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Modern meson theory can describe in an adequate phenomenological way the peripheral in
teractions of strongly interacting particles. We propose to isolate the contribution of periph
eral interactions, by deriving from experimental data the amplitudes for various processes 
which require large orbital angular momentum. Large orbital angular momentum corre
sponds to a large impact parameter. By comparing these amplitudes, derived from experi
ment, with theoretical calculations, we may obtain many important quantities characterizing 
the strong interactions of elementary particles, for example, the renormalized coupling
constant of the pion with nucleons and hyperons, the renormalized coupling-constant of two 
pions or of a pion with a K particle, etc. 

1. INTRODUCTION 

THE study of existing meson theories has shown 
that a "naive" extension of these theories to very 
small regions of space ( r « 10-13 em) runs into 
serious contradictions .1 The resolution of these 
contradictions will possibly require a change in 
the foundations of quantum mechanics and perhaps 
also of relativity. There is still every reason to 
believe that the present theoretical description is 
adequate for physical processes taking place at 
large distances. This paper is concerned with the 
analysis of strong interactions occurring at large 
distances ( r > 10-13 em). 

Suppose that two particles, for example two 
nucleons, are separated by a distance r > 1/p,, 
where p, is the mass of a pion. We use units such 
that ti = c = 1. The interaction between the two 
particles depends on the properties of the meson 
clouds which surround them, and hardly at all on 
the properties of the inner regions inside the clouds. 
The nucleons touch each other with their surface 
regions. A large number of theoretical physicists2 

have understood that existing meson theory can de
scribe this peripheral interaction phenomenologic
ally. But to make use of this fact, one must know 
how to isolate the effect of the peripheral interaction. 
The experimental data obtained up till now on the 
interactions of elementary particles are very rarely 
suitable for determining peripheral interactions. 
The processes which have been studied hitherto de
pend essentially on the nature of the interaction at 
small distances, where we do not yet know how to 
make calculations. 

A number of authors (Chew, Moravczik, Taylor, 
Uretski'i, Tsifra and others )3 have proposed a 
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method for isolating the contribution arising from 
the exchange of one virtual meson. The method of 
Chew is essentially based on the fact that the func
tion which describes the angular distribution of a 
process can be extrapolated into the non-physical 
region I cos (J I > 1. It can be proved (and will be 
seen in the following argument ) , that for a particu
lar value of I cos (J I > 1 the extrapolated angular 
distribution defines a one-meson amplitude propor
tional to g2, where g is the renormalized pion
nucleon coupling constant. By comparing the values 
obtained by extrapolation, from the experimental 
data on N-P scattering and on photoproduction of 
pions, with the corresponding theoretical quantities, 
Chew and others could determine the value of g. 

We here propose a second method which also 
allows us to isolate the contributions of peripheral 
interactions by an analysis of experimental data. 
Our method is based on the well-known fact that 
two particles, with a large relative orbital angular 
momentum l, effectively interact at a distance 
"' !Jt, where 7t is the particle wavelength. Pene
tration to smaller distances is hindered by the cen
trifugal barrier. It follows that, to study peripheral 
interactions, we need to separate from the experi
mental data that part which determines the ampli
tude of a process occurring with sufficiently large 
values of l. 

The possibility of isolating and describing theo
retically a peripheral interaction is based on the 
fact that two particles or systems of particles sep
arated by a large distance exchange between them 
the smallest possible number of mesons. Thus 
pion-nucleon scattering at large distances is de
scribed by an exchange of two pions, nucleon
nucleon scattering is described by the exchange 
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of one pion, etc. This allows us for example to 
describe nucleon-nucleon scattering for large l 
within the frame of a one-meson approximation, 
neglecting the exchange of two, three or more 
pions, and also the contributions of other mesons 
and baryon pairs, all such effects being included 
in the renormalized coupling-constant. We em
phasize that in this case we may consider only the 
one-meson term, even though the coupling-constant 
is considerably larger than one ( g2 I 41T "' 15). The 
expansion parameter, as we shall see below, is pro
portional to ( g2 I 41T) e -p,A.l, which for sufficiently 
large l is much smaller than one. In a certain 
very academic sense, the one-meson approxima
tion for large l is more accurate than the one
photon approximation in electrodynamics, since 
e2147T = const, but ( g2147T) e-p,A.Z- 0, as z-oo. 

Our method of analysis by orbital angular mo
mentum allows us not only to determine the value 
of the constant g and other similar constants, but 
to find relations between various physical quanti
ties, for example scattering phases, describing 
various processes. 

In Sec. 2 we set up a simple model to justify our 
method. Sections 3-6 contain a study of experi
ments in which peripheral interactions of elemen
tary particles might be observed. In Sec. 3 we con
sider pion-nucleon experiments, in Sec. 4 strange
particle experiments. In Sec. 5 we study interactions 
between photons and strongly interacting particles. 
In Sec. 6 we consider briefly experiments involving 
leptons. In Sec. 7 we discuss the correlation of the 
information which could be obtained from the vari
ous experiments. 

2. STUDY OF A MODEL 

To explain our method we consider the interac
tion of two scalar particles, exchanging neutral 
scalar mesons with each other. We ignore the 
symmetry of the amplitudes arising from the iden
tity of the particles. This very unrealistic model 
allows us to forget the complications of the depend
ence of the amplitudes on spin and isotopic spin. 

We shall compare the behavior for large l of 
the one-meson and two-meson approximations. We 
shall also examine to what extent the dependence 
of the vertex part and the meson Green's function 
on q2 influences the one-meson approximation. 

The amplitude arising from the exchange of one 
meson (Fig. 1) is 

a (I I = (J.fOl (k2) rj_ (q') a.' <,qj_ . 
q'- w 

Here k is the momentum of one of the colliding 
particles in the center-of-mass system; q2 = 

-I q 12 =- 2k2 ( 1- cos (} ), (} is the scattering 
angle, p, is the mass of the virtual meson. The 
dimensionless function f(l), proportional to the 
square of the renormalized coupling-constant, de
pends on k2 and not on q. 

While we allow only one virtual meson to be ex
changed between the two particles, we include all 
the virtual processes which contribute to the meson 
Green's function and to both the vertex parts. These 
effects appear in the expression for a (l) as the 
factors d ( q2 ) and a ( q2 ) respectively. By defi
nition a(p,2 ) = d(p,2 ) = 1. In Fig. 1 and the other 
diagrams, blocks containing all possible virtual 
processes are represented by circles. Henceforth 
we shall call these block vertices. 

The contribution of the one-meson diagram 1 to 
the scattering amplitude in a state with orbital an..:. 
gular momentum l can easily be obtained from 
the Legendre polynomial expansion: 

1 
a(l)= '2ik- ~ (2! +I) ·t1)11P 1 (cos 0), 

t~o 

This gives 

(I)_ ivf(II (k') f P1 (cos 6) d (cos 0) __ ;1"t(ll (k') ( ~ \ 
71 1 - '.!.k ) 1 + l"'f'.!.k'- --cos 6 -- k Ql I + '2k 2 ), 

where Qz is the Legendre polynomial of the sec
ond kind. Analytic expressions4 and tables5 for Qz 
exist. When l » kl p, » 1, 

Q1 (I + (J.2j2k2)-V 7:kf2!J.L e-11-ttk. 

When kl p, « 1, the exponential behavior changes 
to a power law: 

We now estimate the contributions for large l 
from the two-meson amplitude corresponding to 
diagram 2. For large l the important effects come 
from the singularities in the meson Green's func
tions, and we therefore neglect the dependence of 
the remaining factors on p and q, and take these 
factors outside the integrals. We find then 

a<21----
t(2) (k2) ~ d'p 

- I" [(P- q/2)2 - v•J [(P + q/2)' - v"J ' 

where f(2) is a dimensionless function of k2• Com
bining the denominators and changing the variable of 
integration, we obtain 

1 
a(2) = t<2l (k2) \ dx I d'p 

p. .\ .)fp"+q2 (1-x)x- v'P. 
0 

We next rotate the integration with respect to p0 

onto the imaginary axis. 6•7 The denominator then 
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becomes positive, and we find 

with t 2 = I p 12 + P5· 
When 1 » k/ fJ. » 1, we use the asymptotic form 

of the function Q1, and carry out the integration to 
obtain 

We thus see that for large 1 the two-meson ampli
tude is exponentially small compared with the one
meson amplitude. We will publish later a detailed 
analysis of the two-meson amplitude for large 1. 
Here we wish only to remark that, in calculating 
the contribution for large 1, convergence of the 
momentum integrals is always guaranteed by the 
presence of the factor P1 (cos e) in the integrand. 
Thus in the integrals which we considered above 
t~ff "' fJ,k/1. 

The contribution of the three-meson amplitude 
for large 1 ( 1 » k/fJ, » 1) must obviously de
crease like exp (- 3fJ,1/k). When k/ fJ. < 1 the 
exponential decrease is replaced by a decrease 
of the form 2-21-2 for the two-meson amplitude 
and 3-21-2 for the three-meson amplitude. 

We now go back to the one-meson amplitude. 
In deriving the formula for the one-'meson ampli
tude we assumed a ( q2 ) = 1 and d ( q2)-:: 1, sup
posing that the important values of q2 in the in
tegral were around fJ, 2• We now verify the correct
ness of this approximation. The spectral represen
tations of the Green's functions 8 and the vertex 
parts 9 give 

where 

Keeping only terms linear in Si, we obtain 

00 

+ ~ Ql ( 1 + ;:"-) (h (x2) + 2p2 (x2)) Jy_i + ... } 
m 

The quantity m is the smallest sum of masses 
of particles into which a meson can be transformed. 
For example, for the pion m = 3m7ro and for the K 
particle m = 2m7T + mk. For a scalar meson we 
would have m = 2fJ,. When 1 » k/fJ, » 1, the cor
rection terms proportional to e-2J.1.1/k are therefore 
exponentially small compared with Q1 ( 1 +fJ,2/2k2 ) 

"' e-fJ,1/k. The contribution which comes from the 
factors a 2 ( q2 ) and d ( q2 ) is seen to be of the 
same order as the contribution from exchange of 
two or more mesons. In the case of virtual pions, 
this contribution is of the same order as that arising 
from three-pion exchange. It is easy to verify that 
the terms of second and third order in Si would not 
change this conclusion. 

Effects of spin and isotopic spin, while essential 
in the discussion of actual processes, modify but do 
not qualitatively change our results. 

3. PION-NUCLEON INTERACTION 

Nucleon-nucleon scattering. A detailed study of 
this problem will be published elsewhere.* We 
therefore discuss here only the essential points. 

It is clear from the preceding argument that the 
peripheral interaction between nucleons is described 
by the one-meson amplitude 

{ _, -, a." (q") d (q") 
M = 47tg2 (u1'1'a'tallt) (Uz'l'a""u") q"-p.2 

_, -· a." (p2) d (p")} 
- (u2'1'a""lll) (Ut'l'a"ali2) 2 2 , p -p. 

as depicted in Fig. 3. Here g is the renormalized 
pion-nucleon coupling constant, q = k- k', p = k + k', 
and k and k' are the momentum four-vectors of 
one of the particles before and after scattering. The 
factors a and d represent the departure of the 
values of the vertex part and the meson Green's 
function at q2 < 0 and p2 < 0 from their values at 
q2 = p2 = J.l.2. 

From the above expression for M we can calcu
late the scattering amplitudes with given values of 
the total angular momentum, just as we did for 
scalar particles. Estimates made from various 
models show that at energies of a few tens of Mev 
the F -wave nucleon-nucleon phase shifts will be 
accurately obtained from such a calculation. 

In the non-relativistic approximation, 11 the 
nucleon-nucleon scattering amplitude can be written 
in the form 

IX+ r~ (cJ + Cz)·Tl + 'j' (cr1•Tl) (c2•TIJ + i) (c1•11l) (cz•lll) 

+ s (c1·1) (::;:!.•IJ, 

Here a, ... , E are scalar functions of the scatter
ing angles, and n, 1, m are axes along the direc
tions of k x k', k- k', k + k'. The amplitupe M 
contains all the terms of this expression except the 
second; in the one-meson approximation {3 = 0. This 
means that spin-orbit interaction is not contained in 
the one-meson approximation, and must appear in 
the effective nucleon-nucleon potential12 with a dis-

*Otsuki et al. 10 have calculated nucleon-nucleon scatter
ing phase shifts with the one-meson potential. 
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tance-dependence at least as strong as exp (- 2JJ.r ). 
If we can separate from the experimental data 

a term proportional to (3, and measure its contri
bution to an amplitude with large Z, this allows us 
to determine the magnitude of the two-meson dia
gram 4. In the one-meson approximation, the spin
dependence of the nucleon-nucleon scattering am
plitude is more complicated than nucleon-antinu
cleon or nucleon-hyperon scattering. In the latter 
processes there are no exchange forces and the 
corresponding antisymmetrization of the amplitude 
is absent. 

Nucleon-nucleon scattering allows us to deter
mine the quantity g. Since we may calculate sev
eral phases and compare them with different ex
periments, we can test the consistency of the 
method. Our procedure thus contains a criterion 
for estimating the accuracy of the result in each 
case, without any further theoretical estimates. 

Nucleon-antinucleon scattering. Although nu
cleon-antinucleon scattering differs from nucleon
nucleon scattering in the size of the cross-section 
and in the character of the interaction, still for 
large l the nucleon -antinucleon scattering phases 
are represented by the one-meson diagram 5. More
over, the phases for p + n __.. p + n and n + p __.. 
n + p must be equal and opposite to the phases for 
.p + p--. p + p, in those states in which the latter 
process can occur. The phases for p + p and 
n + n must be equal and opposite to those for p + n 
scattering, where however we must remember that 
the two-nucleon system possesses a symmetry which 
is absent in the nucleon-antinucleon system. The 
one-meson amplitude for antinucleon scattering has 
only one term, and this is of the form 1'11'2 ( 0'1l)( 0'2l). 

Therefore the amplitudes with T = 0 and T = 1 are 
for large l related according to 

The diffraction scattering caused by inelastic 
nucleon -antinucleon interactions may greatly com
plicate the isolation of the one-meson contribution. 

Pion-nucleon scattering. Pion-nucleon scattering 
with large l is described by the two-meson dia
gram 6. The corresponding one-meson diagram is 
forbidden, since the pion is pseudoscalar and the 
transition 7T __.. 27T is impossible. 

Lee and Yang13 proved that a transition in the 
vacuum from any even number to any odd number 
of pions is forbidden, by virtue of the invariance of 
the strong interactions under the combined opera
tion of charge-conjugation and a rotation in isotopic 
spin space. Therefore in pion-nucleon scattering 
there are contributions only from diagrams repre-

senting the exchange of an even number of pions. 
Diagram 6 shows that for large l the pion

nucleon phases are determined by factors arising 
from two vertices, a pion-pion vertex, and a pion
nucleon vertex in which both pions are virtual. 

Pion production in pion-nucleon and nucleon
nucleon collisions. In the production of mesons by 
mesons ( 7T + N __.. N + 27T), the pion-pion vertex 
which was mentioned above appears in the one
meson diagram 7. In this case the angular-momen
tum analysis is more complicated, since there are 
three particles in the final state. For a given an
gular momentum j 0 of the colliding pion and nu
cleon, we may choose a variety of angular momenta 
h and h, referring respectively to the relative 
motion of the pions and to the motion of the nucleon 
in the final state. Diagram 7 describes a process 
occurring with a large value of h· An experimental 
determination of these amplitudes would.allow us to 
measure pion-pion scattering. Further, by studying 
the dependence of the amplitude on Jt, the relative 
angular momentum of the two pions, one could find 
out in which orbital states the pions interact most 
strongly with each other. To carry out this pro
gram, a large number of experimental points would 
be needed. Possibly the simplest case to analyze 
would be the dependence on h of scattering events 
in which the two pions emerge with almost equal 
velocities. Depending on which value of h pre
ponderates, the outgoing pions will be in a state of 
isotopic spin T = 1 if j 1 is odd, or T = 0, 2 if 
h is even. The two-meson diagram 8 gives for 
large l a contribution small compared with that 
from diagram 7 but large compared with the other 
diagrams. For this diagram 8, the large angular 
momentum by which one should analyze the proc
ess is the angular momentum of one pion with re
spect to the center of mass of the second pion and 
the nucleon. 

Processes of production of larger numbers of 
pions can be analyzed in the same way. For ex
ample, the process 7T + N--. 47T + N, (diagram 9 ), 
may give information about the vertex with six 
external meson lines. 

The production amplitude in a nucleon-nucleon 
collision N + N __.. N + N + 1r, when the two nu
cleons in the final state have large relative angular 
momentum, is described by the one-meson diagram 
10. This contains, besides the pion-nucleon scat
tering vertex, also the NN1r vertex. 

When any inelastic process is being analyzed 
into angular momentum states, one must work suf
ficiently far from the threshold for the process, 
since nearto the threshold the angular momentum 
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carried away by the nucleon cannot be small. 

4. INTERACTION OF STRANGE PARTICLES WITH 
PIONS AND NUCLEONS 

We now turn to processes involving strange par
ticles. We must emphasize that our analysis is 
much more difficult for processes in which K par
ticles are exchanged. The reason is that the K 
particle mass is more than three times greater 
than the pion mass. This makes it hard to separate 
the contribution of K particles from the contribu
tion of diagrams in which one or two pion lines run 
parallel to a virtual K -particle line. We therefore 
consider in what follows only those processes in 
which the amplitudes for large l are produced by 
the exchange of pions. 

Hyperon-nucleon scattering. Diagrams 11 and 
12 represent the scattering of I: and :S hyperons 
respectively by nucleons. Diagram 13 describes 
the process I: + N- A+ N, and diagram 14 de
scribes A -nucleon scattering. In the last case the 
one-meson diagram is forbidden, since the AA1r 
vertex is not isotopically invariant. For all these 
processes the analysis is similar to that which we 
gave for nucleon-antinucleon scattering. The anti
hyperon-nucleon scattering for large l is simply 
related to the hyperon scattering amplitudes. The 
form of the I: + N - A + N amplitude depends on 
the relative parity of the I: and A hyperons. 

K-particle-nucleon scattering. In K -particle 
scattering, as in pion scattering, the one-meson 
diagram is forbidden because the pion is pseudo
scalar. At large angular momenta the process is 
described by the two-meson diagram 15. This dia
gram is similar to diagram 6 and differs from it 
only by the replacement of a pion-pion scattering 
vertex by a K -particle-pion scattering vertex. It 
is therefore of great interest to compare directly 
the phases of the processes 7f + N - 1r + N and 
K + N - K + N for large l. For large l the scat
tering of K particles by nucleons (diagram 16) is 
also determined by a 1r1rKK vertex. 

Production of K particles and pions by K par
ticles. The interaction vertex 1r1rKK, which oc
curred in the K -particle-nucleon scattering, 
appears also in many other diagrams. In particular 
it appears in diagram 17, describing the process 
7f + N - K + K + N, although the momenta of the 
incoming particles are now different. This last 
process must be analyzed in the same way as the 
process 7f + N- 1r + 7f + N, considering the rela
tive motion of the K particles on the one hand and 
the motion of their center of mass relative to the 
nucleon on the other. When the latter angular mo-

mentum is large, this process is described by dia
gram 17. The same vertex 1r1rKK appears in the 
one-meson diagrams 18 and 19, describing the pro
duction of pions by K particles and by K particles: 
K + N - K + 1r + N and K + N - K + 1r + N. The 
corresponding two-meson diagrams 20 and 21 are 
similar to diagram 5, and differ from it in having 
7f7fKK instead of 7f1f7f7f at the upper vertex. The 
creation of K particles in nucleon -nucleon colli
sions, N + N- N + A (I:) + K, is described for 
large l by diagram 22, which is similar to dia
gram 10 describing the creation of pions. 

5. INTERACTION OF PHOTONS WITH MESONS 
AND BARYONS 

Scattering of photons by nucleons. For large l 
the phases for the Compton scattering y + N -
y + N are represented by diagram 23. The rele
vance of this diagram was noticed already by Low .14 

The vertex rryy, which appears in this diagram, 
describes the decay of a neutral pion into two pho
tons. Thus a measurement of the Compton scat
tering of photons by nucleons for large l would 
be equivalent to a measurement of the lifetime of 
the neutral pion. The scattering phases defined 
by diagram 23 are equal and opposite for proton 
and neutron. 

Photoproduction of pions. Peripheral production 
of charged pions is described by diagram 24. There 
is a generalized Ward's theorem for the interaction 
of bosons with real photons.15 This has the conse
quence that diagrams 24 and 25 give identical ef
fects, provided that the vertex y1r1r and the Green's 
function of the virtual meson are not renormalized. 
Thus a measurement of the amplitude for the proc
ess y + N - 7f + N for large l gives a clean de
termination of the vertex 1rNN. 

The contributions of diagram 25 for the proton 
and neutron differ only in sign. The process in
verse to photoproduction, the radiative capture of 
a pion by a nucleon, is also described by diagram 
25, reading the diagram from right to left. 

Diagram 26, containing the vertex Y7f7f7f, de
scribes the photoproduction of a pair of pions 
( y + N - 27f + N) when the angular momentum of 
the pair relative to the nucleon is large. Diagram 
27 will give a contribution to the same process, 
when the angular momentum of one meson relative 
to the center of mass of the other meson and the 
nucleon is large. The vertex y7f7f7f, which appears 
in diagram 26, appears again in the one-meson dia
gram 28, which describes the bremsstrahlung of a 
pion scattered by a nucleon. The bremsstrahlung 
at large impact parameters (large l) comes 
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Vertices 

Processes I a I b I c I d I e I f I g I h I i I j I k 11 /mIn I 0 I p ! q I r 

I 
N+N->N+N 1,1 

N+N->N+N 1,1 
1t+N->1t+N 
1t + N -> 21t + N 1 

N+N->N+N+1t 1 
L+N->L+N 1 1 

I 2+N->2+N 1 1 
L+N->A+N 1 1 
A+N->li.+N 
I+N-->~+N 1 1 

~+N->A+N 1 11 
K+N->K+N 

I ' 

K+N->K+N 
1t+N---+K+K+N 1 I 
K+N->K+1t+N 1 i 
K+N->K+1t+N 1 
N+N->N+A+K 1 

y + N _, y + N 1 1 
y+N:;:c1t+N 1 

y + N---> 21t+ N 1 

y+N---+K+K+N 1 
1t+N->1t+y+N 1 
K+N->K+-r+N 1 

e+N-+e+N 
e+N--->v+N 1 

A A A ~ r 
:/ 

!) / ' 
N N r E S E /r r' 

a b c d e f 

X X ~ 
E r: 3 s Jt :tr: X 

m n 0 

mainly from diagram 28. Because the pion is 
pseudoscalar, the ordinary classical bremsstrahl
ung is given by the two-meson diagram 29, and be
comes negligible at large l. Bremsstrahlung can 
also accompany charge-exchange scattering of pions. 

Photoproduction of K particles. Diagram 30 
describes the photoproduction of a pair K + K, and 
contains the vertex y1rKK, which can be determined 
by the process y + N -- K + K + N. The same vertex 
appears in diagrams 31 and 32, which describe the 
bremsstrahlung emitted by K particles and K par
ticles scattered by nucleons. Bremsstrahlung can 
also accompany charge-exchange scattering of K 
particles. 

Scattering of electrons by nucleons, and produc
tion of pions and K particles by electrons. The 
same vertices which were considered above, with 
different values of the momenta, appear in the dia
grams which describe the interaction of electrons 
with nucleons. The electron-nucleon scattering 
amplitude contains two terms, one proportional to 

I I 

2,2 3,3 

2,2 3,3 
2 2 

1,2 2 

1,2 2 
2 2 
2 2 

2 2 
2 2 

2 2 

2 2 

1 
1 

1 
1 

1 
1 1 1 

1 

1 
1 

2 2 3 3 

1 2 2 

A X X X X X e " N N :n: :n: /( /( 

g h k 

~ X 1: 
.ff II II e v N N 

p q 

T 3, and the other an isotopic scalar. Goldberger16 

proved that the first of these terms is described 
by diagram 33, and the second by diagram 34. The 
vertices y1r7r and y7r7T7T, which appear in these dia
grams with virtual photons having k2 ;;" 0, also ap
pear in diagrams 35 and 36, which describe the pro-· 
duction of pions by electrons, e + N -- e + 1r + N 
and e + N-- e + 21r + N. 

The diagram for the process e + N -- e + N + 
K + K is similar to diagram 36, and differs from 
it only in the replacement of the vertex Y7T7T7T by 
y7rKK. 

Interactions involving neutrinos. The process 
e- + p-- n + v, involving the weak beta-decay in
teraction, can occur in electron-proton collisions. 
If the angular distribution of the neutrons from this 
process could be analyzed into angular momentum 
states, then for large angular momentum the main 
contribution comes from diagrams 37 and 38. These 
diagrams contain the vertices 1rev17 and 1r1rev, 18 

the former carrying an axial vector interaction, 
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the latter a vector interaction. When high-energy 
electrons collide with protons, hyperon production, 
for example e- + p- A+ v, is also possible. 
Diagrams 39 and 40 describe this process and con
tain the vertices Kev and K7rev. Like the vertices 
'll"ev and 7r7rev, the vertices Kev and K7rev can 
be measured independently by studying the decays 
1!"-e+v, 'Jl"---+'Jl"+e+v, K-e+v, K-7r+e+v. 
All the remarks in this section apply ecfually to col
lisions of J.1. mesons with nucleons. 

6. CORRELATION OF THE VARIOUS PROCESSES 

We have enumerated in the table all the processes 
considered above, and the strongly interacting ver
tices which can be determined by studying these 
processes. The numbers 1, 2, 3 denote the number 
of virtual mesons linking the vertices in the corre
sponding diagram. Thus for example, in the row 
corresponding to the process 7r + N- 27r + N, the 
number 1 stands in the column corresponding to the 
vertices NN7r and 7r7r7r7r. These two vertices ap
pear in diagram 7, and are linked by one virtual 
pion. In the same row, the numbers 2 correspond 
to the diagram in which the vertices 7r7r7r7r and 
7r7r7rNN are linked by two mesons. By examining 
the one-meson diagrams we shall show how the 
vertices determined by the various processes can 
be correlated with one another. 

The vertex NN 7r, the renormalized coupling 
constant, can be determined independently from the 
processes N + N - N + N, N + N - N + N, y + N 
- 7r + N. These processes do not contain other un
known vertices. Knowing the vertex NN7r, we can 
determine the following vertices: 

7tmt1t' from the process -r:+N~21t+N, 
N N-r:1t " N+N~N+N+-r:, 

2:2:-r: 
" 

I+N-·I+N, 
IA-r: I+N~A+N, 
SE:rr " S+N-S+N, 

independently from {1t+N-K+K+N, 
=I<K the three different K+N~K+-r:+N, 

processes R-:-N-K+-r:+N. 
-r:NKA from the process N+N-N+A+K. 

T:'(Y " y+N-~y+N. 

y=n " 
f '( + N ~ 2-r: + N, 
I -r:+N-o-r:+N+y, 
{ y+N~K+K+N. 

y1tKK " K+N-y+K+N, 
K -!-N- y + K + N. 

When we determine a vertex from a one-meson 
diagram, we obtain its value for the special case 
in which one of the lines incident at the vertex cor
responds to a virtual pion. 

In a similar way, the two-meson diagrams can 
determine values of the vertices involving two vir
tual pions. In many cases the same vertex can be 
determined from both one-meson and two-meson or 
three-meson diagrams, for example the vertex y7r7r7r. 

This allows us to find the value of the vertex when 
the momenta of the incident mesons are in the non
physical region. It is to- be emphasized that the 
same vertex, when determined from one-meson 
and two-meson diagrams, appears with different 
momenta for the incident particles. 

We have discussed the. amplitudes for various 
processes with orbital angular momentum l » 1. 
Experimental measurement of amplitudes with very 
large l is of course impossible in practice. How
ever, in case of nucleon-nucleon scattering, we can 
show that at low energy the experimental amplitude 
can be described by a peripheral one-meson inter
action already when l = 3. The shape of the experi
mental angular distribution of the nucleons in the 
process 7r + N - 27T + N indicates that the peri ph
eral one-meson interaction can be very large, and 
can dominate the amplitude for quite small values 
of l. Thus an experimental study of the processes 
enumerated above, and a determination of the data 
necessary for their analysis, may in many cases 
be possible in the comparatively near future. 

Relations, similar to those which exist between 
the various processes involving nucleons, will also 
hold for processes in which a deuteron or a more 
complicated nucleus replaces the nucleon. In par
ticular, by comparing the scattering of nucleons 
and hyperons by nuclei, we can find the relation 
between the pion coupling-constants with nucleons 
and with hyperons. 

We emphasize, in conclusion, that all our argu
ments about peripheral interactions do not depend 
upon the nature of the strong interactions at short 
distances. In particular, the arguments are un
changed, whether the pion is an elementary or a 
compound particle. 

The authors are grateful for criticism and help
ful comments from V. B. Berestetskii, N. N. Bo
golyubov, A. F. Grashin, B. L. Ioffe, L. D. Landau, 
A. P. Rudik, K. A. Ter-Martirosyan, and I. M. 
Shmushkevich. 

The authors are indebted to Professor Chew for 
sending a pre print of his paper. 

1 L. D. Landau and I. Ya. Pomeranchuk, Dokl. 
Akad. Nauk SSSR 102, 489 (1955). I. Ia. Pomer
anchuk, Nuovo cimento 3, 1186 (1956). Pomeranchuk, 
Sudakov, and Ter-Martirosyan, Phys. Rev., 103, 
784 (1956). E. S. Fradkin, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 28, 750 (1955); Soviet Phys. JETP 1, 
604 (1955). G. Kall~n and W. Pauli, Kgl. Dansk. 
Vid. Selskab. Mat.-Fys. Medd., 30, No.7 (1955). 

2 Taketani et al. Supplement to Progr. Theoret. 
Phys. 3 (1956). G. F. Chew, Proceedings oi the 
seventh Rochester Conference (Interscience, 1957). 



PERIPHERAL INTERACTIONS BETWEEN ELEMENTARY PARTICLES 215 

V. T. Khoziainov, J. Exptl. Theoret. Phys. (U.S.S.R.) 
27' 445 (1954). 

3G. F. Chew, to be published. G. F. Chew, Pro
ceedings of the International Conference on High
Energy Physics (Geneva 1958). 

4 M. M. Ryzhik and I. S. Gradshtein, Ta6JIHQbl 

HHTerpaJioB, cyMM, p»JJ;OB u rrpoH3BeJJ;eHHH ( Tables 
of Integrals, Sums, Series, and Products) Gostek
hizdat (Moscow 1951). 

5 Tables of Associated Legendre Functions, 
Columbia Univ. Press. (New York 1945). 

6 F. J. Dyson, Phys. Rev. 75, 1736 (1949). 
7 Landau, Abrikosov, and Khalatnikov, Dokl. Akad. 

Nauk SSSR 95, 497 (1954). 
8 H. Lehmann, Nuovo cimento 11, 342 (1954). 
9 Karplus, Sommerfield, and Wichmann, Phys. 

Rev. 111, 1187 (1958) (and other references quoted 
therein). 

10 0tsuki, Tamagaki, and Watari, Proceedings of 
the Second Geneva Conference on the Peaceful Uses 
of Atomic Energy, 1958. 

11 R. Oehme, Phys. Rev., 98, 216 (1955). Wolfen-

stein, Ann. Rev. Nucl. Sci. 6 (1956); Russian trans
lation in Usp. Fiz. Nauk 62, 71 (1957). Puzikov, 
Ryndin, and Smorodinskil, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 32, 592 (1957); Soviet Phys. JETP 5, 489 
(1957). 

12 s. Okubo and R. E. Marshak, Ann. of Phys. 4, 
166 (1958). 

13 T. D. Lee and C. N. Yang, Nuovo cimento 3, 
749 (1956). 

14 F. Low, reported by G. F. Chew, Ref. 3. 
15 I. Ya. Pomeranchuk, Dokl. Akad. Nauk SSSR 

100, 41 (1955). 
16 J. Bernstein and M. Goldberger, Revs. Modern 

Phys. 30, 465 (1958). 
17 M. Goldberger and S. Treiman, Phys. Rev. 110, 

1178 (1958). 
18 R. P. Feynman and M. Gell-Mann, Phys. Rev. 

109, 193 (1958). 

Translated by F. J. Dyson 
44 


