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S H I F T S  U P  T O  

T h e r e  i s  now c o n s i d e r a b l e  i n f o r m a t i o n  a v a i l -  
a b l e  on v a r i o u s  a s p e c t s  of the  e l a s t i c  ~ i n t e r a c -  
t ion  such  a s  a n g u l a r  d i s t r i b u t i o n s ,  c r o s s  s e c t i o n s  
and S - w a v e  c o n t r i b u t i o n s  at  low e n e r g i e s .  Mos t  
of  t h i s  i n f o r m a t i o n  c o m e s  f r o m  the  a p p l i c a t i o n  of 
the  one  p ion  e x c h a n g e  m o d e l  [1, 2] to the  e x p e r i -  
m e n t a l  r e s u l t s  on s ing l e  and double  p ion  p r o d u c -  
t ion  in ~p c o l l i s i o n s  such  a s  ~ - p  ~ ~-~Op o r  

-p  ~,~*++ _ ~33  ~ 7T -  [3-13] .  When  the  f o r m f a c t o r  and 
o f f - s h e l l  c o r r e c t i o n  func t ions  of F e r r a r i  and S e l -  
l e r i  a r e  u s e d  [14], the  one pion e x c h a n g e  m o d e l  
y i e l d s  c o n s i s t e n t  r e s u l t s  on the  ~ i n t e r a c t i o n  
f r o m  d i f f e r e n t  r e a c t i o n s  and wi th  d i f f e r e n t  m o -  
m e n t a  of the  i n c o m i n g  p ion  [6 -11 ,  13]. T h i s  g i v e s  
c o n f i d e n c e  in t h o s e  da t a  on ~ s c a t t e r i n g  which  
h a v e  b e e n  ob ta ined  in th i s  way.  

In the  s tudy r e p o r t e d  h e r e  we t r i e d  to c o m -  
b ine  a l l  e x p e r i m e n t a l  da t a  on the  e l e s t i c  ~ in -  
t e r a c t i o n  and to a n a l y s e  t h e m  in t e r m s  of the  ~ 
s c a t t e r i n g  p h a s e  sh i f t s .  The  m a i n  r e s u l t s  of the  
a n a l y s i s  a r e :  1. A se t  of p h a s e  sh i f t s  i s  ob ta ined  
which  in a c o n s i s t e n t  way f i t  the  e x i s t i n g  da t a  on 
~v s c a t t e r i n g .  2. T h e  width  of the  p m e s o n  
t u r n e d  out  to be  170 MeV,  a v a l u e  which  has  to 
be  c o m p a r e d  wi th  the  c o m m o n l y  a c c e p t e d  one of 
110 MeV. 3. T h e  e x i s t e n c e  of a T  = 0 ,  J =  0 ~ 
r e s o n a n c e  i s  c o n f i r m e d .  A m a s s  of 0.74 GeV and 
a fu l l  wid th  at ha l f  m a x i m u m  of 90 MeV w e r e  
found fo r  t h i s  r e s o n a n c e .  A m o r e  d e t a i l e d  d e s c r i p -  
t ion  of the  a n a l y s i s  w i l l  a p p e a r  e l s e w h e r e  [15]. 
The  v a l u e s  of the  y~ p h a s e  sh i f t s  f r o m  t h r e s h o l d  
up to a c . m .  e n e r g y  of ¢o = 1.3 GeV a r e  s u m m a r i z e d  
in f ig.  1. 

Wi th  the  he lp  of the  one p ion  e x c h a n g e  m o d e l ,  
u s i n g  the  c o r r e c t i o n s  p r o p o s e d  by F e r r a r i  and 
S e l l e r i ,  ~ ,  the  t o t a l  c r o s s  s e c t i o n s  fo r  e l a s t i c  
v -~o ,  ~+~- and ~ s c a t t e r i n g  h a v e  been  d e t e r -  
m i n e d  f r o m  the  r e a c t i o n s  ~-p  ~ ~-~Op (1.59 [6], 
2.75 [7], 4.0 [10]), ~ - p - ~  ~ + ~ - n  (1.59 [6], 2.75 
[7], 4.0 [9 -11 ,  16]), ~+p ~ ~+~+n (4.0 [13]) and 
~-p  ~ N ~ + ~  ~ -  (4.0 t) .  The  f i g u r e s  in b r a c k e t s  
g i v e  the  l a b o r a t o r y  m o m e n t a  of the  inc iden t  p ion  
at  wh ich  the  r e a c t i o n s  h a v e  been  s tudied .  
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Fig.  1. ~ phase shifts 5 T as a function of the ~TT c.m. 
energy 00. 

t In ref .  6 ~ - ~ -  was determined without the use of off- 
shell  correct ions for the ?T~ ver tex.  The correspond-  
ing influence on the values of ~ -Tr -  was est imated and 
the correc ted  values were used in this analysis.  

3 2 8  



Volume 19, number 4 PHYSICS L E T T E R S  1 November 1965 

Fu r the r  informat ion  on ~Tr sca t te r ing  comes  
f rom the m e a s u r e m e n t s  of a) the ~ angular  d i s -  
t r ibu t ion  W(cos 0), where 0 is the angle between 
the incoming pion and the outgoing pion of the 
same  charge in the Ir~ r e s t  sys tem;  b) the a s y m -  
me t ry  p a r a m e t e r  R = ( F o r w a r d - B a c k w a r d ) / ( F o r -  
ward + Backward). Apart  from the above cited 
expe r imen t s  there  a re  data avai lable  f rom the 
r eac t ions  ~-p -* ~-~Op (3.0 [17], 3.3 [18]), 
Ir-p ---* 7T+~-n (3.0 [17], 3.3 [18], 6.0 [19]), 
7r+n -~ ~+~-p (6.0 [20]) and ~ p ~ ~33 lr-~- (2.75 
[8]). 

According to Se l l e r i  [14] the ~ angular  d i s t r i -  
but ion is a l te red  if one of the pions is off the 
m a s s  shel l  and pa r t i a l  waves of different  angular  
momentum sta tes  contr ibute .  Therefore  the 
~ angular  d i s t r ibu t ion  measu red  in r eac t ions  
such as ~N ~ ~ N  may differ f rom the angular  
d i s t r ibu t ion  for on-she l l  ~ scat ter ing.  The c o r -  
r ec t ions  for R are  typical ly  of the o rder  of 10-30% 
for momentum t r a n s f e r s  squared of - t  = 10 p2 
(AL pion mass) .  They have been taken into account 
in this  analys is .  

The ~ phase shif ts  5 T were  de te rmined  by 
f i r s t  ana lys ing  ~ ±  sca t te r ing  which involves only 
the T = 2 isospin  ampli tude.  The ~r±~ ± c r o s s  sec -  
t ion and the angular  d i s t r ibu t ion  could be well  de-  
sc r ibed  a s suming  S and D waves only. The r e l a -  
t ive sign of 502 and 52 turned  out to be posi t ive 
and the negative value of R~r-~ro, the a s y m m e t r y  
p a r a m e t e r  for ~-~o sca t ter ing ,  de te rmined  the 
negat ive  sign of 5 2. 

Knowing the T = 2 phase shif ts ,  the expe r imen-  
tal  r e s u l t s  on ~-~o sca t te r ing  were  used lto obtain 
the T = 1 phase shifts.  Th e phase shift 51 is  dom-  
inated by the p meson.  The fit of the p width to the 
behaviour  of Rv-vo and of ~ r -vo  gave a full width 
at half max imum of 170 MeV. The phase shift 53 
was found to be smal l .  

The T = 0 phase shifts  were  then fit ted using 
the ~+~- sca t te r ing  data. At very  low ~ m a s s e s  
the T = 0, S-wave ~ in te rac t ion  was measu red  
by studying the reac t ion  p + d  ~ 3He+2~ [21]. At 
l a rge  ~v m a s s e s  (w > 1 GeV) there  is a s t rong 
D-wave contr ibut ion  which mainly  comes  f rom 
the f meson.  We therefore  calcula ted 5~ using 
a r e sonan t  phase-sh i f t  fo rmula  [22]. Knowing 
5 ° one can now t ry  to de te rmine  5o 5 for ~ >  0 5GeV 

2 " 

Whereas  in this  region  ~ + ~ -  is  insens i t ive  to the 
O O value of 5 o, R~+~- depends c r i t i ca l ly  on 5 o. F i t -  

o t ing 5 o to R~+~- we found that the large a s y m m e t r y  
(R~r+ ~- ~ 0.4 - 0.6), observed  f rom 0.6 GeV up to 
0 .9  GeV, can only be explained by a s suming  the 
ex is tence  of a r e sonance  in the T = 0, J = 0 state 
with a mass  of about that of the p meson.  Best  
ag reemen t  was found with a m a s s  of 0.74 GeV and 
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Fig. 2. Energy dependence of the asymmetry param- 
eter R. The data were taken from the compilation given 
in ref .  7 and from ref. 20. The curves shown were cal- 
culated from the 5Tj for on-shell ~ scattering (solid 
line) and for the scatteri2ng of a real pion on a p ion with 
a mass squared of -15 p+ (dashed line), a) ?T-¢' system, 

b) ~ ~- system. 

a width of 90 MeV. This  r e su l t  has been suggested 
by seve ra l  authors  and has been found in s i m i l a r  
inves t iga t ions  [23, 24]. 

Fig. 1 gives the behaviour of the phase shifts.  
In figs. 2a, b, R~-~o  and R~+~-, calculated f rom 
the phase shifts  a re  compared  with the m e a s u r e -  
ments .  The va lues  of R were  calcula ted a) for 
on - she l l  ~Tr sca t te r ing ,  b) for momentum t r a n s -  
f e r s  squared to the ~ system -t = 15 ~2 [25]. 
In figs. 3a-c, a comparison is made between the 
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Fig.  3. E las t i c  ~ s ca t t e r ing  c r o s s  sec t ion  as a func-  
t ion of t h e ~  c .m.  energy  co. a) ~ - ~ o  sca t t e r ing .  The 
data come f rom ~-p  --* ~ 7r°p (1.59, 2.75 [7]). b) ~+~-  
sca t t e r ing .  The data  come f rom ~-p  --~ ~÷~r-n (e 1.59 
and 2.75 [7], o 4.0 [16]). c ) ~ r  ~ sca t t e r ing .  The data 
come from ~+p -~ ~+ 7r'~n (V4.0 [13]) and f rom 

~p - . ~ +  ~-~- (v4.o +). 

m e a s u r e d  a n d  t he  c a l c u l a t e d  ~ c r o s s  s e c t i o n s .  
T h e  f i g u r e s  show t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  
a r e  w e l l  d e s c r i b e d  by  t h e  f i t t e d  v a l u e s  of t h e  p h a s e  
s h i f t s .  

t See footnote on page 328. 

I wan t  to  t h a n k  D r .  E .  L o h r m a n n  f o r  v a l u a b l e  
d i s c u s s i o n s  a n d  f o r  r e a d i n g  t h e  m a n u s c r i p t .  
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