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In. this paper we discuss the resonance structures present in the four 

+ 
.·· · particle final state in the ~ p interaction, i.e. , 

+ . + + 
~ +p-+ ~ +rt+~ +p (1)' •.. · 

We :wish to discuss here four possible channels which lead to these particles 

in the :final state. These channels are illustrated by the Feynman diagrams 

in Fig. 1. The first channel corresponds to a double resonance formation 

0 ** in which a p is :formed at the top vertex and an N (1238) is formed at the 

lower vertex (see Fig. la). The second channel corresponds to three pions 

' being formed at the top vertex. This is the case where the A mesons {~ and 

· · ~) are being produced which then decay into p 0 + ~ +. In the third channJl 
J . 

we want to present evidence for possible higher nucleon isobar formation. In 

this case a "three particle state" is being formed at the lower vertex which 
*++ 

then decays into an N and a ~-. We will show evidence for·such a state 

formed at E(p~+rt~) = 148o MeV and r = 120 MeV, which may be associated with 

* the inelastic decay of the N1; 2(1510). There is also a slight indication ~hat 

* . the N1; 2(1688) may be formed in a similar manner. The fourth channel corres-

ponds to the case where the 1(- is produced in the forward direction together 

* Work sponsored by the U. s. Atomic Energy Commission 
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-- ··.with a possible_ triply-charged nucleon isobar at :the io-Wer vertex. -- Here_ .we_ 
••. - . 1 

,, -.- ;, .- + + _- _-. - - - -- -_ -- ~-- --· 
' ob~erve. E(p1t 1t 1 ); = ~5Po- Mey M<l_r = _22q MeV. _Thi_s ~;~tat~ -subsequently- de~ays_·-• 

·- .. '*++ • . - + 
an N

3
;

2
(12_38) and a 1t meson. Here it must be_noted thB.t the above_ch~ 

do not appear as_ clear and distinct channels but ~ather that considerable 
• • J • ' 

occurs ,between them. _In order _to_ separate- the vario:us effects we have 

relied heavily;on w~~chew~Low plots for the various particle combinations~ 

:_the last_two ~hannels-the mass p~aking we obserVe shows up clearly_for low 

' - 2 
.f'our momentum transfer squared, D.. 

· The Mass Enhancement ·in the 1tp System, 

Here. we show the three pi~n mass distribution from-reaction (l} as well·· 
. *++ 

_as from th~ coz;responding 1t-p reaction at 3.7 BeV/c •. In both cases the N 

ba.rid has been r_emoved. 
+ 0 - • -

In Fig. 2 we present the 1t-p !;mass distribution. The 

.. ·.•. ·: 

_', ·. 

'--
1 

-~ resonance shows up clea:rly E(~) = 1~35 ± 10 MeV and r(~) = 90'- ± 10 MeV.•_ , -;. 

We must point out, however, that while there is a definite enhancement above · 
,.t ';, j·.,. 

"'. -~: .. ·· 

· phas~ --space in the -\ region which is- distinct f'roin the ~ resonance we do not 

· .observe a clearly resolved peak there. As we have pointed out earlier the ~ 
- - 2-

enhancement may be due to the Peierls mechanism and would thus net correspond 

·,. ' to a- unique angular momentum state. _, .... ·.,, ·,_ 

,, 
Y.' 

'*++ 
The Mass Enhancement in the N- -1t _System 

As each event gives two p1t+1t~ mass triplets we have separated these by 

+ ordering them according to the production angle Of the 1t in the overall o.m • 

• _ >-system • 

I + + 
value. ·_-The pion produced with the smaller angle we call 1ta' the other '1>• 'l!he_ 

- - - + - --
-;distribution of' the 1(- production angle shows a vecy pronounced peaking at -- •" a 

'' •" ... . i ~ . 

·' ' ... 
.... \ ..... 
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. 2 
small. angles indicative of, smaJ.l four momen~um transfer squared, D. , to 

+-+-
the p~ 1t syst~. The mass squared distribution of the p~lt system and 

the corresponding Chew-Low plot show a clustering of events primarily 

*++ 
associated with the N formation. 

~
This occurs for the N 1t system, 

c.; .•.. 
2 ( 2( + -) (see Fig. 3), at low D. values D. p~1t ~ and at a mass of 

\··,' 

\ 

. E(N*++ 1t-) = 148o ± 10 MeV and r = 120 MeV. This peak may be associated 
. :.:· . ': . *+ . 

· · . . with the three-particle decay of the N1; 2(1510) resonance. When we now 

•,' · examine the three particles participating in this peak defined here by . , 

.. '. <. ·-1.4 ~ M(N*++ 1t-) ~ 1.6 BeV, they appear to .interact in pairs with each 
'/ 

... '- ·, ,, j.-.. 

1•',' 

'\·· 

. + ~ 
. other. As selected, the proton and 1t give N

3
/ 2(1238) formation exclt.t--. 

sively, the proton and the 1t ,mass combination lie principally in the 
, . *O . ._ 
. N

3
; 2(1238) band, (see Fig. 4e). In this kinematically highly constrained 

'+-
system, the 1t 1t mass distribution peaks strongly at ~390 MeV. We find 

E(1t+1t-) = 390 ± 10 MeV and a width of r ~ 110 MeV. This peak may be the 

same effect as the one observed by Samios et al.3 Here we must note that· 
-

( + - + - + -) the masses of the four composites involved p~lt , p~, .Plt , ~lt are no 

longer independent, For a,three-particle composite of mass ~23 .the follow

ing kinematical relation results from energy conservation: 

/ 

. ·'· 

.. 
~3 = 

2 
Mi23 - + + . (2) . 

• 

. ; 

where Mjk and mi are the masses of the two-particle composites and of the 

'individual particles respectively. These relations de~er.mine the physically 

-allowed kinematical boundary, i.e., the Dalitz plot. Thus by using the 

Breit Wigner distribution in ~23 , the observed peak at i48o MeV and in _ 
~+ *0 . , 

M.L2 and M23 the N
3
; 2(1238) and N

3
; 2(1238) reoonances respectively as weight 

2 . +- . 
functions, we can compute the distribution i~ Mi

3
, _the ~1t peak. ·The curve 

in Fig. 4f gives the result of such a calculation. The agreement of the 

. ' 
i 

. . . ' . ~ 

·, ·' . , 
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state appears 
l ~( ~ . 

".'. 

observe ·1(~ (390) 
\. ". .If,: .- ·•. ,.,. ' < ~ ' ''• ' '.• ·.: • • • ·.··.' ,. ~· •• 

' ~· :•' • I '., • ' ' , • ... ~ '' •, ' • l '• ' ' ': • < I •, 

c::..· ~ 1 r ·+ ','!' ·.: -~· '• ·,·.·, .~~ ·;, ::·,_:·- ,, .~'.': .~.~ •• ... .,. 

now ·examine the .1t 1!- mass'distribution (see Fig;· 4), 
~s:::··.< . '· -.. ·. ·•. -~,_~. . . -,.~;-~.~~--- -·'·· . . ~- ~~... .· . .-:~-":<-..... 

:.':·'abo';t-,;;haJ.f': '-()~·-the 'negativ;e' piOJ:tS whic~ we 
~·',, I '"' 1 ~, ,. \ • l,_\ •' ~ ·~ '< '• ] • < ' ~ ,, J '.. • o' 

.'1480 ~MeV peai/~pp~ar to . . · __ ' •'{,.. . (•~ . . .. ; 
. 0 . .'• ... . . ' . 

,. . .'.:·p ., mesons so ·.produced cont_z:ibute ·about' 20% 
)1_t'-:•' " ;· 0 ·.· *. . •, ·', ,. . . ' 
.:·f.;.: sample:' p ,· .. +. N (1238). -/Furthermore~ if· we 
,:r•·'~~{~ __ :,.'·_·:' //:'· .. ·> .,:, .. 
Si~Jthe · 1t1t ~scattering 

~~i~;~~ :f~nd'·that aJ.l-.the .c,q·sa ·.:values' are -very 'strongly' 
~-!:~~::·~-~ .. ~~i.~.t~- :~~ ~--·- ". : :·.· .. ' ', -~·- . : ~) . --~ . > • ~- •• .:• 

~'thus· an:intfina.te comiectiO:rl between the. 148o mass peak and an 
~- ... _ 

'. ~ t ~ . . : 

-\,: 

cosa • -. In Fig~ , 5 we illustrate· this 
p '· .,• 

·. \ 

.. ~. '•\ 

on the 
~ .... ' 

conservation; 'ail r: ~ 
.. -· - ~...~· . 

·.: ; 

1c- meson in 
' ·._..1 '·;_~.~ :\.:'' -:~·:: \ ":;;:. i' 

enhanceme~t ~-in the 
',.;.\ 
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FurtheTimore, we note from Chew-Low plot that the enhancement at small 
·2 ++ ,· .++ 
6 (pn n ) values is associated with an enhancement in pn n mass distribution 

where this particle combination corresponds uniquely to the I= 5/2 state. 

If' vte consider this enhancement as an I :::: 5/2 isobar E(N;;2) :::: 156o ± 20 MeV 

2 
.·and. r

5
; 2 = 220 ± 20 MeV, we also note a clustering at higher D. values w:hich 

' + + 
corresponds to the M(pn n ) mass peaking near 2.65 BeV. We ascribe this to 

a reflection of ma:ss peaking effects in the M(pn + n -) system. 
,.... ... _ .. · '' 

. + + 
If we plot the mass squared.of pn1 against that of pn2 and vice-versa,· 

we obtain a scatter plot which corresponds to the superposition of Dalitz 

+ + plots for various pn n . masses. · In this plot every point occurs twice symmet-
'· 

rically with respect to>:the 45.0 axis~ (see Fig. 7).· We note the N#+ bands · · 
/ . . 

·. t 
. ; .. · ~d particularly the enhancement at the overlap gf the bands. The overlap 

. ' . . . 2 + + . 2 
· ·region is particularly enhanced: when we consider events l•rith D._ (pn n ) .~ 15mn" 

(see Fig. 7). In Fig. 7 we also present the density distribution along one 

. * . of the N bands. By our plotting procedure we would expect the density of 

events to increase by a factor of 2 at the overlap region barring interference 

effects. Experimentally we observe the·density to increase by about a factor· 

·. • · of four compared with the adjacent r.egion •.. This is further accentuated if we 

limit ourselves to events with ~::;.2 (pn+.n+)· ~15m;. Thus, whether we. are J:Jeiing· ···~ 
· with a true isobar ?r not, the observed phenome~on appears to correspond to ~· 

#+ 

.~ ' . 

complete constructive · interference between the two N bands. For contrast 1 ~, . 

we also show the corresponding plot for the pn_n_ system in the pn- reaction, 

'(see Fig. 8). In this case no marked enhancement is observed in the overlap .. .. . ' '" . ~ 

' "...,/ i•"' 'l 

. ' *0. . * ~ ' •·. 
~e~ion of the two N (1238) bands •. For a N

5
/ 2 resonance the expected intensity '_. · 

for the mass projection pn-,{ is l/50 of that for the p-Jt n + intensity. We • · ·· 
I . . . · ' 

. ~ ~ ~ ~;: I .Y ;: ~J 

~- ·; ·,~ '.
4

, . therefore consider th~t this comparison may lend support to the dynamic origin ' ' ~ . 
. , 

+ + of the pn n mass peak. On-the.other hand some of the features related to the 
.. \ r··.•."' 

~· ·. "; .. 
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; . , + +. ·I 

p1C .·1£ · mass peak can be reproduced quaJ.itativ~ly by a simplified version of 

· .( 

1 

·. the matrix elerrient ·(neglecting the spi!). factors) c;orresponding to the Feynman . " . ~,, 

,; ' 

.. ·-. 
0 *++ . . . 

· · diagram in Fig. la. ·Here. we consider p and N production taking into 

,, · ··, account the interference term which comes .from the synmi.etrization of the 

+ . '5 
two 1t mesons.. : ·. <. • ·' , 

: ,. 
., '+ + . . :rt is interesting to note here. that for the p1t 1t "state" we deaJ. ·again • .. · . 

. ; .'_,· 

;··. ,,. •. . ' _y •,. .. · · ·with a "compound resonance" in .which the proton forms mass values with both 

' ,~._ .. ,,/_.mesons whic~ lie in the N*(1238) bands. 

.· .. :. ·;·, ~ 

.";. --~ 

+ + 
This in turn determines t:he 1t 1t . . ' 

. · •. 

'• 'I 

·· · . , . mass distribution from energy and momentum conservation as given in equation .(2)! 
, ~ ~· . " . . . .. ' .. 

. ,.·. 
' ·• + + ·The computed 1t 1t mass distribution is shown in Fig. 8 together with the ex:pe~ 

r:. . . ·. . . ! .. . . r ·. ·• + + . .. + + 
· imental distribution for 1420 ~ M(pn 1t ) ~ 176o MeV.. The 1t 1t mass distribution.·' . 

.• ·'J' 
. ' ~. 

+ . ...;.· 
does not give as pronounced a peak as the. 1t 1t distribution near 390 MeV, 

however, a general enhancement near 500 MeV is observed. 

+ + Finally, ·we have · attem~ted to obtain information on .·the ·spin of the p1C. n 

system, should it co~respond to a unique spin state. · We have computed the 

. *++ + + 
cosine ·of the angle between the line. of flight of. the N in the p1t ·lt . c .m.. · 

. . . ** 6 
,system and the 'proton in the N · c.m. system. This distribution, which 

*++ 
··. measures the· correlation of the momentum of the N .to its polarization vector. 

~1 

..... ·.;·in thec.m. of the p1t+1t+ system, tU:rns out to be consistent with isotrop:}t. · 

,.··'.· 

·.The· work described here ·was carried out with the Brookhaven National LaboV-

' \·a tory's 20-inch hydrogen bubble chamber exposed in the Brookhaven-Yale ·separated 
~- .. 

beam. 
·: ........ 

. ~: .· .. 
. ... .~. 

.. 
.i . 
(.'I 
,.t<'. 

··.·.·· 

,· ·. ~ ' ~ 

. i' 

• j ... 

" . 

' ... 
. • 1·. 

·-··' 

·. ·. '• 

·. i. : ~- . 

·:t\ 
·. -. ·t 

·.: 

.. :_; 

. -~ ·',' .. ... ·. 
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FIGURE CAPriONS 

Fig. 1.· Feynman diagrams for various channels.occuring ·in the reaction 

Fig. 2. 

Fig. 3· 

Fig. 4 •. ·.· 

+ +- + 
1( +p ... 1(1t1tp 

±-+ 
The 1t 1t 1t mass distribution. 

+
Chew~Low plot for the system p1t 1t • 

. 2 +- 2 
Events selected by ~ (p1t 1t ) = 15 m1t 

:~. 
J 

showing the mass peaking-J:~.t · 
·? 

- --- _,..r-
· 148o MeV and two particl~ masses associ,ed with this. peak. 

(; 

. ·,:· 

-~· . . . . 

.. ·, .. 

· .. , 
1 .. 

• i 

<> :.·· 
' . : ~ 

. ' ~ -~· ~~~ .. ~-
. '•. •. 

' .. 
.-' .·: .; ).·. .·. 

' ~- -~· . 
•• < 

.·-:· 
.. :.· 

; * + -Fig. 5~ · ·Angular distribution in the N + 1t ·+ 1t reaction • 
t 

6 + + - .. 
Fig. • .. Scatter plots in p1t , p1t , and p1t , p1t mass squared planes fbr 

+ l 
the p1t and p1t-·reactions respectively. 

Fig. 7. ++ 
Chew-Low plot for the p1t 1t system. 

Fig. 8 •. + + 2 + + 
p1t 1t mass distribution for ~ (p1t 1t ) ~ 15 
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This report was prepared as an account of Government 
sponsored work. N~ither the United States, nor the Com· 
mission, nor any per&on 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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