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§ 1 •. Introduction 

Much attention has recently been paid to the study of high 

energy particle scatte!'lng on the basis of ordinary methods ~f qu-:

·antum field theory. 
' ' /1-11/ In a number of recent papers . · the problem of the vali-

dity of the eikonal appro:ximation for the two-particle elastic scatter-.. 
ing amplitude· at high energies was considered in the framework 'of 

various· models of quantum field theory; In these papers the asym7 , 

ptotic behaviour of the sum of the Feynman diagrams ·of the ladder -type (when all the possible crossings of "meson" lines between two · 

"nucieons" are taken .into account) was· essentially investigated in 

the iimit of high energies qnd fixed momentum transfers; bne of 

the irr.portant results of. the;,;e investigation~ is the fact that the' 
' ' 

principal logarithmic terms cancel in . the s,um of . the· latter type di-

a grams in. the asymptotic limit s .... oo , - fixed. This result shoWs 

that the relativistic retardation effects probably vanish with in~reas

ing energy and that the scattering contributions of the virtual partiCle mo

menta off the mass shell decrease at high energy. ' Further,' the sum 

of· the ladder cype diagrams tends asymptotically to the sum of qu&.. 

sipotential graphs for the two-p~rticle · scatte!'ing amplit~d~fl2-15/ and 
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coincides with the eikonal expansion of. the scattering amplitude at 
. . . . /16-18/ · : . · I . 

high en~rgies and . small angles ' • •· 

. I~ pape~s/1• 2• 5/ the fu~ctional integration methods in, _quantum 

field theorY- _;~re used in studying this problej .19~ As has bee~'. . . . . . . 

'shown in these papers the functional integration methods present an· 
• •. f . 

~ffectiv~ :tool for investigating the asymptotic behaviour of the scat-

tering amplitudes. In subsequent papers/20•2 if. the functional. int~g-,: 
ration r:nethods have been used. for studying . the important problem 

of radiation corrections to the ladder type. g~aphs for two-particle . 

elastic ,scattering (?ee also papers/
22

•
23

/) and In in~stigating the. 

inelastic scattering ·pr-ocesses. Let us note ~at in these papers an 

approximate method of calculating the functional integrals in question 

was used; whiCh. had been developed in paper: / 24/. Since in the . 

framework of the Feynman .diagrams this approximation is. equivaf · 

lent to a ;definite modification of the propagators or' p~rticles with · 
. • . ·. . ~. . .tf" 

:·la~ge mom~ntum ·p when the terms of the type :k 1 k: l ( k 1 a~/ k l 
. . .. 

. • 

··are the- m'omenta . of different real or virtual me?ons emitted by nuc:-

.leons) are neglected, e.g. 

·1 1 _____ n ___ 2 _. --~---n-.- 2 

m2-(p -};k.)- 2pi k'.-I.k. 
·. i= 1 1 . I,; 1 1 'I= I 1 

this approximatio~ is someti~es called "the k :1 k l =0 approxi~ti~n"x/. 
The validity of this approximation· in· the ~tudy of the problem of 

infrarect asymptotics in q{tantum field theory was proved in pa.-
:/25-27/ 

pers . • 
• l. . • 

x/ We note that in papers/3~6/ .in fact a rougher approxima
tion was used, when all the· terms bilinear iri :the emitted 'meson 
momenta are neglected in nucleon . propagators._ 
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. The .possibility. of applYing this . method to the s 

·energy particle scattering .is .not a pr.iori evident, . but 

is confirmed by calculations· in the framework of the 
. ' 128-30/. 
of perturbation theory' . • 

We note that this approximation has quite a sim 

meaning.; Sta~ing . from the Feynmah interpretation of. 1 

amplitude as a sum over ·paths,· the apJ)roximation ·in 

equivalent to taking into account paths which: are . clo: 

classical trajectories -of particles. When; the. small an.§ 

scattering is considered, the clas~ical particle traject, 

presented by pairs of rays with the ·direction of the. pc 

before and after collision, respectively. For this reas, 

. t' h' ·h. d . /1,2,5,20,21/ ill b' XIma 1on w 1c was use . 1n. papers · . . . . · w ~ 

straight-line particle paths. approximation. 

In this· paper a model of scalar nucleons intera< 

tor mesons is investigate~x/ • We find closed a~alyti• 
for the two-nucleons el~stic scattering amplitude and 1 

tude~ of inelastic . prc;>cesses of meson production in r 

sions. 

The asymptotic behaviour· of these amplitudes in 

energy limit is stUdied in .the framework of the straigh 

paths approximation formulated above. 

It is sho~ that . the . principal. logarithmic terrri..s i 

amplitudes cancel in the asymptotic limit s.-> oo , t -fixe 

diagrams with nucleon closed loops are neglected. Th 

scattering amplitude in this limit takes the ~ikonal for:-!1 

. x/ The scalar nucleon ';" scalar meson· interactiot 
investigated in detail in the papers/1,2;20,21/ •. 
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·The .possibility. of applying this method to the study .of high 

. energy particle scattering . is not a pr.iori evident, . but, nevertheless, 

is confirmed by calculations in the framework of the lowest orders 

of pert~bation theod28- 30/. 

We note that this approximation has quite a simple physical 

meaning. Sta~ing from. the Feynman interpretation of. the scattering 

amplitude as a sum over ·paths,· the apr:>roximation in question is 

equivalent to taking into account paths which. are . closest to the 

classical trajectories of particles. When: the small angle particle 

scattering is considered, the clas~ical particle trajectories are. re

presented by pairs of rays with the ·direction of the particle momenta 

before and a~er collision, respectively. For this reason the appro

ximation which was used in papers/
1

•2•5•20•21/ will be .called the . 

straight'..line particle paths approximation. 

· In this· paper a model of scalar nucleons interacting ~th vec

tor mesons is investigatec(/ • We find closed a~alytic expressions · 
., 

for the two-nucleons el~stic scattering amplitude and for the ampli-

tudes of inelastic. pr<;>cesses of meson production in nucleon c611i.::; 

sions. 

The asymptotic behaviour· of these amplitudes in the high 

ene'rgy limit is stUdied in .the framework. of the straight-line particle 

paths approximation formulated above. 

It is shown that . the . principal. logarithmic terms in the scattering 

amplitudes cancel in the asymptotic .limit s .... oo , t -fixed when the 

diagrams with nucleon closed loops are neglected. The elastic 

scattering amplitude in this limit takes the eikonal form. It is shown 

. x/ The scalar nucleon 7 sc'alar meson interaction model was 
investigated in detail in the papers/1,2;20,21/. • 
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then that the contributions of the radiation· corrections to. the ladder 

type 'graphs in thE! straight-line particle paths appr~Ximation are· 

factorized· and are determined by the quantity H ( t ) which de-

pends only tlpon the square of momentum . transfers. In the·, region 

I t I « m
2 the quantity .H ( t ) has ·l:m exponential dependence' on t 

and produces the diffraction pea~ ·iri elastic. scattering in accordan

ce with the hypothesis of smoothness of the local quasipotential 
. . /3~-33/. 

of two . particles at high energies - .. • 

Such a behaviour of tlfe· elt:tstic scattering amplitude was pre

dicted recently. in papej34/ and corresp~rids, in some sence, to the 

coherenr interaction of virtual mesons belonging to the nucleon 

clouds. 

Further the differential cross sections of inelastic processes 

were obtained. Under the requirement of "softness" of. secondary 

meson;; the Poisson distribution in the number ·of particles,- emitted 

[

·n collision, is found. 

We note that _the total differential cross ... section summed. over. 

all the secondary meson may have, generally ~peaking, no prono-

unced diffraction peak in the region p
2 < :1 t I « m 2 

. . -
Such a behaviour .is due to the cancellation under- certain 

' ~ 

conditions of two exponential factors," which correspond to the ra-

diation correction contributions in the elast.ic scattering amplitude. 

and to the total contributions from multi-meson production. 

. We would_ like to point out the analogy_· of . such a regularity 

with the ·automodel behaviour of deep inelastic processes of high' 

energy hadron interaction. 

'i 
:;'1 

·. ,, 
r-, 

~ j 
:I 

I 
.I 

; . 

§ 2. Two-:. Particle Elastic Scattering· Amplitude; 

We shall consider a model' of scalar nucleons 

with the vector field A a ( x) , · having-- a non-zero rna!: 

choose an ir~teraction- Lagrangian in the· following forr . . 

. - 2 L In t = g : rfr * (X ) i a a rfr (X ) A iz (X) : + g 2.: A a (X ) rfr * (X ) rfr (: 

where g is some. dimensionless coupling, ~onstant. 

'!'he one-particle _ Green· function _of_ the quantum 

external field A a< x) . satisfies the equantion 

. . . 2 . : 

llida+ gAa(x)] -m 2 }G(x,y!A)=-o 4 (x-y). 

The formal solution of eq. (2.2) can be repre!;;er 

of the integral over proper time/3?/ 

oo 2 T 
G(x,y!A),if dre-lrmexp{if d~[id (~)+gA (x,~)] 2 

o .· 0 a .. a. 

Using the "disentanglement" method of th_e differentiatic 

in the exponential exponen/
38

/ in eq. (2.3) the .~olutioJ 
may be written as -the functional integra/24/ · , · · 

. oo . -IT 2 4 T. , T 
G ( x, y I A ) =d f d r e m fLo· v ] 

0 
exp {..2 i g. f d ~ 

0 ' 0 
v a (( 

\, ~ ' . 

• A a l X + \ f ·V ( TJ ) d TJ] lo 
' 0 

T 4 
[ x-y -2 f 'v(TJ )d TJ 

0 

I where 

: 
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§ 2. Two-Particle Elastic Scattering Amplitude 

We shall consider a model" of scalar nucleons interacting 

with the vector field A a ( x) , · having a non-zero mass p. 

choose an interaction Lagrangian in th~ following form 

-
.·we 

L In t = g : t/1 * ( X ) i a a t/1 ( X ) Aiz ( X ) : + g 2' : A ~ ( X ) t/1 * ( X ) t/1 ( X )': I ( 2, 1) 

where g . is some. dimensionless coupling, constant. 

The one-particle Green· function of. the quantum field in the 

external field A ( x) .. satisfies the equantion a 

The formal solution of eq, (2.2) can be represented by means 

. t 1 t' 1371 of the 1n egra over proper 1me 

., 
. oo 2 , T . '4 

G(x~y-!A)=if dre-lrm explif d(Lia (()+gA (x~()]2 !B(x'-y).(2.3) 
o . .· o . a , a. ., .. 

Using the "disentanglement" method of the differentiation 

in the exponential e~ponen/38/ in eq, (2.3) the _solution 

may be written as . the functional integra/24/ 

opera tot:' 

of eq.(2.2) 

•
00 ·-1Tm 2 . 4 T T 

G ( x 1 y I A ) = 1 J d r e j L 8' v ] 
0 

exp !-2 i g J d ( 
0 0 

v (( ) • 
a (2.4) 

where 

': 



! ~ 

I I, 
li 
li 
'I 
't 

[ 8 4v {2 
T 1 

T 
2 

4 -1 r · 2( · 
8 v e ~- v 7J} d 7J 

-r;:-

f8 4v e-irtv~7J)d7J 

·~. 

(2.5) 

is a volume element of the functional space of the four-dimensional 

function v (7]) determined on the interval. r <77< r 
a 1 - - 2 

The expression for the Fourier transform of the Green fun-

ction (2.4) takes the following form 

1 lpx -lqy 
G(p,q!A)=-- f dx dye G(x,y!A)= 

( 2 1T )4 

4 jT dy t<p-q)yfl8 v 
0 ---e 

(2rr) 4 (2.6) 

oo IT(p2-m2) 

= i f dr e f 
0 

•expl-2ig 

"

q, 
r e f df,Lva<O+pa]Aaly+' e+\f v(7J)d7J]l. 

We shall define the two-.particle elastic scattering amplitude 

using the variational derivative methc;rlx/ 

i(2rr)4o(pt+p2-q ~-q2)f(pt,p2; ql'q2)= ·li~ (p2cm2)(p~-m2)(q~-m2)(q:-m2). 
( 2 2-2 2) 2 
Pt .P2 ,qt,q.2 -.m 

• (52 (2.7) 
I 4 

·lexpl-fd kDaf3(k) ]G(p 1,'1 1 !A)G(p2 ,q 2)!:\)S0 (A)lA=o' 
2 ,oAa(k)8A4-k)' 

x7 The particle identity is taKen into account by symmetriza
tion· of eq. (2.7) over momenta of initial or final particles. 

I , 

So(re): J 

where S 0 (A ) is a vacuum expectation value . of the 

the presence of the external field A • Below, for s 

shall. neglect the vacuum ·polat'ization effects as wei 

rams with closed nucleon. loops. The . propagator of 

1)~,tt\t~eld D ~{3 is determined by the expre~sion 

.. \ =15(~_-:;;) " k ·k . u· a f3 
·D - .· af3-~-a{3- ____ 1l i 

I, 
•t 
.I. 
l 
i 
I 

k 
2 -.2---.-
-JI/ 

_//' 

Inserting (2.6) into (2. 7), after a series of fund 

substitutions/
1

•
2

•
5

•
23

/ we. obtain the following closed 

for the two-particle scattering amplitude 

·. . ly(p-q) . 14. 00 

i f ( p 1 , p 2 ; q 1 , q 2 ) = g 2 f d y e . · 1 
. 

1 D af3(y) J L 8 v 
1 

1 ~ J~ 

. . .1 . ig 2 . 
• L2v 1 (0) +l1 1 + q 1 ]al2v2 (0) +li)2 + q 2 ]~{3 j d ,\ exp I -. -f d 

-- r '---· ·l . o 2 

2 

·l I 
I= 1 

(I) . (I ) ·, 

j y ( k ; p I ' q I I v I ) j ( ( - k; p I ' q I I v I ) + 2 ,\ j ~~ ) ( k ; I 

lky.<2 >( . )] .. 2 ·e •J( _-k; P2,q 2 lv 2 -i f8m de 
-oo 

where 

. (I) . 

j (k;p ,q lv )=2ifd( Lv ·<e )+p
1 

0(( hq
1 y I I I . 1y y · y 

··exp(2ik[p ( 
. .y ·ly 

( 
(} (( >+ q ( (} ~ >+ : f 

. ly . 0 vly(7]) 
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(2.5) 

>f. the four-dimensional 

(TJ< T 
- - 2 
m of · the ··Green fun-

A)= 

8 4v j T • 
. 0 : 

(2.6) 

scattering amplitude 

"(2,7) 
! • q ~)! :\ ) so(:\) I A::O' ' 

:count by symmetriza-
1al particles, · · 

where S 0 (A ) is a vacuum expectation value of the · S .-matrix in 

the presence of the external field A 

shall . neglect the vacuum ·polarization effects as well ·as the di~- . / 
, Below, for simplicity, we l \ 

rams with closed nucleon. loops, The propagator of the free vector' 

1)~1tt\t~eld D af3 is determined by the expression 

.. =15(~_-~) 8af3- _k ¢~ 
D .· 11. ' 

T 

. a f3 = ----k :r--~--:-
-.fl 

Inserting (2,6) into (2, 7), after a series of functional variable 

sub~titutions/1• 2• 5 • 23/ we· obtain the following closed expression· 

for the two-particle scattering amplitude 

00 

lky • (2 '< k .I ) ] f . ., m 2 d t: l ' - . •e •Jt; .-; 1'2• q 2 v 2 -i u ., 

where 

(2,10) 
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'll 
is a transition current satisfYing the continuitY equation 

• ~ t, 

k j · (k;p,qlv) =0. 
y y 

(2.11) 

In eq. (2. 9) the mass renormalization m ~ = m 
2 
+om 

2 has been made. 

It removes divergences appearing in the integration over the 

UJA. . \ · variables .; 1 and .; 2 /
20

/. 
(I) .. (I) 

We note that the terms j y (k;p
1
,q

1
lv

1
), _j( (-k; p 1 ,q 1 lv1 ), 

1 

tl 
~II 

(i=I,2) in eq. (2.9) describe the radiation ccrrections. to each of 
. . . . ( 1 ) (2 ) 

the nucleon lines and the term 2 j (k; p 1, q 11 v 1 ) j r (- k; p , q2 I v ) y . ., . 2 2 

describes the interaction. between two nucleons. Obviously, that· 

exact functional integration in expression (2.9) is not possible. 

Therefore, we give below an account of the approximate method of 

cal;;ulating the integrals over v 1 and v 2 /
24

/. As mentioned in the · 

introduction, Wf? call this method the straight-line particle paths 

approximation. 

Let us consider in more detail the physical meaning of the 

functional .variables v 1 and v 2 • ~hese variables, formally intro

duced in eq. (2.4) for obtaining· thEi solution for the Green function, 

describe the deviation 'of a particle trajectory from the straight-line 

path. In fact, if we put v = 0 in formula· (2.~0) for the transition · 

current, .we •would obtain 

. . 2p 2q 
1 y(k; p,q 1 O·> =-<-:-:---- ·--~- >. 

. 2kp+·lf 2kq-tf 
(2.~2) 

This corresponds to the classical current of the nucleon,. moving 

with momentum · p at .; >. 0 and with momentum q at .; < 0 

We note,· however,· that the approximation v·= 0 is known ·u 
to be inapplicable at values of the proper time of the particle close ' 

. -to zero, when the particle classical trajectory changes its direc-

. . ( p-t. ~0 )~· ----
~0 

, .. , 

-r 
r 
I 

v 
.. 

tio~·· In the language of Feynman graphs· the appro: 

that the quadratic k -dependence in the nucleon pr ... 
lecfed 

I . I 

m2 .:..(p+k)2'_,_ 2pk-

- It can lead, generally s·peaking, to. the appearance 

of the integrals over d 4 k at the .upper limit. 

A better approximation .to the nucleon current 

•the average current value (2.~0) over the functional 

j < k ; P. q-) = J [ o 4 v ("' j < k; P, q 1 v > = Y -oo Y 

=if d.;[ky£(,;)+2p/J(,;)+2qy0(-0,] 

·expl2iklp .;e<O+ q .;e(-0+ ik 2 I.;IJI y y y 

2p + k. 
=..:. ( __ Y ___ Y _ 2q y- k y 

2kq -k 2 -i ( 2kp+k 2+i£ 

For this reason in seeking the two-particle elastic E 

de we shall use the straight-line particle paths appr 

consists in substituting in the exponential exponent 

current products average~ over the· functional varia! .. 
(1 ) (2 ) . . ' 4 00 4 00 

jy (k;pl;ql)j( (-k;p2,q2)=Jlo· VI J_Jo V2 )_e>Q 

(2) 

•j((-k;p2,q21v2 
2pty+'-y 2q ty-ky 2p2(-~. 

>= < . -·- H-----
2 kpl+k

2 
+i ( 2k q 1- k 2-if: -2kp2 +k2 

~~ 
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(2.11) 

2 + 0 ~ 2 has been made. 
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.t.:.line particle paths 

ysical meaning of the 
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ry from the straight-line 

o) for.· the transition 

..l'__ ) ; (2.12) 
-·i ( 

Jf the 'nucleon, moving 

:1tum q · at ~ < 0 ., 
time of the particle close 

-~)ry changes its direc-

. ( p-t, ~0 ).· 

tior4· In the language of Feynman graphs the approximation means 

that the quadratic k -dependence in the nucleon propagator is neg-.-, 
leded 

I I 

It can lead,. generally speaking, to. the appearance of divergences 

of the integrals over d 4 k at the ,upper limit. 

A better approximation .to the nucleon current is given by 

·the average current value (2.10) over ,the functional variable v ,i.e, 

- 4 00 ' 

.jy(k;p,q)=J[o vl j (k;p,qlv)= 
-oo Y 

=if d/f[k f(~)+2p (}(lf)+2q 0(-1;)] 
. . y y y . 

•exp{2iklp l;e(O+ qyl;e(-lf)+ ik 2 1/fiJI y y 

2p + k. 
=..:.(_l'_ __ Y_ 

2kp+k 2+i£ 

2qy- k y 

2kq-k 2 -i£ 

., 
) . 

(2.13) 

For this reason in seeking the two-particle elastic scattering amplitu

de we shall· use the straight-line particle paths approXimation,· which 

consists in substituting in the exponential exponent in eq •. (2.9) the 

current products averagec;:l over the functional variables v and v
2 

• 
4 .. ,. 1 

(2) 

·j,(-k;p2,q21v2 

- (~1~ 
2Pty+ky . 2q 1y-ky 2p2(-k( . 2q 2(+k( 

)= ( . - - -· ----H----- + ------), 
2kpl+k

2 
+i£ 2kq 1-k 2

-i£. -2kp2 +k~ +if 2kq2+k2 +i£ 

11 
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(I) . . (I) 

jy (k;~l,ql)j' (-k;pl,ql 

2p + k 
=( IY y 

2kp +k 2+iC 
I 

·2q +ky .2pl(+k' - ____,:_u:_ ___ ) (----

2kql+k2-ic · 2kp
1
.+k 2.+ic 

(2.15) 

2ql(+k' 
--=---"-- ). 
2 k q I + k 2

- i c I · 

Co~equently, · fn the straight-line particle paths api?roximation 

the expression for the elastic scattering amplitude takes· the fdrm 

, iy(P·1-qt) 1 ,IAX(y;p1,p2 ;q1,q:a' 

if(p
1 

,p2 ; q 
1

, q 2 ) =g 2H(t)Jaye -l'l(y;p 
1
,q 

1
; p 2,q 2)[d>-e , (2.16) 

where 

4 ' ] lky ( ) 
/), (y; p 

1 
, q 

1 
; p 2 , q 2 ) = f d. k D a Jk Hk + p 1 + q 1 ] a l -k + p2 + q2 f3e 2.17 

. ~ .o.N--

( ) 
g 2 4 lky :r,;-- (2) -

X y;p
1
_,p

2
;q

1
,q

2
· =---fd ke .n Jk)J (k;p ,q )jf3 (-k;p, q ) 

(2 
77 

)4 af:i a 1 1 2 2 
(2.18) 

• 2 -------------

H(d=expl--g--fd4kDf3(k) f j 0 '(k;p
1
,q,}jf3(1)(-k,p ,q ). (2.19) 

2(2rr)2 a 1=1 a • I I 

It is interesting to note that the contribution of the radiation 

correction is factorized in a form of the factor H ( t ) ~ .. depending 

only on the square of the .momentum transfer t=(p 1-q 1 )
2

, ~s.in the 

scalar ~ucleon-scalar field interaction · mode/
20

/. The analogous phe-

12 

I 
~· 
B 

~~(: 
\' 

} 

r II 
I 
i 

l 
! 
\ 

·I 

·r 1,, 

r 
\' 
·J 
\1 

1 
l 

nomena of the factorization of the radiation correction 

in quantum ele~trodynamic~- was found .in the ·arlicles/
3 

,. 

In the high energy limit s ... oo at fixed momentu11 
< 

limited by the condition I t I« m 2 thf=< quantities X· 

the form 

.... . 2 ..... 

X <I y I> = _L_ K ( fl I y I ~ 
L 2rr 0 l 

H(t)=eat 

where K 0 is the Kelwin function of zero order and 

2 . g 2 

a = --' --...,-- On ~- + _l_ ) 
3(2rr) 2 m 2 p. 2 2 . 

Thus in this asymptotic limit the expression for 

scattering amplitude in the scalar nucleon-vector field 

model has the formx/· 

f (s , t ) i (s - u ) v ( t ) e ~t 

where 

... 
() l fd2 ... . i-;181(-iX ). v t = -· - y · e e -1 

2 L 
and 

->2 

t "'- /), l 

x/ We note -that ta-~ing into accoUf)f the identi~ 
leads, on symmetrization of eq. (2.25) ; to terms vani~ 
limit s -+ oo with fixed t . · 

13 



(2.15) 

k( 2q,,+k( -- - -------). 
2 k q I + k 2- i E \ · 

:le paths approximation 

litude takes' the form 

l-k+p
2 

+q
2
1,aetky (2.17) 

.~ 

. ) • (2 )I k· · -) 
'1 J ,B ,_ • p2. q 2 (2.18) 

• (I) ( ;'\ 
)J,B_(-k,pl ,ql). 2.19, 

ution of the radiation 

tor H ( t ) · ~· depenc;ling 
2 . ' 

· t=(p 1-q 1 ) , ~s. in the 
20/ . ' 

• The analogous phe-

'.·1. t' 

nomena of the factorization of the radiation correction contribution 

. t 1 t od . ' f d . th ' rt' 1 139- 41/ 1n quan urn e ec r ynamtcs was oun 1n e a 1c es • 

In the high energy limit s -+ oo at fixed momentum transfers t 

limited by the condition I t I<< m 2 

the form 

th~ quantities x · and II take 

__. . 2 .. 

X <I y !) = __!2_ __ K ( !l I y I ) 
L 2rr o l 

(2.22) 

H (t) = eat (2.23) 

where K 0 is the Kelwin function of zero order and 

2 2 
· g m 1 

a= -----(In---+-) 
3(2rr)~m 2 

/l
2 

2 

(2.24) 

Thus in this asymptotic limit the expression for the elastic 

scattering amplitude in the scalar nucleon-vector field interaction 

model has the formx/· 

I 

f(s,t) i (s - n ) v ( t ) e at (2.25) . J1 ! 
where 

-> 

v(t) = _!_ f d 2 y. e
1;:l 11 l (e-IX -1) 

2 L 
(2.26) 

and 

(2.2.7) 

xf We note--~hat ta~ing into account the identity of nucleons 
leads

1 
On symmetrization Of eq. (2.25) I tO termS vani'shing in the 

limit s -+ oo with fixed t . 
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' ' ,fP· .. : ~ 

¥.-"'' \ 

As is' clear from the formula {2.25) the ·contribution of the . \ 

radiation effects leads to diffraction behaviour of the high energy 

small angle scattering amplitude which corresponds to the Gaussian 

form of the local quasipotential of the elastic scattering/14• 1~/ with 

the. intera~tion radi~ of order g _h__ • The forces which arise 
· me 

from the exchange of mesons between the nucleons obviously have 

d . h . d •t" . . d th t h h . a ra IUS -- , an I IS suppose a --» g --. 
pe pe me . 

Thus in the region of momentum transfer p
2 ~ t << m 

2 it is 

very important to take into account the multiparticle meson exchange 

which leads to the eikonal structure ·of the quantity v ( t ) 

§ 3. "Inelastic Scattering Amplitude 

Th.e amplitudes of inelastic processes of meson production 

in two-nucleon collisions at high energies can be determined by 
ext 

means a .generating function f ( p 
1 

, p 
2 

; q 
1 

, q; I A ) 
ext · 

The quantity f( p 1 ,p 2 ; q 1, q 2IA ) has a meaning of the scattering 

amplitu<;fe of two nucleons in the presence of the exterr:al_ field 
ext { ) . 

A a and is determined by 2. 7 , :where after. taking functional 
. · ext 

derivatives one should take A ( x) =A (x). 
a . a 

In the straight-line particle paths approximation the quantity 
ext 

f(P 1 7P 2 ; q 
1
.q 2IA ) takes the form 

ext ly(p -q ) lx(p - q ) 
if(p •. p ;q ,q !A )=g2Jdy e 1 1 dxe 2 2 .1(x-y,p ,q ;p ,q ) • 

I. 2 I 2 · . ·1 I 2 2 

(3.-1) 
4 ext (!) · d~x (2) ·. lfy 

•exp{igfd fAa (e}lja (E;p 1,q)e +ja (E;p 2 ,q 2 )e . J • 

I " . j 2 4 ik(x-y) W----{2)--. --
•/dAexpl-f-Jd kDy((k)~e 2Ajy (k;ppq 1)j( (-k;p2 ,q 2 )+ 

2 (i) . (i) 

+ 1:1- j y (k;pi ,q I) j' . (-'.k; pt·'qi )] I' 

14 

/I 

where the functional av~raging values of the current 

bilinear combination are defined "by {;2~-'13) and (2.i4 

pectively._ · 

The amplitude of N -vector quantum productio 

found by functio!lal derivatives 
N 

4 . 
i(27T) o(p1+P2-:q1 -q2-

1
:

1
ktH<P.I'p2:ql,q2;kl,k2, 

N 

=ll E*(k.) 
. i=l a 1 

0 
-' i f ( p p • I ext 

o·A ext (k ) I' 2 ' _q I' q 2 A . ) I ext I A =0 

2 lx(p 1 -q I) iy (p2 - q 2) N · (1) 
= g J d X e d y e . n E t (k . ) [ j ( k I ; p 1 ' ( 1=1 1 a _ 

(2) - 'k ig 2 

+j (k 
1
;p

2 
,q 2) e 1 Y J,1 (x-y; P. ,q ;p ,q )exp 1--- Jd 

a · 1 1 2 2 2 

- 2 
I k (x- y) • (1 )( ; ) .• (2) ( · • · ) ~ .(I)( • . ) ; I 

·le 2AJ. k,pl,q1 J( -k,p2,q2 + J k,pt,ql Jc 
y 1=1 y . 

where E a ( k ) is the polariz..ition vector of a ·meson 

tum k • 

In what follows we will consider the_ case in .v 

menta of the secondary meson in the center of mas! 

tisfy the req~rement of "softness•./21
/: . 

N 

I~ 
1=1 

i:tli~<!;~L-;ti"'l;2r 
N 

~ k « l 
...fS 1=1 01 ; 

l 

where the momenta of the initial nucleons are chos, 

z -axis. 
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1e 'contribution ·of the 

ourof the high energy 

·esporids .to the Gaussian 

:;c scatte~ing/14• 15/ with. 

~ forces which arise 

nucleons obviously have 
h . h . . 
iC» g iiiC- • 

. 2 2' 
;fer ll ~ t « m it is 

tiparticle meson exchange 

quantity v ( t ) 

~s ·qf meson production 

::an be determined by 
ext 

I A ) 

nE:!aning of the scattering 

of the. external field 

'ter:, taking· functional 

·oximation the quantity 

(3.-1) 
) lfy. J .• q 2, e 

----------' 
) 

(2) ( • 
P 1.• ~.~ j ,. · - k ; P2 • ~ 2) + 

II 

where the functional av~raging values of the currents and their 

bilinear combination are defined by (2~·13) and (2.14), (2~15); · res

pectively •. 

The amplitude of N -vector quantum production can be 

found by functio_nal derivatives 
N 

j ( 217) 4 0 ( p I+ p 2 -: q I - q 2- 1: I kl ) f( p ·I 'p 2 ; q I' q 2; k I 'k 2 '• • •' k N) = 

N 

= n E~(k 1 ) 
·1=1 

8 ext 
------ if(p 1,p 2 ;q 1 ,q 2 !A ·)!Aext=

0
= 

8, A ext (k I) . 

where E a ( k ) is the polariz..1tion vector of a meson with' the momen

tum k • 

In what follows we .will consider the case in .which the mo

menta of the secondary meson in the center of mass system sa

tisfy the requi.rement of "softness•./21/: 

1 N . 
-- :£ k «1; 

0 I Vs 1=1 

N_, -+-+-+-+ 

1
1
:

1 
k,1 l.«[p1L-q1li"'IP2rq2ll • (3.3) 

~· . 
where the momenta of the initial nucleons are chosen along the 

z -axis• 
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I 
I ' 

! 
.l; 

11 

if 
II 
1: 

i 
I• 

I' 
1: 

;I 
! 
' 

il i' 

,l 

Under the requirement· the amplitude of N -meson production,· 

defined b; {3.2), ·is factorized and ca~ be writt~nl,·in the following. 

form: 

f 1 (N)=f(p 1 ,p 2 ;q 1 ,q 2 ;k 1,k 2 , .•. , kN) lne. . 

(3.4) 
N 

= r < p • p ; q • q > !I g E * < k I> [ j fi"T(k ; p • q > + rh ; p2 • q 
2
> ], 

1 2 1 2 1 == 1 a a I I I Ja I 

where 

k 2q - k 
- 2 p n + £a · a ) • ( £ = l' 2 ) . 

r.a a ------ ' ' 
(k;pr,qc>=< 2pck-=7-- 2q ck +Jl2 

.(£) 
J a 

§ 4. 'I' he Asymptotic Behaviour of Differential Cross 

Section of Multi-Meson Production 

(3.5)_ 

'I'he differential cross section of 

two-nucleon collision is defined by_ 

N -meson production in 

l 2 4 N 
daN= l£ 1ne 1 (N)I (21T) o(p 1 +p 2-q 1 -q 2 - L 

2Vs(s-4m 2
) ·. 1=1 

k, I ) • 

(4 •. 1) 

d .... d .... 
· q I q 2 

2 q • 2 q 
10 20 

l . N l 
- n ----

Nll=l (21T) 3 
~ 

2k 01 

l 

(2 IT ) 
6 

2 
where s = ( p 1 + p2 ) • · 

Here we shall consider the asymptotic behaviour of differen- · 

tial cross sections of "soft" mesqn production, when the meson 

momenta satisfy eq. {3.3). 

16 

As w'e shall sho~ below; for this ca~e the interf~renc 
the expression (3~4 ) for= the ~mplitude of. inelastic pre 

be neglected,i.e • . . 
n1 . - .(I) n·2 * ~-

f lnel(N)=f
61

(s,t)TI gE~ (k 1)Ja (k 1;p 1,q 1)TI gER(ki).j R (k{ol 
1=1 £'=1 1-' 1-' .. 

where 
n1 

t = !l 2 and !l = ( ij 1 -p 1 + L 
I== 1 

n2 ,· 

k >=<q2-p2-Lkr 
I . f== I _ . 

Using {4.2) and the formula 

n 1 n2 n 
4 I 

o(p +p -q
1
-q 2-}; k- L k;)=:fd !lo(p

1
-q- L k +L 

1. 2 I= I I f= 1 l. 1 I = 1 I 

we obtain the following expression for the multi-meson 

differential cross . section 

l d ·4 !l 2 . 
(da) .... -----If (s,t )I W (p ,!l)W 

' n I' n 2 e; oo 2 s ( 2 IT )4 "I . n I • I . 

fl- fixed • 

where 

. 2 IT . d q-+ I n 1 
W n (pI, fl) ':' --- f---o·(p -q - L k 

I n ! '2q · I, I 1=1 
I 10. 

-+ 
nl dk -g2· 
n ---~----·-

1 = 1 2 k . (21T) 3 
0 1 ' 

• < o< > I 2 J . k I; P1• q 1 

and an analogous equation for W n 2 (p 2 , - !l ) •. 'I' he qt 

and W n
2 

(p
2 

,-!l) depend on the variables 

t = !l 2 
; r = p !l and t = !l 2 ; r = ,;,. p !l ' 

I I - 2 · 2 

respectively. 
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.of N -meson production,· 

written in the folloWing .. 

{3,4) 

- ,(2). . 

t
)+j \k ;p ,q )], 

a 1 2 2 . 

a 
--); (f = 1', 2). 
1 2· 

{3,5)_ 

ferential Cross 
.. 

tion 

-meson production in 

N 
k• I ) -p2-ql-q2- I . 

I :t 
. (4 •.. 1) 

d k .... 
__ 1_ 

2k 0.1 . •. 

lc behaviour of differen- · 

:ion, when the meson 

.I 
' 

A.s we shall show below, for this case the interf~rence terms in 

the expression (3,4 ) for the a'mplitude. of inelastic processes can 

be neglected,i,e. 

nt ------ n'2 --------

£ (N) f ( t) n E * (k ) .o >(k ) n E * < k' ) · <2
> (k , : · ) · 

lnel = el s, l=lg a I Ja l;pt,qtf..lg {3 t •Jf3. e•~2,q2 •(4,2) 

n I n2. 

where t = tl 2 and tl = ( i! 
1 

- p 1 + I k 1 ) = ( q 2 - p 2 - I· k i ) . 
• . I= 1 e= I 

Using (4,2) an~ the formula 

we obtain the following expression for the multi-meson production 

differential cross section 

( d a) 
n 

1
,n 2 :!;oo 

l ... 
2s 

fl-llxed, 

where 

.... 
nl dk -g2· 

n ---~ -- ----· 
I = I 2 k O I (2 11 ) 3 

. Ti)(k ___ ) 12 
J . I ; pi' q I 

'· ., . 
(4,5) 

and an analogous equation· for W n 
2 

(p 2 , - tl ) , The quantities W n 1 (p, tl) 

and W 
02 

(p
2 
,-tl) depend on the variables 

t = A 2 •, r -- p A and t A 2 • A u u =u , r =-p u 
I I · 2 . 2 

(4,6) 

respectively, 



'i.i 
;. ,., 

i1 
i' !( 
I; 

li 
I 

!l 

;! 

.! 

;I 

Using the variables (4.6) we rewrite the volume element d 4 !!. 

in ·the form. ~ ~-

d4fl= 4rr d¢ 
dtdr 1 dr 2 . (4.7) 2rr y s ( s - 4 lll-2J 

where ¢ is an azimuthal angle, and the physical region of integra

tions is determined by the inequalities 

-t<2r <s 
1·-

- t < 2 r < s , s ·>> m 2 
- 2 

-s < t < 0. 

(4.8) 

Further we shall seek the asymptotic behaviour of. the diffe- · 

rential cross section ' ( ~-) n n at s ... oo and fixed t . 
d t I ' 2 

Integrating eq .• (4A) over d r I ' d r 2 and using eq. (2.25) we 

get at l t.l « m 
2 

da ) (--
dt 

where· 

l 2(. ) ') . n ,n ,. ... oo ->-
4 

-V. t W
01

(s,t W 0 (s,t ), 
12 77.' 2 

t -fixed 

at 
e 

w (s,t)=---fdr~ 0 (t,r) n 7T 

... -------1 at n dk1 -g 2 .(e) 2 
= - e I !I -- --- I J ( k I ; p e ' q e ) I 

n ! • {l ? I = I . 2 k O I ( 2 7T )
3 

(4.9) 

(4.1.0) 

The integration· region OP over secondary meson mon 

termined by the condition 
n n 

-t~2p ~ 
I= 1 

kl-(!l- 1:1 kl)2:::: s 

· o_r taking into account that in the case considered hE 

by the condition 

n 

0<2p ~ k 1 ~s+t. 
- I"" 1 

Consider now an approximation,· in which the total me 

secondary mesons can be neglecled in accordance.\ . . 
ment of "softness" (3.3). I~ this approximation eq.· (4.: 

form of the Poissc:-n distributions 

w
0 

(s,t) 

where the quimtityx/ 

1 e"tln(s,t)Jn, 
I . n. 

- g 2 . d( _.(.£). ---.- 2 
n ( s, t ) =---8f -- l J ( k; Pf, q £) l · 

(2rr) 2k
0 

· 

is the average number of secondary particles prodt 

two-nucleon c.ollisions as s ... oo with fixed· t 

Using eq. (2.13) for j a , we find for l il << 

-;; (s,t) =-bt. 

2 
m 

x/ The integration region eq. (4.14) is effectiv 

:1 k z 1 : R z • 1 c1 1 :. R 1 



the volume element d 4 t. 

d¢ 

2rr (4,7) 

ysical region of integra-

(4,8) 

behaviour of. th~ diffe- . 

md fixed t , 

md usin~ eq, (2,25) we 

(4,9) 

.(4,lO) 

.. · 

The integration' region OP over secondary meson momenta is de

termined by the condition 
n n 

-t:S2p }; 
I= 1 

or taking into account that in the case considered here 

by the condition 

n 

0 ~ 2p }; k 1 '5_ s + t • 
I= 1 

(4,11) 

(4,12) 

Consider now an approximation,. in which the total momentum of the . . 
secondary mesons can be neglecled in accordance with the require-

• . ' 

ment of "softness" (3.3). I~ this approximation eq~· (4,10) takes the 

form of the Poissc.n distributions 

W
0

(s 1 t-) 

where the qllimtityx/ 

1 eat l jj" ( s' t ) j n ' 
n! 

.. 
- g 2 dk .~el -------_- 2 
n (sIt) =--- J -- I J ( k: Pe I q e) I . 

(2rr) 3 2 k 
0 

(4.13) 

(4,-14) 

is the average number of secondary particles produced in the 

two-nucleon· collisions as "with fixed· t 

Using eq, (2,13) for r~ ' we find for I t'l « m 
2 

that 

';;'(s,d=-bt. (4.15) 

x/ The integration region eq. (4,14) is effectively limited by 

lkzi-:_Rz • ltl[-:_Rl 
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. 

The parameter b. depends, in. general,· on a special form of cut-off 
. . ' . 

of the integral in eq. (4.14) over the meson momentum. In the par-

ticular case when 

2 2' ·.Hl "'m 

2 J1. 2 
1»a »---

m2 

(4.i6) 
m2 1 2 In-- »In(--) -, 
Jl..2 a 

where a = R z 
, we get 

Po 

2g2 · m2 1 
b = ------ ( In --- + --

3(2rr) 2 m 2 J1.2 2 
(4,17) 

· which coincides with the double slope parameter of the diffraction exponen-. 

tial (2.24). Notice that the equality 2a=b is true also in the infra~ 
red asymptotic limit p. -. 0 

For this case, after summing in eq. '(4.10) over the number 
I 

of .secondary mesons, we find that the dependence on the variable 

cancel and that the diffraction peak in the total differential 

cros·s section desappears. 

This regularity was mentioned in pape)34/ ~nd is in analogy 

with, the automodel l:ehaviour of deep-inelastic processes of had-
. t t• t h" h . /35,36/ I ron 1n erac 1ons a 1g energy' • 

U was remarked above that in deriving (1.2) we have .neglec

ted interference terms in the inelastic amplitudes, Such ferms;when 
. . 

taken int9 account in the expres!?ion form , give contributions ·of the 

type 

20 

.·~f; 

d k : (!)( k. p--q--) J·\2/ ( k; p 2 'q 2 ) -- ·J • 1' 1 . . . 
k 0 ;, 

g2 

(2 17 )3 f 

which under the condition (4.16) at asymptptically la 

_s ''-+ oo' and fixed are negligii;>le compared with 

We note that in . principl~ it .is interesting to in 

more detail the dependence of the quality n( s, 't ) on 

cut -off·. in' the in~egral·. over meson momentum. under 

lations behveen ·the cut- off parar_neter and particle m< 

In' c'onclusion. we emphasize that: in this paper 

a: me:thod 'of sumrning :the ladder and cra'ss ladder F 

rams for the amplitudes of inela~tic and elastic proc 
• . # -

·into account radiation corrections but not diagrams 1 

nucleon loops. 

The stra~ght-line particle '.path approximaticm, u: 

work .correspo.nd.s to' a physical picture in which sc• 

energy nucleon's a.t' 'act· of interaction receive . a sma: 
< ' I ' -, ,• • • • -

nected -with the emission of "soft" mesons ,and retair 

':.~ually (leading particle in th~ terminology in cosmic . .- . ' ' 

~he methOd can be used for. studying the rplE 

urn' pplarization effects 
. - /42 43/ 

,nucleon loops ' 

and also of the diagrams cor 

. ~ 
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special form of cut-off 

' momentum, Iri the par-

(4.16) 

(4,17) 

of the diffraction exponen-. 

rue also in the infra-

.10) over the number 

1dence on the variable 

n the total differential 

/34/ ..... 
. and 1s m · analogy• 

tic . processes of had-
' 

(1.2) we have neglec

:d~s. Such ter~s;~he~ 

:ve contributions 'of the 

-~ -.-· . . ;'• 

g 2 

f 
(2rr) 3 (4.18) 

. ; which i.mder the condition (4.16) at asympt()tically largE;!· ~nergie? 

. · 

s ... oo and fixed are negligible compared with (4,:14)~ 

We note that in. principlE! it _is interesting to investigate· in 

more detail the dependence of the quality .n( s, ·t ) on forms ()f. the 

cut -off'. in• the in~egral·. over meson momentum. under various re

lations between ·the cut- off paraJ!leter and. particle mas.ses. 

In 'c'onclusion we emphasize that· in this. paper we developed 

a: m~thod of summing :the ladder and cra'ss ladder Feynman dic;tg:

rains for the amplitudes of inela~tic . ar;d elastic processes, taking 

· into account radiation corrections but ncit · diagrams with closed 

nucleon loops • 

The stra_ight-line particle '_path approximatiC?n, used in this 

work. cor~~sponds to' a physical picture in which. scatte~ing ·high 
. . . ·, 

energy nucleon's a:t~ ·act· of interaction receive a small recoil con-
·~~ . . ...... 

nected with the emission of soft" mesons .and retain their indiVi-

·.~ually treading particle in the terminology in :cosmic ray physics). 

The methOd can be used for. studying the r()le of the vacu..:: . 

urn' p()larization effectS and also of the diagrams con~ining closed 
' ~ /42 43/ 

.nl:lcleon loops ' • . . 
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