cos

Y ~ . ~ PaY
.to (A+K) than to (A:Z), since pH is more nearly

~

(c.m. ) (c;m.);

i1 >

than to =p

[1}

parallel to K = Py
+1) peak in

thelE production distribution, cosﬂek< ) is roughly

n o2 -

N A
equivalent to (A.-Z) as well as to (A-K).

(lab)'extende from

The observed distribution of Pg
0.5 t0 3.0 BeV/c, with a mean value near 1.7 BeV/c.
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See Appendix B of Ref. 21.
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' FIGURE CAPTIONS

Fig. II-1. X-63 Beam (top view). S1 and S2 are elec-
- trostatic separators; M1, M2; M3, and M4 are bend-

ing magnets; Ql, Q2,....Ql3:ape quadrupoles.

Fig,,.II~2. K-63 beam profile in (a) vertical plane and
(b) horizontal plane. " The y-axis (beam directlon)
'1s compressed by a factor of 80 relative‘to.x and
'z, and:effects of'beﬁding magnets have been ignored.
Filg. 1I-3. Schematic drawing of first mass slit: (a)e&a&s
end!;;;7(b) top view of Tower Jaw. - The y-axis (beam
' direction) is compressed by a factor of 6 relative
to.x and Z, High~ and low—momentum K~ (2% above |
.and below the %%%;g%g momentum) are focused at A
-and B respectively, ﬂ- are focused % 1/8" above the

K™ image and pass through the uranium upper jaw of

the slit,.

Fig. IV-1. Diagram of E production and decay via the
sequence (A) K +p—+E+K; (B)"+ﬁ*ﬂzc) A>p+T. The
.E production angle(D is defined in the production
c.m. frame (A); angles 6 and ¢ describeVA decay
T~ - :
in E rest frame /<« (B); A polarization i1s described
" \—/ . ‘ .
wlith reference to axes x and y, illustrated in the
blowup of system (B). Momentum four-vectors of

£,A, and p are obtained from measured lab momenta
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~75=

via successlve Lorentz transformations through

frames (A),‘(B),,and (C)(

V-1. Correlation between o and a-.- for combined

N
K-72 and K-63 sample,. With no external information
on o,, the best fit to the data ylelds 4y = 0.698
+ 0.069, a_- = -0.381 +.0.045 (standard-deviation

ellipSe centered at A). With an addltional factor
of exp [-(1/2)(dA -0.62)2/(0.07)2] in the likeli-

hood, the best fit yields o, = 0.657 + 0.047, a.-

A
= -0.394 + 0.041 (ellipse centered at B). Projections
shown represent quoted cgﬁand (= values with errors,

vV-2. Distributions-of'(ij) for 3431 7 events.

" (See Table III-1.) K772‘eventsnare shaded. The

[}

theoretical curve 1s proportional to 1 + aA o

—
=)

~ (p+A), where oy G- = =0.28,

V-3. Decay distributions of 3431.E7 events (K-72

“and K-63 data combined). ‘The theoretical curves

correspond to the best fit with a, free, namely

A

a, = 0.698 + 0.069, o~ = -0.381 + 0.045, o_- =

10.0° + 8.9°, <Py> = 0.26 + 0.04. Most of the -

_(very‘weak) evidence for ¢_- or 8_.- > 0 comes from

179 k" events at 2.45 and 2.55 BeV/c, having
S 179~ e ‘ S
<P_-> = 0.90 + 0.19 and-'gE9 (pey)y = 12.3 + 7.7
= . i=l L »
and yielding ¢_- = 30° + 18° when fitted separately.

All other subsamples have smaller average polariz-



Fig.

Fig.
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ations and yiéld_valués of~¢:—:consistent with

zero.

V-4, Dependence of w =j£n%fupon assumed spin

factor (2J+1), for 3278-event Z~ sample. The
decrease of 3.02 in #n¥ indicates discrimination

against the J = 3/2 hypothesis by 2.45 standard

-~ deviations. The addlitional decrease of 7.03, due

 to violatlon of the J = 3/2 density matrix.con-

straint, 1s not statistically significant.

. V-5. Measured values of X = AnX for' (a) 15 E

-subsamples; and (b)‘75'Monte Carlo samples gehr

- erated assuming J = 1/2,7aA = 0.62, a; = -0.40,
®5 = 0, th = 0. The curve shown in (b) repre-
sents X = O’,G%{= 0.27.

- w.C.

'V—6. Measured values of X = AMnX for (a) 75 Monte

Carlo samples genérated assuming J = 1/2; aA =

=0, t,. =t"* - 0,57, and

0.62, a; = -0.40, ¢ 10 = 1
(b) 75 Monte Carlo samples having J = 3/2, aA =
- _ ' _ .max _ _
0.62, ag = -0.40, o, = 0, t ;= tyg" = 0.43.
Curves shown represent (a) X = 1.66, a_ = 1.933
(b) X = -0.67, Ty = 1.07.
\-~-u.c.

V-7. . Scatter plot and projections for Em mass-
squared vs. Emm mass-squared for 164 EZKmnm events

from the K-63 run.

V-8. Scatter plot of events having EZnm and Em,



Fig.

ig.

-775

masses corresponding to the E (1817) and ¥ (1530).

*

For removal of events‘with,Kn1 mass g K mass.

V-9. Twovdecay-angle distributions for events which
qualify for £ (1817) » & (1530) - Z. 1In plot (a)

any significant amount of |cos 912 contribution would

1]

. _ .
demand that the spin of the E (1817) be 3/2 or

higher.

VIi-1. Comparison‘of-deday-parameter results from

K-72 and K-63 data with those from previous experi-

‘ments. _(See_Tabie VI-1.)

VI-2. Representations .of the Lee SU; triangle (for

E, A, and I decay amplitudes) and the |AT| = 1/2

“triangle (for I decey'amplitudeS). Experimental

results used are new world averages which include

the results of this report. (See Table VI-2.)

VI—3: Values of X = AnY vs. ]th(J%%g] for 45

5~ subsamples and 7 &° subsamples. Dashed curves

I/M(A_ A
represent the expected range of X (§j+ 0’) assuming

IR

7 . i
e 2

10".’ x
The solid curVe.represents the eXpeeted distribution

J =1/2 and J = 3/2, as_ a function of |t

in |tio(l/2)l ( due to the measurement errors alone)
if all subsamples have zefo polarization Points

(a), (b) and (c) designate <(<s tlo)2>l/2 <tlo>from
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. A-1. Distributions in A+K and A-E” for the E~
events of Table III-2. (Directions defined in the = rest frame.)

A-2. Scatter plot (and projection) in ¢. and cos O

% production parameters for the Z  events of

Table ITI-1.

.A-3.” Sc_:attér plot (and‘_projection) in decay angles

describing the AAdirection_ iIn the 'E rest frame,

for the 5~ events of Table III-1.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or :

B. . Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparétus, method, or process disclosed in
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.








