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INTRODUCTION 

· · Study o£ the reaction 

- t:l$: : + -· K +p-Y . +'ff ~A+w +w (1) 

a.t a momentum of 1 .. 22 BeV /elias shown eoncl~sively that the spin of the 

1385-MeV Y t' is ~3/2., as reported earlier by Ely et a.1.; 1 it has also indicated .. ~ . 

that the Y 1 state is Pl/2. (ev~n Y •f.\: parity) rather than o3/Z (odd pa;:ity). 

These· conclusions result £rom the angular distribution of the lambda. and the 

a.ngula:t' d epen.dence o£ the lambda pola1•ization. 

The events were obtained through the ~se of the 7Z. .. inch hydrogen bubble 

chamber placed in a beam of high-ene:t'gy K- mesona extracted from the Bevatron. 

The momentum spread of the beam was :t:_2.5'7o, and the pion background was about 

10%.
2 • 

Approximately 16SO events were anaiyzed which satisfied the 

K- t p- 1\. + ~f t , .. hypothesis. So~·ne results from a partial sample were reported 

earlier. 3 The ~vents. were identified by kinematic fitting. !irat at the decay ve1·te::c 

and then. at the production verte~, with the IBM 7090 pr.ograrn "PACKAGE". 

After this two-step fitting, the number o£ ambiguous events that might have been 

I<-' ·production rather tllan lambda production waa approximately 1 o/o of the total. 

Almost complete separatio?l o£ the I;..,,+ '!'I'- from the A'il'+ '1'1' .. events was a.ccomplishec 

by examination of the ratio x2 (Arrw)/2x~(I;'1r1f) for each event, the 'I:cTt"li . ·: being 
. . ·. .· . . 2 . 
w~ilghted by a £actor o£ two because o£ the difference in average x values. 

,. 
•' 
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1 ·[rJ1~final Au·~ 'II' • sample included about 93o/a of the true Avtt events and about 5% 

of tho true ~ 0 vtt events. The A311' events were excluded from the 1\:rnr sample by 

eliminating all eventS with XZ.( A.3tt) less than 10. . . 
•, . "t . "The. cross section for production of the .l\11'+11'• final state by 1.2Z-BeV/c 
' : 

, ... , :' ·.· .' 

: • ~- j • ·; 

i"• '·· I; .. 
j '""'' 

K'" 'mesons was determined by comparison with the observed number of tatt decays 

· · · b1 the same £ilin sample: its value is Z..Z:t 0~2. mb •. The angular distributions of 

y~+ and· y!D!· production were ·found si.mU~:r to that o£ y*+ production in the work ' .. 
.. . •. 

· · .. ; · of Ely e~ al.- 1 (see' reference l) . 
. ' . ~ . 

... 
• /i.·' 

: .• 1. 

·-· · . ...: ' ~ 

•.·.' ' 

- .-'.· 

·" 

• _·,·:: • ···. · l 'The Dalitz. plot for theAw•,+ events is shown in Fig. 1. Projection onto 

.the .1\'lr+·rnass axis is display~d;.the ·.l\.11'• :f>rojection· (not shown) is similar.· These 

. f . + . d. • - 1 f *+ *-mass spectra· o the Ac · an the Aw systems are we 1 ltted by Y and Y 

. * resonance curves alone, without bacltground; values of M(Y ) = 1385 MeV and 
. . . . . . .,+ *-r = 50 MeV ·are required. The ·ptoduction ratio of Y to Y is o.ao. Background 

·. o£ 5 to 1 Oo/o cannot be ruled out.· 

On the basis of these mass spectra, the limits 1340 MeV~ M(Y*)~ l430MeV 

were utilized.in the analysis discussed below. Only events with large production 
$ . 

angles in the center of mass were used because the Y polarization was expected 

to increase with the sine o£ the production angle. For the study o£ lambda r.LlOn'lentu: 

• • • 

correlation, only events with t • :R t.:; O.S were included; additional data were . 
- . . . . . ... .... 

·required for the polarization study, and events with Y • Kat; 0.8 were analyzed. 
·:. 

ANOULAR mSTRIBUTlON OF LAMBDA 

A particle of spin 3/?. rpay decay preferentially a.long an axis perpendic.ular 

to the incident K• dire~tlon, aS: discussed by Stapp. 4 In this eJcperiment aa well as 
. . . . * . 

that o£ reference 1. the decay o£ the Y was found to produce a correlation between 

the lambda direction (b~ the Y.0 
rest frame) and the production normal (defined as 

; = (KX t•)/IK X f 0
1]. Since the y*+ and y*· distributions were very much alike. 

. ~ -.· 'the :combined .data £or y*+ and y•· ~ere used for the A·.~ distribution shown in Fig.; 
~'-

.n . 
. . " r 

.i 
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.·with the mass and angle limits specified above. There is no evidence for odd 

.. "' . 
powers o£ . 1\. • n in the c:listribution., The coefficient o£ the second-order term 

(A•n)2 was f~und to be -. 
a2 = o.69::t: o.zz •. 

in a fit of the_ experimental data to the distribution 
' . ( t .. )2. ' 

1_ + &z J~· n •. 
. . . . . . ...· . . . . . . . 1 

This value is to be compared with that found by Ely et al.: 

(Z) 

(3) 

(4) 

. ~he p~obability that the CU:at~ibution of Fig. 2 be isotrop~c was found to be 
. - - . . . . ·. $ 

6%. a value somewhat. larger than that of reference 1. Thus spin 1/Z !or the Y 
·, 

is not ruled out by the lambda angular. distribution presented here. 

In comparing with this earlier work of Ely et al. • it should be noted that 
. ' 

their incident beam momentum was 1.11 BeV /c, appreciably lower than the 

, .. 

. C1 
· momentw~'\in this experiment. This could account for larger Y polarization. A 

considerably larger mass band was used for the 
1
Y* events in the f~rmer experirrj,ent 

also various corrections had to be applied to the data. It would therefore not be 

very surprising if there were a real di££er.ence between the two experimental result~ 

A.NO.ULAR DEPENDENCE OF LAMBDA POLARIZATION 

-The polarization of the lambda can be expected to give additional informatior. 
. ' . . ... . ·. . 

on the spin and also on the .parity of the decaying Y ·; The polarization component 

along a 'particular axis can be determined by analysis of the pion-s from lambda . . 

decay.·. The -distr~bution·o£ the pions is o£_ the form · 

(5) 

where P, refers to the pion direction in the lambda rest frame. ~ refers to a 
,_ 

. ~t vector along the axi• of interest •. JPA•r is the polarization transverse to z. 
and a./\. is the lambda decay asymmetry with value -0.67. The number of pions 

.. 
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-· :, going parallel minus the number of pions. going antiparallel to this z axis, divided · 

. by the total ~umber of pions is proportional to 4 A (IS A" z). 
. .In the experiment \mder. discussion, the.a.verage value p£ polarization for 
' . ' . •, ·.· .... .. ' ' . . . . ...o ~ . . . . .. · 
the .events with Y •.K" 0.!5 (and also £or .Y • K ~ o. 8). was. close to zero. Along 

. . . . . ~ . ·. . . . . . . . . . . . . ' . 
the normal. it was found. equal to 0.1 S :t: 0.08·; along the "magic direction" 

( -m = -n· + a(n ·. A)A], ~h~ polarization dropPed to .·.o.oz:t:: o.os. 5 However, a more 
~- . ' 

det~led study o£ polarization became possible as the number of measured events 

increased._ For c~rta.in·v~uea· of A• D. th~ polarization oithe lambda aiong the 

normai was'found to be'almost 60o/o •. :· 

:. The Unnorrnali.zed qwmtity. NA q. A P A· is of more interest than the polarization 
. . 

(or a.P A).· since the theoretical distributions !or the former under various spin-

parity assumptions take simple forms. The evaluation of N A a. A P A' with P !\. 

designating a polarization component along a particular a.Y~s. is made by finding 
. N 

. t~~ sum ove~ all. events 3
1
if cos8i d~i being defined as the angle between the decay 

pion and the axis of interest). This quantity is shown in Fig. 3 as· a !unction o£ 

la.;nbda momentum· projection, both £or the normal and the magic dir_ections; i.e., 

the ordinate of Fig. 3A represents NA o. A JA· n . and the ordinate o£ Fig. 3 B 
. . . - ... 

r~pres~nts N Ao. APA• m. T~e snlallinset at the lower left in this figure indicates 

the successive Lorentz transformations· which are necessa1·y !or the evaluation o£ 

the lambda polarization· components. Values of polarization components as well 

as the ':'umber of lambdas in each interval a.~e given in Table 1. 

Fitting with only even terms to the data of Fig. 3 gives the results stated 

in Table n. (Confidence levels for the best fits improve somewhat with the admix ... 

ture of small contributions of odd terms.) Figure 3 displays the best-fit curves--a 
. . . 

quadratic for the normal distribution and a quartic £or the magic-direction 
. 6 

distribution.. These can be expressed a.~: 

'· 
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(normal) •1 + 3. s ( !.0.)2 

(magic) 1 • 9.1 <~. n)2+ u.z. (!. n)4• 

(For errors on coefficients, see Table 11.) 
. . 
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(6a) 

(6b). 

The magic direction haa the useful property of yielding n1aximum polar .. 

ization for the lambda comi~g from a certain parent state U the opposite -parity 

state with the same total spin gives maximwn polarization along n. In fact, a 

more general theorem has been proved for spin 1/Z. and spin 3/2.: 

Whatever the angular dependence of the polarization co~e2nent along the normal, 
F 

the angular dependence of the polarization comeenent alonr; the maslc direction is 

exactly the. same for the opposite-patitiJ~itial state. The following polarization 

diatributi~f;!S .are obtained £or the various 
(l . 6 

Y states o£ interest: 

~ . ,sl/1. ,: . (norm.al) 0~ :~1/'l. (magic:) : 1 (7a) 
i' . : ',.t 

.sl/Z (magic) .~1/7..' (normal) ·l+Z(Jt. f.)2 
(7b} or • • .. . ,, .. 

p:S::3/Z 0t:3/Z 
·• .. '. ' ' 

(normal) (magic) l or : 1· (;t. n") (7c) 3/Z . ' . 3/Z. 
p-&;1/?. (normal) o=I/z . 2 

(7d) or (magic) : -1+5(./t.ii) 3/Z. 3/Z l 

P;//2 _ (magi,c) o= 3/z (normal) . 1\ ,..z 1\ --4 
(7e) or • .. 1+3( • n) -2(.r._ ·n) 

I 3/Z • ' ~ ' I 

P:;V~ .<mag~~> ... or D:t:.l/1. (normal) • · 1·15(lt·n)2 + xaa\.•n)4• (7f) · · 3/Z: • .. 
' 

.(The normal di.st;-i~utiona.agree with expreaaiono developed earlier by Richard 
. ' . . . 

Capps. 7) The. Oistribution !or_the magic.~direction polarization. p. m, gives 
. ' ' . 

additional information over that for th.e normal polar~zation, "P • fi. This is 
. ' . ·.· : ' . ' . ' ' . . ' 

·'~ . .' . 

• ' #fl, . 

· · · apparent· !rom Eq. (S), the, di~tribution of de~y pions; if z is defined as the normal, 
. . . . . . 

' -
the distribution in g~neral bas a nonzero 15'.r term, which contributes to the 

magic·dir0ction pOlarization but not to the normal polarization.· 

INTERPRETA'"i'ION OF POLARIZATION FITS 

The assignment o£ spin 1/Z. for the Y t ~an be conclusively ruled out by 
• I o \ • 

the polarization results (Table n and.Fig. 3). Figure 3A would have to be isotropic 
.. 

, ~· ·. ·and Fig. )B quadratic i~.the state were Sl/i .[a~e .Eq. (7a) and (7b)]. The situation 
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would be reversed if the ·state were P l/2.. · ~ distributions fit isotropy very 
. ·3 

badly, with confidence levels of "tO • 

Spin 3/Z iB compatible with the polarization data. Further, P 3; 2 is 

definitely favored over o
312

• : Il a quartic term is added to the expression for 3A 

.(in accordance with Eq. (7e)], not only does the confidence level decrease, but . . 

the coefficient of the fourth-power term is negligibly small. A second-order fit 

to 3B [Eq. (7d)] is•very poor, with a confid~nce level of ZXl0- 3• It may be noted 

also that the coe£ficienta of the best-fit distribution, as given in Eq. (6), agree well 
• I 

in relative sign and in magnitude with the theoretically predicted coefiicienta £o1· 

the P 3/Z decay (Eq. (7)] for an'incoherent miXture o£ Jz= :1:1/2 and Jz= ~3/2. states. 

(The contribution £rom. each of the· Eq. (7)' distributions is proporiionat to the di!ferenc 

between the populations of J (+) and J (·t,·etates. At p~esent it is not clear how 
. . . . z . z. . . . . . 

interference in decay amplitudes from the' different initial states may be expected to 

affect the polarization distri butionm. ) 

FURTHER RESTRICTION OF POLARIZATION FITS 

The lambda. polarization components along the no:rma.l and the magic 

direction·can be analyzed simultaneously. ~he coefficients of the various powers 

* of (A • n) or (/t • ru) in the ty~o distributions are related for any _Possible Y state by 

two condition$. · · 

If the Y~ resonance bas L ~. J ·1/Zo. the polarization distributions may be 
·· •. ·;.'. 

written: ·-\ . 
P•n =A(O) 

.. n 
P·m =A(O) 

m 

It can be t1hown that the following relat~ons must always hold: 

A(O) + A(O) = 0 
n m 

A(O) +A(2) ·i·A(4)+•••• +A(ZJ~l) .. A(O).A(~) ........ A(ZJ+l)= 0.;8 
n n n n mm m . . 0 . 

, . If the Y resonance has L = J + 1/2., these relations still hold if n and m 

subtilcrh>t·sFa!l':e interchanged~ ... · 
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The !olded data for the polarization distribution along the normal and 

the magic direction were simultaneously. fitted to the, expressions given above, 

subject to the ·.stated constraints.. .The distributions and constraint.& assumed 
. .· 0 . . . 

w~re those appropriate to the ~ states . s1;z•. P1/ 2.* Pl/2.' ~/z' Dstz.• and F5;z· 
The :results are given in T;1ble m. 

·.' 
BACKGROUNDAND INTERFERENCE EFFECTS 

· The dist~ibutions · o! Fig. ~ and Fi~. 3 have .been studied as !unctions of y* 

mass to determine whether the small ba.cl<ground that may be present could in-- ~ . . . . . . . . ... z. . ' . . . ; 
.fluence the results.. Thee value of the (fi· n) coefficient for Fig. 2. data is somewhat 

higher for low-mass th~ for. high-~a~s Y,s: but th~ coe!ficients o'f the nor~al 
polarization distribution, Fig. 3A, are the same within statistics for low .. mass and 

.. IQt 

high-mass Y .. events, · 
. . 

I . •+ • ·-The inter.ference of the Y and Y is small, as shown by the Dalitz plot 

. ~· . o£ Fig. 1 and by the ft. • Y plotS o£ reference 3. The latter have slight backward 

slopes, . comparable with those of refez:ence 1 • 

........ : ' . .. .. , ~~ . ~ .. , ·.,~. . "CONC T> 'USIO""TC' .!,; .. .;.: · ••.• ,. <1'•',, ~ .• .' ,· . ....... ··~~ 
:~,.t~... \' !)/ ~-;. -~ .- ~ ' . 

.. The DS/l. i\n4; ~'s;z. states cannot·be ruled out. However. ifiti:.s=assumed,that 
. . $ 

the spin:of the Y is ~oat likely~ 3/Z, the only good.fit is that for P312• As shown 

in Table n, ·the con~trained fits to polarization data yield a confidence level of 0.2.3 

fo.r the Pl/Z. stat~; the confidence levele.for the other three states with J ~ 3/2. 

~r~ a'll o£ the order of 10~5• Inspection; of the results for s~pa~ate fits to the normal 
! . 

'. :: 

l 
r 

and magic-direction polariza~on· distributions (Table n) confirms this last conclusion; 
.· . . . 

the condition@stated above which ~elate the two polarization distributions are con-

siderably better satisfied. for ~e Pl/Z. than !or the o3/Z state. 9 

"'". ·' 
~ ' .. 

I : • 

~ ........ :. ; •.r. • 
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distribution o£ Fig. a would depend on the y• parity. 
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of P 3/2. a.s the Y atate i£ the sp~n 'of 3/2. were assumed. t The final ete.te, !rom 
. ,'. * 

· w -p inte1·actions, wa.a complicated .bY. the pre seance o£ the K resonance (3 7 o/c); 
' . 

D. Colley, N. Gelfand, U. Nauenberg, J. Steinberger, S. Woli, H. R. Brugger, 
'~ 
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i ~ 
r .. ~ .. 



t: ' ('. ' .' ,, 
r~ . . . ;·. 

.. 
~A .. 11 "' · •n = •rn . -0~9 

NA lOS 

PA• n . 0.58 ·. 

pA.,ffi -0.03 
. _r· •. 4 

~ ' . . .. 
• ' ,l 

. Table I. Lambda polarization 

.-0.7 .... o.s -0.3 

99 82 .. 97· 

o.·so •0.15 , -0.11 

-0.78 0,.15 0.27 
:: .. ;. ': ·, . .. 

,.,.. ,, : 

. . 

.. 

-0.1. 

·69 

-0.29 

o.ss 

0.1 

8Z 

' ... o.sz 

\ 
. t 

0.15 

·, . 

·,· .\' 

.• 
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0.3 o.s 0.7 0.9 

78 93 81 109 

-0.35 -0.53 0.59 0.51 

-0.30 -0.04 ... •0.51 0.48 
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Table II. Polarization £ito 

Polarization 
component 

Order 
of £it -
0 

?..a~. 

4 

. 
0 

2 

4a 

Deg. oi xz 
freedom 

4 2.4.2 

3 4.0 

z 4.0 

4 16.4 

3 . 15.3 

z 5.3 

. . . 
a. Beat ~ts. appropriate for Y 1 . state of ~ 

3
; 2,: 

·' . 

• ~ I 

' ' 

. Confidence 
level 

7,5Xl0 
.. s 

0.26 

0.1·3 

0.003 

o.ooz 
0.07 

\ 
' 
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Coe ffic:ients 

1 (A·n)2 c .l\.n)4 

·0.09:i: s.z . 

..z3. 7*-7 A 83.0± 18.4 

·23.8±9.1 84.5:i::66.7 -l..l:;i: 81.2 

-0.03±4.9 

5.4± 7.1 -19.5:i:: 18.2 

22.0:* 8.8 .. z l3:i: 64 247::!::78 
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FIGURE LEGENDS 

Fig. 1; Da.litz plot o£ Av+w• events from K.p interactions at l.lZ BeV/c. The 

square o£ An+ effective ma.aa is plot~ed against the square of A-rt- effective 

mass. Scales giving the n&asaes in MeV are also shown. Projection o£ the 

.·events onto the Atr+ ma~s axis is displayed to the :tightafthe figure; the curve 

+ represents the. fitting of Breit-Wigner resonance expressions to the Aw and 

A:r· systems;· 

Fig. Z, Lambda angular di~Jtribution with respect to the normal to the production 

plane. The abscissa repre~;;mtEr the dot product of a. unit vector alo11g the 

., 
I 

' . . * 
lam.bda momentum with the unit v.eetor along the normal (in the Y rest frame). 

The data .from this ,.,..,eriment (K7Z) are shown, with a fitted distributiou of 
' ' . • • z 

the form 1 + (0.69~0.~Z)(A•fi) • Folded data from reference 1 (Ely et al.) 

are also shown, with a fitted distribution of the £orm 1+(1. S± 0.4)(A·n)2• 

Fig. 3. The components of lambda polarization (multiplied by the nwnber of 

lambdas and the lambda decay asymmetry) a:t,e shown as £unctiom of the 

lambda. directio~. The::ordinate of Fig. 3A represents N A o. A IS A :n and the· 

ordinate o£ Fig. 3B represents NA u A P•m. ·The dashed curves :represent the 

best fits [Eq. (6) in the text]. The small sketch in the lo.we:t left indicates 

• • how successive Lorentz tranoformations are cat·ried out to find first the Y 

,~, 

dir(f!ction in the production center of tnass (!), then the A direction in the y* 

center ·of mas~ (Z). and finally the pion ~-rection in the lal'l1bda center of mass 

(3). The lambda momentum· and also the lambda polarization are projected 
. ' II) . 

onto the no1·mal or the magic directio~ in the Y rest frame (2. ). 
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This report was prepared as a~ account of Government 
sponsored work. Neither the United States, nor the Com­
mlSSlon, nor any person acting on behalf of the Commission: 

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

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

As used in the above, "person acting on 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. 
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