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1. IN TR O D U C TIO N

Soon a fte r  the 30 G eV  m a ch in e  c a m e  in to  o p e ra t io n  the o n e -p io n  e x ­
ch ange m o d e l [1] w as p r o p o s e d . It w a s the f i r s t  d y n a m ica l m o d e l w h ich  
p ro v id e d  s o m e  m ea n s o f  ex p la in in g  p h enom ena  o b s e r v e d  at th e se  h igh  e n e r ­
g ie s  and it  h as even  been  exten d ed  up to c o s m ic  r a y  e n e r g ie s . In th is  ta lk  
the m a in  fe a tu re s  o f  the m o d e l w i ll  be  r e v ie w e d  and s o m e  o f  it s  lim ita t io n s  
and r e la t io n s h ip s  w ith  R e g g e  p o le s  w ill  be  d is c u s s e d .

2. M AIN F E A T U R E S  O F  TH E  M O D E L  AND IT S  L IM IT A T IO N S

T h e im p o r ta n ce  o f  o n e -p io n  exch a n ge  can  be  se e n  b y  c o n s id e r in g  p e r i ­
p h e ra l c o l l is i o n s .  In a s e m i - c la s s i c a l  p ic tu re , the p e r ip h e r a l in te r a c t io n  
i s  a g la n cin g  c o l l is io n  w h ere  the in c id en t p a r t ic le  on ly  in te ra c ts  w ith  the 
ou te r  r e g io n  o f  the ta rg e t  and r e c e iv e s  a s m a ll  m om en tu m  t r a n s fe r .  In th is  
situation  the lo n g -r a n g e  f o r c e s  a r e  the m o s t  im p orta n t and in  s tro n g  in t e r ­
a c t io n s  the o n e -p io n  exch a n ge  p r o v id e s  the lo n g e s t  ra n ge  f o r c e .  F u r t h e r ­
m o r e , the p e r ip h e r a l c o l l is i o n s  s e e m  to  g iv e  a s ig n ifica n t fr a c t io n  o f  the 
to ta l c r o s s - s e c t io n .  T h is  i s  b e ca u s e  s tro n g  in te ra c t io n  c r o s s - s e c t i o n s  a r e .  
o f  o r d e r

w h ere  R i s  the p ion  C om pton  w avelen gth . C r o s s -s e c t i o n s  o f  su ch  la r g e  m agni­
tude a re  s e n s it iv e  to  the o u te r  p a rts  o f  the ta rg e t  and th e r e fo r e  to  o n e -p io n  
exch a n ge . A n oth er  a ttra c t iv e  fe a tu re  i s  that o n e -p io n  exch a n ge  i s  r e la t iv e ly  
ea sy  to  a n a ly se  th e o r e t ic a lly .

T h e re  a re , h o w e v e r , a n u m b er  o f  l im ita t io n s  to  the a p p lica tio n  o f  th is  
m o d e l:

1) A  ra th e r  t r iv ia l  lim ita tio n  when e le c t r o m a g n e t ic  in te r a c t io n s  a re  a ls o  
p re se n t i s  that the C ou lom b  fo r c e  i s  o f  lo n g e r  ra n g e . T h is  g iv e s  a p o le  at 
z e r o  m om en tu m  t r a n s fe r  (F ig . 1) and s o  it i s  n e c e s s a r y  to  a v o id  the re s u lt in g  
peak  in  the fo rw a rd  d ir e c t io n . A t h igh e n e r g ie s  the C ou lom b  peak  i s  con fin 'ed  
to  a v e r y  s m a ll a n g les  and p r e s e n ts  no d if f icu lty  in  p r a c t ic e .

2) A  m o r e  im p orta n t lim ita tio n  is  due to  m u lt i -p a r t ic le  exch a n ge  c o n ­
tr ib u tion s , w h ich  a re  a ls o  p re se n t. F o r  s m a ll m om en tu m  tr a n s fe r  the s in g le
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pion  p o le  m ay  dom in ate  the sca tte r in g , but f o r  la r g e r  m om en tu m  t r a n s fe r  
the tw o - and m o r e -p io n  exch a n ge  co n tr ib u tio n s  a r e  at a co m p a ra b le  d ista n c 
(F ig . 1) and th e re  is  no lo n g e r  any re a s o n  to  n e g le c t  them .

3) E ven  fo r  s m a ll m om en tu m  tr a n s fe r  the m u lt i-p a r t ic le  con tr ib u tion  
cou ld  be m o r e  im p orta n t i f  the d iscon tin u ity  a c r o s s  the cu t i s  la r g e  enough. 
In te r m s  o f  p o ten tia ls , the o n e -p io n  p o le  g iv e s  a te r m  o f  the fo r m

g e ' ^ / r  (1)

w h ile  the m u lt i-p a r t ic le  con tinuum  g iv e s :
00

f  gW)!*1; (2)
4mir2

if  g(ji2) is  la rg e  enough, th is term  can be m ore  im portant than (1). An ex ­
am ple o f th is situation is  prov ided  by the d iffraction  peak in elastic  sca tter­
ing. T o  study the d iffraction  peak it is  n ecessa ry  to con sid er the absorptive
part o f  the am plitude in the forw ard  d irection ; the optica l theorem  gives

Im f el (t = o) = L f  * p f  (3)
n n n n

w here f n is  the am plitude fo r  transition  between the in itial (o r  final) state 
and an in term ediate state n and p n is  the phase space fa cto r  associated  with 
th is state n . In term s o f  d iagram s Eq. (3) can be represented  as shownin 
F ig . 2.

Fig. 2

It is  seen  that at lea st two pions m ust be exchanged and th ere fore  d iffraction  
is  a ssocia ted  with a sh orter  range term . T here is  a la rge  contribution be ­
cau se  a ll te rm s add coherently .

C onsider as an exam ple the p ro c e s s  p + p -* p. + n +  t+ , which has been 
studied by SELLER I and FERRARI [2, 3, 4] . A typical one-p ion  exchange 
d iagram  is  shown in F ig . 3.
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Fig-3

A one -pion exchange contribution to p + p -> p + & + ir+

T his d iagram  g ives a contribution to the c r o s s -s e c t io n  o f the form :

d a /d t a [g2 t /( t  -  m 2)2 ] a( n +p — tt+p ) . (4)

The fa c to r  t resu lts  from  the negative parity o f the pion. Other one-p ion  ex ­
change d iagram s g ive s im ila r  term s and a lso  in terferen ce  contributions. 
S e lle r i and F e r r a r i com pared  the final exp ression  with experim ental data 
betw een  1 and 3 GeV; they found good  agreem ent provided  they introduced a 
o n e -p a ra m eter  cu t-o ff  fo r  la rge  m om entum  tran sfers . This is  certa in ly  a 
reason ab le  approach sin ce  the m odel is  not expected to be valid  at large  
m om entum  tra n s fe rs , as pointed out above.

The last exam ple was a p articu larly  favourable ca se , sin ce  the p ion - 
nucleon  coupling constant and the low -en erg y  c r o s s -s e c t io n  w ere known. In 
g en era l, le s s  in form ation  is available . In this ca se , certa in  tests  can be 
applied  to the experim en tal data to see if the m odel :is w orking. F irs t , there 
is  a sp e c if ic  p red iction  fo r  the m om entum  tran sfer variation  which should 
be sa tis fied  at least fo r  sm all m om entum  tra n sfe rs . A second  type o f test 
has been  p rop osed  by YANG and TREIMAN [5] . In the left-hand side of F ig .3 
con s id er  the fra m e  in which the incom ing proton  is at re st (p = 0). A spin 
z e ro  pion  with m om entum  q* is then sca ttered  on a stationary proton ; th ere ­
fo r e  the fina l state should have azim uthal sym m etry  about q. If the data show 
an iso tro p ic  d istribution  fo r  rotation  o f the final 3-m om entum  about q , they 
a re  con sisten t with the exchange o f a single pion.

In a ca se  when a ll p rop osed  tests  are  satisfied  so that the valid ity  o f 
the m od el is  lik e ly , it is  p o ss ib le  to use the data in many ways. F o r  exam ple, 
in the ca se  o f p  + p - > p + n  + , the data could  be used to obtain the coupling
constant g if  the p ion -n u cleon  c r o s s -s e c t io n  is  known. A lternatively , i f  the 
coupling constant is  known, then the data could  be used to obtain <j( ir+p -» sr+p). 
It should be noted, how ever, that som e extrapolation  is  always required. 
E ith er the experim ental resu lts m ust be continued to the pion pole t = m2 so 
that p h y s ica l values fo r  a (*+p -* 7r+p) can be used; o r  e lse  the physica l values 
fo r  o(w +p-»7T+p) m ust be continued to the reg ion  t.^ 0 w here the experim ent 
p + p - » p + n + j r + is  conducted. A lso , note that the tests made on the data 
r e fe r  to n e ce ssa ry  but not su fficien t conditions fo r  the valid ity  o f  the m odel.

A s  has been a lready  s tre sse d , with in creasin g  m om entum  tran sfer c o r ­
re ction s  b ecom e  n e ce ssa ry  even in favourable ca ses . FERRARI and SELLERI 
[3] continue the p h y s ica l it -  N c r o s s -s e c t io n  by use o f C hew -Low  theory; 
th is is  ju stified  s in ce  they are still in the reg ion  o f  the 3-3 resonance even
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fo r  la r g e r  t.. T hey a lso  in troduce [4] a pion form  factor Fff(t) and express 
the c r o s s -s e c t io n  in the form :

dff/dtoc g2F 2 (t) [ t / ( t - m 2)2 ] ct(tt+P — 7rHp)- (5)

Then they obtain Fir (t) by fitting the experim ental data.
O f co u rse , states with other quantum n um oers, such as p and u, can 

a lso  be exchanged. A s a f ir s t  approxim ation one "might hope to d escrib e  the 
scatterin g  as an exchange o f only a few such ob je cts , each being treated with 
a fo rm  fa c to r  as was pion exchange. F orm ula  (5) represen ts  the optim istic 
lim it in which on ly one ob ject , the pion. is  exchanged.

Suppose now that this p roced u re  is  applied at higher energies (^,2 G e V ) .  

F o r  s im p lic ity , co n s id e r  a ca se  w here only a pion and a p are exchanged.
The am plitude can then be represented  by

f  = P0(c o s  0t) Gff(t) + P ^ c o s  6t) G p(t) (6)

w here in te rm s o f  M andelstam  variab les

co s  = -  1 -  s /2 q ?  . (7)

The f ir s t  te rm  o f (6) is  due to the exchange o f a pion (spin zero ) and the s e c ­
ond to that o f a p -  m eson  (spin one). Eq. (7) shows, then, that fo r  large s 
the asym ptotic contributions to the amplitude are correspon d in gly  ~  S° and 
~  s1 . To test these pred iction s  we can use the available data on proton - 
proton  scatterin g  in the reg ion  1 -4  G e V  (B rookhaven) and above 12 G e V  

(CERN) [6 ] . T hese  data are derived  from  experim ents in which fast outgoing 
proton s o f vary in g  energy E 1 are detected at fixed  angle fo r  a given incom ing 
proton  energy E. A  typ ica l c r o s s -s e c t io n  is  shown in Fig. 4. Apart from  the

d s

High energy proton-proton differential cross-section

e la stic  peak (1), a num ber o f other peaks are superim posed  on the inelastic 
continuum . The p osition s o f  these peaks seem  to be quite stable and are 
con sisten t with the in terpretation  that (2) corresp on d s to production o f the 
P 3/ 2, T  = 3/2 iso b a r , (3) to the H 3 /2 , T  = 1/2 isob a r  and (4) to the F 3/ 2i 
T  = 1/2 isob a r . Now, as the energy r is e s  fo r  fixed  (high) mom entum transfer, 
the m ost strik ing feature is  that the peak (2) d isappears quickly, while (3)
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and (4) d e cre a se  only slow ly. The ob served  d ecrea se  at Itl >  1 G e V 2 is  found 
to be c le a r ly  m ore  rapid than the p red iction s o f a on e-p ion  exchange m odel 
(asym ptoticbeh av iou r~  s°) [6 ], Exchange o f spin one (asym pt. beh aviou r~  s1) 
o r  any fin ite  num ber o f  h igher spin p a rtic le s  w ill on ly  m ake m atters w orse.

3. RELATIONSHIPS OF THE MODEL WITH REGGE POLES

An alternative way to handle the scattering is  provided  by the Regge 
pole  hypothesis, a ccord in g  to which R egge p o les  o f  spin Ji(t) are exchanged. 
T h is has the fo llow ing  features at high en erg ies :

(1) The m axim um  spin exchanged at each t is  fin ite, sin ce  the Regge 
p o le  is  a kind o f  bound state resu lting from  fo r c e s  o f finite range in the c r o s s ­
ed channel. E xchange o f  the other, low er  spin, term s can be ignored at 
su ffic ien tly  high energy, leaving a s im ple exp ression  fo r  the amplitude grow ­
ing as sJmax <*>.

(2) The spin o f each  R egge p o le  v a r ie s  with t, decreasin g  with in crea s ­
ing m om entum  tra n sfe r  in the p h y s ica l reg ion  o f the p ro ce ss .

F rom  the s^W  grow th o f the am plitude it fo llow s that exchange o f a 
R egge pole  with spin J (t) con tributes to the d ifferen tia l c r o s s -s e c t io n  an 
asym ptotic term  o f  the form

, c 2 J(t) — 2

f  ■ r '*» <L*> • (8>

Now, the p ro ton -p ro ton  CERN experim ents above 12 G e V  establish  the follow ­
ing upper lim it in the c r o s s -s e c t io n  fo r  production o f the 33 isobar:

(da/dft iab )33 < 0. 05 (da/dS2 lab) elastic.

If th is is  com bined  with E q .(8 ) and the p -p  scattering data at low er energies 
(< 4 G e V ) ,  the upper lim it Jm axW  fo r  the sPin o f the exchanged pole can be 
determ ined  [6] (F ig. 5)

The maximum exchanged spin consistent with 3-3 production and the Pomeianchuk Regge trajectory

It can be seen  now that the d ecrea se  o f J(t) fo r  in creasing  physica l 111 and 
the p o ss ib ility  o f  having J(t) < 0 at su fficien tly  high m om entum tran sfer m ay 
ea s ily  p rov id e  resu lts  com patib le  with Jm ax(t) o f  Fig. 4. This is c lea r ly  not
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possible if the amplitude A behaves asymptotically like ~  s° (exchange of a 
particle o f constant J(t) = 0), let alone if A ~  sn (n > 1 ).

The production of the second and third pion-nucleon isobar can be 
studies in the same spirit. In this case the results are compatible with a 
spin varying as Jp(t) o f Fig. 5. Notice that one pion exchange (J=0) does not 
dominate even at sm all 1 1 1 .

The d ifference in the spin of the exchanged Regge object for production 
o f the P 3/2 isobar and for  production of the D 3/2  o r  F 5/ 2 isobar can be easi­
ly understood from  Fig. 6 . In the first case the isospin of the exchanged parti-

fig.6

Diagrams for the exchange of the leading Regge term in p-p T = 3/2 and T = 1/2 isobar production and
elastic scattering

cle has to be T = 1; in the case o f D3/ 2or  F5/ 2 production, as in the case of 
elastic scattering, T = 0 is also present and therefore the "Pomeranchuk"
(or "vacuum ") tra jectory  can be exchanged.

At this point a possible application of the D3/2 o r  F 5/ 2 production to future 
very  high energy accelerators may be mentioned. These accelerators will 
provide fast protons but their usefulness will be extended if collisions of the 
protons with a target produce a good secondary beam of fast pions. Cosmic 
ray data indicate the existence o f such events, but a m ore quantitative esti­
mate is desirable. Now, the functions J(t) and f(t) o f formula (8 ) for D3/2 and 
F 5/2 isobar production can be determined at present machine energies; then 
the form ula can be extrapolated to very high energies. The calculation carried 
out in [ 6 ] along these lines indicates that a significant flux of pions with 
energy up to 2 /3  o f the original proton energy should be expected.

4. CONCLUSIONS

To sum m arize the situation in elastic or  nearly-elastic events at high 
energy: We have presented som e reasons why large momentum transfer 
events are better understood in term s o f Regge pole exchange than in terms 
o f exchange o f a few particles like the n and p. As stated earlier, there was 
no strong reason for  the one-pion to work in this region anyway. At low 
momentum transfer, if there is a Regge trajectory with higher J(t) than the 
pion tra jectory , then this w ill dominate the scattering at sufficiently high 
energy. If there is no higher trajectory, o r  at intermediate energies where 
the factor S * ^  is not yet dominant, exchange of the pion Regge trajectory 
can control the scattering. In this case there is a correspondence with the 
one-pion exchange m odel at low momentum transfer where Jn (t) ~  0 and.
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in fact, this correspondence is exact in the lim it t -*• m2n . From  the work 
o f S elleri and F errari, production of the 3-3 resonance in p - p scattering 
at 1 to 3 GeV is an example of this latter case.

Up to now, only a sm all class o f inelastic p rocesses  has been discussed. 
I shall c lose  with a few comments about our fragmentary understanding of 
m ore highly inelastic events. Many particle production, including energies 
above 30 BeV, has also been considered in term s of one-pion exchange. In 
p lace o f the pjr+ final state in Fig. 2, fo r  example, one allows all available 
final states for pir+ scattering to em erge from  the vertex on the left side.
The resulting sum over amplitudes and phase space has an effect equivalent 
to a single amplitude growing like ŝ - even though a spin zero particle was 
exchanged. In this way one recovers  the possibility mentioned earlier, that 
one-pion exchange may give an appreciable part of the total cross-section .

Fig. 7

One-pion exchange with many particle production

When one attempts to study the total cross-section , however, a problem  
arises. The factor s which has just been introduced has an effect sim ilar 
to that associated with a spin-one exchange, which is known in general to 
introduce divergences. In fact, when the contributions o f one-pion exchange 
term s are integrated over to obtain the total cross-section , it diverges loga­
rithm ically and some cu t-off must be introduced. In the elastic case a p re ­
c ise  form ula is  provided by the Regge pole hypothesis; as t falls below zero, 
J(t) decreases and the divergences are avoided in a natural way. In the in­
elastic case the mechanism of the cu t-off is not understood but the data in­
dicate the presence of strong damping at high momentum transfers so a cut­
off is certainly present.

fig. 8

Multi-particle production resulting from one-pion exchange

One pion exchange with many particle production relates the amplitude 
fo r  high energy pp scattering, for example, to a product of amplitudes for 
high energy 7rp scattering (Fig. 7). A further step has been taken by AMATI 
et al. [7 ], GOEBE [8 ] ,  and by F. and a  SALZMAN [9 ], who break down 
the amplitude into the product of several one-pion exchange term s (Fig, 8 ).
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This step has the great advantage o f reducing a high energy amplitude to a 
product o f low energy amplitudes. It will be discussed in m ore detail in 
Fubini’ s lectures; a related approach which puts less  emphasis on pion ex­
change is  presented in my lecture on highly inelastic processes.
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