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SIGMA-PION FINAL STJ..TE INTEWLCTIONS 

Yu-Li Pan 

( t h e s i s )  

Lawrence Radietion Laboratory 
U ~ i v e r s i t y  of California 

Berkeley, California 

Sigma hyperons produced I with two pions by 1.15 B ~ V / C  K- on neutrons 

i n  the 30-inch propane bubble chamber1 were used t o  study f i n a l  s t a t e  
\ 

in te rac t ions  of the  pa r t i c l e s .  
* 

The production of Y1 (1385) on protons 

i n  carbon was a l so  studied. \ 

We observed the  Y; (1385)) Y: (1405), and YE (1520). I n  addition, 

t he  data indicates  the  existence of a T = 2 sigma-pion resonance a t  a . 
mass of 1415 k l6 MeV, v i t h  full-width at ha l f  -maximum of 50 MeV o r  less.. 

The spin and pa r i t y  of t h i s  resonance have not been determined. Further, 

the  data shows a possible resonance i n  the  region of 1750 MeV i n  the 

- f I - -  
react ions  A n n and 5 nT n . . This may be associated with the decay 

2 
of t he  1765 MeV Y; i n t o  these channels. 

- + - - 
The production cross sections f o r  2- n n and $ t: n react ions  

I 

a are  0.51 f 0.07 mb and 0.45 + 0.07 mb, respectively.  
i 

' >  I 

I 

v I, . 



I INTRODUCTION 

Since the discovery of the Y: (1385)? and the subsequent spin de te r -  ' .  

4. ! .  
1 mination, the re  has been continuous theoret ical  speculation regarding' 

I -4 , 
the existence of a YE. . 1 , ;  

1 I 
! . Dowel1 e t  a l .5  observed a peak a t  a mass of 1550 k 20 MeV, which may ' '. 

. . .  / 1 have an isotopic spin of 2. But subsequent experiments have f a i l e d  t o  '... f ' f s .  

: ' i  j 
. I confirm t h e i r  finding. 7-12 These experiments w i l l  be d i ~ c u s s e d  i n  d e t a i l  ' 

1 ' 1 . :, 

._. .--. / i n t h e n e x t s e c t i o n .  

1 * , .  
I n  the present experiment, a search has been'made fo r  Crc resonances 

1 , 
- with T = 2 in the a v a i l a b l ~  energy region. The r ~ a c t i o n  studied i s  of 

the type I '  . * 
' I . - + 

, .K-+ n(c)  +.f+ rc + n + recoi ls  , (1) 
. I * . .  

where n(c)  means neutrons embedded i n  the carbon nucleus, This: reaction. . . . ! 3 
, - 

1 i s  favorable fo r  the observation of a T = 2 resonance f o r  the  following 
1 '  I 

6 . , 

I reasons : 
I 

1 )  A $ should decay into a x- and a rc- a t  l e a s t  par t  of the time+- . , 
' .. 

i .  
I 1 . :. Both of these par t ic les  can be seen in  the bubble chamber. ' 

2) I f  T i s  the Z component of the, isotopic spin, then the r a t i o  . . , . * '  
3 . . 

of the amplitudes of T -2 t o  T = 0 for  a $ decay i s  6 t o  1 as re-  
3'= 3 

quired by the Clebsch-Gordan coefficients.  , 

j ' I 

3) If a $ exists,  it is most eas i ly  produced from a T = 1 i n i t i a l  . . ,, ., . . I  I .. . 
. t  I + 

s ta te .  The K - ~  system i s  a mixture of T = 0 and T F 1 sta tes ,  But the . A : j . . , . i-. 

K-n system is  a pure T = 1 sta te .  

The reaction 

* does not give any information concerning a Y T .: 2 resonance, but has , . 
I 

5 

I 

. .  , 



been studied for completeness. 

Investigation was concentrated on categories (1) and (2) where the . 

particles associated with K-n events could be observed in sufficient 

abundance. K - ~  interactions have been investigated thoroughly in previous 
f 

experiments 9-n and were not rjtudied here. 

Since the only known lknbda-pion resonance in this region is the Y; 

(1385), we ,studied the reaction . . 

c-- + 
K- + p(c) + A  + n- + x + recoils . (3) 

to see how a well known resonance is produced in cwbun, 



q - The existlng*experiments can be put in to  the following three classes: , 
I 

A. associate production, B. K-P reactions, and C. K-n reactions,  . . .  
,. 

. . . .  . , .  . Z. 
, ... i{::.i. . . ,  : I.' momentum of 0.94 B~v/c'. The pion momentum' was varied from 1.3 t o  2.4 " 

. . .  . . . . .  . . . . . .  . . 
. . , L ,  . . . . . . .  . , , , .  , . . . . , . 

. , , . 
- I .  . , 

. . . . 
, -.*. . , . . . 

# .  . I * '  , .  - '; A. ' ~ s s o c i a t e '  Production . .  . '  . . . . .  . . . . - .  
. . . . .  . . .. , . 

,. ! ' ,  . ;  < .  
, .(I . ,  ' . / :  

, . - T.B~V/C. ' Since the  cross section f o r  any two-particle scat ter ing increases ' , . , ' 
* :,.. ' 

1 : I  ., 

_ .  . I .  

; * . '  ' .  . . * .  
" . . .  . , , .  . 

5. . .  . .: . . . : , .rA . . :: In a counter exp,eriment,~.Douell e t  id. me&sured 'the cross sectiori ,'.' 

. . . .  . . . ,  , .  . . . . 
' I +' .. +? ' ' . 

. . f o r  K production by negative pions on protons ' a t  0' degree with a f ixed K .... : 

.. , 
j. , . 

' . ; , j : .  :^ 
, , !  

. the K+. Accordingly, t h e y  found peaks i n  the  cross section when the misbing' , . 
. . . . 

. . . . 
' > s -  . . . 

i .  . . mass reached 1197 MeV and 1385 MeV. The missing mass is  calculable from . . 
. ! .  . . . .  . . 

. . .  
, , 

a .  
9 >.. + . . ' . .. 1 ... . . " t h  e momenta of the incoming n- and the obsexyed outgoing K . . . .  . . 

, .. '. ' . > :  ( . ,  . . I :. . -  . ,  . . . . .  . . . . .  -, '.., .: 
- I. . :. E .  I .  . 

. 
' . :  , . ' In addition t o  the two- peaks noted above, they a lso  observed a t h i r d  . ' . '  . . .  . '  : '., , 

"' . ' " 
. . .  4 .  

. ,, .' , _ a  , * , :  ; .  . 
.. i . . . . . '  1 '  . *  enhancement a t  a mass of 1550 k 20 MeV, which must have & isotopic . sp in '  ; . . .  . . .  . , 

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

. . ::,; j , . ,  . , ' .  : , ' ' . . ' \  .:' 
., of 1 or  2 since it ' ismade with a K+. ' ':, ' . , '  , . . . , , . . I. . .... : . . ' ,  , ' 

. ' !  . I .  . ' . -  . . .  ,; . . , 2. ,, . '  . 
. . . .  I _  :. 1 

5 
, . :, . ' 1 . . a  . . : . -'- I . - . : . . . . . .  :.. . I  , . *  . :  ' ,  Since the experimeht of ~ o v e l l  . e t  . al., a T = z? resonance . . -in the n . ,:>.. , . . 

. . . . 
. . . . 
,.. ' ,-. , 
i I '. 

8 " .  ' 

.:..,. i . . . . .  . - .  . .  , . . .  6 . . . :. . 
. . . .  system a t  2.1 B ~ V / C  was found by  idd dens e t  a l .   he ef fec t  o ~ s L & ~ ~  a t  . .,:,,, . -  .: , : :  ., : ,, ., . . . . -. ': ,: 

t 1 , . , I , ) .  . . .  . . . . . .  ..... . . . ' ._'. 

1 ., , : 1550 M ~ V  may be due t o  t h i s  pion-nucleon resonance. ' - , ' . . , 
. . . . .  , . .... . . . * *  . "  , 

, , . . . . . .  . . . . .  . . . . . - \ .  
. . , .. . . .  . . I . . . . . ,  i 7 8 .... 

_ 
... . ,  . 

. . . . . . . .  .:,., 
. . , .  ! . . I .  ,: " ' . . .  Alexander e t  . a l .  and Kalbfleisch e t  a l .  studied the re'actions: ':'. . . . . .  . . . . . . .  . r ,  

. . . . . .  I . 3  . . .  . ,  ,. . . . i , .  : 

. . . . . .  . . .  . . : - .  ". 
. . .  :' .;: -"when new outgoing channels become energetically possible, the cross.sec- 

. . , . 
j ,  ..' . . . 

. . 

s .  
- .  . 

: X - + ~ + ~ + R + K  .. . .. : . . . .  . . 
a (4) : :,;. .:.. - ':-. . . . .  . I  . . . . . . (,,' ' ,  .- 

,' .:,' j; . . ' . .  . . . .  i ..- .. :.,: . . . . . . . . . . .  . . . .  . . . . .  . . . . .  . - 3 .  

. . 
, . a .  . , :I * + n +i-+ n - +  K+ . * '  . . .  . . . (-5 ) . . . . .  .. ;.; * ,.: 

. , 
. . 

. . .  .. .. ... . ., , , o  . . ,  , . . . . . . . . . . .  , , . .  , '.. ::. , :,. . !  ' I 
.; .*..... . . . . .  . .  / .  . , : I .  .. . ( , 

. _  % .  

. 2  ....... , : , , :"I ;; < .  : : , . 
, ,<. :. *.'. 

.. .. . ." . . . . .  .' . . I , '  .:-',,. ',::  he pion moment& G a t  varied from 1.89 &V/C t0;2.36 B ~ V / C .  . . .  I n  reaction'.. .: ,  . , . . . . .  '<:.;:. . . .  
.< ,? .. . . .  . .: . : '... : . . 

, ,:* .; . 1 . . . . . I,' ,.,: . . . . . . . .  
+ ,, , ..:. : , .. . ... *. x' '. : (4), they observed Y: (14.05)~ Y: (1520), and P ' ( 8 8 5 ) .  1n reaction (51, .,;, :.,,,: 

. . . . .  ;;> . 
- ,.? ,' . r .  

. . . . . . . .  ,. ~ .they found tha t  K* (885) dominated the reaction. ' No. r e s o n i c e  with ;' . C . ?  
.. :: . 

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

, .  , _ .  * ' '  
. . 

'., . isotopic spin of 1. o r  2 was found i n  the region below 1900 MeV. :' : . . .  . .  . .  , / .  I 
. ! .  :., 

. , . . ,. 
, . . . . . . .  :.. 8 . : ,.,., '. ' ,  '., . . . "  
0 . -  . , 3 . .  .. f ... : . ' I . , : ' :  .: . . c  . : . , ,  . , '  
,. ' . , ' I ,  

. . . . . .  . ,.. ...:.'L:, ;" 
.I ?. ;...' . . . . . .  . .~ . , ,;. - I  . . i .. a 

. . . . .  . '. . ... . . . . . . .  : . . . .: 

. . .  . . . . . . . .  ::i: ,( 1 ,  ,., , . ! , , .. I , I  . a .  
' .  . 

. . .  
. . 

. . . . . . . . .  . . .  ; , ,.I>..: 1.; : ; ., , . . ~ . . . . . . . . .  . . . . . .  . , . . (.. , . .  . . . .  . ' !  . . - ;! : . 
," . . . 

. . .  ... . . .  
.;'. '.,....., 

I . I .  
I .  . . . ' .  . . "  ', 

" ,  

. . . .  
' . I  . . / .  . . . , A,:,: ' * : . ' q  . b . :  . \ '  . . . . a  

. . . . .  , .  . :' t ion  f o r  K+ should r i s e  when 2- or  Y:- (1385) i s  produced with . . 
. . . .  . I . : : . ;  . . , ..> 



r f .  

B. K - ~  Reactions 

These experiments can be c lass i f ied  in to  two types: 1 )  sigma-three- 

pion, and 2) sigma-two-pion. 
< 

/ 

The only two channels of t h i s  react'ion t h a t  can be used t o  detect  a 

! T = 2 resonance are: 

Alston e t  al?-u studied these reactions extensively. The K- momen- 

! turn was varied from 1.15 B ~ V / C  t o  1.70 B ~ V / C .  They found the Y: (1405) 
I 

! 

a t  1.15 ~ e ~ / c ?  But the data a t  t h i s  momentum was  l imited by s t a t i s t i c s .  

1 0 , l l  
The data a t  1.22 B~v/c:' 1.51 ~ e ~ / c ,  and 1.79 B ~ V / C ~  was dominated ' 

-x by the production of YE (1405) and Yo (1520). I n  addition, the  data a t  

1.51 BeV/c and 1.70 BeV/c showed some Y: (1660) production i n  the sigma- 

two-pion system. b e  f i t  t o  the phase space was bad a t  1.70 B ~ V / C .  Small 

enhancements above phase space were observed in the 1450 MeV region in , 

1 .  

the  xc n+ and Z- n+ systems. These were not statistically signif icant .  . 

No T = 2 resonance was observed i n  any of these experiments. 

The reactions which can be studied are: > 

I I In  these reactions, one cannot observe the  T P 2 component of a T = 2 . 3 4 .  

resonance. The production of a T = 2 f i n  the '  above c h € i ~ e l a  mus t  come 
. . 

from a T = 1 i n i t i a l  s t a t e .  The K-p system is  a mixture of T = 1 and 



. . . . .  ' .  , . . . . ., 
. . . . .  T = 0 'states.  . , . . . :!.. .. 

Bastien e t  a l f2  studied thes'e reactions with IS- momenta of 760 M ~ V / C  .' ' .'. - .  
. . . .  --. 

and 850 M ~ V / C .  Although t h e i r  data was low on s t a t i s t i c s ,  they observed . ,. ., a 

. , 

broad enhancements i n  the 1400 MeV region i n  the T = 0 and T = 11 1 3 3 
channels. The enhancement in  the T = 0 system was explained as  Y: -(i405) , 

3 ,' 

production. But the la rger  and sharperenhancement: in the T 3 = 11 I 
* / channel was explained as  due t o  the .decay of the Y1 (1385). 

1 I .'.=: r e su l t s  were not s ignif icant .  The data a t  1.22 B e ~ / c  and 1.51 BeV/c , 

I 9 
2 

Alston e t  a1?-l1 studied these reac t ions 'a t  1.15 Bev/c, 1.28 & ~ / c ,  

* * 
+ showed strong Yo (1405) and Yo (1520) production. ', They a lso  observed 

3 .  

1 

. . 

some enhancement in  the 1 4 0 ~  MeV region i n  the T = 111 system. The .. 
3 .  8 , .  . ?  ; .:. ' 

- .- 
10111 Few events were observed a t  1.15 B ~ V / C  and the and 1.51 B ~ V / C .  

I enhancement i n  the data a t  .1.22 B ~ V / C  was not s t a t i s t i c a l l y  s ignif icant .  . . 
I . I . .  

. But the peak i s  especially sharp in the data a t  1. P B ~ V / C .  The f u l l -  * ' 

I 
I 1 . - width a t  half-maximum was of the order of 50 MeV. This was explained . '  

I I I 
* 

as  due t o  possible constructive interference between Y1 (1385) and . . 
I 
i * 

y1 (1660) o r  t o  p meson contamination. 

i 

Alston e t  al?' studied t h i s  reaction a t  a K- beam momentum of 1.49 ', . 
, <  

* Y t ~ * . , 

~ e ~ / c .  , They found Yo (1405)~ Yo (1520), Y1 (1660) and possibly some . . , . 
* 

Y: (1815). Yo (1520) dominated the reactidn. They concluded t h a t  there ' ., . . 
1 ' 

are no T .= 2 resonances below 1900 MeV, although the phase space did not . : .  
I 

2 ! agree very well with the C- x -  invariant mass dis tr ibut ion.  Deviations :. 

from t h e i r  phase space ' were not insignif icant  i n  the 1600 MeV and 1800 . 1 '  
A L . ', ' .. I . 

MeV regions. There ex i s t s  some enhancement i n  the  1450 MeV region but' I *  1 , . .  . I . . I . ' it i s  within the s t a t i s t i c s .  
I .. . . , .. , . , L I  1 

, . .  ... ! '  

I 1 ' :  . . 
, . 

. ;  . . 
1 .  I s  * .  I .. , .. * . . i 

1 .  . . ~ . I I .  . . . .  I . '  _ .  i_ . . . , i ~ . 1. . . . . . 
1 .  



'.. 
I' 

The r e s u l t s  of t h i s  reaction d i f f e r s  froni the  r e s u l t s  of K- + p +C 2n 

a t  1 . 5 1  B ~ V / C  discussed above. Y: (1520) dominated both production chan- , 

nels .  But YE (1660) was not needed t o  explain the data a t  1.51 B ~ V / C .  ' 
I 

Except f o r  the peak a t  1415 MeV in  the T = 11 I system, the data agrees 
3 .  

with the production of only Y: ( 1 6 5 )  and Y: (1520). 

D. Summary 

A s  can be seen from the  foregoing discussion, no T = 2 resonance 
. - '  

. has been observed. Only one l a rge - s t a t i s t i c s  experiment has been done 

f with neutrons a s  t a rge t  par t ic les .  IL-I addition, the ICW momenttun rnnge 

below 1.2 B ~ V / C  has not been studied carefully. 

It i s  well known t h a t  the production of resonances can vary' g rea t ly  
9 

with energy. Further, when many resonances are  produced i n  the same 

reaction, interferences between these resonances can make analysis 

ex%remely d i f f i c u l t .  Thus, the absence of a T = 2 resonance in previous 

experiments should not be considered as conclusive evidence t h a t  it 

does not ex is t .  



b ,<.. 
. , 

111. THEORY . . 
. . 

13 A .  Global Symmetry with Doublet Approximation 
4 

There have been many theories proposed which require the existence 

1 of a T = 2 resonance. In  general, they are based on s imi la r i t i e s  between 
/ - ,  ' 

pion-hyperon A d  pion-nucleon scattering. The oldest of these theories  
I 
I 

I i s  global symmetry with douPlet ap, nroxhat ion.  

. * '  1 . , '  In  t h i s  theory, one puts the sigmas and the lambda in to  the  form of 

' I -.- two doublets t o  correspond t o  the' two nucleons. These doublets are  

i 1 , .  The coupling i e  assumed t o  be due t o  pions and it neg lec t s ,  the  K-meson '7 
I 1 e 

I i 
contributions. I n  t h i s  way the problem i s  reduced t o  the  same form as  4 

I 
I 1 

! . -1;ha.t; fur the  pion-nucleon scattering. 
I 
I I , t 

An analogy can be made with the T = 3/2,.'J = 312 pion-nucleon re-  . 
f i  

sonance with a mass of 1238 MeV and a full-width of 94 MeV. When / 'extended i 

' 1  , . / . I . t o  the  hyperons, the theory predicts two resonances i n  the pion-hyperoni , ' 
I 1 . ! .  - system corresponding t o  the (3,3) pion-nucleon resonance.  he spin of . . 

these resonances must be 312, the same as  tha t  of the (3,3) resonance. . . I . ,  . I 
I I t  . , 

The isotopic-spins, masses, a d  widths can be obtained approximately . . 
I I I . . I  - . .. 

in an empirical way. The isotopic-spin. d i s  y r i t t e n  a i  the sum of an . I .  
i t  . - 

: .  . 3 
a I-spin and ?-spin, ? = ?+  ?. The ?-spin i s  the isotopic-spin component - 

i 
, - , 

. contributed by the pion alone, whereas the ?-spin i s  re la ted  t o  the K- ' . .  . + . . . .  . ' I.,- _ .  _ . - )8 , .  . .  
meson. It i s  obvlo;i then, fo r  reactions ,involving only pions t h a t  ? = 1, .. i' . i .  . , 1 .  4 . . [  ;. . , . . - 4  . 

! .. . - . '  
and 3 = 0, but If only kaons are involved, then ff = 0, and 3 =. 112. . , i .  . 

\ ' 

We assume the phenomenological mass formula f o r  nucleons 

, and hyperons: 



2 Here M i s  the observed mass of a nucleon o r  a hyperon, m ( ~  ) i s  the  baryon 

mass in  the absence of pion interaction, and A i s  the mass difference 

between the sigma and the lambda of.approximately 75 MeV. -. - 
, Y 

From the observed masses and the knoiledge of ?, it, m ( 8 )  i s  calcu- 

I .  

I l a t e d  t o  be approximately 1171 MeV. 

i 
I For a resonance between pions and baryons, we must add the pion mass 

...- 
. i , .  and the t o t a l  available kinet ic  energy Q of the resonance. The the mass 

! 
! . formula becomes : 

For the  special  c,ase of the sigma-pion resonance corresponding t o  
* 

the  (3,3) pion-nucleon resonance, we have : 

4 I = 312, $ =  1 / 2 + ? =  2, i). it= 314 
\ 

M = 1171 +. (314) (75) + 140 + 230 = 1527 MeV 
I 

To obtain an approximate width f o r  the resonance, isotopic-spin . 
. - 

weight must be assigned t o  each f ina l -s ta te  channel. This must be fur ther  

* 21% where corrected by the differences in  available phase space, (p*/p N)  , 
. . 

p* i s  the  C .M. momentum of the appropriate resonance , p*N is the C.M. 

momentum of the  pion-nucleon resonance, .and 4. is  the o r b i t a l  angular : 

I momentum of the s t a t e  considered. 

* .% In  our case, p = 270 M ~ V / C ;  p = 230 M ~ V / C ;  the half -width of the  

(3,3) resonance i s  47 MeV; the (3,3) resonance i s  a p 
312 resonance' 

t 

I therefore, = 1. since the  resonance under consideration can decay , 
t 

, . only in to  a sigma and a pion, the isotopic-spin weight i s  1. So we haver 

r / 2 =  (47) (270/230)3=76 MeV , 

Thus, the theory predicts a T = 2 sigma-pion resonance with a mass ' 
, 



I , 
I .  

. . 1 

' r  of 152'7 MeV a half-width of 76 MeV. 
: I . 

B. Limited Symmetry 

Essent ial ly  these theories are  generalizations of the global symmetry 

J *  
theory with doublet approximation. They take in to  account the difference 

.I 

, i n  couplings between the lambda and the sigma i n  addition t o  t h e i r  mass i ,  
1 difference. 

A s  an example, 14 Amati e t  a l .  have considkred the pion-hyperon scat-  
, , 1 ,-..--- 

. I . .  I , ; t e r ing  using a s t a t i c  meson model analogous t o  the one pion exchange 
2 I 

' I , ' l . , .  model f o r  pion-nucleon scat ter ing.  The calculation takes in to  account 

i .  . 
I 

the two channels, pion-lambda and pion-sigma. I n  addition, the  non- 

symmetrical coupling and the massdifference oflambda and sigma a re  

In this theory, three reEonances i n  each of the two possible J s ta te ,  . 
i .  

' ! 1/2 and 3/2, a re  allowed. They are  i n  T = 0, T = 1, and T = 2 systems. 

i The in teres t ing  observation here i s  t h a t  if the  coupling constant f 2 ,  
CC 

f a l l s  t o  zero, the  Y; predicted i n  the J = 3/2 system pe r s i s t s  . e and r i ses .  - ,  . . 

in mass value r e l a t ive  t o  tha t  of the predicted Y: and resonates rt the 

* 
same mass as  the Yo. This mass i s  1625 MeV i f  the  mass of the  T = 1 . i  

! . - 
resonance i s  assumed t o  be 1385 MeV as  observed f o r  the Y* 1 (1385)t5 

I '  . , -. 
It should be noted tha t  the theory reduces t o  the global symm'etry .- . . 

. . .  . . 
I theory when the more l imited assumptions of the  global symmetry are  . . . _ .  

. I * .  

I introduced. , . * . 
, . : . Y !  .i, - . . .  L . '  

. . b *  , 
: C. SU i !  . - .  1 

. . .,> ' - -3 
* *-, i I This i s  a meth'od of considering the meson-baryon resonances.in the - . . . ) '  

] ; 

hope t h a t  some "higher-symmetries" ex is t .  The resonances and pa r t i c l e s  . - . . . . 

are  grouped in to  multiplets according t o  t h e i r  . . isotopic  spin and hyper- ;. 
, 



charge, If t h i s  "higher-symmetry" ex is t s ,  then, i n  r e a l i t y  it must be 

. . 
broken. 

If the symmetry-breaking interact ion i s  assumed t o  have de f in i t e  
' 

. . 
transformation properties,  a mass formula can be derived by a f i r s t -order  

/ 

16 b 
perturbation theory calculation. The ~ k i l t o n i a n  i s  separated in to  two 

terms; one i s  invariant  under the group SU and the other transforms 
3 

i n  t h i s  group l i k e  the hypercharge. This separation i s  unique when 
_. .- 

possible.  The mass formula then gives def in i te  spacings 'of the  masses 

i n  the multiplets.  

The theory does notepredict the existence of a Y:. However, i f  a 

Y: exists ,  it must be i n  the 27 o r  higher dimensional representation. .. 



A d e t a i l e d  description of t h i s  &am has been published by Eberhard 
! . I . I e t  al?? Figure 1 shows the beam layout. The average momentum of the  

. I  , 
beam was found t o  be 1.104 f: 0.007 B ~ V / C  a t  the  center of the  propane-' 

I / 
I1 I 

I bubble chamber. 18 
t 

. I During the exposure of t h i s  experiment, 'a magnetic f i e l d  of 13.5 t 

I I I 

I kilogauss was applied over the 30-inch propane bubble chamber. Approxi- 

, mately 104,000 pa i rs  of stereo pictures were exposed. Only 86,489 frames - 
f' 

I . - were used f o r  the actual  experiment a f t e r  pictures of poor quality.were I .  ti 
.I 

- .  ] rejected.  
I 

, 1, * ' Two independent methods -were used . t o  determine the number of K- 
I 

L +- . I  par t ic les .  
. . 

1 A. Tau Decays A ' .  
I . . I . . -1 .  

I . . 
. I -  Since T decays of K-, i. e., 

i 
4 . . 

. . I 
1 were .unambiguously ident i f iable  on the scan table,  the number of K- i n  ;- ., 
I 

I the beam can be accurately determined by finding the number of- T i n  the 
I .  
i 

pictures .  Since the beam momentum (1.104 B ~ v / c ) ,  mean l i f e  of K-, !. 
1 

[ (1.224 k 0.013) x sec, and the branching r a t i o  f o r  t h i s  mode o f  . . 

i .  
decay, (5.66$), were a l l  known, we calculated , the  number of K- per . ' 

. * j  . . 
i frame t o  be 3.47 0.31. This -number was obtained from the scanning of . . 

' ' 1  : .' 
. 

I - . .  9237 frames of pictures which resu l ted  i n  127 t au  decays. 
I I '  ' .  

B. Delta-ray Production 
, 

+ i - *  
The cross section of de l ta  rays produced ata'a given momentum i s  a - 

. ! I  - 
function of the velocity pf the pa r t i c l e  which gives r i s e  t o  de l t a  rays. . . 

. . 1 
.. . 1 Therefore, par t ic les  with different  masses but 'with the same momentum . 

. I 
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. ! .. 
have d i f fe rent  cross sections f o r  poducing de l ta  r a y s  with a -given 

I I 

momentum. A t  our beam momeritum of X i  104 B ~ V / C ,  the I? cannot produce 

I . I de l ta . rays  of k ine t ic  energy above 5 MeV. Consequently, by,f inding the 

I number of de l ta  rays with a k ine t ic  energy above 5 MeV, we can f ind  the 
' I  .f 

' I * 

contamination of pions and muons i n  the beam. 

A t o t a l  of 10,080 chamber lengths of t rack were looked a t .  I f  there  
1. . 

, . 
were any interactions along the 'tracks, the lengths were.measured up t o  

, 
! '-.-- the point of interaction. A t o t a l  of..1,125 de l ta  rays of kinet ic  energy 

. , 
. above 5 MeV were. found and 37 of these were on t racks which interacted 

I 1; I subsequently.. 
I 

I 
I For comparison, we repeated the procedure' i n  a previous 30-inch 
1 -  

' 
, . -  . . ' i .  . propane chamber run, where the beam consisted mainly of negative pions , - 

I 
a t  1.08 B ~ V / C  and had a 10 t 2% muon c~ntamination!~ There were, on the  

! 
I 
I 

average, 24 de l ta  rays and 26.6 interact ions per 100 chamber lengths. 
. , 

When the de l ta  ray counts from the two experinrents were compared, . 

the percent of K- In the beam was calculated t o  be 56.3 + 4.5$.: Since , 
r - 

I : i .  a muon cannot undergo a s ignif icant  number of strong interactions, those 
. , 

which did in t e rac t  were pions. In  t h i s  way, .we separated the pion and . ' ,  , 

muon contaminations. Pion contamination was found t o  be (11.4 2 3.2)$; - . , 1. 

. i 
I muon contamination was (32.3 + 3.2)$. , 

i The average number 'of beam tracks per picture  was six.' The number - . 
. . -  

of K-a s per picture  .was found t o  be 3.38 t 0 . 4 .  . . 

. - +  1 
I For cross sectton calculations, the  average of the  two independent ' 

, \. 1 
i 

r e su l t s  was used -- ' namely, 3.42 + 0.20 K-'e per picture.  



V. DATA PROCESSIXG. ' 

A. Scanning 

h e  pictures were scanned f o r  sigma production.events with one o r  
. . 

more v i s ib l e  pions. .' 
I 

The ident i f icat ion,  of the sigma 'hyperons depended completely on the  

, ionization change a t  the  point . " of decay. Thus, a proton which sca t t e r s  
, 

a f t e r  leaving the  carbon atom looks exactly l i k e  the posit ive sigma 
I 

production followed by the protonic mode of decay. For  t h i s  reason, we 
I 

I 
. a  

1 reJected a l l  posi t ive sigmas which decayed v ia  the  pjrotonic mu& except 

when there was a def in i te  change i n  ionization o r  when one o r  two gamma 

, . pa i r s  were observed t o  be pointing a t  the decay point. A l l  sigmas 
* 

shorter  than 3 mm were rejected because of inaccuracies i n  measurement. 

When an event was found, the picture number and the type of event 

. were then written down on the  scanning sheet. I n  one-quarter of the  film, 

. . all sigmas found were recorded on scan cards. Irl three-quarters of the  ' 

film, only those events with two or  three pions and zero o r  one proton 

were recorded on scan cards. 

B. Measuring 

The events .on scan cards were submitted f o r  measurement on a pre- 

cision-measuring d ig i t ized  microscope. Information on the  scan card, 

i n  acldition t o  locat ing the  event f o r  the measurer, a l so  assigned t h e ,  

event t o  a def ini te  prescribed category. 
. 

The actual  measurement, i n  effect ,  recorded the .  coordinates of . . . 
~. . . 

4 

several  points along the measured t rack with r e s p e c t t o  the  posit ions . *  

of the. f iduc ia l  marks on the bottom of the chamber. This was done f o r  .- 

both views of the picture.  By knowing the posit ions of the  cameras;the 



r s p a t i a l  ' location of the  t rack could be. reconstructed. 
I 

C.  Computer Analysis 
. . 

The measurements were analyzed by the IBM 7094 through the  FOG-CLOUDY- 

20 
> .  . .- 

FAIR system. . . / 
1 

, The FOG program reconstructs each t rack i n  space from the  separate 
I 

measurements i n  the two s tereo views of the  p ic ture . .  The momenta a r e  

f obtained from a parabola f i t  t o  the space - r econskc ted  points f o r  each 
, .. .-  

i 
I t rack except when determined by range measurement. The angles i n  space 

' are  a l so  claculated. 

I 
The CLOUDY programeperforms kinematic constra ints  in addit ion t o  

calculat ing the e r ro r s  and other quant i t i es  of i n t e r e s t ,  such a s  in -  
* 

, variant  mass. 

I The FAIR program koverns the output of information. This may be 

i n  the  form of page output, tape, 'histograms, e t c .  
I 

I D. Constraint of Sigma 

The pion t racks  involved i n  t h i s  experiment uere, i n  general, long!" 
I 

i 

and the  momenta were well-determined except when the  pion l e f t  the  chamber 
I 

i n  a short  distance. The momenta of t he  sigmas were high and the  average 

I length was 1.1 cm. Only a minimum value of the  momentum could be ob- 

ta ined from range measurement. . . 

Further information can be obtained from the  v i s ib l e  decay pion o r  

s proton from the sigma. The angle of decay and the pion o r  proton momen- 
I 
I 
I turn were used t o  calculate  the momentum of the  sigma. This of ten r e su l t ed  

\ '  . . , , ,  i n  ~ o l u t i o n s  which were double-valued corresponding t o  forward o r  back- - 
, . . . 

. . .ward &may of the  sigma i n  the C.M. system. I n  almost a l l  cases the  . . 

ionizat ion of the  sigma was used t o  resolve t h i s  ambiguity. The range- 
I 



momentum r e l a t i o ~ s h i p  was used t o  f ind  the sigma momentum a t  the produc- . 

t i on  vertex, but no constraints were applied a t ' t h i s  point. 

The actual  computation was done by the OC constraint i n  the CLOUDY , 

program used. This i s  described i n  ,the flow chart, Figure 2. 
-. -- 

' , 
The measurement e r rors  f o r  the tracks i n  the  30-inch propane chamber .' 

t 

' have been studied i n  detail?' The er rors  on the pion momenta in-folved 

were of the  order of 12%. The angular e r rors  were of the order of one I 

I - -- degree. The er rors  on the  sigma momenta were recalculated from the 

e r ro r s  on the momenta of the decaying pa r t i c l e  and on t h e i r  decay angles 
A 

with respect t o  the sigma direction since the rueasuremut erroro wcrc 
! 
I not  meaningful. The average er ror  of the sigma momenta calculated a f t e r  . 

. the OC constraint a t  the decay vertex was approximately 20$. q I( 

/i 





' V I .  PRELIMINARY CHECKS . 

I 

A .  Lifetime Test f o r  sigmas 

Before the data were analyzed, 'we checked t o  see i f  we were observing 

, .  ' ' r e a l  sigmas and t o  f ind  tlne number of short  sigmas missed i n  scanning'- , 
/ 

by finding the mean-life of the 'sigmas, 
i 
I 

.i . To do th i s ,  we calculated the value of LIP, where L was the t o t a l  
I 

I length of the sigma and P was the magnitude of i t s  momentum, f o r  a l l  
I .. 4 

i sigmas with a momenta i n  the range of 600 t o  900 M ~ V / C .  The reason we 
i 
1 applied t h i s  cut was because calculation showed t h a t  the momenta of the  

I I sigmas produced with two pions l a y  i n  t h i s  region. Sigmas with only one 
I 
I 

v i s i b l e  pion were a l so  used here. 

From the exponential decay l&, N = N; e-tlr, we see ' 

where r i s  the mean-life of the sigma; Nl and N are  the number of sigmas 
2 

found t o  decay a t  times tl and t respec1;ively. This equation can'.be 2 , !.. 

. ' expressed i n  terms of L/P: . 

The term i n  the bracket i s  the slope of the s t r a igh t  l i n e  in the l i f e -  
I 

> .  

' time plot, '  Figures 3 o r  4. The s t r a igh t  l ines .  bere obtained by a . l eas t -  
! 

square -f it t o  the  data. 

From.our f i t ' s ,  we found the mean l i f e  of the sigma plus t o  be 0.73 f ! 
I 

0.13 x 10-lo sec and &e mean l i f e  of the sigma minus t o  be 1.12 f 0.20 . . . . - .. 
x 10-lo sec. These values are  t o  be compared t o  the quoted values of 

' + x sec respectively. 0.81: ::$ x 10-lo sec and 1.61 - 0.09 
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i : ~n each. of the  Figures 3 and 4, the f i r s t  box' was not used' i n  
! . . . ,  . ... _ . i . f i t t i n g  6f the. data, because'each bbx contained events which were reejected . '; ,,; . . . . .  .... . .  . . 

.t. .. ' a .  

. t . I ;  : ... 
- .. 

A a by the 3 mm cut i n  our scanning. From the deviations from, t h e  s t r a i g h t .  . . . . . . . .  .:. 
. I . . :  . . . . . . . . . .  

. . , . 
. ; I l i n e f i t s w e g o t 2 4 ; 4 ?  5 ; 6 $ n i s s i n g f o r p o s i t i v e  sigmas.and13.25--5% . .' , . . . ' : ,?' . . , 
. : .  1 

events missing f'or negative sigrnk: Note t h a t  the  r a t i o  of the  missing :: . 
: :  I . . . . 

. . .  
events i n  the f irst  box fo r  sigma' plus . t o  sigma minus i s  approximately . . 

. . . . . . 

: . .  '. . . ', . . . 
. .  goes toward o r  away from t h e  cameras.. . To check t h i s  bias,  we looked a t  .... : .; . . . . .  . . . . . . . .  . . .  . . . . .  . . . . 

', 
. . 

-: . . , : . ' . !the azimuthal angle d i s t r ibu t ion  of the outgoing pa r t i c l e  with respect , : : ': ', . . 
. .  

..... : :  1 :  . . . .  . . . .  . : two. This r e f l ec t s  the  o n e ~ h a l f  f ac to r .  i n  .the l i f e  times. . ' 
.. + 

9 .  ' .  ' 

i t . .. .. ' ,:. . - - 
j to' the incoming pa r t i c l e ,  The azimuthal 'angle, 0, i s  zero degyees when. 7 . . .  . : . . :  . .  

. . ( 1 .  . . . . .  . , ,  1 . , 
. A  . . . . . . . . .  

, . 
. , 

, . . . I .  . . .  .< ,; ., 
. . . . 

I.. j ; .  . 
. the outgoing pa r t i c l e  goes toward the .cameras, (upward i n  the  chamber), . : : ;':'. '. , ' *  

. . ' . '  ' . ' . .-.,; 

. , _  .'. . , , . . ' I .  , .  
.. ( , , . ,. ( 

" .  . r:-, ,. , . . .  Sigmas of lower 'and higher mome'nta gave s imilar  resu l t s .  . 
, .  .,. - . . . .  . . .  < . ,  . . . . . .  .:. . : . , , . , .  . ,  

. . .  
I .  . , . . . _  

. > 
. .  I .  . . .  . i .and 180 degrees when it goes away from the  cameras; (downward in the . -. * . . . I ,  . .  

4 . " . . . .  
, 

. . . . .  
3 I '  

. . . . . . . . 
, 1 chamber). The azimuthal angle . 'distribution should be isotropic  i f  there  ... , ,:. . -: , , '- ':.:: . . 6 .  _ _,. , . _  . ,, 

. 1 ',. , , . : : ' . .  . . .  
.... I . . .  .:. ,: :.,\.- 

. . . . . . .  ....:... , were no bias .  - :.,. .:. . . . .  1 ,  . . . .  . . .  : 
. . . . . . .  . . .  ! , - ' .  , : . 6 .  . .. ' 

. . .  . " . . .  Two ' azimuthal angles .were involved. , The f i r s t  ' was the one ' the  - . a ' . ,: ., '. .. : I , . . . , . . . . .  ., . 
..;* I:.:: ?:, , , 

. ; i "  . ' . '  , 1 ' : a ;  , , . , . ,.'. , ' 

. . : , , : ; ,  . B Scanning Bias ~ e s t  ' . . . 
. . .  , .. ,' . . 

.I ,. . ' 
" .  . . . . .  , : .,; ; ' :  . . . . .  1.:. ' .  : . . , .,. . .  - " 1: ~ e t e c t i b n  efficiency ,decreases when the t rack  i n  the bubblechamber 

' . 
. . .  \ 1 . 1  . 

. . . , .- . , ~ .  
. . :I . . ' 

, . - " .. . 
. . . . . . . .  . ! , ; " .  " .  sigma made with the incoming K-. The second was the  one the decay , '  

. . .  . . .  . . . . . . : . .  . . " .  -.. *. 
. . . .  I 

F A ' ,  . . . . .  . . . . . . 
/. . ; ,  , . 4 .. . . . . . . . . .  * .  i .  p a r t i c l e  o f  the sigma made. with the sigma direction. , . '  . . . . _ . .  .. _ , i..: . . . . . .  . -.: 

, I -  . , ,. 
...I . . 

, . . >  ' . . i '  . . : ' I  ,. . . . . .  . . 
, . . I :  . . . . .  . 5 . .:..! . ,, - m e ' d i s t r i b u t i o n  a t  the production vertex, Figure 5, i s  isotropic  '- . 

. , 3 . ;.::. , ,  . : 
, , 3 >  ,,.:. 1 ..I . . .  , . . , . .  

. . . . . . . . . . . . .  within s t a t i s t i c s .  Figure 6 ' shows a twice-folded p lo t .  of - the events' :'-1 .:I:.:+ *: ' i. . 
. . . . . . .  : .- , , .  . . '2:. 
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C .  Scanning Efficiency Determination 
f 

To f ind  the number of events missed i n  the scanriing, approximately 

one-third of the t o t a l  "good"' f i lm was scanned indepe.ndent.1~ by two 

d i f f e ren t  scanners. The scanning 'efficiency of any one scanner could 

then be found from the formula 
N, , 

1 
I 

I where N i s  the number of events found by both scanner i; and j, and 
c-- 

13 

"j 
i s  the number of events found by scanner j and missed by 1. Assuming 

. . - t h a t  the  scanning efficiency of the scanner stayed constant, the  t o t a l  

. , 
number of events i n  the  f i lm , scanned by the  scanner i s  . j u s t  the r a t i o  

of the  events actual ly  found by the scanner i and h i s  efficiency, i .e. ,  
e 

The over-al l  average scanning efficiency f o r  t h i s  experiment was 

found t o  be 89.7 k 6% f o r  the sigma-two-pion events. 



\ L. .  
.. ' 

+ VII. PRODUCTION CROSS SECTION 

, I n  order t o  calculate . the cross section f o r  the 
I 

production on neutrons, it was necessary t o  know the 

sigma-two-pion 
, '  

t o t a l  beam pa% 

I -.- ;:;:,,a 

sectiolis$ t o  be 159 2 11 cm. From the formula ,' . ,. #,.;,*; 5, 4 

I - '  

Q $Y 2 , 
Y jz. 

.I, = (A)  (1 - e-X ) F.s, 5.9. I : ' .  
,:n g;, 

3 .  5. 
.! ' 1 where  Q i s  the interaction;length and h i s  the .  me&-free path lengtg, .;. 

I . '2 
' length.  The f iducial  volume was defined i n  such a way t h a t  the  int!k- , 

' 

I .  

p'. . . I  . . 
action length was 40 cm. But because of interactions,  the average pkth 

, I .  ' - '  . )  I . 

we found the  average path length per beam haon t o  be 35.3 k 2.5 cm. :/ . . 
. 

. . 

. . 

After multiplying the t o t a l  frames scanned and the average number of 

it. C 

length per beam kaon had t o  be calculated from known mean-free 
!. 1 -  
?" 

' length f o r  kaons. This was computed, f romthe  K-ducleon t o t a l  crosg?; 

kaons per picture by the average path length per beam kaon, we 'found b 

6 the t o t a l  kaon t rack  length in  t h i s  experiment t o  be 10.44 + 0.95 x 10 cm. , * , 

+ - 
The s i p  plus cross section was based on the' events where the C 

+ '  decayed in to  a rc and a 'neutron. It was then multiplied by two t o  ' take 1- . . I . . 
,care of the protohic decay mode which was eliminated from the-cross 

. . 
section determination. A t  the production point, . the zero and one pr&ton . , , 

'. ' ' 

events were added together because the protons were assume'd t o  be jus t  . . - I .  

recoi l s  and not associated with the sigma production e<ents. A l l  the  . . ?  

, . 
I 

. . data were added in t h i s  fashion. . . 
r l . L 

The d e n ~ i t y ~ o f  propane used i n  the cross section calculations f o r  . ' , - . I .,, ., . , 

3 the sigma-two-pion evedts was 0.415 gm/cm . The summa& of the scanning ' 

r e su l t s  and the cross sections, along with the corrections made, is  

'presented i n  Tables 1 and 2. 



TABLE I 

T Y P ~  
of 

Event 

Number 
Found i n  
Scanning 

Number 
- on 
Output 

Number with Number 
D i f f i c u l t i e s  Rejected a s  

i n  Measurement 1 Not Sigma 



? 

'-Cross 
Section 

0.51 

5 0.07 mb 
- - 

0.45 

* 0.07 mb 

Total  
Corrected 

540 

(241) (2)  

482 

Scanning 
Efficiency 
89.7 + 6% 

540 

241 

. . 

Decay 
Bias 

25 5 2% ." 

484 

216 

Life -The  
Correction 

13.2 +. 546 

36 3 

24..2 * 5.646 

16 2 

Total  
Observed 

315 

123 

Type 
of 

Event 

- + 2 -K  n  

- - +  
C n n P  

+ - -  .s, n n 
+ - -  

C a n  p 

Found 
(corrected) 

. 228 

87 

8 5 

38 . 



I .  

V I I I .  PHASE SPACE AND RESOLUTION 

. A. Phase Space 
I 

..The standard.method of looking f o r  resonances i n  an n-body system 
I 

i s  t o  look f o r  deviation from phase space i n  the invariant mass .plot. 
' ,  

The invariant mass of an n-particle,system i s  defined as  . 
1 

. I 

; .  When many resonances e x i s t  in  the same energy region,, a resonance 
I --'-7-- 

I i n  one invariant mass can be obscured by the  re f lec t ion  of another. 

I Alternatively, one can iook fo r  c luster ing of events on a Dal i tz  plot .  

A Dal i tz  p lo t  i s  a scatter-diagram of the appropriate quant i t ies  . . 

. . from which one can deduce the constancy of the square of the matrix a 

I 
element fo r  the reaction. I n  the absence of any resonance, i.e.., constant 

. o r  slowly varying matrix element, the points  r ep~esen t ing  the 'events 
I 

should be populated uniformly on the p lo t .  The l@it of the Dabitz ,plot 

I i s  governed by the available energy. 
I 

In co l l i s ions  with single nucleons, the  t o t a l  energy of the outgoing 
I 

. 
I - par t i c l e s  is  fixed by the 'beam momentum. I n  our case, the carbon nucleus . 
t 

. , 

can take some energy which may be unobserved. The appropriate Dalitz 

I 
. plo t  uses the square of the invariant xruiss of the sigma-pion system. 

, 
This s t i l l  preserves the property t h a t  every element of area has equal 

& pr ior1  probabili ty of being occupied, and a t  the s h e  time allows . a l l '  

the  events with' the same mass of the sigma-pion system t o  f a l l  on the 

same l i n e .  The a l te rna t ive  of using C.M. k ine t ic  energies of the two 

pions i s  not sui table  here because of our i n a b i l i t y  t o  transform the 

laboratory quant i t ies  in to  the C .M. system properly. 
l 



In  our case, we had a varia'ole C.M.  energy available because of the 

Fermi momentum of the nucleon i n  the carbon nucleus. The phase space and 

the boundary of the Dalitz p lo t  are no longer defined by the beam momen- * 

tum. . To calculate the t o t a l  phase space, we adopted the following proce- , 
I 

dure: . I\ 

1 )  The invariant mass of the t o t a l  three-body system was calculated 

f o r  each event. This was the available energy i n  the C.M. f o r  the three-  
.-. - 

i body system. 

i .  
2) The standard three-body phase space was calculated f o r  each 

event corresponding t o  the:C. M. energy available t o  the  system. 
'. ! 

3)  A l l  the phase space dis t r ibut ions calculated f o r  each event 
* 

I 

were then added. Each dis t r ibut ion was given the  same weight i n  the 

I summation. 
I 

, 

B . Re solution 

The two weighted histograms of the e r rors  i n  the invariant masses 
I 

I are shown i n  Figures 7 and 8. The resolution i s  the half-width a t  ha l f :  

, , maximum of the e r ro r  histogram. T'ne resolution was 16 MeV f o r  the 

sigma-pion invariant mass and 8 MeV f o r  the pion-pion invariant mass. . 

It should be pointed out here t h a t  the resolution obtained f o r  the . 

sigma-pion invariant mass was. an average. It was noticed t h a t  the e r rors  

were d i rec t ly  proportional t o  the magnitudes of the invariant mass. 
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U S L : ~  iLID CTSCUSSICI' ' ,  . . 

- ; - 
I n  t h i s  sectiori..:we ~ ~ 2 1 1  co:isid8. ;'ne nucleon Fermi momenturn i n  > .  . . 

I ,. , 

carbon. m hen we w f ' l l  discuss resonz.nces i n  the three- and two-body 

invariant 'mass systems. --. 

.$ . . i 
I . A .  Fermi ~omentum Distri'ouiion 6 - 

8.' 
. R .  !h. 

, .  . TO -check ' i f  our data i s  consistent w i t h  single neutron interactioti ,  

j 

I . i n  carbon hypothqsis, we plot ted the transverse mom6ntum imbalance of ,; 

._. .-.- - .  
the  out-going X2n system. This imbalance i s  independent of the beam . ,  

! 

j '  momentum. Only 1 ?n cvcnts with no protons were used. I n  order Lo ., 

- minimize the e r rors  o n t h e  transverse momentum imbalance, those events;' 
I 

with a l l  the pions grea ter  br equal t o  10 cm i n  length were used exclu- 

sively.  The d is t r ibut ion  i s  shown i n  Figure 9. There were 12 events 

with momenta greater  than 600 M ~ V / C .  1 r 

The nucleon Fermi rnomenturn dis t r ibut ion i n  carbon had been measured 
$ 

. 3 

by Azhgirey e t  a ~ ? ~  using protons with an energy of 660 MeV as incident . 

par t i c l e s .  Tneir data was f i t t e d  by a sum of two Gaussian dis t r ibut ions:  
! . .  

2 2 2 2 
exp - P / s , )  + a  exp - P s2) - - 
2 2 where a = 0.09; sl / 2m = 16 MeV; sg / 2m = 50 MeV; p i s  the  momentum 

and n . i s  the mass of the nucleon in  carbon. We used the same fit. The i 
1 dis t r ibut ion  i s  not normalized i n  Figure 9. The agreem=nt i s  'excel lent .  ' 

This indicates t h a t  it i s  reasonable t o  assume that::the.production'.of the 

2 events took place on a single neutron id carbon. 

B. Y-25r System 

We followed the  procedure outlined and calculated the three-part ic l?  

invariznt  masses f o r  the lambda and sigma two-pion events. 

The d is t r ibut ions  are  shown i n  Figures 10 and 11. In the plots ,  
, 



Fig. 9. 



,.. - - --. . _ ., _. ... ---- 
! . 
i 

Fig. 10. . I  
1. 





, '. . I .- 

f : /  we noted the appearance of some enhancement i n  the 1750 MeV region. This 

i s  the area where Tripp e t  a12 observed a bump i n  the I(N scat ter ing cross ' . 

section corresponding t o  a.resonznce which has an isotopic spin of 1. We 
i 
z believe t h i s  e f f ec t  i s  not due t o  s t a t i s t i c a l  f luctuat ions o r  t o  the"' 

* I  ' e f fec t s  of scat ter ing on carbon nucleus. Tinis enhancement may be due 

I , t o  the resonance noted. 4 

I .-. .- 4 B .  
I ij .': 

I AS a f i r s t  s tep i n  our search f o r  sigma. pion resonances, it i s  Y.y6 G;?: 
I I& 

i necessary t u  show t h a t  similar resonances cen be produced i n  carbon a,. .. : 
. f l  

analyzed. , s ince  the neutrons are  bound i n  carbon, we must show t h a t  the . . 

1 proposed method of calculating phase space i s  reasonable. To.do t h i s ,  

I 

! we decided t o  look f o r  the well-known Y: (1385) i n  our lambda data. 

The lambda events were a by-product of a previous experiment con- 
I * cerned with Y: (1385)?2 The eccepted events f o r  analysis were such t h a t  

they sa t i s f i ed  the  following c r i t e r i a :  

t 

i 1 )  The events constrained as lambda's a t  the decay ver t ices  (see :- . 
Figure 3, Reference 22). . 

1 
I 

2) The events were constrained a s  interact ions on f ree  protons. 
I 

: When the chi square of the  f i t  was 12 or  lower, the events were accepted ' . . . I . ,  
I as  f r e e  proton interact ions.  I f  2' n- nf events were .constrained a s  

. I  
. . i - f '  

1 .  A n n , the  chi  square of the  f i t  would peak a t .  a value of 25. We 
.i 

accepted only events where the chi square of the  f i t  was above 50. t 
I (see Figure .4, Reference 22. ) I 
I From Figure10 we see t h a t  there i s  a wide variat ion i n  the C.M. 

- * / ' .  5 

i energy available t o  the lambdc-two-pion system. To obtain a reasonable : 
I 

1 .  . sample of events f o r  fur ther  analysis, we selected onlylthose events. 
i 



I 
I - 4- 

r .  1 with A n x invariant Dass Setween 1600 and 1%5 MeV. The lower cut 

I was determined by the phase space available f o r  the production of the 
. . 

- . / Jt Y1, and the upper cut was t h e  available C.M. energy i n  the absence of 
I 
I nuclear Fermi momentum. 

I '  The two-body phase .spaces fo r  t&e . . 391 remaining events were ca@u- 
: e '  i i  :, >' 

l a t ed  following the prescribed procedure. The mass value used f o r  tihe 
i 

Y; i n  the calculation was 1378 MeV as found . i n  ou r  own hydrogen data. 
I - __--. The width used was the standard 50 IvleV, although our own data showed 

j + the widths t o  be different  f o r  t l l c  Y' and Y;-; the widths being 58 MeV 
I 1 
i 
I . and 70 MeV respectively?2 The calculated "carbon" phase spaces a re  

f 
I '. . 

I shown i n  ~ i ~ u r e  12. 
I .The invariant mass dis t r ibut ions f o r  the lambda-pion systems are  

0 

, 

shown i n  Figure 13. Tie chi-squzre probabili ty f o r  a worse f i t  t o  the 
I . . 

-t 
, non-resonating phase space was l e s s  than 574 f o r  the A n d is t r ibut ion  

I 
1 and 1% f o r  the A x' invariant mass dis t r ibut ion.  The existence of Y;- 

? .  

(1385) Is clear,  indicating that\ resonances produced i n  carbon can be , 
. - 

observed. The (1385) i s  known t? be suppressed i n  t h i s  e>ergy 

- 1 -  . . 
region by a fac tor  of 1 . 5  re la t ive  t o  the Y;- (1385)?2 The d a t a  was 

t 

roughly f i t t e d  when the phase space was weighted by 115 YY-, 35 Y;', 
I + 
I and 241 background. The chi-square obtained f a r  the A x and A n- 

I 
distr ibut ions gave a 20% and 60% probability, respectively, f o r  a worse 

1 
fit. The number of Y* used i n  the f i t  should not be taken too seriously 1 

t 
I 

because of the large interference e f fec t s  known t o  e x i s t  i n  t h i s  energy 

;. + 
region?4 It i s  quite obvious t h a t  the peaks i n  the h n and A n- in- - ., . 

I 
1 .  

variant  mass p lo ts  .have d i f fe rent  cefitral values. ,This i s  t rue  . t o  some 
I 
I 
I 

I . 
i extent even i n  our hydrogen dataF2 I n  addition, our hydrogen data gave 
! 
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I 

' *+ 
r- I 

wider widths f o r  Y;- and Y1 . Thus, it i s  c lear  t h a t  i f  we used different  

I mass values and 'd i f fe ren t  viiitths f o r  Y-T- and Y;+, we would have gotten 
I 
I , , 

i * 
more Y1 production i n  our f i t .  

I 
- + '  

No peaking was observed i n  t i e  n n invar iant  bass d i s t r ibu t ion .  
I . . 

,D. C+ n-  n- ~ v e n t s '  ! 

We took the  same C.M. energy cuts  f o r  the sigmas a s  f o r  the  lambdas. 
I 

The phase spaces calculated i n  the p r e s c r i b e d . m n e r  a re  shown, in .Figures  

I I - ---14 and 15.  The masses and widths used i n  the  calculat ions  were: 1405 
I 

' MeV, 50 MeV; 1520 MeV, 16 MeV. These are  t'ne bes t  known values f o r  these I 
I I C ~ O ~ Q ~ C C E .  ' 

, s  .. 
I 

Figure l 6  shows the ~ a ' l i t z  p lo t  f o r  the events. m e  d i f f e r en t  . 
I 

I e l l i p s e s  are the  kinematical l i m i t s  f o r  several  avai lable  energies.  I n  
' 

1 .  : + - 
t he  C n invar iant  mass plot ,  Figure 17,. each event was entered twice I 

\ 

. I 
I because of t h e  two negative pions. The probabi l i ty  f o r  a worse f i t  t o  
I 

i the  non-resonating phase space was approximately 3$, while the  probabil- 
I 
1 , it> f o r  a worse fit t o  the  phase space with resonances' was 4576. The , 
< -. 
! +5 

phase space with resonence contain 26 Yo (1405); 18 Y: (l52O), and 50 

I non-resonating background. The donrinating resonance i s  c l ea r ly  the  

. , . Y: (1520). But it appears t o  be sonewhat lqwer and broader than the 
I 

' I - values used i n  the  phase space 'calculat ion.  The same lpwer and broader 
I . ! 11 

v a l u e s  were observed by Alston e t  a l .  i n  t h e i r  data a t  PK. = 1.49 ~eV/c .  . I 

Figure 18 shows the  invar iant  mass d i s t r i bu t ion  of t he  negative 
I 

pions. There a re  no well-established T = 2 pion-pion resonances i n  
' 

\ 

'our energy region, There a r e  no s t a t i s t i c a l l y  s ign i f ican t  peaks i n  

our p lo t .  A pion-pion resonance would r e s u l t  i n  a c lu s t e r  of events 

about a diagonal l i n e  with slope equsl  , t o  -1 i n  t h e  Dal i tz  plot ,  Figure 16. 
,/' 

! 

i 
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I I :  
, . 

We see,no evidence f o r  a pi-pi  resonance. r ,  

- + 
E. C - n  n  Events 

1 )  Discussion 
{ . . 

Following again the* procedure out l ined above, the  phase spaces J r e  8 
, 

ij ' 
calculated.  They'are shown i n  Figures 19 and 20. In  t he  Z- x+ invar iant  

mass d i s t r i bu t ion  p lo t t ed  i n  Figure 21, we see the  fami l ia r  YE (1405) 

and an indicat ion of the YE (1520). But unlike the sigma plus events, 
.- .- 4-- 

I the  Y: (1405) i s  c l ea r ly  the dominant resonance here. The chi-square 

! probabi l i ty  f o r  obtaining a worse f i t  t o  the  non-resonating phase space 
I 

I 
was 2096 and 105 respect ively f o r  the 2- n' and z- x- invar iant  mass 

i 
2 5 '. . . 

dis t r ibu t ions .  The probzbi l i ty  f o r  a worse f i t  t o  .the phase space with 
I * 
I resonance was 5096 f o r  the  1- n+ dis t r ibu t ion  and 90$ f o r  the  z - n' 
I 
I 

dis t r ibu t ion .  The phase space with resonances was veighte,d by 46 Y;" 

- i- 
(1405), 35 Y: (1405), 10 Y: (1520), and 94 background. The n n 

I 
I 

1 . invar iant  mass d i s t r i bu t ion  shows nothing out of the ordinary, (Figure 
L 

22). The resonance f i t s  were a l l  approximate. 0 

- 
The strong enhancement observed a t  141) Mev i n  the  x- 11 - invar iant  

+ ' mass p lo t  i n  Figure 23 i s  l e s s  thm- 50 MeV ,wide. A comparison with 

* I Figure 19  shows t h a t  the  r e f l ec t ion  of the  Y*: (1405) o r  Yo (1520) cannot 
I 

, give t h i s  sharp peak. , F o r  example, the  width a t  half-maximum of the 
I . . 

I YE (1520) r e f l ec t ion  i s  approximately 70 MeV. And on the  Dal i tz  p l o t  

(Figure 24) we see t h a t  there  i s  comparatfvely sparse c lus te r ing  i n  the  
1 .  . '  

T, = 0 system a t  1405 o r  1520 NeV. Tihe k i n  bunching i s  located a t  an 
-I 

2 invar iant  mass squared value of approximately 2 ( B ~ v )  i n  the  T 3 = -2 
, 

)C system. Thus, the  1415 enhancement i s  not due t o  re f lec t ions  of Yo 

(1405), YE (1520) o r  pion-pion resonances. A comparison, with t h e  x+ n- I 
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i . Fig. 24. 



! 
i , . . 

f invar iant  mass p lo t )  Figure 17, indicates  "that t h i s  enhancement probably 
! 

. . 

cannot be a t t r i bu t ed  to ,carbon production .e f fec t s .  

! 
1 ,  We w i l l  now t r y  t o  f i n d  out >ha t  kind of bias,  contamination, o r  . 

! - .- 
! other  e f f ec t s  in t h i s  experiment can give the sharp peak observed. . 

2)  Scanning Bias 

We were biased against  events where the  pion t racks  from the sigma . . 

! . . decays were s teep i n  the  chamber. When we removedthis b ias  by taking 
, ' . I / " ----- 

only events between 45 and 90 degrees ( ~ i g u r e  6 ) . t h e  peak pers i s ted  and, 
/ 

1 .  i n  fac t ,  became more pronounced. T'iese invar iant  mss d is t r ibu t ions  
I I 

; 
I I 

with the  b ias  removed a re  shown i n  Figure 25. 
G 

3) Contamination 
* . . 

. I n  our scanning we found 181 events of the  foUowing types : 

These events most l i k e l y  Cane from the charge exchange of one pion i n  

carbon i n  t he  following reactions:  

f -  The, same number of events can charge exchange in to  the 2 n+ n- channels.' 
< 

To see i f  the  peak&g could have been due t o  t h i s  contamination, we 
? 

, . 
p lo t t ed  a l l  the relevant quant i t i es .  I n  the p lo t  of the  three-body 

, .  invariant mss, Figure 26, we found t h a t  only about one-third of these 
+ - - 

events a re  i n  the  region used i n  our 2- nC n data (1600. M ~ V  t o  1865 M ~ v ) .  
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r .  

This shows t h a t  t h e ,  maximum possible contaminatibn i s  64 events'. , .. I 
I 

! When we 'look a t  the  invar iant  mass p l o t s  of the  sigma-pion system, 
I 
I Figure 27, we see nothing extrzordinary. The small enhancement i n  the , . 

.I 

C' n' invar iant  mass p lo t  a t  1405 ?d!eV i s  probably due t o  s ta t is t ics . . - .  
i . 
! Of course, t h i s  may be a resonance produced i n  these react ions .  But 

, 

I 
i i f  we assume t h a t  t h i s  i s  not &ue t o  resonance production, and i s  not 

I 

: j &ue t o  s t a t i s t i c s ,  we can subtrect  t h i s  contminat ion from the  x- K -  

.. -.invariant mass p lo t .  This would be the maximum amount of contanination. 
! 
I Even a f t e r  the subtraction,  the C- r c -  invariant msss p lo t  i s  s t i l l  
I 

l e f t  with a sharp peak a t  1415 MeV. This enhancement cannot be explainail 
f 

' 8 

\ 

away by invoking charge exckiange e f f ec t s .  

4 )  Kinetic Energy Dist r ibut ions  * 

. ,  Some of t he  Y*'s which decayed' i n  the carbon nucleus were moving 
I 

i slowly. Evidence of t h i s  would be a peak i n  the '  laboratory k ine t i c  
I 

I 

' energy d is t r ibu t ion  of t he  pion from the  Y* decay. This peak would 

e x i s t  even i f  t he  pion underwent e l a s t i c  sca t te r ing  before escaging 
. - 

: : ' I  from the  carbon nucleus. For a ? with. a mass of 1415 MeV, the  peak 
' I 

. , 

i n  the  laboratory k ine t i c  distribution of the  pion from the  Y* decay ' . 

! 
, .  should appear a t  approximately 70 NeV. 

We calculated the t o t a l  k ine t i c  energy of the  th ree  p a r t i c l e  system 
. - 

1 
- - f  

I 
i n  the  laboratory system f o r  the  n n events ( ~ i g u r e  28). We divided 

I .  
! . t h e  events i n t o  two groups t o  see the possible var ia t ions  of the  pion . , 

. . 
I 

k ine t i c  energy d is t r ibu t ion .wi th  the  t o t a l  k ine t i c  energy i n  t he  labora- . 

I 
! \ 

1 t o ry  system. One group's t o t a l  1aboratory.kinet ic  energy f e l l  between . . i .  

. i 

I 350 and 500 MeV; the other between 500 and 720 MeV. The p lo t s  of the  ' , - 
i 1, 

pion k ine t ic  energy i n  t he  laboratory system are  shown i n  Figures 29 and . !  
3 
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L 

I . 
' i  30. There appears t o  be no.variat;ion.beDween the two negative pion 

I . . 
I 

' dis t r ibut ions .  The posit ions of the peaks agree with tha t  of the decay 

Zk 
of a 1415 'MeV Y which . i s  a t  r e s t  o r '  moving very .slowly. When similar  

procedure was. carr ied out f o r  the 
+ + -  I+ ~ r +  n- and 2 rc n p events, we 

observed no.peaking Fn the posit ive pion kinet ic ,energy d is t r ibut ions .  .I 

* 
A Y with a mass of 1415 MeV and a width of 50 MeV would t r a v e l  

about 2 fermis i n  one mean-life . Using .3 fermis as .the radius' of the 

carbon nucleus, we found the average path length t o  be about 4 f e m i s .  

From knom K-N cross sections':' we calculated the average path length 

fnr K- before interact ion in  ca-rbol t o  be of the order of 2.1 fermis. 
, 

This l e f t  an akerage path length in 'carbon of l . 9 ' i e rmis  for the sacon- 

. . )C 

dary pa r t i c l e s  produced. 'Tnus, on the average, one-third of the  Y 's 
s 

I I 

would ge t  out of the  carbon nucleus before decaying. We would see these 

events in the invariant  mass p lo t .  Some of the  sigmas and pions from a 

iC 
Y which decayed i n  carbon would escape from the nucleus without i n t e r -  

action. We would see these events i n  the invariant mass p lo t  a lso.  We 
I * 

estimate tha t  approximately one-half of the  Y 's produced would be 

I observed i n  t h i s  fashion. Par t  of the remaining events may b i  observed 

by p lo t t ing  the  pion k ine t ic  energy dis.l;rlbu tions. 

When the C- n- invarien-t mass was p lo t ted  f o r  the events with the 

negative pion laboratory k ine t ic  energy between 50 and"75 MeV, the  d i s -  

t r ibu t ion  looked l i k e  the  phase space withouk resonance. This shows t h a t  

the  events i n  the pion k ine t i c  energy peak were not the same events 

observed i n  the  C- x y  invarlant,rnass peak. We believe. these events 

, are  those wherein the sigma--pion resonance was produced and then 

' decayed i n  t h e  carbon nucleus : \?hen these 'events were subtracted from 

the fn~arfWiC mass plok, the peak became more gronbuncea. 
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' .. . . 
Since the invar iant  ness of tk:c th ree-par t ic le  'system does not 

necessar i ly  have e one-or,e corresyondence with i t s  t o t a l  laboratory 

, . k i n e t i c  energy i n  our experbent, v? p lo t t ed  the  sigma-pion , invar ian t  

nass with the t o t a l  laboratory kinetic energy cu ts  s t a t e d  above. (Figures 
I 

3 i  and 32). Although low on s t z t i s l i c s ,  we not ice  t h a t  the  peaking i s  . . 

e s s e n t i a l l y  in  the  350 i4eV t o  500 bieV cut .  But t h i s  should not be 
I '  

. suprising,  since, a s  we see fro2';the Dal i tz  p lo t  (Figure 24), the  main 

: .. -.--'contribution t o  t he  peak i s  i n  the  1700 t o  1800 MeV t o t a l  invar iant  mass 

i n t e rva l .  Pnis corresponds ap?roxirnztely t o  the  k ine t i c  energy cut .  

, . 5 )  Beflection 
. . 

To check the  p o s s i b i l i t y  t h a t  t h i s  peak i s  due t o  r e f l ec t ion  of 

resonances not i n  the  sigma-pior- o r  pion-pion systems, we chose tine most ' .  

plausible  reaction,  t h a t  i s  : X- + 2N + + n -k N* 
33' 

Figure 33 shows 
\ 

t he  phase spaces calculated f o r  t h i s  process. ' It i s  highly.  improbable 

t h a t  tinis w i l l  give t he  sharp peeking observed. 

Since no simple interference e f f e c t s . a r e  known.to give the  sharp 
, . . 

enhancement observed and the  excess i s  more than 3 standard de-viations 

from the  phase space without resonznce, we conclude t h a t  the  peaking 

observed i s  due t o  a 2 resonance. 

As we pointed out before, there  have been enhancements observed i n  , 

the  1400 MeV region i n  the  T = 111 channel t h a t  have been a t t r i b u t e d  I, 

3. 
r ;  . 

t o  o ther  e f f ec t s .  I n  the  da ta  a t  PK- = 1 .51  ~ e ~ / c t O  the  enhancement 

a t  1415 MeV i n  t h e ' T  =, 1 1 1  system can be explained a s  the  T = 1 3 .  3 
component of t he  T = 2 resonance. 
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f , .  X .  CONCLUSION . 

I n  addit ion t o  the  vell-known Y% (1405), YE (1520), and Y; (1385,), 0 

I we see an enhancement i n  t h e  hyperon-two-pion system i n  the 1750 MeV . 

1 
I region. This may be a t t r i bu t ed  t o  the Y;' (1765). . a . 

f - - 
I n  par t icu la r ,  we obsex-ed a narrow peak i n  the  2 n invar iant  

I 

msss d i s t r ibu t ion .  The ~ a l i t z  p lo t  showed t h a t  the peak i s  not due' t o  

f - f 
the re f lec t ion  of resonances i n  the 1- x- or. x x systems. A comparison 

I . .  

1 .- .--- - 
with the  2' nm invar iant  mass d i s t r ibu t ion  indicated t h a t  t h i s  peak 

I 
probably cannot be a t t r i bu t ed  t o  carbon production e f fec t s .  We found 

8 

I 
I t h a t  a l l  the  known biases  and contaninations of the  data did not give 

I. t h i s  enhancement. No simple interference phenomena a r e  known t o  give 
I s 

. t h e  sharp peaking observed. Further, the  departure from the  non- 
! 

resonating phase space i s  more than 3 standard deviations. In,addit ion,  

t he  laboratory k ine t i c  energy d is t r ibu t ion  of the  negative pion indicated I 

the  production of a resonance. Tlnerefore, .we concluded t h a t  the  peak 

i n  the 2- x- system i s  due t o  the  production of a T = 2 resonance. The . 

I mass i s  1415 2 16' MeV. The width i s  not, determined because of the  la rge  
I . - 

background involved; but f romthe  approximate f i t ,  it should be of the 

order of 50 MeV o r  less . .  The spin and pa r i t y  of t h i s  resonance have 

not been obtained because of low s t a t i s t i c s  and because of the impdssi- 

b i l i t y  of ge t t ing  the proper center-of-mass quant i t i es .  

The locat ion.  of t h i s  resonance does not agree with the  global 

1 - symmetry o r  l i m i t e d  symmetry predictions.  I f  the  SU theory i s  correct ,  
! 3 
1 
I 

then t h i s  i s  the  beginning of a 27 mult iple t .  T'nere should be 22 o the r ,  
' . . I 

. members. 

It i s  in t e r e s t i ng  t o  note t h a t  there  appear t o  be, two resonances 
8 



i n  the 1400 MeV region: one wit!? T = 0 a d  .t'ne other with T = 2 .  The 

limited symmetry theory predicted. t kz t  t h i s  would be the case as f 2 CC 
-x. 

f a l l s . . t o  zero. If t h i s  theory i s  correct, then there should be a Y1 

below 1385 MeV. 

- -!- I - - -  
The cross sections f o r  C- n 5 ,  and C n productions from 

the L- I- n(c )  i n i t i a l  s t a t e  were found t o  be 0.51 t 0.07 mb and 0.45 t 
' 

0.07 mb i e  spectively.  \ 

. ... .*". 
I An experiment i n  deuterium i s  be,ing done t o  ver i fy  these r e su l t s .  
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