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The problem considered is that of the change of the photon Green's function which comes 
from inclusion of the strong interactions between virtual rr mesons, and of the associated 
change of the total (differential ) cross section for processes which go via virtual photons. 

IN order to get information about the character of 
the interactions of elementary particles and about 
the structure of space-time at small distances, it 
is necessary to conduct experiments on the scat­
tering of high-energy particles. The most inter­
esting experiments are the electrodynamic ones, 
because there exists a quantitative theory which 
describes these experiments (electrodynamics ) , 
whereas there is no such theory for the strongly 
interacting particles. 

Until very recently, however, the maximum 
electron energies attained (of the order of sev­
eral MeV in the center-of-mass system) have 
still been far from enough to allow us to speak of 
a test of electrodynamics. Larger energies ("' 106 

MeV) can be attained in collisions of electrons and 
positrons having oppositely directed momenta. Now 
that there is no doubt that electron-positron colli­
sions in clashing beams can be realized experi­
mentally, it is especially important to calculate 
the total cross sections for scattering of electrons 
by electrons and by positrons with great accuracy. 

There have been many papers on improvements 
in the accuracy of the total cross sections for these 
processes. Along with this higher accuracy it be­
comes necessary to take into account new effects 
arising at great energies. One possible effect is a 
change of the photon Green's function owing to 
strong interactions. 

1. A number of calculations by perturbation­
theory methods for processes that can occur at 
high energies have been made in papers by Baier 
and Khelfets, [l] and also in a paper by Cabibbo 
and Gatto. [2] Since in this case the squared mo­
mentum transfer k2 = t can reach values of the 
order of 1 (Be V )2, radiative corrections to the 
main process of electron-positron scattering via 
a virtual photon become important. 

2. At these energies, along with the ordinary 
electron-positron scattering, it is possible for the 

electron-positron pair to be converted into other 
particles, in particular into strongly interacting 
particles. In all of these processes it is important 
to know the Green's function of the photon 

D (/) = - d (I) ( mn - kmkn ) 
mn I g I ' 

d (t) = 1 + ~ (!, (t) + lp. (t) + /" (t) + ... ), 

d(O)= 1, u. = 11137• (1) 

where Ie(t), It.t(t), Irr(t), and so on correspond 
to electron, muon, and pion loops, and so on, each 
of which describes the virtual decay of the photon 
into the corresponding pair of particles. 

If we take into account only electromagnetic in­
teractions, then at the energies in question Ie ( t ) 
is much larger than all of the other Ii(t). The 
picture may change, however, when strong inter­
actions are taken into account. 

We shall take the strong rrrr interaction into 
account in the two-particle (two-pion) approxi­
mation, neglecting, as usual, the contributions of 
other intermediate states. To find Irr(t) we con­
sider the diagram shown in Fig. 1. This diagram 
represents the unitarity condition for the scatter­
ing amplitude. Using this condition in the two­
particle approximation, we have for the imaginary 
part of the amplitude 

lm U:;/,11 (t) 

e" -. I t - 4rt2i 2 1 = 64n2 v-~-1 F" (t) I J do (k - 2q)m (k - 2q)n' (2) 

where t.t is the mass of the pion and F 7T ( t) is its 

FIG. 1 
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electromagnetic form-factor, Im U~n is the imag­
inary part of the amplitude which corresponds to 
this diagram, k, q are the four-momenta of the 
virtual photon and 1r meson, and do is an element 
of solid angle in the center-of-mass system of the 
emerging 1r mesons. 

00 I F- (t') I~ 
I, (t) = - 1~ \ (" -/fl2r I' (I;- t) dt'. (3) 

4i~-2 

At energies close to 750 MeV, at which the p­
meson resonance is observed in the 1r1r scattering 
amplitude in the p state, we can expect the largest 
changes of the quantity I7r ( t) as compared with per­
turbation theory. 

We now use for the calculation of I1r(t) the form­
factors obtained in papers by Grashin [3] and by 
Isaev and Meshcheryakov, [4] and also use the no­
tation of these papers for these quantities. The 
results of calculations of the integral (3), which 
have been made with the electronic computing 
machine of the Siberian Section of the U.S.S.R. 
Academy of Sciences, are given in the tables. Using the spectral properties of the function d, 

by means of Eq. (2) we get 

Table I. Values of ( a/1r) I~i) ( t) corresponding to 
I F7r(t)i 2 ~ 1 

E, MeV 
Correction 

terms 280 I t,oo I 485 I 560 
I 

G~5 I 685 
I 

740 
I 

840 
I 

890 

(ct.jn) I(~) 

(r:tjn) /(~) 

(tt/n) /(~) 

-0.14 -0. ~91-1.351-0.07 -0.02-0.05 0.05 0,09 

0.00 -0.351-0.33 -0.28-0.19-0.05 0.10 0.51 

0.00 -0.19 -0.121-0.07 0,00 0.07 o.23 I o.o4 i 

Table II. Dependence of ( a/ 1r ) I~4 > ( t ) on 
y = a(xo-xr)/(x0 +xr); x0 = 7, xr = 6.25 

E,McV 

0. G0-10-3 

t .10·10' 3 

0,55·10-3 

---~ 

I I I I I I I I I 1 790 1 8051 890 
280 fi2fl 740 755 7!i0 765 770 775 780 785 

0.2 -0.00 -0,03 -0,16 -0,09 -0,01 0.07 0,12 0.15 0,15 0,15 0.13 0,11 0,01 
0.4 -0.01 ---0.12 -0,52 -0.67 -0:69 -0.64 0.117 0.17 0.07 0,117 0,63 O.fi8 O,OG 
0,6 -0,06 -0.73 -3.0:) -4,35 -5.00 -.S.65 -6.3lJ -11,55 -0.61 3.76 6,50 5.60 3.20 

-- ---

Table III. Dependence of ( a/7r) I~>(t) on x 0; y = 0.4, xr = 6.25 

I E, MeV 

~ 1- 28ll I 62:, I 740 I 755 I 760 I 76o I 770 I m 780 I 78J 7uu T;'~"F 
(. ·• I o 12 ),1"-D 1 -. 
7,UU -0,01 
7.25 (J,iJU 
7.50 U,IJU 
R,OU -O.U1 
1~.00 -0,112 

-9,uu -17 o 21.0 -17.0 · •, 011 I 22.11 I 20.5 17.s I 13 ol 9.Hn 
-U,1~ - n:-1:!- U 67- O.hfl -U Vt - 1!,47 U 17 0.07 O,r.7 0,~!3 
-O,US - U,17- U.21 - U,LU -().f,'-\- U.H O.u7 \J.UU 0,1!8 0.13 
-0,02 - 0.119- u.u9 - u.• H -11.11~ - u.ob~- u.OI u.uo 0.02 IJ 04 
-0.11 - 0 .. 14- U. Jli ·- 0. JU -U,2'> - U, 19 - 0,12- 0.01 0,03 0.10 
-0.09 -0.31- U,32- 0,3U -U.2G - 0,21 - U 1•1- 0.15- 0.11 -U.07 

7. 70 
t!.lil:-1 
0,19 
U.IJ7 
0.21) 
0.02 

Table IV. Dependence of ( a/ 1r ) 1~5 > ( t ) on the width of 
the resonance 

E, MeV 

o.~o 
o.ut; 
U.IJ:.I 
0,02 
o.u1:1 
U.OU::!l 

~-- 2so I 625 j . r.s;, j 715 I 120 I 725 I no I 73:, I 740 I 77j I 780 j S9fJ 

I 
0.1 -0.01[-tl.Oti -( l,l(i 

o.o~ o.ou,=o.o;, =o 
O.Ov -0.01 ll.ll 0 

.l:l 

.2:) 

I 

-0.30 -0,08 
-0.26 -0,30 
-0,42 -0.47 

0.~~ 0.35 0.33 
-O.:OU -0,42 -0.23 
---0,57 -o:1o -o:ss 
~~-----

0.28 0.15 0,10 O.OIJ 
0.18 0.27 0,16 0.00 

-1:2o 1 :no 0,56 ll.lll 

--~-
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A. The simplest case Frr(t) = 1 corresponds 
to the absence of strong interactions. Then 

I(l) (t) =- __!_ r~-sr 
~ ~~ I. 3 t 

+ (1-~)lnli- V(t-4f-1")/t ll· 
t 1 + v (t- 4f,l2)/l J 

(4) 

Equation (4) can be obtained by perturbation-theory 
methods; it corresponds to the diagram of Fig. 2. 

At the energies considered p.2 « k2 and I}1>(t) 
~ - Y12 [% - ln (t/ p.2 )]. In this same region Ie (t) 
~ Y3ln ( t/m 2 ), where m is the mass of the elec­
tron. It is obvious that Ie ( t ) » 1}1 > ( t). 

FIG. 2 

B. The model of a positive scattering length has 
been introduced in Grashin's paper. [3] In this case 

F ~ (x) = (1 +~+~')(I + ~2x) ' 
(1 + ~) (1 + ~3x V -x) 

- t I rr3"--..Q v-- ·y~-x- 4fl"- , r- / , -X- - l x. 

The parameter {3 characterizes the scattering 
length. For {3 = 0.3, which corresponds to ( r 2 ) 

= 0. 08 p.-2 ( ( r 2 ) is the mean square radius of the 

(5) 

rr meson[5J), we have Frr(x) ~ 1. Therefore I}2>(t) 
« Ie(t ). 

C. The case of Breit-Wigner (dynamical) reso­
nance[3J: 

Xr -X-+ j 
Fc(X) = -----;=~ 

xr-x-+rV-x ' 

y~l, V -x= -iJFx, (6) 

where Xr is the position of the p-wave resonance 
in the n amplitude. If we take y = 0.1 and xr 
= 6.25, then I Frr(t)l 2 ::o 1 and Ijz.3>(t) does not dif­
fer much from the values 1~.1> ( t) and 1~2 > ( t) which 
correspond to the first two cases we have con­
sidered. 

If we use the phases of the rrrr amplitude which 
correspond to the second and third form-factors, 
it is not possible to get rrN amplitudes which agree 
with the experiments on rrN scattering. 

Let us consider the form-factors, which have 
absolute values much greater than unity near the 
resonance of the p-wave amplitude for rrrr scatter­
ing. We can get the general form of the correspond­
ing quantities Irr ( t) if we use the following approxi-

mate formula for this kind of form-factors: 

I F..(t) 12 = bfJ(t -- t,), (7) 

where b is a numerical coefficient and tr is the 
position of the resonance. Then 

(0) t ( t,- 4ft'\'' b 
fc (f)' --::;- ----) ----. 

[_ \ lr , t,(t,-t) 

The shape of the curve is shown in Fig. 3. 

FIG. 3 

D. The kinematic-resonance model (p-meson 
effect). [3] In this case 

Fn(X)= (~-x)(x-x,) -==-' 
(X, -X) (Xo LX) a(Xo- X) v-- X 

V -X=-- i Vx. 

(8) 

(9) 

Here x0 is zero and xr is the resonance of the p­
wave amplitude for rrrr scattering. The quantity a 
characterizes the width of the p-meson resonance, 
x1 is the root of the equation ( x r - x )( x0 - x ) 
+a( -x)112 (x0 -x) = 0 such that Re ( -x)112 ~ 0, 
and, finally, 

It follows from Eq. (9) that I Frr(t)l » 1 near 
x = Xr, which assures that I~4 >(t) is large. We 
must call attention to the fact that the value of x0 

is unknown, and moreover we do not even know 
whether or not there exists a zero in the p-wave 
amplitude. At the same time I~4 >(t) depends 
strongly on the value of x0 (see Table III). 

E. The form-factor obtained by Is:;tev and 
Meshcheryakov[4J has as a common feature with 
that considered in Case D the fact that I F 7r ( t) I 
» 1 over a wide range of the variable t. This 
form-factor is 1> 

!)Equation (10) differs from the formula given in the paper 
of Isaev and Meshcheryakov,[•] since the latter contains a 
misprint which Meshcheryakov has pointed out. The writer is 
grateful to him for this information. 
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V -X- JIYr/ (u f- v) 

v=x· -tVx, 

where a is a parameter which characterizes the 
width of the resonance. 

2. After one has found the change of d ( t ) from 
one pion loop it is easy to find the change of the 
photon Green's function when all diagrams with 
arbitrary numbers of such loops are taken into 

E,MeV: 280 625 740 755 7GO 
1f'1(t): LOO 0.81 0.35 0.36 o.:.w 

E,MeV: 280 625 685 71.5 720 
1jl2(/) ; 1. 00 0.90 0.8 0.64 0.60 

0' 

~[ '@ ~.~-~!~-~-"'2·~~ ----

0 ~ 780 BiJO E, MeV 
-o.z """'-\ 
-0.4 \v f 
-O.fi \) 

FIG. 4. Curve 1: the function (a/rr)I~>(t) for Xr = 6.25, 
x, = 7, y = 0.4; curve 2: the function (a/rr)I~>(t) for 
Xr = 6.255, a= 0.07. 
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FIG. 5 

CONCLUSION 

!JBO 
E. MeV 

The calculations we have made show that for 
certain values of the parameters the quantities 
(a/7r)I~4>(t) and (a/7r)l~>(t) amounttosome 
tens of percent of the unperturbed Green's func­
tion. Beginning at t 1'::! 4J.l.2 the corrections given 
by these functions must be taken into account. 

765 

account. Let us consider form-factors such that 
ai7r(t)/1r < 1. Then 

d (t) = (1 --- a! r.(t)/rr)- 1 . 

There is then no difficulty in tracing how the total 
(differential) cross section will vary for a process 
with an intermediate photon. In fact, u ..... M2 and 
M ..... d ( t), where u is the total cross section and 
M is the amplitude for the process. If the cross 
section has been calculated with d(t) = 1, then it 
is necessary to multiply this result by the function 
lf;(t ), where 1/J(t) = [ 1- ( a/1r) l7r(t )] - 2• The shapes 
of the function 1/J are shown in Fig. 5 for the two 
functions ( a/1r) I7r( t) shown in Fig. 4. 

The energy dependence of 1/J ( t ) is as follows: 

770 775 7SO 78:i 7\JO RO:i 890 
0.37 0.48 0.74 1,00 :3.7 4.4 !! 1.00 
725 no 735 74.0 775 790 1190 
0 C') ,;:J- 0.49 0.64 1.44 1.96 J,t,t,. LOO 

Unfortunately, the experiments on 1r1r scatter­
ing do not allow a unique choice of the phases, and 
consequently of the electromagnetic form-factor 
of the 1r meson. The agreement between calcula­
tions with the last two form-factors and experi­
ment does, however, allow us to think that form-' 
factors of this kind give a qualitatively correct 
picture of the processes in question. 

In the calculation of the functions l7r ( t ) we have 
used the two-meson approximation. The electro­
magnetic form-factors of the meson have been 
found in this same approximation. Therefore at 
the energies considered we get only a qualitative 
idea of the processes which occur. Although we 
cannot include the contributions from the higher 
intermediate states, it seems reasonable that the 
appearance of additional strongly interacting par­
ticles in the intermediate state can only increase 
the contribution to the photon Green's function. The 
difference between our results for the form-factors 
of cases D and E and the usual radiative correc­
tions is so large that a test in experiments with 
colliding beams should not be very difficult. 

If our assumptions are not confirmed by experi­
ment, the question arises as to the correctness of 
the calculation of the 1rN amplitudes in the papers 
of Isaev and Meshcheryakov [4] and of Galanin and 
Grashin. [GJ If, on the other hand, our assumptions 
are confirmed, the question of the verification of 
electrodynamics at small distances will remain an 
open one as before. 
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