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The cross sections for muon and electron-positron pair production are computed for E ~ 1 
BeV neutrinos scattered on nuclei. The values of these cross sections are estimated in the 
case of noncoherent scattering. 

THE work done towards the production of neutrino 
beams in accelerators [t] gives grounds for hoping 
that experimental data will become available in the 
near future on lepton pair production in the scat
tering of neutrinos on nuclei in the neutrino energy 
region E ~ 1 BeV. 

In the present paper we calculate, in this energy 
region, the cross sections of the processes 

Z + v-+Z + v' + 1-1+ + [1-, 

Z + v -> Z + v' + e+ + e-. 

(1) 

(2) 

Processes (1) and (2) were investigated 
earlier [2•3] with an aim towards clarifying the 
character of the energy dependence of the cross 
sections at superhigh values of the neutrino energy 
( E » 1 BeV ). In particular, Kozhushner and the 
author [3] calculated the cross section of process 
(1) and pointed out the errors in the results of 
many investigations [2] in which the influence of 
the form factor of the nucleus was not taken into 
account, and consequently an incorrect energy de
pendence was obtained for the cross section. 
Since, however, the formulas of [3] were obtained 
in the limit of superhigh values of the neutrino 
energy (on the order of several times 10 BeV), 
they cannot be used in the energy region of interest 
to us here. We shall show below, in Sec. 1, what 
changes must be made in the calculations of the 
cross section of the process (1) to accommodate 
lower values of the energy. 

In Sec. 2 we estimate the cross section of 
process (2). Section 3 contains estimates of the 
cross section of processes (1) and (2) in the case 
when an excited nucleus is produced in the final 
state or in the case of nuclear breakup. 

The cross section of processes (1) and (2), 
which occur in the Coulomb field of an infinitely 
heavy nucleus with zero spin, can be represented[3J 
in the form 

, 2 2 w2 } -r b (w , L1 ) 2£, . (3) 

In this formula F ( ~ 2 ) is the electromagnetic 
form factor of the nucleus; ~2 = -q2, where q is 
the 4-momentum transferred to the nucleus; w is 
the energy in the center of mass of the particles 
v' + 11+ ( e +) + 11- (e-). The functions a ( w2, ~2 ) 
and b ( w2, ~2 ) are determined from the relations 

<Pa0 = (Z~)• .:6 M,JvitEqEkd3r 1d3r 2d3k', ( 5) 
polar 

where 

M~. = (2n)4 ,~- ,/ u (r2) [ r~. A : 1, (I + 15) 
r2r2Eq r2-q-m 

+ r, (I+ 15) A 
1

A 1~.] u (ri)u (k')r, (I+ r5) 
- rt+q-m 

( 5') 

and the summation is over the polarizations of all 
the spin particles, G is the weak-interaction con
stant, e is the electrical charge and u are· spin-

\ K' 
\ 

\ 
\ 

\ 
\ 

/ 
I 

/ff 
I 

\(::L-(· 
//{ q 

I 

+ 

a b 

Feynman diagram of processes (6) and (6'); k and k' are 
the momenta of the incoming and scattered neutrinos, r, and 
r2 are the momenta of the positron and electron respectively, 
and q is the photon momentum. 
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Cross section of processes (1) and (2) as a function of 
the neutrino energy 

a,, cm2 a2. cm1 

E, Bev 

\ I Lead Iron Lead Iron 

20 9·10-41 1. 8 ·10-41 7 ·10-40 I 10-40 
2 7 ·10-43 2 ·10-43 4·10-41 5. 6·10-42 
1 7. 4 .to-•• 2.6·10-•• 1. 6 ·10-41 2 ·10-42 
0.5 3·10-45 1.3·10-45 6 ·10-42 7.2·10-43 

0.4 6. 6-10-46 2.8-10-46 4 ·10-42 5 ·10-43 
0.3 3.4·10-47 1. 6-10-47 2. 6 .to-•• 2.8·10-43 

ors. The remaining symbols are explained in the 
caption to the figure. 

It follows from (4), (5), and (5') that when q2 

= 0 the quantity 
1 

2 (kq) Sp <I> all = a 

is the cross section of the photoprocesses 

r + v _, v' + fl'" + fl-, 
·y + v _, v' + e+ + e-. 

(6) 

( 6') 

Using these formulas, let us consider the reactions 
of interest to us. 

1. THE CROSS SECTION OF PROCESS (1). 

This cross section was calculated earlier [3] 

for the case E » 1 BeV under the following as
sumptions: 

1) The form factor of the nucleus can be chosen 
to be 

(7) 

where R is the nuclear radius, with value A11o/m7r, 
A is the mass number of the nucleus, and m7r is 
the mass of the pion. 

2) The values of a(w2, D-2 ) differ little, in the 
considered region of D., from a ( w2, 0 )-the cross 
sections of the photoprocess (6), the latter being 
taken in the region w « 2m7r. 

The ratio of the minimum momentum transfer 
D-min = 2m~IE to the maximum transfer, defined 
by formula (7), is D-miniD-0 ~ A1f317E, and can be 
made larger than unity for heavy nuclei at energies 
E < 1 Be V, which is absurd. Therefore, if we 
consider the energy region E ~ 1 BeV, we must 
choose the form factor in the form of a smooth 
function. We shall make use of a form factor 

which corresponds to the "Yukawa-2" model of 
the charge distribution in the nucleus [4]. 

( 8) 

The region of values of momentum transfer that 
are allowed by the kinematics is determined by 

the relation 

L'l7nax = 2£2- w2 ± 2£2 v 1- w2J£2, (9) 
min 

and is quite broad. However, because of the action 
of the form factor, large values of D-2 are little 
likely and it turns out that the effective values of 
D-2 in the functions a(w2, D-2) and b(w2, D-2) in 
formula (3) are D. 2 ~ 6D.t = 6m~ I A ?/3. It will be 
shown in Sec. 2 that for values of D-2 satisfying the 
condition D-2 « m~, the values of a(w2, D-2 ) and 
b(w2, D-2 ) differ little from their values for D-2 

= 0. In the case of heavy nuclei 6m~ I A?IJ «rnA, 
and consequently one can substitute in (3) the values 

·of a and b for D.2 = 0. Then, integrating (3) with 
respect to D-2, we get 

[ /(w2)+f1-w2 1£2 2 J x f (w2) In ~~I w2j£2 f (w2)- Vi- w2 I £ 2 - r -

+b(w2 , O) w~. [In f(w 2)+V1-w2 IE' 
2E' f (w2 ) - V 1 - W 2 I E' 

V1-w 2 IE2 ]t 
- 1- w• I 2£2 + w• 1 24£2tl~ + 3tl~ I 2£2 f' 

The cross section of the reaction (6), a(w2, 0), 
calculated for the case when ultrarelativistic 
muons are produced is 1) 

( 2) - 2 G2 2 (I w 65) 11 a w rel - 9n2 a W n mp. - 48 · ( ) 

We cannot use this formula, however, because for 
a neutrino with energy E ~ 1 BeV the effective 
values of w in formula (10) lie near the threshold 
of the reaction (6). In this case, namely when 

!)This formula differs from the result of Kozhushnet and the 
author[•] by the numerical factor in front of the second term, 
because in the present calculations we have taken into account 
terms proportional to m2 in the formula for the probability for 
the process (6). 
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w - 2mJ.l « w, the formula for a ( w2 ) has the 
form 

a (w2) = 2''!.rx. 0 2 (w - 2mp.)'1• I 7!! n2w'1•. (12) 

From a comparison of formulas (11) and (12) 
we see that a ( w2 ) ~ w2 over a wide range of the 
argument w. Since the order of magnitude of the 
function b ( w2 ) and its increase growth with en
ergy are not larger than those of a ( w2 ), (see Sec. 
2), the term proportional to b ( w2 ) in formula (10) 
has an order of smallness ft 6 0/E and can be 
neglected. As a result we obtain 

1 - w2 I 2£2 + w4 1 12£2 ~ 2 + V 1 - w2 1 £ 2 

X In ° 
1- w" ;'2£2 + w4 112£2~~- V1- w2 1 £2 

- 2 Yl - w 2 1 £2}. (13) 

The table lists the cross sections of process 
(1) for two nuclei, lead and iron, at different values 
of neutrino energy. For lead and at E = 1 Be V we 
obtain, in particular, 

o1 = 0.7 .J0-43 em 2. 

2. CROSS SECTION OF PROCESS (2) 

This case differs from the foregoing in the fol
lowing: 

1) If we turn again to formula (7), we see that 
the ratio 6min/ 6 0 i:p. the case of production of an 
e+e- pair is a quantity much smaller than unity 
and we can choose (to simplify the calculations) 
F( 6) in the form (7). 

2) Owing to the smallness of me compared 
with mJ.l, the condition 6~ff » m 2, which would 
enable us to substitute the values of a and b for 
6 2 = 0 in the case of muon pa.ir production, is not 
satisfied. 

The latter leads to the need for calculating the 
functions a ( w 2, 6 2 ) and b ( w 2, 6 2 ), and conse
quently also the tensor 4> a{J for 6 2 ;r 0. The de
termination of the tensor 4> a{J entails, however, 
cumbersome calculations. We therefore attempt 
to find a ( w2, 6 2 ) and b ( w 2, D?.) by another means, 
namely comparison of the traces of (4) and (5). 

For estimates we can confine ourselves to an 
examination of the contribution of one term in (5'), 
say the first one. We denote the part of the tensor 
4>afJ corresponding to the contribution of this term 
by 4>~!3 • Then 

X {1 I r1 I+ £1 + ~2 (w- 2£1) 1 (w• + ~") 
n -I r1 I+ £1 + 112 (w- 2Et) I (w2 + ~2) 

~'w (w2 - ~2 - 2£1w) [ 1 
- (w 2 + ~') (w2 - ~2) -I r1 I+ £1 + ~2 (w- 2£1) I (w2 + Ll2 ) 

- I r1 I+ £1 + Ll2 (w ~ 2£1) I (w2 + Ll 2) ]} • 
(14) 

The argument of the logarithm in (14) can be re
written 

[ 2£ + ~2 (w- 2£1)]2 { 2 + [2£ • ~2 (w- 2£1)] ~2 (w- 2£1)} -1 

1 wz + ~2 m 1 T w' + ~2 w' + ~2 
_ f 4EU m2 , ~2 ~ m2 , (15) 

~ l (2Etw + ~2) w I (w- 2Et) ~2 , ~ 2 }Pm2 • (15') 

The relation (15) is realized in the reaction (6). 
For reaction (6') it is necessary to use (15'), in 
view of the smallness of the electron mass. We 
then obtain 

I - aG' { 2 . 2 [ 2 w2 + ~ 2 3 w• l 
Sp rD~fl- Sn2 (w + ~ ) w In ~ - 2 w2 + ~'-

[ w2 + ~2 w2~2 ]} + ~2 (w2- ~2) In~+ w' + ~2 ' ' 

From formula ( 4) we have 

Sp <D~fl=(te2 + ~2) a (re2, ~2)- 3~2b (te2, ~2). (17) 

When an attempt is made to obtain the functions 
a ( w 2 , 6 2 ) and b ( w 2, 6 2 ) from a comparison of 
(16) and (17) we encounter two kinds of ambiguities. 
The first consists in the fact that in formula (16) 
itself we can separate a ( w2, 6 2 ) only accurate to 
terms of order Do/( w2 + 6 2 ). The second ambig
uity is connected with the operation of taking the 
trace, during the course of which, generally speak
ing, some terms which previously were included 
in a ( w 2, 6 2 ) may cancel out terms contained in 
the function b ( w2, 6 2 ) , and consequently may not 
appear in formula (16) at all. It is easy to see 
from (4), however, that such terms are also of 
order 6 2/( w2 + 6 2 ) compared with the principal 
terms. 

Thus, a ( w2, 6 2 ) can be determined only accu
rate to terms of order 6o/( w2 + 6 2 ). With respect 
to the function b ( w 2 , 6 2 ) it follows that the order 
of its magnitude and its increase with energy is 
not higher than that of a ( w 2, 6 2 ) • If we recognize 
that the effective values [ 6o/( w2 + 6?. )Jeff and 
( wo/E 2 )eff are of the order of m1r/EA1/3 and neg
lect terms that have the same order of smallness, 
we obtain 
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The noncoherent cross section of the process 
(18) (2), estimated by formulas (19) and (20), is 

Integrating (18) we get 

0Z' 'G' · 'Jr: lil 
::;,~ ~-~l:" Enulln~-GI, (19) 

The numerical values of u2 for lead and iron 
nuclei are listed in the table. In particular, at 
E = 1 Be V and Z = 82 we get 

a 2 z 2·10-41 cm2• 

3. CROSS SECTIONS OF THE PROCESSES (1) 
AND (2) IN THE CASE OF NONCOHERENT 
SCATTERING 

We have so far considered processes in which 
the nucleus interacts with the virtual protons as a 
whole, which corresponds to a momentum transfer 
q "' 1/R. At large momentum transfers, the in
ternal structure of the nucleus begins to play a 
significant role and consequently the interactions 
between the virtual photons and individual nucleons 
of the nucleus can cause the latter to go over into 
an excited state or to break up, producing a star. 
The cross section of processes (1) and (2) can in 
this case be estimated in the following fashion: 

(20) 

where u1p and U?.p are respectively the cross 
sections of processes (1) and (2) which take place 
on the proton. 

By way of an estimate of the cross section u1p 
we can use formula (13), in which we put Z = 1 and 
~0 = m1r/0.6. For a neutrino energy E = 1 BeV we 
obtain u1p R> 1.6 x 10-45 cm2. This estimate is quite 
crude, since formula (13) is applicable generally 
speaking only to heavy nuclei. A more correct 
analysis will lead apparently to a reduction in the 
obtained value of Utp· If we assume u1p = 1.6 
x 10-45 , we obtain for lead 

We see that in the production of f.l + f.l- and e + e
pairs the noncoherent cross sections are differ
ently related to the corresponding coherent cross 
sections. Namely umoncoh/u1 "' 1, whereas 
umoncoh/u2 "" 1/Z. The strong increase in the 
ratio umoncoh/u1, comparedwith umoncoWU2, in 
the energy region under consideration is due to 
the following circumstance: the creation of a 
large mass ( J1 +f.l- pair) is accompanied by large 
momentum transfers, which, however, are sup
pressed by the action of the form factor. The sup
pression is much less in the case of a proton than 
in the case of a nucleus, and this leads to a strong 
increase in the noncoherent cross section. In the 
case of production of a small mass ( e + e- pair), 
the difference between the effects of the nuclear 
and proton form factors is not so significant. 

The authors are grateful to L. B. Okun' for 
valuable discussions and for interest in the work. 
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