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The properties of the vertex functions in one-meson exchange graphs for NN and 7rN inter
actions are investigated. It is concluded that the one-meson exchange approximation is valid 
at very high energies and that head-on NN and 1rN collisions do not contribute significantly. 

DE FINITE progress is now being made in the 
interpretation of the experimental data on nucleon
nucleon ( NN) and pion-nucleon ( rrN) scattering 
and the photoproduction of 1r mesons at energies 
of a few BeV with the help of the one-meson ex
change approximation ( OMA). The extension of 
the OMA to the region of high and ultrahigh ener
gies is -complicated by the fact that, beginning at 
some energy, the cross sections of the OMA 
exceed the experimental values for the total cross 
sections ( ONN• CTtrN) and continue to increase be
yond limit as the energy of the colliding particles 
increases. This absurd rise in the cross sections 
must be regarded as indication that the vertex 
(cut-off) functions must be taken into account. 

The aim of the present paper is to investigate 
the conditione which the cut-off functions have to 
!'!atisfy in order that the OMA be applicable to in
teractions at very high energiu. It will turn out 
that the one-meson interactions must be described 
by one generalized graph and not by two, as was 
assumed earlier. 

1. ONE-MESON G&\PHS FOR NN AND 1rN 
SCATTERING 

The most general one-meson graphs for inelas
tic NN scattering are the graphs 1 and 2, and for 
1rN scattering, the graphs 3 and 4 of Fig. 1. Let 
us study the properties of the!!e graphs without in 
advance making any assumptions about the contri
bution of the associated processes at very high 
energies. 

The cross sections for the processes 1 and 2 
. at very high energies, where we can set CT1rN 

= const, are given by the following expressions 
written in the e.m.s. (Ji = c = Mnucl = 1): 

-t~gzatr.N ~ Llie~1> j~11F~FiF rr.lfd•At 
,;S(l) -....-:c~~ 

NlY 41t"iNNeo 111 (A~+ Jl-')2 ' 
(1) 
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where Eo is the energy of the primary nucleon, E7r 
is the energy of the virtual pion, E 1 is the energy 
of the secondary nucleon emitted at the vertex 
containing tie operator T agy5, T a is the isospin 
matrix of the nucleon, g is the pion-nucleon 
coupling cOMtant ( g2 = 15 ), ~ is the four
momentum of the virtual pion, iNN is the relative 
current of tbe colliding nucleons, j7rN is the rela
tive current of the pion and the nucleon, StrN is the 
square of tkl center-of-mass energy of the pion 
and nucleon, and F 1, F 2, and F7rN are unknown 
functions. F 1 ( .:1 2 ) takes account of the deviation 
of the Green's function of the virtual pion from the 
pole propagator 4.~ 2 + ,.,. 2)-1, F2 ('~ 2 ) il'! the form 
factor of the proper vertex part (for the vertex 
T 0 g-y5), and F1rN (~ 2, s7rN) takes account of the 
possible difference in the interaction of virtual 
and real pions with nucleons. [t] F 1 and F 2 are 
functions o:C the "virtuality" ~ 2 alone. F1tN can, 
in prinicpJe, depend on ~ 2 as well as on the other 
invariant ~N· 

Assuming a finite constant contribution from 
the procesa~ 2 at Eo- flC, Dremin and Cbernav
skif[1] found U~at the dependence of F1rN on 11 2 

and StrN is not factorable. We recall that as a 

FIG. 1. 
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consequence of this result, the cross section for 
process 1 must go to zero for Eo- oo, However, 
some properties ·of F7rN can also be obtained 
without the introduction of any additional assump
tions. 

Let us consider the cross section for process 
5. It can be derived in two ways. If we write the 
total cross section CT1rN on the right-hand side of 
(1) as a sum, CT1rN = CT~3~ + CT~N· where CTJr3~ is the 

1rN cross section according to graph 3 and CT~N 
is the summed cross section of all the remaining 
processes, and substitute the expression (obtained 
by general rules) 

(3) 

in (1), we obtain 

-r!g2 \ A~e~l) inNF~ (A~) F~ (Ail F nN (A~, sitN) cr~N (s 11 N) d4A1 

+ 4'll,2i N NBo j Ill (Ai + 1:12)2 • 
(4) 

The first term in (4) represents the cross section for process 5. On the other hand, an expression 
for CTJr5N can be obtained directly: 

where F~1r ( s7r7f• t. ~' t. ~) is a function which takes 
account of the difference between the scattering 
cross sections for two virtual pions and two real 
pions. Comparing (5) with the first term of (4), 
we find 

FnN (~~~ SnN) Fnn (~~~ Snn) = F~n (~i, ~~~ Snn)- (6) 

The left-hand side of (6) depends on S1rN• whereas 
the right-hand side does not contain the variable 
S1rN· Since S1rN and s7r7r are independent varia
bles, it follows that F1rN is not a function of s7rN. 

On the basis of this result we may assume that 
F1r1r and F~7r also are independent of s7r1r· Then 

(7) 

The calculated CTfJk increases beyond limit as 

Eo increases if F1rN is independent s1rN• no matter 
how strong the dependence on t. 2. 

As will be shown in Sec. 3, the cross sections 
calculated according to graphs 1 and 3 with account 
of the nucleon from factor F 2 are finite and con
stant for Eo- oo. Thus the one-meson exchange 
NN interaction must be described by the one
meson graph 1 and the 1rN interaction by the 
graph 3. 

Noting that all relative currents entering in the 
expression for the cross section are equal at very 
high energies (jNN = hN = h1r = 2) and intro
ducing the notation 

(8) 

we can rewrite (1), (3), and (5) in the form 

o~k =BOnN• 

o<J,.k = B 2o""' 
0~3Ar = BOnn • 

Eliminating B from (11) and (12), we obtain 
the equation 

(5) 

(9) 

(10) 

(11) 

(12) 

Comparing (12) with the relation between the 
total 1rN and NN cross sections [ 2] 

( 13) 

we see that (13) is not in contradiction with the 
assumption of the predominance of the contribution 
from the one-meson exchanges in NN and 1rN 
scattering at very high energies. 

However, although (13) is not a necessary con
dition, it is not yet a sufficient basis for concluding 
that the one-meson interactions play an exclusive 
role. One sufficient condition for such a conclu
sion would be the agreement of the calculated 
values of CTMk and CTJr3N with experiment. To 

verify this, we must specify the form of the func
tions F 1, F 2, and F 3 entering in the expressions 
for the cross sections, and in particular, consider 
the nucleon form factor F 2 (t. 2). 

2. FORM FACTOR FOR THE NUCLEON CORE 

The introduction of the nucleon form factor 
F 2 ( t. 2 ) in the calculations reflects the fact that 
the nucleon, as the source of the pion field, is not 
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point-like. The account of the finite extension of 
the field source implies the transition to a non
local interaction. The invariant form factor is 
subject to the general requirement that it must 
not correspond to the transfer of a wave packet 
over macroscopic distances and hence, cannot be 
a function of the type of a propagator. As shown 
by Chretien and Peierls, [ 3] the form factors may 
be represented by functions with poles at complex 
values of ~ 2 (whereas propagators have poles at 
real values of ~ 2). 

For a determination of the explicit form of 
F 2 ( ~ 2 ) we must give the density distribution of 
the source. In the case of an exponential distri
bution we have 

p(r) = 3:rt~3 exp (- vizr 1. (14) 
. a ; 

where a = ( r 2 ) 11 2 is the mean square radius of 
the distribution. Going over to momentum space, 
we obtain 

F (p2)=(1+ ;2 a2p2r2· 

The variable p2 is the square of the three
momentum of the virtual meson (or recoil 
nucleon) entering in a given nucleon vertex in 
the rest system. 

(15) 

To go from F(p2 ) to F2 (~ 2 ) we must express 
p2 in terms of ~ 2• In the rest system of the 
nucleon 

112 = b_2 - 11~ = p2- 11~. 

In the same system 

and hence 

Thus the form factor for an exponential distribu
tion is 

The poles of this form factor are located at the 
points 

A2 = - 2 ± Y 4- 4 (12/a2). 

The above-mentioned requirement that ~ 2 be com
plex at the poles is satisfied if 12/a2 > 1, i.e., the 
mean square radius of an exponential distribution 
must satisfy the condition 

(r2>'1•<Jf121i!Mc = 0.72 F. 

In the case of a Yukawa distribution of the form 

(r) = _3_ exp (- V1irfa) 
p 2:rta3 r 

(17) 

we have the form factor 

F (112) = [1 + + a2 (112 + I14/4W1 , (18) 

where the mean square radius must satisfy the 
condition (r2 )11 2 < 0.51 F. 

The estimates for the core radius of the nucleon 
were obtained with the help of a selection of phe
nomenological potentials for the nucleon-nucleon 
interaction which yield the correct phase shifts at 
low energies. According to Brueckner and 
Watson, [ 4] the core radius is equal to 0.17 to 
0.19 F. In the later work of Lassila et al. [ 5] the 
core radius was taken to be 0. 24 F. However, the 
quoted authors are considering the "hard" core, 
while we are concerned with an estimate of the 
mean square radius. The latter was found to have 
the value 0.2 Fin the interpretation of the electro
magnetic form factors of the nucleons. [s] We 
shall use this value in our further calculations. 
It is interesting to note that it is very close to the 
value of the Compton wave length of the nucleon, 
0.21 x 10-13 em. 

3. ASYMPTOTIC BEHAVIOR OF THE CROSS 
SECTIONS 

Besides F 2, we must also know the functions 
F 1 (~ 2 ) and F 3 (~ 2 ) in order to calculate the 
cross sections. The explicit form of F 1 is un
known, and we can only expect that F~ ( ~ 2) > 1 
from the general properties of the spectral decom
position of the Green's function of the virtual 
boson. The results of the work of Okun' and 
Pomeranchuk[ 7J indicate that the large masses 
make a small contribution to the propagation func
tion. For definiteness, we set F~ (~ 2) = 1, and 
return to this point somewhat later. As to the 
function F 3, there are no reasons to expect it to 
depend on ~ 2. We recall that a dependence of F 3 

on. S1rN is not indicated. Let us therefore set F3 

= 1. Thus the cross sections will be computed on 
the basis of two assumptions and a single given 
parameter (r2 ) 11 2• 

With these conditions and a1rN = ·23 mb, the 
cross section for process 1 for energies higher 
than 1011 ev is calculated to be equal to 29 mb. 
The behavior of the cross section aMk at energies 

from 10 to 30 Bev, where there are sufficient ex
perimental data (with an accuracy of ~ 4%) is in 
good agreement with the experimental curves for 
the inelastic scattering cross section (Fig. 2). 

If the elastic cross section goes to zero in the 
asymptotic limit, [B] we find from the above
mentioned result that the total cross section has 
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FIG. 2. Dependence of the inelastic NN scattering cross 
section on the momentum of the primary nucleon (in the lab 
system): \1 experimental value of the elastic NN cross sec
tion, 0 experimental value of the total cross section, e 
value of the total NN cross section obtained by addition of 
the experimental elastic scattering cross section and the 

curve for a~k (p). 

the value ONN = 29 mb (to the extent that (J"tJ:N 
agrees with experiment at high energies). Sub
stituting the values urrN = 23 mb and D"NN = 29 mb 
in (13), we obtain the estimate urrrr = 18.2 mb for 
the total rrrr scattering cross section at ultra-high 
energies. Using this value for urrrr• we can com
pute the cross sections (J"fJk and uJ/k At energies 

above 10 11 ev the calculation gives u< 5) = 29 mb 
NN 

and uir3~ = 23 mb. 

Thus the processes 5 and 3 (Fig. 1) not only 
satisfy condition (13), but also have cross sections 
which agree with the total NN and rrN scattering 
cross sections within the limits of experimental 
and theoretical errors (the latter caused by the 
inaccuracy of the parameters). On this basis we 
arrive at the conclusion that the one-pion exchange 
processes play the dominant role, admitting, at the 
same time, a small contribution from other 
processes. 

It follows from the results shown in Fig. 2 that 
the one-pion exchange processes are very impor
tant also at high energies (the curve for (J"~k at 

these energies is calculated with account of all 
resonances in the total cross section for the rrN 
scattering; at energies above 20 Bev the total 
cross section D"rrN was taken to be equal to 23 mb). 
In this way one can understand the agreement of 
the calculations[s,to] with the experimemtal data 
on the inelastic scattering of protons on neutrons 
at 9 BeV. It was by including the graph 1 that one 

could explain the asymmetry in the emission of 
the secondary protons in the c.m.s. [10 •11] 

These results also show that Fi = 1 and F3 = 1 
are good approximations. The deviation of Fi 
from unity could be estimated by using more exact 
values for ONN and (r2) 1/ 2• As to the function F3, 

there are evidently no experimental indications 
that it should depend on ~ 2, and we can neglect 
this dependence in all calculations. 

Despite the fact that not all one-meson exchange 
graphs play a distinct role at very high energies, 
but only those in which the scattering goes through 
the rrrr interaction without "excitation" of the 
nucleons, the picture of the elementary process 
remains complicated. The center of attention be
comes the intermediate rrrr scattering. About this 
we remark the following. The graph 6 (Fig. 1) in 
which the rrrr vertices are described by the total 
cross sections (J"rrrr is a special case of graph 2, 
when the rrN interactions in the nucleon vertices 
are described by the graph 3. Since Frrrr is inde
pendent of Srrrr• the calculations gives arbitrarily 
high values for (J"~N at Eo- oo. It follows from 

this that it is impossible to express the interaction 
probabilities in the separate vertices in terms of 
the total cross sections (J"rrrr by representing the 
rrrr scattering by a chain of several rrrr scatterings. 

4. GENERAL COMPARISON WITH THE EXPERI
MENTAL DATA ON NN SCATTERING AT 
VERY HIGH ENERGIES 

Thanks to the intensive studies of recent years, 
a large amount of data has been obtained on the 
NN interaction at very high and ultra-high ener
gies. The most detailed information is available 
on such features of the interaction as the coeffi
cient of inelasticity, the angular distribution of the 
shower particles in the system of their center of 
inertia ( c.m.s. ), the distribution of the transverse 
momenta of the shower particles, and the depend
ence of the multiplicity of the shower particles ns 
on the energy of the primary particle. It appeared 
possible to systematize all these data with the help 
of various models and phenomenological theories 
and, finally, to give the most probable picture for 
the NN interaction at very high energies. [12] How
ever, the available information suffers from the 
defect that the shower selection factor is not 
excluded, that the criteria for the choice of the 
NN interactions are not sufficiently rigorous, and 
that the kinematical estimates of the energy of the 
primary particles are too approximate. An excep
tion to this are the data on showers with a primary 
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energy of the order of a hundred Be V obtained with 
the help of the ionization calorimeter. [13] 

As it is not possible in this paper to make a 
detailed comparison between our calculations and 
the experimental data, we restrict ourselves to a 
comparison of the most general results. 

A. Average coefficient of the inelasticity of the 
NN interaction. The distribution of the coefficient 
of inelasticity in the c.m.s. can be calculated 
exactly. The average ( (K)) and the most prob
able value of the coefficient of inelasticity are 
close to each other. It is noteworthy that the 
value ( K) at energies above 1011 eV is inde
pendent of the energy of the primary nucleon. In 
the calculation based on graph 5 we have ( K) 
= 0.35 for the form factor (16) and (K) = 0.40 
for the form factor (18), which is in good agree
ment with the experimental estimates ( K) = 0.3 
to 0.5, [12J, (K) = 0.35, [13 ] and (K) = 0.35 to 
0.40. [14] 

B. Angular distribution of the shower particles. 
The angular distribution of the shower particles in 
the center-of-mass system is given in the case of 
the graph 5 by the dynamics of the 1T1T interaction. 
In particular, it has been noted [15] that the "two
center" structure of the showers with small inelas
ticity coefficients can be explained by assuming 
that the multiple production of particles at very 
high energies goes through an intermediate 1T1T 

interaction where, in principle, two blobs of highly 
excited nuclear matter can be formed. The model 
of the intermediate 7T7r interaction also explains 
the formation of "asymmetric" showers. [13 ] 

C. Energetically distinguished pions. Recently, 
energetically distinguished 1r mesons have been 
observed in experiments at energies of> 1011 eV, 
which arise from the decay of nucleon isobars. [t4] 

However, if the creation of energetically distin
guished pions occurs with appreciable probability, 
it should, according to the above, be regarded as a 
result of the intermediate 1r1r interaction. · 

D. Angular distribution and transverse mo
menta of the secondary nucleons. In order to obtain 
the angular and momentum distributions of the 
shower particles in the c.m.s., it is necessary to 
develop the theory of the formation and decay of 
the excited 7T7r systems. The angular and momen
tum distribution in the c.m.s. as well as the distri
bution of the transverse momenta of the secondary 
nucleons can be computed. The angular distribution 
of the nucleons in the c.m.s. is characterized by a 
strong anisotropy, which increases with the primary 
energy. For Eo= 13 (which corresponds to an 
energy of 300 BeV in the lab system) half of the 
total number of nucleons should be in the angular 

region from 0 to 5° and from 175 to 180°. Because 
of the extremely collimated emission in the c.m.s., 
the nucleons, which carry off 60 to 65% of the total 
energy on the average, have a relatively small 
average transverse momentum. The calculations 
show that the average transverse momentum of the 
nucleons for energies above 10 11 eV must be equal 
to 0.61 BeV/c and be independent of the energy of 
the primary nucleon. This result is not in disagree
ment with the experimental data on the showers and 
extended atmospheric showers. [16] In the region of 
small energies, (Pl) is decreased so much that at 
higher energies it agrees with experiment within 
the limits of error. 

From the results quoted above we arrive at the 
general conclusion: the one-meson exchange ap
proximation is, despite the large value of the rrN 
coupling constant, a method which gives a correct 
description of the basic features of the inelastic 
interactions of nucleons and pions with nucleons 
for a very wide range of energies (from several 
BeV upwards). The reason for the dominant role 
of the one-meson interactions is evidently the 
large probability for the existence of one-meson 
states in the structure of the nucleon. In the con
sideration of the one-meson interactions it is nec
essary to take account of the structure of the nu
cleon as the source of the pion field. The agree
ment between theory and experiment is bought at 
the price of giving up the locality of the pion
nucleon interaction. 

In conclusion we express our deep gratitude to 
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