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The spin (J), parity (P), isotopic spin (1). and G parity (Ci) o£ the eta meson ··. 

hav~ now been fairly well establishe~ 1_moatly through stUdies of the Dalltz-Fabri 

:·. t' plot for the most readily observable decay mode,· 

.. 'l- 11' + :1' 1f .. + 170 • . 
' ... ~ . 

.·. '-
-~ '· : ( 1) · .. . .. 

· The generally accepted result i's 

3P 1° = o·o+ o 

,, 
.·j .. 

. '' . ·, 

, I ~ ' 

~ ' ' . •. . ~ ' ' ' . . . ' . . .• 

. . Direct obsertation, & in a he~\PY•llquid bubble chamber, of ~be mode. .. ·. 
:, . ~ '• ; . . . . 

~~ l ' • 

. -·: 
. . 

. (l) .· 

..·· .. 
. ·. '"-'·~ -,.:t'' 

(l) 

eliminates the possibUity .J = ·1. and thus strengthens the assignments of Eq. (Z.). · 

.· .• 
~ ~ 

. . ~ • ~ ~-· ' f .,_ ~· ' 1 • . ., J'./. 
. The expected decay mode 

·;· 

, - ,o + ..,o + ,o . ':~: '· . .. · .. 
',t, . . 
~ . . ' 

. 2 .. ·: . "• 
is cli££icult to obsorv~ and ha·i not yet been established. , Howe_ver, the :ratio 

r('l .... "all neutrals")/r(, .... ,+ 'ft'-~ 0 ) = 3.0:1:0.5 .· \ (5) . 
. 1 . 
has been £ound ~n several experiments. . The ·~neutrals" are expec~ed to correspond_ 

to Reactions (3) and (4), it Eq., (2) is correct •. One also then expects the eta to decay 

via the electromagnetic m_od~ 
; ·' •· + . ·- :·. ,_, +w +y.· 

._,. 
\_ ..... .~ .' .. (6) . · ..... , .. ' 

. ~ 

Previous to the present experiment, Re_action_ (6) haci ~ot been observed •. The branching 

:ratio . ··. .· ' 

.. 
".' • \ • o ~ , f I 

• < \,, 
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,• .· 
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. . . . . 
- ' '· . . . .. ' .. · .. · .·. .' . :~-.:~ .. ~~.- ~. ~-: ;.··.·,· 

.... . ' ·'. ,. .... . . . . ·' ' 

. •:' •,; wns found to be'consist'ent'with ze:r~ 1 • 3 ~4 ' (w~~:upper U~tiabo~·o .. 2)~ I nus,· there!' . . . 
. • • . . ' ' ·: ;l _,;,.. ;:·:· 

have been reservations as to the correctness oi Eq. · (2). · · ··. · 
. . . ... . . . ' . •'. ' + . + . ,· .. ' . .. '•' . 

· We have determined the value oi R(w 'A'·y/ 1r 11'•wt), using etas' produced in the · .- · 

,·· ·Alvare~-71~inch hydrogen bubble· ch~bar ··via ~k ~e~cti~n -~ i.::::.·.~~.) .·. 1 
· .• ·~ ·;>'·''i:: : .. · · 

• . ~ ., '·· ; . •· .• ( .~.. • ' • • • ' ' • -h• • ... , ._.:.~ ;~ ~- r" ~ ... f·'. r'·.·:··.·~.--x.. -~~ ..... · ', • '•' ....... :. : •. -~. :~; ... · '··. ·. : :~;; . t;~ :.~ .:· 
• I", , \ +, , ' +·''' , .. ,, ,· .. _. .. ,_., '· ·.;-·. ,.. ·•· ··. ,.',· (7) 

; ' " + p - "' ; p + '1 • ' . ·t;;''':· ,._~J;,:i;· : ;: . ! .. ' • ... /i. '! 

wher,e.~e ~t~ su~~quently decay~ vi~ .·~~ .. ;: . l·\;. '·'', ;; ·>:·, .. -'.~·>:·.~:·.··.···.;.;·J 11·. :.:1 
.. • ~ " ! )- • 

.. .. l. '1. - 'If+ + w."'' +. XO • . ' .(( :J' .. ::·!';; ·.·> '<. ·. "': .. ': \ ,' r. (8) .: 

.I 

:·:~ .. !· ~nd where X0 is an unknown ~e~tral (or neutral~).:.~:·:·.:~·'··;::·;, .. ·i :{·>:.,,. ;· r:· ··',. ' .~;·. 
' .. ~ ' .. . ' . 

. ' find_the ~a;ti'otto~ 
... ·~ ' ... :· ' .. 

.. \. 

_,,-. 
• ~ i .. ~ ~ . - ·; ·• ~. . . • •• 

·r.. . : .~ ... . . ~-
' ' ·, 

•' I •<;••1 
• ·.: ~ 1 

<! 

R(w + 1r ... vi,+ ,·,.,or·~ ·o.z6 :.~:'o.os. ;·~·:' ·. ;.: ·' :: (9) .: i ~· 

'. ': 

1 1 The experimental proced~res are glven in the following ~e numbered. and lettered 
... • • ' • ' • • ~ j 

. paragraphs, then the above result ia compared with theoretical p~edicti~n~.·- ,. ,\'. .-' . 

· : !;~:. \ . . The momentum o£ the incident ~ + ia 1170 MeV/ c at the cente~ .of the . cha~ ber·,. . . ' . 

. -~ with a spread of : 6 MeV/ e. 5 The £act that the beam mom~ntwn ··~~:~ell defined ~s. · . ·: : . · · :;, 
·. . • • .- _:·' .• 1.--\ • ' 

·: .important in sepa~ating xv= 'I• ·X~= 1r0,. and X 1 z= nothing.;· •· /· ... ;•····.: <· . 
. • , ·: . ·The: following numbered paragraphs correspond to successive. pro~edures '~nd ·. · 

. . ·- : ' ' ' ' ~ 

cutof!s applied to a sample consisting initially of 4soo''tour-pronged events, ' 
•' . 

·.; ,• 

(10) 
.l ~' . 

where X0 is an ~own:mtssing neutral: and tho.o.ubacripts are trac)<. numbers.· The 
.•:. . . .' 

. track' p' · has ·been· identified as a proton 'by .. ~ ·t~ciine~ ·t>bse·r~er· .wh~ compares the·· 

bubble ~ensity of the t~ELc~ .with that:predict~d fro.m lt~ ,measured momentum. (We 

~ believ~_ that~ proton .has be~n co~reetiy· identifiec! .. ln ~arly l.OOo/o. ot th~ eases.) 
~ . ., 

... ··• • ~ ' + 
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1. Dalitz pair cutoff. We assign the electron mass to tracks 3, 4, and S. Using ·. 

the PANG momentwn and angles for each track, we calculate the invariant masses ·. 
' . 

M(e;, e;) and M(e!, e;)~ U either of these is less than 100 MeV/c?.., we reject the . 
.. ~ . + .. . 

' event (2.80 events rejected). It is expected that 99.8% of the . e e pairs arising . 
,_: 

'.from ,r>_ ~ + e • "' are eliminated in this way. 6 In ali that £~11ows, ~e assume that 
. ,, 

' + + . .. .. ' .· . 
tracks 3, 4:, and 5 are 11' , w • ·and , .. There!ore ~e :replaced Eq. (10) by 

.+ + . + .. xo 
• 1 • P - Pz • 'IT 3' · , 4 • , s • • (11)' 

./ 

?... "X0 a nothingtt cutoU. We assume that X0 is absent in Reaction (1.1), and 

make a. £our-constraint (4C) OUTS £it; !or x?.. < 30; we :reject the event (3700 events . · · 

t•ejected). This· cuto££ removes most ot the "X0 =·nothing'' events; namely; the most 

common event, ,+. pw+ 1r •• However, we.:find that each of the cbarged tracks (2~ 3~ 4, 

and 5) has roughly one chance in one hundred to undergo a scattering in the hydrogen . 
sufficiently largs to spoU the 4C fit, but small enough to escape detection by the scanner 

~:· ~.:. ,:,.,..;or measurer. The next cutoff, No.~ r.emoves·clllitho·se c~ses in which only one tr~ck . 

ocatters. 

3. ux1 ='~ nothing: track n (where n = 2, 3, 4, or 5) suffers an unnoticed scattering 

or decax." cutoff. We delete track n, fit the remairdng tracks of ~eac:tion (11) to the 

hyp~hesis "X0 = nothing'' with the one-constraint (lC) OUTS fit •. For xl. < 6, we 

reject the' event (2.00 events rejected), 
' 

. The kinematic fitting program O~TS is not used bi the remainder of this procedure; 

momenta and angles !rom the spatial reconetrW:tion. program PANG are used exclusively. 
. . . . ·. . . 

· 4. Error cutof£. We calculate the squares o!the :~ssing energy· E 2(X0 ), 'i 

. . 2 2 z z . . . ·. . 
momentum p (X~), and mass M (X0 ) = E. (X0 ) • p (X0 ), and theh~ errors. For 

6[ MZ(Xil)] > (63 MeV/c2)J. = 4Xl03 (MeV/cZ)'\ we reject the eve~ (ZlO events 

·. rejected)·. This cutoft ia necessary for a -clean oe~ra.tion betwee~ JCl_ :::: y and XI):; 1f0 •.. 
~· • I• .• 

(See Fig. 3. ) '- 1 .... .- .... '~-.· 
·: .···' .... , ... · . -d.· 

-~-~- l, ·.r· .,... . . ···"' 
·\ • - ; _t. ; 

-.... ._-,. 
' . '• ~ 

·" 

' . 
' ' ' .. ' . 

.. 't •.• 



- - ··.-
· .. ··. ~--. 
,'. :. ' • "*' .. ~.'· 

'a:··' 

:~.' '. -~ • .. ' ' . '· . ' . ~ . '.~ .,·;.,..' ..... f;. \ 
~ r ofc 1t _ . 

... , ... · ·.·_· .·~· u·c· R. L:-:- 1o·· 6. ·~o···.· -'- -~ ·. · 
' ···' : • • ~l'- "> "':"~ •. 

: ~ ~~ 
,·:.· 

' ' • o ' f' • .. • '' ~ • ' • ' '·; • • - I • 'I ,_. ' 5.: Low-energy \{eutofi. We designate as· 'V•ray events those havin~·. '(·~.· ·-;;.:> .. ' 
;;.._!# . ... 

· ·. ·. : M2(X0)'< + (95 MeV/cz),,: + 9X 10.3 (MeV/c2)a. · (See· Fig.' 3.-)' It' ill clear ~~t otie··; .~;\{~~·i ,;I . 
1 

~·· _,;,.~ :.• , ~ •t · I ' • /: 1•/ ~· 

cannot distinguish a y•ray .event in which th~· \,ray b&s zero e:nergy (lab)f;om an : ~:J~:.._>· 
. ' ' ... • • ' • '· I I · • : : · • .. '•, ~: · ' ' i .. t . . ' - . - > • : • • •• • ' 1 ~-;. • :·--

o< • \"X11 
• nothing" event, so that a cutoff hl' n~eded.~· _'The chOice o~· the·.cuto££ 'py(lab) ls t ·. , .. 

•• ' ' ' • I ' ' .,I • ' ' • ' ""'• • • ' \ ', t t -:_ ~ 

... ·· · dictated by the choice 'of the· error cutoi! o£ Paragraph 4. ,:·For.' v•ray events having: .. '-r, .:-j , 

:' :··'" ··.·· ·~2 (X,.) < (94.5 MeV/c)2 =· 9x 103 (MeV /c)2, ~~:.r.~ject ~he .event ~l4.events .rejected).:·:~>{.·-· ' 

:, · ... :Tbi~ ~z(.X3 ) cuto££value is. 9/4 times th.e ~rn~ allowed er~or ln. Mz(X0·). N~, -.r. . '•. . ~ ' . . -
aixnUar cutof!~s.needed !or the w0.events, since;theydo,~t ov,~rla~:·the"X;, = ~othind•.~ ~.-

.. ~ ' ~ ~ ' ... 
,. : . ;_·. 
. . ~ . . . ~ . -~ . t-'. 

. c~tegory. . .. . 

·:<" ::, ~.::_ . . : · No mor.e cutoffs are applied. We now examine the remaintng 16 events. ~:: : .. 
f. • ~-

··· ...... 

A. In Fig. 1 ~e plot M(v;. v;, X0 ) ve~·sus M(11:. w;. X") for each.everit.-. ~h~> · 
-. . . . ., + . . '. .· . ·. . . . . .· .. : · .. 
choice between which v is track 3 and which is track 4 is random •. ln. every ease at:·· ·· 

····: . . . . . . . . . . .... ' z ; ':. 
least one of the two values of M has· (within the error$) the value of 548 MeV jc • :·:_ ·.'·, 

'• '. \ ',. :we conclude that our sam;ele o£ 7,6. events consists enti~ely. o£ eta&,: :produce~· via':.·. ' . / ',: 

· · ·· - ·. Reaction. (7). and -decaying via. Reaction (8). · · Th~ eq. ~ass distrlbuti~n ha~- ~·-~~ntral ... · · ... -

·.-.··value of 547.5 * 1 Me.V /c1., ·and ·the ~1dth.ot the cUatri~()n 'is co~si~tent ~ith ~Jt -~aiL:.· 
· : . I ··~ • ' . : . ~ · ~ . . . . • ' '; z. .- -· ~ . ' .. . : , 1 

.. ·~:.. • ·- • ,_. ·• :· •. :' . • ~ • ~ c. . !' .•.. ~-~- :~ , ~ _ 

· . ·. culated !rom the PANG errors (about m 9 MeV /c.).' .... ··. . ·::<:: , ··< .. :-. ·'. -··. ' · .. , i:.'' · ··. 
,, ' . --.. ' . . . >.'t '· ·.'-' ·:_:,; ) ·;~-·.... ..· ' .. ,. · .•• ,:· .• ..:·.,· .. ..;· ..... ·'.:.;~ f; ... ·~~- .. 

-:·-·' ' · ·. B. In Fig. Z we plot E2.(X0 ) versus p~(X0 ) for ·e~ch e~eXlt:.::;;1The tWo_ 4S 0 ._1ineti':'::..·:,-
• • 'I )-. ; ' • • ~ ; ' ; : • • · ,•' • ' .;·_· ;· .. .. \. • . • . • • .-1 .~ : 

· .. ' ,:~{~ iabeled y and ,~> correspond to M2(X0 ) ;s o' and (135.0'M~V /c2)~,>.r~spectiv:ely •. ;:~::: 1r .. · :~ 
' . :: -~-· . ' ~ . . ·~· .' •'_;_~~ .: ~- __ ·. -.. ~ .. ~~ .··--!_·~·;;?: .. ·- .. _ ·· .. _ .. · ·.. ·.\ .. ·:.~ .-!~· ...... < . 

.,.; The events cluster near· y and w~ and p.owhere else~.:-~;_('.·:.:·-~··,.- -~~~<:::: e;~:-::.;·;. "'. < :,· ';· ·;_ . 
' 1 . ' . . 2 ... · · .. "'.'/ ', .. ·".:>:. '/";. 
· ,_ . . -c. In Fig. 3b we plot a. histogram in M ( ~0 

). Figure 3 _demonstrates\ that the· ·, -' 
' '~ . ' ' . ' + . ' ·: i.· . . '• ''•. ' ' : '·.·· ,., · ... 2 ' ;' . '; ;> :. . ' 

·. ·;.-·ratio ·R('fi+Tr-y/w ,·v0
) is not sensitive to the choice of the value o£ 6(M (Xi))] at which . 

' . • ' • t ' • ' • ~ •, • • • 1 

·.,, 
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D. Figure 4 ohows a histogram of the momentum {lab) of the 1 ~ observed y rays. 

The two theoretical eurws correspond to (a) Lorentz •invariant phase space and (b) a 

calculation by Hu£/1 using the '"two intermediate p •,;•mode:l of Oell-Mann~ Sharp. and ., 

Wagne:r9: 

. 'l ~ Pi +, P Z ' ·. 
() 

p 1 - "V• . . 

0 Pz + --v+-"1'1'. 

'., 

,•'""' 
·' 

.. . ·. 

.,_; 
(12) 

The curves have been transformed from the 'l rest frame to the laboratory system 

by using the observed distribution o£ TJ momentum (lab). It is seen that the distribution 

of the events agrees within the limitations of statistics. with either of the calculated . 

distributions. This agreement serves as a further chf.!#ck on the validity of the ·tz y•ra.y 

events-i.e •• ·their distribution !s.success!ully predicted. ·From the curves o£ Fig. 4 

we calculate th~ our cuto££ at, p'V ='95 MeV /c rejects 2.8o/a o£ the total !or the phase-space 
. . 

model and Z~o/o for the "two intermediate p • au model. We strike a co:;npro mise ~d 
I , •• •. 

' . . 10 .. ·. 
assume a correction corresponding to 25o/oloas-i. e., 4 events. · 

·None of the other cutoffs leads to. a correction !actor for the ratio. 11 . VIe obtain, 
. . 

' 
' ./. 

a.s Our final result <7 r, •·•- ~.-- . · "'•. 't'• ·· t ·• 
' • ' ••• / ' • • )·:· <. ( ' -~ •• \ : • \ • 

r('l-co ,+,·v/r('l- ~+,;-,o, ~ (l.00/0.75) 12/64 = o.z6:~:o._oa .(9)~ 

. ' 
- ·we now compare our result (9) with some theoretical predictions. 

The n'lodel of Eq. (lZ) allows an estimate·· .. o£ the ratio. 

. R(v +'A'. '\II '\1'\J) = r ( T) - 1l' + 'U ~y) : •· : .' .-:: . 
I f I r ( T) - ·'Y 'V . . 

·, 

\· 
, .. 

The prediction 9 is 

.. (13) 

We cannot compare our e~rtmenta.l result (9) .directly with this prediction. However, 
, .. 

VIall has shown ~at, provided Eq. (2) holds, the. 3"1'1' decay modes ot , are closely 

' rel;rted to the 3,' ~.ecay modes o! K+,and K'/.0 ~ lZ. :Vall predicts a de~ndence o£ . ,l 

;. · .... ; 
. . . 
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·,. 
i 
I on the s ape of the 1( energy spectrum in the decay fl'4' 11' 'II' 'If • Using a recent 
' . 4 . . . 

compilation ot the .Dalitz-Fabri plot for this decay, one obtains the prediction 
•.· 

(14) 

(This prediction has not yet been experimentally confirmed.) Combining Eqs. (14)~. · 

( 1'3). and (S), and assuming that "all ne_utrals11 me~ns 'YY and 311' 0 only. we obtain;/ 
1· 
}\ 

·.R('II'+'II'·y/w+~-,9 ) = (1/4)(3 •. 01-1.68) = 0.33. 05) 

The prediction (15) is in excellent agreement with our experimental result (9). Our 

rea.~t. ther.efore substantiates. the assignn1ent,s o£ Eq. (l) and also the predic*ion (13) ., 

ot the ntwo. intermediate p • s ". · model. ~ ' ' ' 
: 0'' • ,ir 

.. · 
.• ~-

' ., . . ' ~ ' .. 
' . 

; .. ' :- .. 
,_ {' .' .... -1,'. ~. _:: .. 

......... . ,, . ~ . 

. •\· i . t 

. . 
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+ ~rom Fig. 1 we see that when the ttcorrect11 1r is chosen, corresponding to 

11-1r + 1r "'x:>, the y events and '11'
0 events have the same distribution of 

M(w+tr•XJ) near the, mass. For the _"wrong" w+, M(1T+TI'-X1 ) is not peaked. 
\. 

at the 11 mass. and ha.s a somewhat twiUer spread in values for X 0 = y than 

for xo· a. v 0 • This is consistent with the larger effective Q ··.'v..ilue~· .. )£of .. the. · .:-. 
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10. If we examine the y eventa below our cutoff at p = 94.5 MeV/c we !ind 4 
'V . 

events. Four of these actually appear to be etas giving w + tt • 'V· The remainder 
. ' j' 

. : do not appea·r to be etas. It is. likely that they are u-x> =. notbingn events in/ .. 
' .. . . ': '; . 

j 

w~ich two of ~he tracks suffered sm:all.scatterings •. The number observed ts 

consistent witb such an interpretation •. . . . . ' .. . 
.·, / .. · ., ... 

) ' 

11. The Dalitz pair cutoff of Paragraph 1 removes: about 5'/o o£ each mode, a~d 

does ~ot affect the ratio. The "X0 =nothing" cutoffs of Paragraphs 2 ancf 3 
• ' ' • I ' ' < • ' ' • i 

+ • ' 
reject a negligible number of:: 'IT Tl'--JD"

0
,. and.because of the cutof£.on p (lab), 

'V 
'' ·+ . . they also reject a negligible number of . 'ih·Tr ~ 'V• : · ·.. . . , · 

12 •. K. C •. Wali, Phys. Rev. Letters 9, 120 (196Z.h .and . . . ' . . . ... 
,. 

M~· A. B. ·Beg, Phya.Rev. 

·Letters~ 67 (1962.). ·: .,. . . : •:• 1 ··~:, :, , •• ·; ·: · 
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Figure Captions·. 
'· . ·-..; 

' 

Fig •. 1. · E!fectl~e-maaa scatter diagram. _0 a y eve_nts; • = w0 events •. Typical 

errors are s~own on tw~ of they eve~s •. (See text, Paragraph A.) 
•. , .. , ... , "1., 

1 . 2 . . ·Fig. 2.. Plot of E (X0 ) versus p (X.,). . 0 = y .events, t' = 11-0 events. (See text, 

.Paragraph B. ) · .... 
2 . ' . ' .. : .· .. ' ' . 

Fig. 3. .Histograms in M (X1
,) for three choices of cutoff on the error,". 

· 6 M2(XG). · ~ents with. M2(X0 )< + 9X.l03 · are called y's, the rest ar~ called 
.. ·····.l· ... . .. 

' ' j., . ' 
•. 1 

•. 

v/~0 = 7/29 = 0.24~ o.u. · 
(b) 6M2(X0

) < 4X 103• 

(c). 6~2(X0 )<6'>(103• 
(See text,· Paragraph. C. ) . 

Fig. 4. Histogram of :p (lab) for y events., 
'V . . ·.···!·;. 

·. '.( ~ .. 
Curve a: Lorentz-invariant phase space. .· - .. : '· ,.·'· ··~ . '· ' 

. i •··.· .. '. ~ . . ~ 

Curve b: ·Calculation ,by Huif. 
' ' 

· ;· (See text. Paragraph D. ) . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com 6 

m1ss1on, ~or 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. 




