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-------------.-.~ .. ~ 
We prese~ hore evidence 4lhowlng the existence of a nonstrange, meson ~f 

.,; 

mass 959 MeV. ~ 

" ':.' \ " Xn tho current experiment. the 7~-in. hydrogen bubble chamber was expqsed 
,,' " J , 

",:, to a separated beam of ~.45-~ '~.63-, ,and '~. 70-Bov/c K- mesons from the Bevatron. 
, ,\ ~ 

'" " Approximately 370 000 pictures wore taken to date; approxima.tely 300 000 have 
f. ~ .!. i . '... . .'" 
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(4) 

(5) 

(6) 

(7) 

" " ,and \ 
, ! (8) 

. , ')~ These reactions are found'in the topologies of a y, and 0,2,4, and 6 prongs. At 
# .. , '~f • 

, :, (,:' :, this' time we ha.ve measured the V -four-prong and V -six-prong events in ,250000 ;' 
•. ' I ~ • . ". 

I , ," ' 

pictures, the V-two-prongs'in 135 000 'pictures, , and the V-zero-pr~ngs ~n 100 000, 
fl' .) 

/ ;, pictures. ': ~ " . '/ ,<. ,;:: 'r.';: ' ); "::::':,:" ;l \,: .' .... : ", " ~:) ',,' ': . ' 
• J _.. !. I" ' "',, ',: • ! . 
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Figure ia shows clearly the existence of the 959 ... MeV meson as an enhance-

++0-- , . . ment in the 'Ir 11' 11' Tt 11' spectrum from reaction (6). The mass 1S 959 ::I: 2 MeV 

and the full width is r~· 12. MeV. 1 We observe 35 events' in the interval 

2. Z. 0.86 ~ M (511) ~ 0.98 BeV. The background is estimated to be less than 10%of:'the 

leas .. p(?Jak. These e"ents a.re produced '~a.inly with a momentum tran.sfer tlp,A 
Z Z· . . . ~ 

th<.:i.n 0.5 BeV .• We have used the momentum transfer only as a means to 
i " 

;:';cpClrate oth~r dec.ay modes of this meson from ·the large background in reactions 
.,:, . . +... . : .• ' . 

(1 through 5). The distribution of the four" 'II' 011' combinations for each of the 
I 

!. ." ; 

:S e\rents in the peak (Fig. ib) clearly shows the presence of the 548-MeV" meson. 

:: .ch of the 35 events has at least one ~+'ii'0'll'''' triplet at the" mass. 3 We conclude 

ti:~~:: 'i:he 959-Mey mesondecays into W+'T-1'l. 

We now tu~n our attention to otner possible decay modes of this meson. 

b + - • / The neutra.l MM and t e '11 11' MM dlStributions (a.t 2.45 BeV c only) from reactions 

~1.) and (4) (Fig. Z, a and b) show enhancements at 959 MeV. In addition, the 
, . Z + 

:::election of MMJIII 11 in the low ... .ta; A°lrtlr'" WlM events gives a practically clean 

sample for the T(+""''t'} where the 't'l decays into all neutl'als (Fig. Zb). This last 

selec~ion gi~es a aampleo£ Z6events with 0.86~ MZ(1I'+1r-MM) "" 0.98 BeV Z 

'z . ,. . . Z .' . . ' .. 
and 0.2.7 ~MM ~ 6.33 BeV for elll the i35000 pictures in which these events 

., 4' '.:" '." + - + 0 ... " '+ .... 
were measured~ '. No appreciable decay into W' 'It' , 'If 11' 'It' , and 21T Z''It' 18 observed 

. + 0 - '+ ";" .. ' 5 
(Fig. Z. c and d). In addition. no decay i:lto 2.'IT 2.'Il' Z" or 311' 3'11' 1S observed. 

, . 
We note that the decay rate into a~l neutrals (:5: 20 A 0 + IvlM events abo'V'e back-

i , . 

ground in Fig. 2.a) ia comparable to' the decay rate into 11+'11''''' (four of the 
. . 

35 A 0 5'11' events occur in the Z..4S ... BeV / c pa.rt of the sample in addition to the 14 

0+-A 'tI' 11' MM events in Fig. 2.b). 

+ .. d . We now look at the properties of the T( 'II' 'Fl ecay mode 1n an attempt to 

determine the quantum numbers of this meson. When we construct the Dalitz plot 
. -. 

of MZ( '11'+ 't'}) ~ersus. M2
(1f.,,) and their projections (Fig. 3a) for the 61 A 0,/ 'It' -" events 

,J 
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, .. ,~. . . , 
• I 

. : ::,;.:;(: ..... >,:~::. (35 A05'Jf and 26 A~·'Jf+V"'MM). 6 we ob~erve no particular structure in the 'i1'=" 
· . '~. >;~ ~ . .>'.' I '.: .' '. . ..' • • 

, ~: /~~:i··:··~.<: ·distributions •. ~o distdbutiono£ points in the Dalitz plot is co~sistent with \ :. ~:<, 

::·.::;::·<:/<·>,':;}.':';uni£ormity. 'The - ~O .. MeV spread in tho' observed full ~idth of the m~son maas:';'··.:': 
· ·;<::,"j.,~,.r;::.li .. '.:::.; ':'.' .... . .'. ..... .' ' .' . . . .', . ": >, 

· .:: ·::·~:,.;::~:~ .. ;{.i";>; smears out thepoint~ appreciably (envelopes labeled 950 and 970 MeV in Fig. 3a).·:·;· 
.~~.J!',:-".;"~~'.~".;~.:: .. :.;.. : ... ' '. '. . Z .f' '. .'. " . j ,:'.::~ 
'.:>.: <)\<:,,~, However. the distribution in M (tr 'If outside.the 'I'l) (Fig. 3b)'ia not appreciably 

... ;". ,'.'.' . ' . 
. \' '1'0 . ",+ _ . .' . ,'.', ,-

· ''i,.::':.'.:.;.: .. : .... affected by the resolution. Th~ 'If.'If distribution appears to be enhanced around 
· : ~.:~,:~:~.~ '~~:<'~':i '. ' 

.j).:'._ /:'::':. 360 MeV. We now consider the tf'l1''I'l system as a dipion and TI. with no final-state 
- . t',' • ~'. " . . '" 

· .. \>~.;: .. :.;.~.!:<. interacti~n .between the 1\' and the pions outside ·it. and denote the angular momentum 
".' . ' (, t~ '.~' . ( (. . '. '. '. . . 

::::S~;·:·.~~:::·;·.'Of~h~-,-~pi01.l as. J and_~a~J~e~~~n the Aipi.on an4,_~~_~~~ _~.~~-!. __ All J~ sta.tes __ ~~2':~~~~, 
'1 
'j . . , 
I 
. L ., . '. 
'1' ., 

:,1 
" .. } ~ 

.. j . 
, 1 

1 
• : 1 

'j. 

,-; '1 
.. :j 

:". <1 

. + . 
·except 0 are allowed. For J =' O. ·.or 1. the pos sible spins and parities are . ~ ....... 

.O"{.£':::L·=O);.1+('£'=?O, L=1, or .£.;:1, L=O)i a~d 1-(.£ =L=1) • 
'. - + . 

For 0 and 1 , 

there· can be no"correlation between the direction of the " and that of one of the.' . 

pions 'as viewed in,the dipionr~8t frame}: For 1-, a sinZ B correlation" is, :-:./:; . '. . . . .' . . '1fT] , . , 

required. 8 .. :The' dist'ribution in c~s e TrT'\ asobservedin the dipion r.est frame is .-e:.l 

.,- .:\. .' esse~tially isotl'opic,~ disagreeing,with the,sinZ B'lfTl' predict~on of a 1 ~ state. ~< .... : 

. . 

" ] 
:T 

:j. 
1· 

'" ( Fig;· 3c)~The ambiguity of the ·choice of the T'\ in' the A5'1f events doe's not . ':. 

. alter this~oncl~si6n. 9, . Thus,- we 'conclud~ that the 959 -MeV meson is p~obably. 
.... \ 

. i . 
.::,.1 .' not a vector particle. ...""---~--'-------"----. -. _._------

..-,- . 

' j. .' '. 

'.':." ::~-'~.:.;.~~:;~-~'''-.. ':Th~"-i~~s;in-~ithe meson is either T :I 0 or T = 1 because of .its production' 

'.', .. : :./~ .. :<. from 'an initial 'K-p system in association with a AO. Absence of appreciable decay 

.>,: .... : .. :.: ..... ': .. :: into 1T+'i1' ... "+'lTo~-~~~~ .. , Z'lfi;z,'\f°Z'D'':'' and 3,,+3'll'':' 'implies the ~bsence of appre~iable 
~: .': .... '. .<:. .' '. '. . of' . >. . . '. .' .' 
: .': .. >:":>".:>:- decay into· utr° •. 1£ the decay into 'If 11';' occurs strongly,' then the'neutral mode .. ' .; 

. 0-';"; ••• .'", :,.' .' :~.: ;' • 

.... . . ;, ~:::t.·:-ir°1\'°'ll determ!nesthe isospin to be T :I O. However. a "zeroil width for thio' ,. . 
.... '.'. :.'-::, ::.,:,..... 10 . . , 

, .... ,,:- fXleson is not excluded (r;S 1Z MeV). The predicted branching ratios for a . . .. 
:'1. , 

· .... :': ... , .. ~,':,.:' strongly decaying T :I 0 1l'Tlfl system are in £ai~ agreement with theobaerved 

... ".~''.: ~.:::~ ·.r~tios. i1· In additio~ •. · observation' o£ Six.·e +e - 'conversion pairo and four C~mpton 
:.: .,:; \J:, .... i electron's in association with the' - 50· A 0 . + MMevents in th~ 959-MeV regi~n. 
::; :.::": ,"<.t. .. ' , , :;..,; .. , ' .. :.,,.: .:,::.: .~, ".,) :.~: : .. ' '.' :'.: :; '''~. ,:'::':.:.:.",. . ". . . , . . ' ..... :':'~~. ',. . . 

.' 

----.~.......,--
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points to a high multiplicity of gammas in the all-neutral decay, consistent with . 

. ' 11'011'0 '1'\. 1. ~ 

" 
In summary, we have observed a meson of mass 959:1: ~ MeV. 13 full width ~ 

+ -rs 12 MeV, and isosp1n T II 0 o~ 1, which decays into" 'Ii' 11. No appre'ciable 

decay into ~o~ tJ:tr~e, four. or six pions is observed. The angular corr.elation 
+ '. z . 

of the ('rr- and. the." in the dipion rest system is not ain e • mak4\g:,unllkely th~ 
.' '. I ' 1Ml .". P . . 

J . CI 1- assignment. If we assume a strong decay (nonzero-width). the meson has 
• •• 0" • 

isospin'I~::s ~ and G parity a + 1, Vl4.th:rP probably O· or ~+. 14 However. electfo-
'" : .. 

magnetic decay: c~~ot be ruled out. The path length at 2.45 BeV I c is appr.?x

im~tely 0.6. J.l.b per event. The - 44 A1T1T" events at 2.45 BeV Ie yield a 

cross section of about 25 ~b. The average polarization of the A. 0 produced in . ,. . . 

a~s~cie.tion with this meson is Q. A. "P r:t. 0:: .2 • 

. ' We wish to ~cknowledge helpful discussions with Professors Murray Gell-. l 

Mann and Donald H. Miller and Dr. Nicola Cabibbo. We are indebted to the 
, 

operators of the 72-bi~ ~ubble chamber and the. Bevatron for their skill and 

patience.. Furthermore .. we thank our scanning and measuring staffs for their 

untiring efforts, without which this experiment would 'not have been possible. 
• • 'I '. , 

.1 . '.', . "" - ~ ,., f~' t • ;: :,' . 
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FOOTNOTES AND REFERENCES 
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. ' , ' 

Work done under the auspices of the U. S. Atomic Energy Commission. 

1. 

2. 

3. 

The observed full width.is .... 20 MeV. and the resolution is - 16 MeV for 
v . 

,the fitted AO Tr + Tr + 1\'0 w" Tr - reaction • 

The square of'the momentum transfer from the proton to the lambda is 

2 Z 2 
. defined by .0. p,A :: .. (Ep .. EA ) + (~p .. ~A) 

Of the 3S events with 0.86 tE; M2 (51\') ~ 0.98 BeV2, twelve have one, eighteeil 

have two, three have three, and two have four 11+ wOw- triplets near the 

'1"1 mass. The 1"1 mass is defined by 0.282:0; M2(W + W01T~):;S; 0.322 BeV 2 • 
• < • 

This distribution is consistent with a random coincidence based on the 

phase space for the TrW1'l decay (see Fig. 1b) and the resolution. 

4. The resolution for the MM and the 1T -I- 'IT- MM is - 25 MeV. which is 

essentially due to the 3% momentum spread in the beam. The observed 
.;" 

, 

. full width in the,se MM channels of - 30 MeV gives a full width for the 

959 MeV meson of eli 20 MeV. 

5. Three A o-six-prong and 28 A 0 -four-prong events are consistent with 

A 0·6" or l:°5Tr in the total sample (- 300000 scanned pictures). All 

Z Z 
31 of these eventshave M (611' or "Sw)? 1.1 BeV •. 

6 •. In the A 0 5n events we chose as the '1 

2 
squa.;.-ed is closest to M = 0.300. 

'1 

+ 0 - • that " Ti W trlplet whose mass 

.This choice does not always pick 

the correct triplet because of the finite resolution. About half of the 

ambiguities should be chosen correctly statistically. giving 48 (of which 

3 
38 are unambiguous) correctly and 13 incorrectly chosen • 
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.. 'I i . 

. 7; The JP = 0-. 1+' t· ... states can"aiso' be formed from (1 = L = 1 .' or 1 = L ~·2). ~ , ! h~ 

.' , :.~ 
7.· "qll(l =2. L:;1'.orl.l =1,,-L=2),; and ·(.l="2,,·L=2):combinatio·ns •. respectively.' l' 
., . 2 

The 0-(1 "=L= 1) (state'would give a:cos '.0 + : distribution, in disagreement 
. . . ~ ~. 

I. 

~ith the data. The. angular correlations would be relatively complicated in 

the other cases. 
"-' .. _-- .-- ---:--- -'-'~'.- ~-r-.-· ---~ 

------- --.,- ------- -_. - _. --- --.-. 

8. The--~dd intrinsic parity of the. '11''" 11 system requires a 1+ matrix el~ment 

.. <;. : .. '. (proportional to, £1T X! 'l) for.a vector-meson. assignment.' N. Cabibbo 

: points out that t~ resulting sin
201T1l c:1istrib~tion is essential:!Y indep~'nden~! 

ot'any 'tt~,r. interaction that might be 'present (sucb as at 360 MeV. 

Fig. 3b) • 

. 9. The A ~ 51T that are unambiguous as. to' the choice of the eta are' 'shown crOS8- '. 

hatched in Fig. 3c. R.eplotting tho "ambiguous It A ° 511 so that all possible 

. combinations contribute equally to the Unit area. per event does not appre-' 

ciably alter the distribution presented in Fig. 3c. . 
>." .,.. ','. PO 

iO., 'The T.= O· component of the vector-meson octet haa T J = 0 i ~ - 0 1£ the 
.: < ;'" " " "--'" " 

; .. ':.;.',:. ,"1rTl ,state with a ::; + 1 is this 01 ,meson. it must decay electromagnetically. 
, , ' " " 

" '. ' ~, 

/'. r<:,'-;" The 1- vector assignment is unlik.ely. because of the cos O,"distri-. 
'.' " "!. -:. '. '. ,'., Tl 

".:':'.:.~\_'< bution ,(Fig.' 3c). An additional a.rgument can be made against' this assi~~ . 
'~ .:~. ~." . :,; '." " . " 

. :" '~ 
':'.' mente ,Chargo conjugation invariance in the electromagnetic decay re-

. : .","', 

,;~. ~ ,." .. ' quires 'a. T '= 1,"+'It-." system,8~that all neutral decay must be due to 
.' "',': .: t.. " 

, " . '.'-' the modes trOy. Z'lJ°V.· and 3"1_ However. the decay rate into Tr°V relative 
" <: 

.". :~<'<::. .. ,:·to·· 'IJ~;''-''. is 'expected to be very lar~e •. The 'It°V rate is proportional to a." 
.' ,,-:"'1';',"" "', • '\ 

.. -.. , "~<>~ :;;'.''-':,.' t~es a large 'tWO-body p~se-space factor,' whereas the Tr:t'lf~ 1') .decay is - . 
.. ,/ ;~. .:/ : ..... :; .. " .',' . Z ' . . , ' ': '. .: 

-' .".,', ;>!.::-.}':>':: proportiona.l to ,.0. . times a. smaller three~body phase-space !actor •.. This . 
'.: ",~" '.~: ' .: " ' •. :.... "', , " '. , • ~ .' ! " .• " • +:-, : 

. ":" .-.:'.- is in marked dill agreement with th~. observed all-neutral.to 'It 'If " rates. 

,', ·:.I's,· ',~ ,. ,:, l i';i;F;;f~,"i"';;;,,r'A,~f:',,;1.~i; ""i~\.~;;'ic;j~ji,;}~Lt~,/,xS~)~(;' •. ,,·.·", .," " , ",',', 
.' :':'. ", . ,;~:' " .•.. ~. '.' "\ ,'. " ;':. ~ 
.,' ~. : '.. -. ..... . po,. , '.. • ' '.. ~ ~ I,' 

" 

~ '. . 
'. ,' . 

. ,,',. :.: 

J 

o 
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:j J' • 

i1.· . We use a branching ra.tio o£ ... Z.S tor (11 decay into all neutrais)/(charg~d , 

. 
! '\ 

" 

. ~ ... 

. . 

, ' 

", . 
. ~ 
,'. 

" .. 

. " . .' . . ." , 
'. I.;,: '.,:; /';" . ,decay) and O~S for Ztr° In +,,- (T. I: 0). . B'or the .... 44 events at low A Z at ~; 

':.. ; Z.4S BeV Ie. this .predicts an apportionment o£ S, Zi, .4, and 11 events, 
.' .' . f 

... l ' •• .... + .. : +- 00 

'. 

" '. 
respectively,· as 'If 'If '1 hg .. , orr "R" t • orr 'If "h • and aU neutra.~. c. neu. c g. ., 

,'. . " ,,, We o1:)ser\"e 4. 14, '$,6, ;Szo,' respectively, in fair agreement with the. 

predicted .apponionment •. In additi~~. we note that we have. not observed. 
. -:1:00 :II + any 'IT ." 11 enhancement in. I: (n'lf) ~tates. This constitutes weak : I' 

evidence. against T = 1 •. ' . 
., , 

1Z. None of the. 10 detected. 'V events was consistent with A'V'V production •. The 

.. :' ,... . MM in K-p - A + 'V + MM for these events is peaked from 500' to 900 Me V. 

' . 
; . 

This ·suggests an average of approximately 4 to ? ga.mmasfor each of the 

5-o:j\ 0 +. MM events. The observed detection efficiency for the gammas 

is then 10/(4 to 5) X 50 l::$ 4%. a reasonable value for the 7Z-in. chamber. 
. r-..... ·.:.-.·~-

. :.j 
," I 

"I •. 

- • ~ < 

.'. I 

·····1· 

'. ' .. 

. 1 

, . I 

, ;. '.1 
'" j' 

." :" 1 
•. j 

, ,.'.\ . 1 
' .... : 'J 

.13. We note that evidence for an enhancement in the missing mass opposite the A 

14. 

'-in the- reaction K - + p - A + neutrals near this value has been observed by 

. the Broo:I<haven bubble chamber group. [See M .. Goldberg, M. Gundzik, 

J. Leitner, S. Lichtman, P. L. 'Connolly, E. L. Hart, K. W. Lai, 

G. London, G. C. Moneti; R. R. Rau; N. P. Samios, 1. O. Skillicorn, 

and S. S. Yamamoto, Study of 'K-p - A (Ko) + neutrals at 2.3 BeV/c, Bull. 

Am. Phys. Soc. 9, 23 (1964).] 

-+ + The existence of a singlet 00 . meson as well as 1 mesons has long been 

conjectured by M. Gell-Mann. 'J. Schwinger has also proposed a 0- 15 

meson at a mass of -1500 MeV [Phys. Rev., Letters £. 237( 1964)]. 

o 
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FIGURE LEGENDS 

Fig. 1. (a) Distribution of the effective mass squared of ,.,. + 'IT + "IT°W -w" in the 
. ' - .. + + () ... events 
reaction K p- h°." tt 11' 11' ~. The shaded area represents/in which the 

. . '. . 2. ' 
square of the momentum transfer from the proton to the lambda., A A' 

, P 

• 
~ . 

t. 
\, 

is less than 0.5 BeV2.. (b) Distribution of the effective mass squared of 

ell four ,.,+ 'We) 1'· combinations in tlie 35 A 0 
'Ii + 'll" +'ro 'IT - vO events in (a) where 

0.86 ~ MZ(5"~ 0.98 BeVZ• The data are at incident momenta of 2.45,2.63, 

.md 2. 70 BeV/c~' 

l:'ig. 2,. (a) Dlstribution of the square of the mass of all neutrals (MM) in the' 

reGlction K~p - AO ... neutrals (MM). All events consistent with a fit to 

w-+ P -Ao+ KO have been subtracted from the plot. (b) Distribution of 

the effective mass squared O£1I'++ -w. + neutrals (MM)inthe reaction 

." -.,. 

- 0 + - ' , K p--A 'Ir 11' -+ neutrals (11M). ,The crosshatched events have been selected 

to be consistent with Tlo(0.l8~ MM2~ 0.32 BeV
l

). (c) Distribution of the 

square of the effective mass of ,",+w°'ll"- in the reactionK-p-A°'IT+1I'G tT - • 

• £f • + .. + + - -(d) Distribution of the square of the e ectlvemasa of tT 'iT and TI' 'IT 'IT 'IT 

," .. ' "0+- 0++"· . 
in the reactions K p - A 'lr ," and A 'IT 'Ir 11' 11' • respectlVely. Shaded 

events are those with low momentum transfer from the proton to the lambda 

2. ,2. / .". 
,'.' (A pA ~ 0.5 BeV,)~ All data, are at 2,.45 BeV c incident K momentum.' 

.Fig. 3~(a)' Dalitz plot [Ml("'+Tlo) versus M Z('if·1lt}l a.nd projections for the 61 e~ents 
. . ·0 0 + - .2.' 
in the reao:tions K p-.N 5lr and A v W ',+ neutrals with O.86~ M (51T) or 

':M2(-w+ 'if ~ + MM=~O) .~ 0.98.,' (b), Distribution of the square of the effective 

mass o.fthe1l'+~~ o~side the ,,0, for'the 61.. events shown in (a). (c) DiS~l'ibution ' 
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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, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commi~sion" 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 . 






