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Total cross sections fore± +e-_e± +e- + w+ + w- processes are obtained in the asymptotic region of initial particle energies 
for cases when the anomalous magnetic moment of theW-meson is zero. The covariant formulation of the Weizsiicker-Williams 
method, whose validity is ensured by ultrarelativism of the electrons, is employed. The asymptotic behavior of the 
e++e-_W++w-+IL++IL- cross section is found. 

1. The prediction of W mesons in electron-electron 
and electron-positron collisions has been considered in 
a number of studies. The process of annihilation of an 
electron-positron pair into a pair of W mesons 

e+ + e--+ w+ + w- (1) 

is discussed in[1-4J. The cross section of the process 
(1) at s » M2 (s = 4E2, E is the electron energy in the 
c.m.s.; M is theW-meson mass), and for zero anomal
ous magnetic moment y of theW meson, is equal to 

a,= 1ta'/3M'. 

The processes of single production of W mesons 

e- + e+-+ W± + f.l"' + v.(v.), 

e- + e±-+ w- + e± +'II, 

(2) 

(3) 

(4) 

were investigated in (S-SJ. These processes have apprec
iably lower characteristic cross sections, ~ a 2G/rr..f2, 
but their threshold energy is half the threshold energy 
of reaction (1). 

Exact expressions for the integral cross sections of 
the process 

e+ + e--+ w+ + w- + y ( 5) 

were obtained in[ 9J. Process (5) is the simplest process 
of W-meson production in electron-positron collisions, 
whose cross section, even at y = 0 increases with in
creasing s. At s » ~ and at photon frequencies w » M 
we have 

a, ~ a's / 72Af'. 

In the present study we investigated the processes 

e- + e+-+ e- + e+ + w+ + w-. 

The calculations are carried out for y = 0 at s » Nf. 
We used for the calculation the covariant formulation 

(6) 

(7) 

(8) 

of the Weizsiicker- Williams (WW) method, developed 
irt10J and used in this case for two virtual photons. The 
approximation reduces in essence to the fact that the 
actual behavior of the cross sections is determined by 
diagrams with exchange of two virtual photons (Fig. 1a). 
They are singled out because the invariant masses of 
both virtual photons, which stand in the denominators of 
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the corresponding matrix elements, can be much smaller 
than the characteristic energy IS of the process. This 
circumstance is connected with the ultrarelativism of 
electrons emitting y quantaE8 • 9J. 

For the case y #- 0, it is impossible to use the WW 
method to obtain the total cross sections of the proces
ses (7) and (8)[9J. 

We describe here also the asymptotic behavior of the 
cross section of the process 

e+ + e--+ w + + w- + f.l+ + f.l-. (9) 

2. In the lower approximation in the electromagnetic 
interaction, the process (7) is described by "block" 
diagrams (Figs. 1 and 2). P1(E1, P1) and P2(E2, P2) de
note the 4-momenta of the initial electrons, and 
P~(E~, P~) and P~(E~, P~) the 4-momenta of the final 
electrons; The 4-momenta of theW-mesons are desig
nated P3(Ea, Pa) and Pt(E4, P4); m is the electron mass 
and M theW-meson mass. 

We introduce the notation 

s = (p, + p,)' = 4E', 
q, = p, - p/, q, = p, - p,', q/ = p, - p,', q,' = P•- p/, 

A = p, + p., t, = -q,', t, = -q,', 
(10) 

where E is the electron energy in the c.m.s. We shall 
consider the case when the anomalous magnetic moment 
y of the W meson is equal to zero. The analysis is car
ried out in the asymptotic region of the energies of the 
initial particles (s » M2) with logarithmic accuracy 
(it is assumed that ln(s/m2) » 1. Diagrams a', b', and 
c' of Fig. 1 are obtained from diagrams a, b, and c, by 
interchanging the momenta of the final electrons, and 
are called exchange diagrams. It is quite obvious that 
the exchange diagrams make the same contribution to 
the total cross section of the process (7) as the direct 
diagrams a, b, and c. The interference terms between 
the direct and exchange diagrams should be suppressed, 
since an appreciable contribution from these diagrams 
to the total cross section comes from different regions 
of the electron scattering angles (exact estimates of the 
interferences of the diagrams of the direct and exchange 
types, carried out with the aid of Schwartz inequality, 
shows that the maximal interference is between dia
grams a and a', but the contribution of this interference 
to the total cross section is smaller by a factor ln2(s/m2) 
than the contribution of the diagrams a and a' them
selves). 
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By virtue of the identity of the electrons, the total 
contribution of the direct and exchange diagrams should 
be divided by two. This means that we can consider only 
the diagrams of the direct type and disregard the iden
tity of the electrons. The contribution of the interferen
ces of diagrams a with diagrams b and c to the total 
cross section vanishes as a result of C-invariance. The 
contributions of diagrams band c to the total cross sec
tion are equal, and can be calculated with logarithmic 
accuracy with the aid of the covariant formulation of the 
WW methoctr10J. However, inasmuch as the contributions 
of these diagrams are suppressed by the fact that Nf/s 
compared with the contribution of the diagram a 

we can neglect this contribution at the assumed accur
acy. Thus, we shall calculate in what follows the con
tribution of diagrams a of Fig. 1 to the total cross sec
tion of the process (7). 

The matrix element corresponding to diagram a can 
be written in the form 

M = _ ie' m•s.. (u,'y•u,) (u,'y•u,) (11) 
(2n)' 'f4E,E.E,'E,'E,E, t,t, 

Here the tensor SV/.l (see [ 9]) describes the transforma
tion of two virtual photons (with squared masses q~ and 
q~ and with polarizations v and iJ.) into two vector me
sons. For calculations with logarithmic accuracy, we 
shall use covariant WW techniquesC 10J (with allowance 

FIG. 2. Feynman diagrams corresponding to the blocks in Fig. 1. 

FIG. 1. Feynman diagrams of process (7). 

"'~ 

for the contribution of the magnetic moment of the elec
tron to the emission of the -exchange y quantum). We 
first employ the WW method, expressing the cross sec
tion of the process (7) in terms of the cross section of 
the photoprocess q2 + P1 - p~ + p3 + p4, and then express 
the cross section of the photoprocess in terms of the 
process of the transition of two y quanta into two vec
tor mesons: ql + q2- p3 + P4· As a result we obtain 

a, =~J ds, !!:!:.._ dll' ~ (t-2-+~) ( 1-~+.£) cr,,(ll') 
n' s, t, ll' t, s 2s' s, 2s.' 

(12) 

here sy = (q2 + p1) 2, ayy (A 2) is the total cross section 
of the process y + y - w· + w-, 

a' 
cr .. (ll') = 2/l,T ••.•.•• (q.,q,)ll ••. ll •• • (for q,' = q,' = 0), 

J ~ . d'p, d'p, 
T ••.•••. (q., q,) = .t..J s . .s •.•. l)(q, + q, -ll)-- 2E . 

non. 2E3 t. 

(13) 

(14) 

We note that the approximation parameter ln(s/m2) is 
large because of the ultrarelativism of the radiating 
electron, and not as a result of the quasiclassical char
acter of its motion, since in our case, unlike the usual 
cases where the WW method is employed, the energy 
lost by the electron is not small when compared to the 
energy itself, so that s- sy ~ sy ~ A 2 ~ s[8 • 9J. 

We note also that the applicability of the WW method 
is based on the fact that the departure of the y quanta 
from the mass shell should not lead to the appearance 
of additional factors of the type t1 ,2 I Nf. Such a situation 
does indeed take place in the case y = 0 and does not 
occur for y »' 0 (see also[9J). 

The vertex of the interaction of a W meson with one 
photon is given by 

y.~(p,, p,) = (p, + p,).ll •• - p.,ll.,.- p,.ll •• 
+v[l!.,.(p,- p,).-l!.,(p,- p,).], (15) 

where P~> iJ. and p2, v are the momenta and polarizations 
of the initial and final W mesons, respectively. From 
(15) we get the relation 

P••v!" (p,, p,)p;. = y[k'p,.- k.(p,k) ]. (16) 
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Here k = p2- p1 is the momentum of the emitted photon. 
Using the explicit form of SvJJ. (see, e.g.,C 9J}, the rela
tion (16), and the gauge invariance, we can state that if 
both photons are on the mass shell, then the tensor 
T VJJ., v' JJ.', and consequently also the cross section <1yy, 
is proportional to a 2/"Nf for all y (with the exception of 
the case y = + 1, when, by virtue of additional cancella
tions, the cross section is given by <Yyy - a 2/M2). In 
addition, it follows from (16) that the departure of the 
photons from the mass shell does not lead to the appear
ance of additional factors of the type t1/M2 and t2/~ 
only in the case when y = 0. 

We now derive an expression for the total cross sec
tion of the process (7). The cross section of the process 
y + y - w· + w- at 6 2 » ~ is given by 

The invariant variables in (12) vary in the following 
ranges: 

(21\lf + m)2 ..;;;:; Sy..;;;:; (lfs - m)2, 

1 
tmax=-2m'+-2 {s(s+m'-sv) 
2min !t 

± vs•- 4m2s f(s- m•- sy)2 - 4m2sy}, 

4M' <:;;;:A'<:;;;: (l1s,- m)', 

1 
t mnx =- 2•n2 + 2- {(sy + m• +- 12) (sy + m•- ~2) 
lmin ~y 

(17) 

± V'(s\-. --m••-c+-t"",)"'' -,+-,4'm• t2 V (sv- m•- 6°)2 - 4m2~2} _ 

(18) 

When integrating with logarithmic accuracy, we can 
set the limits equal to 

4M',..;s,,..;s, 

4M',..;~•,..;s,, 

mzs.,z 
T,..;t,,..;s, 
m'A' -,-,..;t,,..;s,. 
s, 

(19) 

Integrating formulas (12) within the limits (19), we 
obtain 

5s( ,s)a' cr7 =- In--. 
54n m' M' 

(20) 

3. We now proceed to consider the process (8). 
Process (8) is described by the same diagrams of Figs. 
1 and 2, in which it is necessary to make the substitu
tions 

(21) 

Now p1 is the 4- momentum of the initial electron, p2 is 
the 4-momentum of the initial positron, p~ and p~· are 
the 4- momenta of the final electron and positron, and 
s = (Pl + p2)2. 

Diagrams a, b, and c describe the production of a 
pair of W mesons in scattering of an electron by a posi
tron, and diagrams (a', b', c') will be called diagrams 
of the annihilation type. The analysis of the diagrams 
a, b, and c is perfectly analogous to that given in the 
preceding section for process (7). Their contribution to 
the total cross section is determined by diagram a and 
is given by formula (20). 

We consider now the contribution of the diagrams 
a', b', and c'. It is of independent interest to analyze 
them separately, since these diagrams describe the 

process e• + e-- w• + w- + JJ. • + JJ. -. The interference 
of the diagram a' with diagrams b' and c' vanishes be
cause of C-invariance. Let us examine the contribution 
of diagram a' to the total cross section of the processes 
(8) and (9). 

A rigorous analysis shows that, with logarithmic ac
curacy, the contribution of diagram a' to the cross sec
tion can be represented in the form 

du •• = J dk'f(k') du,(t:.'), (22) 

where day(t:. 2) is the contribution made to the cross 
section of the process e• + e-- w· + w- + y by dia
grams with emission of a quantum by the final parti
cleC9J, k2 = (p~ + p~·) 2 is the square of the invariant mass 
of the produced pair of leptons, and 

, _a k'+2m'l/k'-4m' 
f(k)- 3n k' V k' (23) 

The function f(k2) has a peak near the lower limit with 
respect to k2. The peak has a simple physical meaning
in the region of the peak, the components of the pair 
travel in parallel, and therefore the invariant mass of 
the pair is small, so that it can be stated that we are 
dealing with a photon converted into a pair of parti
cles[11-12J. Integrating formula (22) over the variation 
region of the variables[l2J, 

4m' ~ k' ~ p/8- 2M)', 

4M' <:;;;:A'~ ('fs- yk')', 
(24) 

we obtain with logarithmic accuracy 
a' s s 

O'g,' = ~16n M•ln mz' (25) 

where m is the mass of the electron for the case of 
process (8) and the mass of the muon for the case of 
process (9). 

Estimates of the contribution of diagrams b' and c' 
show that they are of the order of 

a' s 
ab,--ln3-, 

M' m' 
(26) 

It follows therefore that in the initial-particle energy 
region considered by us (s » ~) we can neglect the 
contribution of diagrams b' and c', and also the contri
bution made to the cross section of processes (8) and 
(9) by their interference with one another and with the 
other diagrams. The cross section of process (9) then 
coincides with the contribution of diagram a' 

O'v= au'. (27) 

As to the cross section of process (8}, it is determined 
by the diagram a and its cross section is given by 
formula (20): 

Os=O',. (28) 

We note here that the interference of diagrams a and a', 
as follows from estimates based on the Schwartz in
equality, does not contain any logarithmic terms. 

Let us estimate the order of magnitude of the ratios 
of the cross sections of the processes (7), (8), and (1) at 
large values of s/ ~. It follows from (2) and (20) that 
at M = 5 GeV 11 = a 8 /a1 is approximately equal to 0.4 at 
E = 50 GeV (s/~ = 400) and to 1 at E = 80 GeV 
(s/~ ~ 103). Thus, at sufficiently large s the cross 
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sections of the processes (1) and (8) become comparable. 
We emphasize that the obtained asymptotic formulas 
describe the behavior of the cross sections of the corre
sponding processes in the lowest approximation in the 
electromagnetic interaction. Since the electrodynamics 
of W mesons is not renormalizable, the region of appli
cability of the perturbation-theory formulas is bounded 
by the energies A, above which the corresponding quan
tities (vertex functions, process amplitudes) cannot be 
described by the first approximation in a without con
tradicting the fundamental principles of quantum field 
theorf13- 17J. According to estimates made in[lS-lSJ, it 
can be assumed that A2/"Nf ~ 10/a at y = 0. 
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