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The production of e"e* and u~u* 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 Feynma.nm 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,!'! the
deceleration production of lepton pairs in the scattering
of neutrinos by nuclei,'®*! and the deceleration pro-
duction of neutrino-antineutrino pairs in the scattering
of electrons in the fields of nuclei.l®]

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™*° cm?) 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~ - et 1)
V==V 0 -t (2)
are allowed, and they will be studied in the present

paper.
Baier and Katkov'®! have previously considered the
process

e — e~ 4 ve -+ ve (3)

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

e e, 4)

that the intensities of the two processes become com-
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parable only at initial electron energies of the order
of 102 eV if the magnetic field strength is of the order
of 10* Oe.!™

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®/e, where o
is the mass of the electron, is larger than the corr
sponding quantity in the case of a constant magneti:
field by a factor of 10% to 10°,

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*™], 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 PROBABILITIES 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 =—ﬁ(wm(1+wwv) (Povu (1 + v3)¥1), (5)

where ¢; is the field operator of the electron or muon,
Py is the corresponding neutrino field operator, and G
is the universal weak interaction constant; in the sys-
tem of units i = ¢ =1 we have G =107/m7,, where
myp, is the mass of the proton. We set Gy =GA =G.

Using the Nikishov-Ritus method developed in!"*®],
we can write the matrix element for process (1) in the
form
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¢ T ak ka
M=— 3 VEvs:Z_m{ u(Pi)[AoYu + e(qu—kYu —Yu‘m‘> 4,
+ ezaz——k}—kqu] (1 +'y5)v(—p2)}
2(qk) (g'k)

X (@ (@) v+ vs)u(a)} (2n)8(sk+qa—g— ¢ —g). (6)

Here p;, and p, are the four-momenta of the electron
and positron, and q; and q, are the four-momenta of
the initial and final neutrinos; the four-potential of the
plane electromagnetic wave is of the form A

=aye” , where k is the wave four-vector satisfying
the condition k® = 0" and E, is the energy of the
initial neutrino. The expressions for the functions A,,
A;, and A; can be obtained for n =0, 1, 2 from the
general formula

1 +n
An(er0,B)= 5 ] e cosod, (7)
in which
f(9) = ia sin ¢ — if sin 2¢ + is. (8)
The parameters « and B are as follows;
o feeg ey el 9
e=—\GgTex) B=7g qk+q’k}’ ®)
where e%/4m = Y3, and
e%a? e’a®
—pyy ! o= oy — e k. 10
qu = DPin L(pik) ku,  qu Pop A (pok) [ ( )

In Egs. (6)—(8) ¢ =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 — my, where my 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 Ap are real, which
follows from (7) and (8), we get the differential proba-
bility per unit volume and time in the form

en 9
aw = WEO 8(sk+q1— g — ¢ — go) TwwBudss,  (11)
where
dvy= iql_}: lz—‘:%:)l—,/, (12)

the tensor Ry, is of the form
Ry = @ouqiv +92vq1n — (9192) 8uv -+ T€apuvdandip, (13)

and n is the number density of incident neutrinos.
The tensor Typ in Eq. (11) can be written in the
following way:

Ty = 4A¢bSy + 4edoA b + 262(24,268) + 4,408 )
(14)

are given in the Appendix.

+ 2634, 4,59 + 34,208
@y __K(6)
™ P
In the Nikishov-Ritus method one introduces the
parameter x =e|a|/ml"); if x < 1 it is possible to

where the tensors b

DWe use the Feynman metric ab = agb, - a-b, with a = (ag, a).

take the external electromagnetic field into account by
means of perturbation theory, and x .»~» 1 is the oppo-
site case. Since x = mB/wBy, where w is the fre-
quency of the field, B = w|a| is the field-strength am-
plitude, and B, = m?%/e, for B~ 107°B, and
w =~ 10" sec™ we have x = 10. Consequently, for con-
ditions such as one now has in laser technique, we can
consider the asymptotic probability of process (1) for
x> 1,

Let us introduce the new variables

_ gk ,_ 9k Bk

r=-5% X=-—2 u=-_uz
- _¢[3e_ da) 15
cos‘lp_gﬁ' cosg_Sﬁ gk q'k I ( )

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
q: and axis 3 along k, the vector a is directed along
axis 1 and the magnetic field along axis 2, and a, = 0.
Then in the ‘‘special’’ reference system

_%g %= It 16
V= sty P T meGt ) 18

Let us introduce two more variables in this reference
system:

19y + Xy Xy — X' qu
= ) = 7 17
mat) " matx) an

Using Egs. (15)—(17), we can write s for x > 1 in the
following form:

_2Bx+x) x(x +%)*
s——————4xx, {1—!—200525—}—————-————2”,(%_)(_%,) <cosw
=%V, 2 “(x+x): /_x—x VP
X+ COSS) +§[nz+4xx’(u—x—x') \* v+ Tl) JJ )
(18

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

+ea s
m2z3(y, 4 )"
> 8(sk g — g — qo)drg > —— K
O0(sk+aq1—q—q — qo)drs T P——

w sin sin & dy dy’ dy dE d dv. (19)

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

w=A+yx+%, Ev=gqx+e¢+e!. O0=gqy+q+q/

where X = eB(qz0 — g2z )/m?, we can put the probability
for process (1) in the following form:

.
*—Xmin

Grmin *—X +4-n/2
W= T B, S dy, ‘S‘ dy, ‘S‘ d{ sinp
min Xpnin —=/2
¢ 2 (3 + )"

(20)

400 4o
% Sd‘g‘,sing S dv S dﬂm)w'
) —o —

0
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™, Xy ~ K » Where
the proportionality constants are of the order of unity.
Using these relations, Egs. (9), (15), (18), (20), and
also the relations (A.2) and the asymptotic behavior of
the function A, for x > 1, which were derived in'"},
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and keeping only terms in «* In k, we have the follow-
ing expression for the probability of process (1) per
unit volume and time for x >>1 and k < 1:

= ~—22—G—Zm—6l ®*Inx

27 2°7: E, ’

Using the formula for « in (15) and introducing the
electromagnetic field tensor Fy,, we can write in an
arbitrary reference system

1)

n= 783'}/(1"@:1:9)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,,, 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 — my, and kK — K,
where Ky = e[(F(,pqlp)z]l/z/m3 . But the condition ky
> 1, required for the asymptotic formula to hold for
the probability in the case of process (2), is realized
at field strengths (m“/m )® times larger than for the
case of process (1), if the quantity E, is the same for
both processes and for process (1) « > 1.

3. DISCUSSION OF THE RESULTS

Using Eqgs. (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)

oo g /™ \ Ly ( B\ Ey ( Ev B
W — 2210 ”km,,) ( )( )ln\ ), @3

p \ By mc? mc? By

where Iy is the flux density in the neutrino beam and
p is the Compton wavelength of the proton.

The corresponding quantity for process (2) is ob-
tained from (23) by the replacements m — m,, and
B, — B{", where B{® = (my/m )?B,. 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 S B, for the electron and for B f B{® for the muon.

Let us consider process (1) for electronic neutrinos
from a reactor. In this case I, ~ 10'° neutrinos/cm?®sec
with E, ~ 5 MeV and k > 1 give B 2 0.5B,, while for
such values of the field strength x ~ 10°. Then with
B = 0.5B, and the given E, and I, we get for the prob-
ability of process (1) W ~ 2 -10™* events/cm®sec. In the
case of the muon process we use the data of ®1 for the
Serpukhov accelerator at 70 GeV: I, ~ 10* neu-
trinos/cm?sec with E, ~ 5 GeV. Then the condition
ky > 1 is satisfied with B 2 0.1B§*’, and in this case
x ~ 10", Using the given values of E, and I, we get
for the probability of process (2) with B = O.IBL“’ the
value W ~ 1072 events/cm® sec.

Since the interaction volume in these processes is
of the order of 1 cm?, 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 bﬁ,}-—b;f,j which appear in Eq. (14) are
given by the following expressions:
b;f‘v) = P1uPav + P1vPoy — (M* + P1P2) Euv + igpouvPioPas; (A1)
by — (P1 — P2)wav + (P1 — p2)vau + ky (;—]‘:sz — g% Pw)
(98 _ge \_ (92 e
+ kv \ﬁpw q’kpm) gu\/(qk‘f“qk)\qk q'k)
’ a

+ iﬁnﬂw{(l’i —+ p2) s — ko (;q,{_ Pip +qq—kp2p> } ; (A.2)

2@ — (a2 m:+ iy, (99)(99) |, ks
R = (s (k) (@k) "~ (ak) (k) )b

qga  qa . L, (gk+q'k)
+( q,k+q—k) (auks -+ avky) — 2ayas — at

A {ku(p2 + p1)v + kv (P2 + P1) w + iepouvko (P1 — B2) o}
_(gk+ g'k)? , 1

T et G iy
X [kv((qa) P20 — (2°a) P1o) — av ((aF) P20 — (2'K) P10) 1+ Kvp1oD2o} s
a2 (A.3)

by = o @y (OB @k prok) +(gk) (Pusky + prv)
— 2kyley (2 + p1P2) + i (epoww ku— poon kv) KaDioPac};  (A.4)
2
- m (2('a — qaykuks + (g — g'k) (kuay +- ayks)

+ i(€owpn kv — eo0pv ku)amko(Pz_*‘pi)P}; (A-s)

) at

buv (qk)Z(E%-); (2(qk) (¢'k) + iepooa P1pPackaka) kuky. (A.68)
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