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The production of e- e • and 1J.- 1J. + pairs in the scattering of neutrinos in the field of a plane mono
chromatic electromagnetic wave is considered. Formulas are derived for the probabilities of these 
processes for the case in which the product of the energy of the initial lepton, in units of the rest 
energy of the lepton, times the field strength in the wave, in units of the critical field strength for 
the lepton, is much larger than unity. The entire treatment is conducted in the limit opposite to that 
in which perturbation theory in terms of the external electromagnetic field can be applied. 

1. INTRODUCTION 

THE theory of the universal weak interaction proposed 
by Gell-Mann and FeynmanPl predicts direct scattering 
of neutrinos by electrons and muons. Effects considered 
previously for the investigation of this phenomenon are 
the elastic scattering of neutrinos by electrons, [ 11 the 
deceleration production of lepton pairs in the scattering 
of neutrinos by nuclei, [2-41 and the deceleration pro
duction of neutrino-antineutrino pairs in the scattering 
of electrons in the fields of nuclei. rsJ 

Since the cross sections for processes caused by the 
weak interaction increase with increasing energy of the 
initial particles, it is natural to consider the processes 
mentioned at high energies. But despite the fact that at 
initial particle energies of the order of 10 GeV the 
cross sections are fairly large (~10-4° cm 2 ) the num
bers of recoil electrons or of lepton pairs produced 
per unit time in these processes are still below the 
level that is observable. Further increase of the num
bers of events in the processes we have mentioned 
calls for larger energies and intensities of the initial 
neutrinos than are available at the present time, and 
also for an increase in the interaction volume. 

The development of lasers giving large electromag
netic field strengths allows a different approach to the 
problem of the direct lepton-neutrino scattering. In 
the field of a laser beam the processes 

'Ve-+ 'Ve + e- + e+, (1) 

(2) 

are allowed, and they will be studied in the present 
paper. 

Baier and KatkovreJ have previously considered the 
process 

(3) 

in a constant magnetic field. This process, however, 
is subject to such strong competition from the electro
dynamic process 

(4) 

that the intensities of the two processes become com-
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parable only at initial electron energies of the order 
of 1032 eV if the magnetic field strength is of the order 
of 104 Oe.reJ 

Our processes (1) and (2) are not subject to compe
tition. Moreover, in the case of the plane electromag
netic wave of a laser the present attainable field 
strength in units of the critical field m 2/e, where lY' 

is the mass of the electron, is larger than the corr -
sponding quantity in the case of a constant magnetic 
field by a factor of 102 to 103• 

As will be shown below, the probabilities of pro
cesses (1) and (2) increase with increasing initial neu
trino energy and increasing field strength in the wave. 
Therefore in these processes the number of events per 
unit volume and time can be increased not only by 
raising the energy and intensity of the neutron beam, 
as is the case for the processes considered in [1-4], but 
also by increasing the field strength. 

The probabilities of processes (1) and (2) will be de
rived in the second section. In the third section we 
shall discuss the domains of applicability of the formu
las, as to the field strength in the wave, and give esti
mates of the probabilities of these processes for the 
energies and intensities of neutrino beams from reac
tors and accelerators. 

2. THE TOTAL PROBABIUTIES OF PROCESSES (1) 
AND (2) 

We shall describe the weak interaction of neutrinos 
with leptons in the framework of the four-fermion 
theory, starting from the V - A version. The interac
tion Hamiltonian is 

G- -
H = l'Z<'iw~(1 + Y•)1Jl,.) (1Pvw(1 + ys)'¢1), (5) 

where 1/Jz is the field operator of the electron or muon, 
1/Jv is the corresponding neutrino field operator, and G 
is the universal weak interaction constant; in the sys
tem of units ti = c = 1 we have G = 10-~m P• where 
mp is the mass of the proton. We set Gv = GA = G. 

Using the Nikishov-Ritus method developed in[7,sJ, 
we can write the matrix element for process (1) in the 
form 
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+ e2a3 2(qk;(q'k) k..A2 J {1 + y5)v{-p2)} 

X {ii(q•)v~(1+vs)u(qt)}(2n)'ll(sk+qt-q-q'-q2). (6} 

Here P1 and p2 are the four-momenta of the electron 
and positron, and q1 and q2 are the four-momenta of 
the initial and final neutrinos; the four-potential of the 
plane e.lectromagnetic wave is of the form AIJ. 
= aiJ.e-ikX, where k is the wave four-vector satisfying 
the condition k 2 = 0° and E11 is the energy of the 
initial neutrino. The expressions for the functions A0 , 

A1, and Aa can be obtained for n = 0, 1, 2 from the 
general formula 

1 ;... 
An ( s, a, P) = 2n S ef!~J cos" cpd!p, (7) 

-n 

in which 

j(cp) = ia sin cp- ip sin 2cp + iscp. (8} 

The parameters a and {3 are as follows; 

{ qa q'a) e2a2 { 1 1 } 
a=-e qk+q'kf' P=-s qk+q'k' 

(9} 

where e 2/47T = Y137 and 
&a• e2a2 

q~=Pt~- 4 (Ptk) k~, q~'=P•JJ.- 4 (p.k) k~. (10} 

In Eqs. (6)-(8) cp = kX, and s is the number of photons 
with momentum k that are absorbed from the wave or 
emitted into the wave. 

In what follows we shall carry out all of the calcula
tions for process (1 ). To obtain the probability for 
process (2) from that for process (1) we must make the 
replacement m - miJ., where miJ. is the mass of the 
muon. 

Summing the square of the matrix element (6) over 
the polarizations of the final and initial particles and 
using the fact that the functions An are real, which 
follows from (7) and (8), we get the differential proba
bility per unit volume and time in the form 

G• +co 
dW= zsn•;v ~ 6(sk+q1 -q-q'-q2)T~.R~vdT3, (11) 

s=--co 

where 

dTa= dq. dq d~, 
q2o qo qo 

the tensor RIJ. 11 is of the form 

(12) 

RJJ.v = q2~q1v +q2vq1Jlo- ( q1q2) gl'• + iEaPI'vq2aqip, (13} 

and n is the number density of incident neutrinos. 
The tensor TJJ.v in Eq. (11) can be written in the 

following way: 

T I'• = 4Ao2b~~ + 4eAoA1b~~ + 2e2 (2A 12b~~ + AoA2b~~) 

(14) 

where the tensors b~~-b)1J are given in the Appendix. 

In the Ni.kishov-Ritus method one introduces the 
parameter x = e I a 1/m [7 l; if x « 1 it is possible to 

1 >we use the Feynman metric ab = a0 b0 - a·b, with a= (a0 , a). 

take the external electromagnetic field intr, ar:r:r,unt. by 
means of perturbation theory, and x // 1 iH thr, r,pfJfJ
site case. Since x = mB/wB0 , where w is thr1 frr,
quency of the field, B = w I a I is the field-strength am
plitude, and B0 = m 2/ e, for B ::::J 10-5 Bo and 
w ::::J 1015 sec-1 we have x ::::J 10. Consequently, for c:rm

ditions such as one now has in laser technique, we ean 
consider the asymptotic probability of process (1) f(Jr 

X>> 1. 
Let us introduce the new variables 

qk x=-z, m• 
' q'k x=-z, m• 

e{qa q'a) 
coss=sp qk -q'k r (15) 

It is convenient to make the further calculations in 
a so-called "special" reference system, which we 
choose in the following way: axis 1 is directed along 
q1 and axis 3 along k, the vector a is directed along 
axis 1 and the magnetic field along axis 2, and ao = 0. 
Then in the "special" reference system 

Xq-' + "''q- xq , "'q - "" - cos•=~""-"'-. 
cos'ljl = mx(x + x') , ~ mx(x + x') 

(16} 

Let us introduce two more variables in this reference 
system: 

xqy' + x'qy 
""C= m(x+x') ' 

xqy' -x'qy 
11 = m(x+x') (17) 

Using Eqs. (15 )- (17 ), we can write s for x » 1 in the 
following form: 

x"(x+x'){ x(x+x') 2 ( 
s= " , 1+2cos2 s+ 2 '( , cos¢ 

qXX XX x-x-x) 
x-x' )2 2 [ x(x+x') 2 ( x-x' )2 Jl 

- x + x' cos 6 + x• 112 + 4xx' (x- x- x') "'- x + x' 11 J · 
(18) 

Since it follows from (18) that s ~ x3, using (15 )- (17) 
for x >> 1 we can write 

+oo ' m2x•(x+x')' 
~ 6(sk+q1 -q-q-q2)dTa~ 43 ,3 ( ') 

•=-oo XX x-x-x 
x sin 1Jl sins dx dx' diJJ ds dT d1J. (19) 

Making use of the conservation laws in the "special" 
reference system, which are here of the form 

x=A.+x+x', E.=q2x+q.,+q.,', 0=q2y+qy+qy', 

where A= eB(q20 - q2 z )/m 3, we can put the probability 
for process (1) in the following form: 

2 x-Xm.in x-X +rc/2 

w =g.~~;. ~ ax .5 dx' 5 d'IJlsin 1Jl 
Xmin Xmin -rr./2 

~~ +s"' +sao x• (X+ X')• 
>< ds sin s d-e d1] 3 '3 ( ') w. (20) 

XX x-x-x 
o -oo -oo 

Because it is cumbersome the function w, which de
pends on the variables of integration in (20 ), is not 
given here. 

In Eq. (20) let us consider the asymptotic behavior 
for x >> 1. From (15) and the conservation laws it is 
not hard to show that Xmin ~ K-\ X~in ~ K-\ where 
the proportionality constants are of the order of unity. 
Using these relations, Eqs. (9), (15), (18}, (20), and 
also the relations (A.2) and the asymptotic behavior of 
the function A0 for x >> 1, which were derived in[7J, 
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and keeping only terms in K 2 ln K, we have the follow
ing expression for the probability of process (1) per 
unit volume and time for x >> 1 and K << 1: 

29 G•m• n 
W = . 27 29:rt'' Ev x•ln 'X. 

(21) 

Using the formula for K in (15) and introducing the 
electromagnetic field tensor Fap• we can write in an 
arbitrary reference system 

e 
'X= m3 l(Fapqlp) 2• (22) 

It follows from (22) that the probability of process (1 ), 
written in the form (21), is relativistically invariant 
and gauge invariant. 

Making the replacement m- m 11 , we get from (21) 
the probability of process (2 ). It is not hard to see that 
when we use (22) the expression for process (2) differs 
from (21) by the replacements m- m 11 and K - K11 , 
where KJ.l. = e[(Fapqlp)2]112/m3 . But the condition KJ.l. 
» 1, required for the asympfotic formula to hold for 
the probability in the case of process (2 ), is realized 
at field strengths (m~m )3 times larger than for the 
case of process (1 ), if the quantity Ev is the same for 
both processes and for process (1) K >> 1. 

3. DISCUSSION OF THE RESULTS 

Using Eqs. (21) and (22) and going over to the 
"special" reference system and to the ordinary system 
of units, we can write for the probability of process (1) 

W = 2.2·10-15 I _!1!_)5 lv (!!_ )2 (_!:!__ )1n ( ~!!_) (23) 
\ mp 'Ap B0 me2 \ me2 B0 ' 

where Iv is the flux density in the neutrino beam and 
7tp is the Compton wavelength of the proton. 

The corresponding quantity for process (2) is ob
tained from (23) by the replacements m- m 11 and 
Bo- B~l, where B6J.l.l = (m~m )2B0 • It can be seen 
from (23) that the probability of process (1) increases 
with increasing field strength. But there is an upper 
bound on the values of B, because the one-particle 
treatment of a charged lepton in the field of the plane 
electromagnetic wave, as used above, is valid only for 
B::; Bo for the electron and for B :S B~J.l.l for the muon. 

Let us consider process (1) for electronic neutrinos 
from a reactor. In this case Iv ~ 1013 neutrinos/ cm2 sec 
with Ev ~ 5 MeV and K » 1 give B <: 0.5B0 , while for 
such values of the field strength x ~ 106 • Then with 
B ~ 0.5B0 and the given Ev and Iv we get for the prob
ability of process (1) W ~ 2 · 10- 4 events/ em 3sec. In the 
case of the muon process we use the data of [9 1 for the 
Serpukhov accelerator at 70 GeV: Iv ~ 104 neu
trinos/cm2sec with Ev ~ 5 GeV. Then the condition 
KJ.l. » 1 is satisfied with B <: 0.1B)P', and in this case 
x ~ 107 • Using the given values of Ev and Iv, we get 
for the probability of process (2) with B ~ 0.1B6J.1.' the 
value W ~ 10-2 events/cm3 sec. 

Since the interaction volume in these processes is 
of the order of 1 cm3, these estimates show that the 
numbers of lepton pairs produced per unit time in both 
process (1) and process (2) are sufficiently large. The 
field strengths, however, that are required for this and 
that correspond to the conditions for applicability of 

the asymptotic formulas for the probabilities, are 
many orders of magnitude larger than those now avail
able. 

The writers are deeply grateful to the members of 
the seminar of the Department of Theoretical Physics 
of Leningrad Polytechnic Institute for a discussion of 
this work. 

APPENDIX 

The tensors bUJ--b~J which appear in Eq. (14) are 
given by the following expressions: 

b~~ = P11•P2v + P1vP2~- ( m2 + P1P2) g ~· + iepa~vPIPP2a; (A .1) 
(2) ( qa q'a ) 

b~v = (p,- Pz)~av +(Pi- Pz)va~ + k~ qk Pzv- q'k P1v 

rqa q'a ) (qa q'a) + kv \ qk Pz~- q'k PI~ - g~v(qk + q'k) \ qk- q'k 

+ iepa~v{ (Pi+ Pz)paa- ka (*,~PIP+ q;kPzP)}; (A.2) 

b <~ = (a• m2 + P1Pz 2 ( qa) ( q' a) ) k k 
~ (qk) (q'k) (qk) (q'k) ~ v 

( q'a qa) (qk+q'k) + ---,k+-k (a~kv +avk~)- 2a~av- az 
q q 2(qk) (q'k) 

X {k~ (Pz + P1)v + kv(p, +PI)~+ iepa~vka(PI- Pz)p} 

2 (qk + q'k) 2 1 
+a 2(qk) (q'k) g~v + iepa~mka (qk) (q'k) {am 

X [kv( ( qa)pzp- (q 1a)pip)- av ( ( qk)pzp- ( q'k)pip)) + kvPIPPzm}; 

b <•l _ a• { ( 1 (A. 3) 
~v- (qk)(q'k) qk)(p,~kv+Pivk~)+(qk}(Pz~kv+Pzvk~) 

- 2k~kv (m2 + PIPz) + i ( Epawv k~- Bpam~ kv) kmPIPPza}; (A.4) 
(5) a• 1 

b~v= (qk)(q'k) {2(qa-qa)k~kv+(qk-q'k)(k~av+a~kv) 

+ i(Eamp~ kv- Earopv k~)aroka(P2 + P!)p}; (A.5) 
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