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Donald H. Miller, Olcleon Alexander,•* Orin I. Dahl, 
· · · · · .. l..au.rence Jacobs, George .R. Kalbfleisch, and Gerald A. Smith 

. .• ; . ~:. t,. 

. ·' Department of Physics and Lawrence Radiation· Labora~olj' :~ :~. · .:.~-':';:~.-.~~:.:. ~· ·~· < . 
Univereity of Cali£o~~ia, Berkeley; California · . 

June 4, 1963 

' 1n a claeaic investigation o£ the three• and four-body final atatea pro• · 

·. duced in 1,15-BeV/c K• + p interactions, Alston et al.l) obtained evidence for:<· 
•' " ., ' ~ . . I I· -~ ~. 

the existence of three resonant states: Y~ (1385)- A + w; K* (885)-·K + ~ and · 
···:. 7' . .:-· .: • ,. : .: •.• :..,.··· ... ,., ' • ~~ ':'1 :'t~~' . . -;·,;' 

· Y0 (1405) - E + ~ where numbers in parenthesea are energies in MeV. Since' 

this work, other experiments have demonstrated the existence of many additional 

· unstable baryon state a as well as five (or more) strangeness .. S = 0 unstable 
. ' ·ll 

· . rpeson states. Thus £ar, a satisfactory classification of the incomplete ex~' 

perimental data Z) hae be~n posalb~e ~~~~.the framewo.rk of the unitary sym,metry ... 

model of Cell·Mann3·) and Ne1 eman4>. · Consequently, the unambigU.Oua obaer• 
' '.' ' .. 

vation of a new Kw resonant state would be of particu.lar interest, since it would 

imply the existence of either a complete new unitary multiplet whose other· 

membero remain to be discovered, or a phenomenon whose explanation must be . . 
. . 6) ' 

sought outside the conventional unitary aymmetry scheme 5• • 

To search for possible S = + 1 unstable meson states, we have studied the 
' 

e££ective-maaa distributions for K" aystems produced in 1r • + p interactions 

over a wide momentum intervalo At the 1.961 CERN conterence, we reported, 

preliminary evidence for the existence of'& new Kw resonant atat'e 7>. A 

systematic analysis of the entire experim~nt has now been completede In the 

pre Gent Letter the beh_a.vior. of the isotopic spin I • 1/Z and I • 3/Z K11 systems 

is di•cussed in detail. We belfe\le! that the data clearly indicate the existence 

o£ a weakly coupled \lXl.&table state o£ the Kw system with mas a - 7Z6 :1: 3 MeV ',. 
. . ' ' ~ 

and full·width I' cSi 10 MeV,., .. No· determination of the spin or parity waa posaible, . . 

although the data indirectly aupP9rt the isotopic a pill aaaignment 1 = 1/Z. . ' . .., ., 

. .. • I l' · ~ ~ •• :: ·1 ' . \ '\ I l I : f· 1 f • . ; ":" ; '!. ~ I , .. 
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The data we:re obtained during $-n extensive exposure of the Lawrence . · 

Radiation Laboratory• a 7Z .. lnch h'fdJ."ogen bubble chamber to a secondary 11'-. 

beam at seven momentum .settings ranging from ~·51 to z. 36 BeV /c. : A total 

·of 250,000 pictures with 10 to ZO pions each were taken and scanned for viSible 

. ~; .. . . ~. 1 

'' . ~ '. . 
·, . 

. production of strange particles. Of the 1 i,OOO atrange:-p~rticle event& observed,:· 

~~- ··• 4ZOO were &ucceaelully fitted kinematically to one. of the hypotheses 

~+ + , • 
. , .. 

-. ,.. .. .+ p - + Ko (la) .. .. , . ... 
. I:- +;If + +·Ko ' . ~ . 

.(~b) - .. 
: ,;; .. '. 

I:- + ,o + K+. ·\ .. 
(lc) -

I:o - K+ (ld), 
. ~ .. : - +'It + 

-·a + ,o + Ko (le) · 

;.,.. A . +'II' -+ K+ (1 f) ·' !I 
t: . i\ 

by means of the IBM program PACKACE. In general, events could be, . 

• properly· identified on the basis of the adeq~cy of fit (as measured by x Z) to 
'· 

both the production and decay vertices. In ambiguous cases, a decision was 
' . 8 

frequently possible after track ionization was checked on the film ) • The 

distribution of events used in our analysis is summarized in table 1. For 

statistical considerations, the data are grouped into three momentum i~tervals: 
. . . . 
1. 51 and 1.69 BeV/c. the two momenta below the K (885) threshold; 1.90 and 

2..05 BeV/cyand Z.l7, Z.2.5, and 2.36~BeV/c. 
,/ 

·The major correlations in reactiona (la) through (1£) have already been 

discussed in some detau7>. Whenever possible, the final states are dominated - . . . 
by the sequences w + p- Y + K or Y +; K - Y + w + K. At lower momenta, 

+-o -+o £ t* the I; 'II' K and ~ w K events arise predominantly rom decay o Y0(1405) 

* - + - ~ and Y0(15Z.O). The lt..v°K0 and A'll' K final statea are dominated by Y 1 (1385), 

since it decays weakly via the 1:'1'1' mode. ; At highel" momenta, a significant 
. . . . 

contribution is observed in all"Y'II' channe;ls from the r~cently established 

* 7 9) * . Y 1 (1660) • • The I• 1/l. ·~ (885) .. appeal"& strongly in_ all final states except 
•• f, .·· .. / . ·' 

. ' 

I ·J < \. 
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The distributions in effective•masa.o'squared,MZ(K'iT), for the pure 

I= 3/2. K0 w • eystem [reaction (la)] are given in fig. 1. Since the ~+ 11' ·Ko final 
. . . . '$ . z .;. . . .. 
· state reaults almost entirely from Y decay, the M (K01r ) distribution is 

. . 41 . . . · ... •, . . . . . 
deter.mined by th0 net alignments of the Y • s along their production directions 

- . 3/Z * . · in the.1r .+ p c. m. system. For example, if the D Y0(15ZO) were produced 

from an it?-itial S l/Z w- + p state, ·~b~ cle~ay distributio~ wi~h respect to the 
} ' : . • • 'I •' ' - •' , •· ; z ' .I • • 

production direction would be } + 3 cos. 8. Since the data were taken over a 
.:1. ,• 

.. . range of momen~a. this decay distribution would be reflected as a bwnp at low 
• · I· , ' ~ I ' \ • ~ . . 1 ' 

Kw effective mass, with a l smeared enhancement at high effective m~ss. In 
' ,. • . '. • . ' '. 1. • :.. '. $ 

'· other final states, the higher-mass eDhancement could be masked by K (885). 

so that the low•mass bwnp simulates the decay oi a~ unstable state. It ia 
' , ! _l ', , • 1 · ' ~ • • 1 ,· , ' l o ' o I 

important then, that the· K0 v· distribution shows no evidence of"structure and 

. :' , ap~e~rfi, a~e~u~tely ~epr~·se~ed b; th~ .smooth c~~ve sho~n lO) •·. ' . ·li 
'{ ; '' '' z ' ' 'I ':' \' I, ' I •' ,' ) ' ' ' . 

The combined M (K11') distributions for all K 0 w + and K+ 1r0 'systems pro-
. 1 

• ' ' ~ , I 

duced in aseociation with l-: ... 1 s [ reactione (lb) and (lc)] are plotted in f'igc 2a • 
. • . . . • ....... '. · ... ' , ; ; . 

A striking feature of the data is the strong K (885) prQduction (particularly at 
., . , . ·.· . . '·. ··. ' : ~. ' ·.; • : $+ .. ' . . 
higher momenta), although the reaction 11' + p ... E + K (895) eannot oeeur in .. 

. . . ' ·.. . . . . ·,· . . . $ ·, { ': ' .. 

peripheral collisions involving either K or K (885) exchange. In addition,· the 
:. • lfil . . . z . 

dhtr1but.ione exhibit a prominent peak ln the interval O.~l'to 0.55 BeV (714 to 

742 MeV). In o~der to e-xamine the structure of this peak in more detail, an 

alternative representation of the data ls ·provided in fig. 2b and c, where the 

!<0,/ a~d K+.,o events for p · ;;J~~1.90. BeV/c have been plotted separately. It . 11' 

is apparent that the peak persists in .each distribution over essentially the same 

mass interval. To illustrate the approximate size of the effect, we have 
' ' 

attempted to draw plausible and mutually consistent curves through the data. 

No significant enhancement was observed in the 1.51- or 1.69-BeV/~ data (not 
1 '\ • 

shown separately), although at these momenta the. situation is Unfavorable 

because phatae space peaks at low Kw mass. .. ·. ' . . . ~· :. ' 

.. , .... ' . :. ' ,, 

• .. ' 

I 
I 

'i 
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The observed peaks cannot result from decay of aligned Y 'e, since the 
. - + . . : + .. . . 

Y*' s leading to :2:: 11': a.lso lead to !: 'IT , where we find no effect. In addthon, 

the major cont.:ribution to' each peak appea:r:s in the 1. 90- and' 2~05-B~V I c data. 
' . . . . ' . ' . ·I) . 

These momenta ·are below threshold for p1roduction of Y l (1660), the only 
. . . . . . :. +. .· . 
reaonant sta.t'e that could contribute· significantly to both I:-w ·and I;-w0 final 

~ ' . 

· states. For similar reaso~s the pe~s c'annot b~attributed to interference 
·' · .. : * .. ~.··*"· ~ ·.· ... ···. ·.·,,.. .·. ·, : ...... 
between K (885) and Y background. Considering the peak in fig. Za aG a . 

etatistical !luct~tion ~the 1.90~' ~~d·j.os~BeV/c·d~ta~: we est:i~ate:a p~~babUity 

less iban' 1/500 forth~ occurrence of' a peak a:s'la~g~ as obee·~~~d. ·_' Consequ~~tly, 

although a statistical origin for the peak camwt be conclueiveiy diac'ounted epn ~he 

basis of th~ present 'experiment. we conclude that the data almost certainly 
. ., I 

~epreaent the de.cay Of a D.GW ~tilt~bl~· aiate (here~fter. ~alled the. 1C me00n) with, · 
• ! • ' 

strangeness s=·+t·'a:nd mean mass :... 726=:3 Mev 11• 12> •. 
:.. . . ' . . . ' . ' z 

Resolution functions have been ca~culated by using events with· M (Ku)· of 

0.50 to 0.56 aev2 •. The full width at half-maximum is 0.04. BeV2 for K+11'o and 

0.02. BesV2 for K01·/. From thie w'e eaUm.ate that the full width of the « is. 

< ZO MeV. U the· ~dth is eev~rat' MeV or more, interieren~e between ~< ' -
and y* decay may be expected.: Some evi'dence. for the exioten~e of such,.an · 

effect is provided by both the marked tendency '!or the .. ~·: decaya to populate . 

. the Y~ bande in'the· I;"',/K0 final state·, and the apparent difference in widths 

+ 0 + . 13) i 
for the K Tr and K 0 '1i decay modes .• 

·A straightioll:'ward interpretation of the data favors' the asaignme~ I~ 1/Z 

tor the K· · Moat important, perhaps, ·is ·the absence of a~ eiilian~ement in the 

I= 3/2. K 0T;• system '(fig. 1). U the ~~~pin of the· ". were 3/2,· both th~ I= 1/Z and. 
. .. . ' . . . .. I ·. 

I::: 3/2 components of the initial 'II'- + p syatem. could contribute to its production. 
. . . 2 . . . . . . . : . : : 

In thia case, the observed M (K0 w"') distribution would imply essentially com-
'·. 

plete destructive in~~rference between the two producti~n a~plitudes, a 

possibility that appears unlikely over the wide momentum interval studied. .. . 
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A.lterlf'.atively, i! the decay ~ - 1<. + 'iT s.:-epresents an allowed t:ranaition, the 

x ... liJpin o£ the I( may be deduced directly .from the branching; ratio 
~ ..... + + +· ... ..!. 
tt .= (I(· - K0 1r )/ (I( - K 1'1'

0 + ~~:,. - K.0 r. · ). Hcwever, the presence of inter-

• . . 

ference between " and Y decay and an incomplete understanding of the 

backgtouncl preclude a 'figoroulill determination on thiGI baaie. Nevertheless, 

in d:rawing the curves in fig. 2b and c, we have imposed the somewhat arbi~rary 

additional requirement that the' relati~e areaa in the I= 1/2 K* (885) peake give 

the correct bra~ching ratio, (Kt:C - K0 ,/)/ (I<* - K 0,/ + K* .- K+ r.0 ) = 2/3. A 
~ . . 2 

reasonable extrapolation .of the background curve a through the 0.40- to 0. 70-B~V 

· interval euggeafr:e a bran.ching ratio R ':zt 37/55, consistent with the I:: i/2 

as111ignment. It must be emphasized however, that this branching ratio estimate 

cannot il1. itself p:rovide strong evidence against the I= 3/2 assignment, because 

of sta:UsUcal limitations and 'obvious background uncertainties. 

We have looked for any decay correlations that might be preset'lt if the 
. ' 

spin of the r< · were ~ 1. In the K 0 'iT + final state, the correlatione merely 

* 1•eflec:t the accun'lulation of the K decays in ~he Y 0 ban?s. For the more 

!avo:rable K+wo f'inal state, the 59 events with. 0.50 .:s:; M 2(Krr) ~ 0.54 BeV2 ehow 

a poba• .. to~equatoria.l ratio of 22/37 !or decay with respect to the production. 
' 15) .. ' 

direction ; no significant anisotropy occure~ for events immediately above 

·or below this mal!Js interval. Becau.ae_o£ the small effects observed, no , 

conclusion regarding the spin is poasible. 

It is of interest to determb.'le· whether the neutral component of the K 

2 . 
b produced in the present experiment. The M (Kw) diatributions for all 

K+ 'IT- and K 0 w0 ayetenu1 a.re given in fig. 3. VJ'e !utd no indication for any 

er.ilio:-.J.ncem<;~nt at 726 MeV. However, a su1•plus of - 18 evente occurs at 
""· 

747 :l: 5 Mev16>. again arising predominantly in the 1.90- and 2.05-BeV/c data. 

Since the net detection efficiency in reactions (!d) and (le) would be 14/27 for 

an lt= 1/2. K (or 10/27.for I= 3/2), this is approximately the size of the effect 

one would expec~ if th<e~ c:ro~u~ t.1ecU~na for . I( 0 + A and !( + + z;· were similar. 
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Unfortunately, the effect is of marginal statistical &]ignH'icance, so that we 

· .cannot co:..i.clude whethe~: the Ko iii simply produced very weakly in reactions 

' 
(ld, e, and £); or altt:?rnatively, ia produced at about the same lrate, but has 

·a mass Zl ± 6 MeV higher tha>..n the x +. 

In conclusion, the existence of an unstable meson with atrangenesh:J 
' . 

· s~+l, mass 726±3 MeV, <ll1d full width r :$ 20 MeV appears :reasonably 

established from a study. of the K~ ·'effective ... n'lase distributions observed in 

w .. + p interactions.: The simples~ interpretation of these data suggests the 

isotopic~spin assig:runent I= 1/2. 
; . 

No unambiguous evidence for a determination 

of the EJpin and parity waa obtained. Since we were not, able to identify thie 

unstable K"'l' system ~lith any clearly predicted particle, it haa been called the 

~e meson. • Production cross aectiorHl axe aummal"ized in table Z. 
,, 

We are indebted to Mr. ~/lax Leavitt for hie extensive progra1:nming 

aupport in the ?eduction o! the data. · h1 addition. we thauk Professors Sheldon 

Glashow, Gyo Takeda, and J. John Sakurai fo1· interesting conver3iltiono 

regarding possible interpretations ·of the "'" 
I 

It ia a pleasure to acl<.nowledge tho support and encouragement of 

Profe~S,;o:r Lu.ia Alvarez throughout the course of this experiment.· Finally, 

· withot{' the skill and patience oi ~h.e opera\tore of the Bevatron and 7 Z-iu~ bubble 

charrnber, as well ae the efforts_ of ouJ:: f.lcanning and measuring ataffs, this 

experiment would not have been possible.· 

.. 
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· . Energy Physics at CERN (C:ER.N~. Oeue~a. ·196Z) p. · 3.ss. 'These authors 

· ''observe a '·atandard·deviation erihaneement at '7 30 MeV. · The effect . · . · 
. . . ' , . . . 

·; · :•· 'would.correlpond to a eros• aectl()n'o£ abO~t: 100 to lZO ~b £or: K+ + p .. K + + p. 

':' iJ) In tha Unlikely ca.ee that both these efiect$ represent statistical fluctuat.ione, .. 
· ;l'i·: the:tuil width could be · .$·;1 !MeV;'· ao that :a lal'ge £raction·o£ the deca.y 

·. · :; '··' 1· proceeda,througb electromajnetlc interactlone• ··To check this possibility • 
• • ,;o • ' • 

\' 
., • ·! . 

...... tt, 

·-' 

, · ··. . assoCiated with the decay~ • K + -v." Six pair a pointing. back to production 

f. ' vertlce~ were· .£ound. 1 but aU ,e~enta were consistent with .·either ~- 'ITcK+ or 

·:t• 1r +Ko~· ·1n addition,. no klnka were observed in the positive tracks 

'(Ki: or ·w~).· indicating. that._thelltetb~·ul ·l~ 1eaa than 10"': 12: sec.: 

' 'f t.·· ,·\ • \ • ! ' 

.. 
:· ;, ' t,: ... 

I, )' ,,i• 
. , 

; ~ ·~ 
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The approximate equality of the contribution&~~ arising from Y~ (1405 and 

+ • - + . 1520l decay to the 1: ,.. and E ,.. effective-mass diet~ibutions ind1catea 

that, at least in e.ome cases, the total decay rates are. not seriously 

affecte.d by interference ef.fec.ts,; alt}?.ough the shapes of.the resonances 

. a~e. markedly altered •. 
' •' 

·.· 15) In the 1.90· to 2..09-BeV/c data. wbere the I( ie moat copiously produced, 
' .• 1 , • , : • • I '•, •'> 1 ' 

the same ratio is 5/2.1. 
' . ~. 

,; ·' ' i. ~ . ' : ·' : • •• ; 
'. ~ . 
i ' : • \I' 

16) ·The possibility of systematic m"'e&) ahiite. between th<a Evi< and. ··A'ITK 
. '·' . ' . . . .· . ' ' . 

. ~ . 
final. s~a~es. has been .checked independently se.veral:timetJi no. effectS). 

larger .. ~ha~,Z.to .. ~ ¥eY Vlere obse~ed.J; ··' ... · 1 ,, ·.: • \>··, . :; 1· ·' .... ; . 
. ' '· . ' ' .i ' 
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i 
·' 

~ · 1 : '·. : .~. '. I ' . • !. : 

~ . . 
. , . 
l,i; 

t•; ' 

. ' 
' 

. ' . '\ . 
1. ,··._I ;,· . l'· .-· ... ,, . 

' . ' ~. 

,· ~ 
0
' :1.\ ;. : '/ • :' ·~· ¥, 'C \'1 \ 

1;,,.·\·'' ,•, ·: ······' ; •. 

. I :· 'i 'I ~ I 
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Table 1. 

Smnmary of events used in· analysis. 

Pion momentum (BeV/e)' 

1.90, 2.05 2.17, 2.25, and 2.36 

~ ' . 35 . 

95. 

51 

23 ' 

58 

158 

.. 

. . . ~ 

~ 

. ' ·~· . ,·. 

... 

... 

. .. 

104 

322 

176. 

145 

137 

. 309. 

.. 

289' 

850 

2.44. 

. '263 .. 

.Z09 

542. 

4 . ,. ' . i 

l! 
" 

"'· 
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Table 2. 

- - + • *+ Estimated cross sections for w + ;e- E + IC a.nd I: + K (8,8~). 
• 

Pion momentum 
(BeY/ c) 

1~51,· 1.69 

. 1. 90, z.os 
- 2,17,~·· 2.2S,·and 2.36_ -

\ i,. 

I • 

. '. 
' 

I(+ K*+ (88 5) 
.' Observed Cross '"Otieervod Grose 

-' 

event a section (t:b} events Dection (e-b) 

.. 0 

2.9 

2.6 3::l:1 

' 
I 

.i 

',':, 

' . 

' .... 
I. ' 
.,. _1. 

',I i· 

·.·: 

*'·, ' 

: .• f 

• I 
I 

. I . 

Below thi"eshold 

lOS 

2.74 

··.:_: 

·. •'' 

20 :i: 2 

30:t:Z 

i .. 



. ' 

UCRL-10797 Rev. 

FIGURE LEGENDS 

Fig~ 1~ M2(K0 w .. ) clistrll>utions for .p'll' ~ 1.90 BeV/c. Since the ordinate 
: . ' . ' 2 
represents the number of events per 0.04 BeV (the resolution· 

. width), only every other point is independent. The shaded area 

indicates P.,r = 1.90 or 2.05 BeV/c. 

Fig. 2. · (a) Histogram of MZ(Kw) for all Q=+l Kw syoteme. The ahaded 
'' '' ' + . ' ' z 

area represents K 1r0. events separately. (b, c) M (Kw) diEJtribulione 

·' £or K+~o and K 0w+ systems with. pw ~ 1.90 BeY/c. The data have 
' ~ . 

been averaged over 0.04 BeV (the resolution width) ao that only 

every other point is independent. The curves through the data have 

been drawn to give approximately the correct branching ratio for 
~ 

the I= 1./2 K (885 MeV). The shaded areas in (b, c) correspond to 

p = 1.90 or Z.05 BeV/c. 
11' ' z ' 

Fig. 3. M (Kw) distributions for Q= 0 K1r systems with pw ~ 1.90 BeV/c. . , 

The shaded area iS for events with p = 1.90 or 2.05 BcV/c. 
Ti' . . 
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