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The process 11 +A- 1r +JJ. +A is studied for high-energy neutrinos. It is shown that the 
main contribution to the cross section for this process is determined by the strong interac
tion of the pion with the nucleus, which is taken into account phenomenologically by using the 
formulae describing diffraction on a "black sphere." 

IN connection with the program of experimental 
investigations of the interactions of neutrinos with 
matter sketched by Pontecorvo [t], there have ap
peared several theoretical papers [2] devoted to 
this problem. However, until now, only the Coulomb 
mechanism for inelastic processes appearing in 
collisions of high energy neutrinos with matter has 
been considered ( cf. e.g. [2• 3]). In the present 
paper a peculiar mechanism, will be considered, 
allowing to take into account phenomenologically 
the strong interactions; the method is related to 
the wave properties of the particles participating 
in reactions of the type 

etc. 

v +A~ n + fl (e)+ A, 

v + A ~ K + fl (e) + A , 

v + A ~ n + p + fl (e) + A 

(1) 

(2) 

(3) 

For neutrinos of sufficiently high energy, there 
will be formed in the processes ( 1) -(3) fast par
ticles ( 1r, K, n, p) capable of strong interactions 
with nuclei. If processes ( 1) -(3) occur in the re
gion of space outside the nucleus, they can be re
alized by means of the diffraction mechanism pro
posed by Landau and Pomeranchuk [4] • Indeed, 
under such circumstances the nucleus can be con
sidered as a "black" (totally absorbing) body 
with respect to strongly interacting particles 
(the details of the strong interaction turn out to 
be inessential), and the inelastic processes 
(1)-(3) occur via the strong absorption of pions, 
nucleons, and strange particles by the nuclear 
particles (by absorption we mean here scattering 
of the strongly interacting particles by the nuclei). 

The wave character of the diffraction mechanism 
of inelastic processes has been discussed in detail 
in the papers of Akhiezer and Pomeranchuk [5] 

and of Pomeranchuk and Feinberg [sJ. The proc-

esses ( 1) -(3) can be computed on the basis of the 
"exact" wave function of the particle that is sub
ject to diffraction in the final state [5]. However, 
the computations become simpler and more in
tuitive if the diagram technique proposed by 
Zhizhin and the author [7] for the treatment of in
elastic diffraction processes is used. 

The process which is inverse to 1r- JJ. + 11 is 
described by the diagram in the figure. The box 
in the figure corresponds to elastic diffraction 
scattering of the pion on the "black" nucleus. 
(It is not important to have a specific model for 
the "black" nucleus, the pion-nucleus scattering 
amplitude may be taken from experiment.) The 
lines corresponding to the nucleus have been 
omitted from the figure, since the nucleus acquires 
only a small recoil in these processes and its mo
tion is negligible [7] 

The Coulomb interaction of the muons and pions 
with the nucleons can be taken into account in a 
trivial manner as has been done in the paper of 
Shabalin and the author [3]. As will be seen below, 
the Coulomb mechanism may turn out to be of 
secondary importance as compared to the diffrac
tion mechanism, at least in the region of very high 
neutrino energies ( E 11 ;G 2 - 3 Be V). 

The neutrinos and muons do not interact strongly 
with nuclei and therefore their diffraction can be 
neglected. In order that the process (1) be real
ized outside the nucleus, in which case one may 
neglect the contribution of heavier intermediate 
states and the dominant role is played by the dia
gram represented in the figure, it is necessary 
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that the momentum transfer to the nucleus along 
the direction of motion of the neutrino be suffi
ciently small [a]: 

{4) 

Here R = AV 3 /m1r, R is the radius of the nucleus, 
A is the atomic weight and mrr is the pion mass 
(n=c=1). 

Besides condition (4) it is necessary that the 
nucleus act as a whole with respect to the pion and 
the diffuse character of the nuclear boundary be 
negligible. This condition is fulfilled if the mo
mentum transfer component perpendicular to the 
direction of motion of the neutrino satisfies the 
inequality 

(5) 

The conservation laws imply that in order that 
the inequality {4) be satisfied, it is necessary that 
the neutrino energies in the laboratory system 
( l.s.) be of the order 

EvL d: (m, + mfl_}2R/2, {6) 

where ~ is the muon mas.s. 
For an iron nucleus E::n~n F::: 830 MeV and for a 

lead nucleus E~tn F::: 1280 MeV. Thus one can ex
pect that the diffraction mechanism will become 
dominant for neutrino energies EvL larger than 
several BeV. According to the rules formulated 
in [TJ the matrix element for the process inverse 
to the decay 1r -IJ. + v in the field of a nucleus will 
have the form 1) 

M = Gf I PnLI 2:rcR Jl(ql.R) 
VE, (Pv- Pp.)2- m! ql. 

X Up. (Pv- Pp.) (1 + r.) Uv2:rt6 (EvL - E..,.L- £,L), (7) 

where G = 10-5 /m~ ( mN is the nucleon mass) is 
the universal weak-interaction constant, E1rL and 
P1rL are the energy and momentum of the pion in 
the l.s ., Pv is the 4-momentum of the neutrino, 
pll - the 4-momentum of the muon, ~ and Uv are 
the four-component spinors describing the spin 
states of the muon and neutrino, respectively, 
EvL and Ell L are the energies of the muon and 
neutrino in the l.s ., J t< x) is the Bessel function of 
the first kind, and f( {pv- p#J. )2 ) is the form
factor for the 1r- IJ. + v decay, equal to f2 Re mi [sJ 
for real pions. If the l.s. angle of emission of the 
muon is e ~ ~/EIJ.L and E!J.L ~ E1rL• the variable 
( Pv - p#J. )2 will deviate from its mass shell value 
by a quantity of the order of 2 - 3mi: 

11lere we use a metric in which the scalar product of 4-
vectors is ab = a0h0 - a·b. 

Thus, by comparing the experimental results 
with the theoretical differential cross section of 
the process {1), computed from the matrix element 
{7), one can obtain information about the behavior 
of the form -factor f as a function of the square of 
the 4-momentum ( Pv - pM ) 2 of the virtual pion. 

In the following computations, in order to esti
mate the cross section for the process ( 1), it will 
be assumed that f F::: const F::: m1f. The differential 
cross section for the process (1) computed on the 
basis of the matrix element (7) has the following 
form: 

G2f"m2 [J,(q R)]2R2 ~ 
do= "" l. dsdq 

8 (2:rc)3 q3_ E~L l. 

d3p d3p 
X yy<'l4 (g-pp.-p,), 

" p. 

[(Pp,)2/M2 - m~] (Pp.Pv) 
[Pp.Pv + ~/2] 2 

(8) 

where g2 = (P!J. + p1f) 2 = s, in the l.s.; g0 = EvL• P 
is the 4-momentum of the nucleus before the col
lision, M is the mass of the nucleus and A = ~ 
- m~. For computational convenience we separate 
in Eq. (8) an explicitly relativistic invariant inte
gral, which becomes a function of the variable s 
if the condition 2l s » - t ( t is the square of the 
4-momentum transferred to the nucleus) is satis
fied. 

In the laboratory system one obtains the follow
ing expression for the angular distribution, derived 
from (8) in the region of small angles and large 
energies, E IJ. » m IJ.' E1f » m1f: 

do = Q2R2f2m! [.!, (q l. R)]" dq l. (EvL- Ep.L) dEI,fJ 

8:rcq l. E~L 

X [ 1 _ tJ.Ei,LIEvL ] dk2 
m~ + E..,.L~fEvL + k~ (m~ + Ef'-L~!EvL + k~)2 ~'-' 

(8a) 
where k~ = E~L e~ and 0/J. is the angle of emis-

sion of the muon with respect to the direction of 
motion of the neutrino. 

Equation (8) implies that in the extreme relativ
istic case the produced muons will be emitted in
side a narrow cone with ell ~ m/J./Ew It can be 

shown that the pions will be emitted preferentially 
within angles e1f ~ mrr/E1f. However, Eq. (Sa) is 
not convenient for the estimate of the total cross 
section of the process (1) and for the derivation of 
the differential distribution in terms of the square 
of total mass of the generated particles. 

These calculations are conveniently carried out 
in the center-of-mass system of the pion and 
muon. In the c .m.s. the integral in Eq. (8) is 

2lThe condition s >> (-t) is satisfied even when 
s = smin = (m1r +miLl, since, according to the inequalities (4) 
and (5), tmax ::; m;,. 
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easily computed. Carrying out the integrations 
over pf.J.' p7l', and the azimuthal angles of the vector 
q1, and neglecting inessential corrections, we ob
tain the following expression for the differential 
cross section for the process inverse to the decay 
1!'-f.J. +v: 

R•G•t•m2 [h (q R)]• dq 
de; - "" j_ .l 

- H:inq.l 

(s- ~) V<s- smtnl (s- 6) ds 

(9) 

where o = ( m7T - m f.J. ) 2• The integration over ql 
in (9) is to be carried out over the interval 0 ::;:; ql 
:S f.J.rr [ cf. Eq. (5)]. For heavy nuclei m7TR » 1 
and therefore 

m~ 

~ [Jl (q..LR)l 2 dq1jq.l = 1/2· 
0 

Thus the following simple expression is obtained 
for the differential distribution of the particles gen
erated in reaction ( 1) with respect to the square of 
their total mass, s, 

R2G2f2m~ (s- ~) V<s -smin) (s- 6) ( 10) 
de; = 32n sa ds. 

A kinematic analysis of the reaction ( 1) shows 
that condition (4) is satisfied if s :S 2EvL/R, i.e., 
that Eq. (10) is valid in the interval 

Srntn <; S ~ 2EvdR = Srnax· (11) 

The emission angles of muons in the laboratory 
system are limited by the condition (}f.J. ;s 1/ A l!3 

in order for (11) to be true ( (}f.J. max R: 10o for a 
lead nucleus). 

Integrating Eq. ( 10) with respect to s in the 
interval (11) and taking into account that o « Smin 
we obtain an estimate for the total cross section 
for the process ( 1) valid when it is dominated by 
the diffraction scattering of the pion on the nucleus 
for Smin « smax: 

( )
•;,] R2G2f2 ' 8£ 2~ 5mtn · m~ vLmn 

--- 1--- = In , . 
3smln smax 32n e2 s . A;, ( ) mm 12 

It is evident from Eq. ( 12) that the cross section 
for the diffractive production of pions and muons by 
fast neutrinos increases slowly (logarithmically) 
with increase of the incident energy EvL· If one 
restricts the l.s. angles to (}f.J. :S mf.J./Ef.J.L' Eq. (Sa) 
implies that the total diffraction cross section is 
energy independent [4] and has the order of magni
tude a Ri R2G2f2m~/32 7!'. For an energy EvL 

= 5 BeV the cross section (12) reaches an appre
ciable value for intermediate and heavy nuclei: 
apb R: 1.6 x 10-40 cm2 for a lead nucleus, aFe 
R: 1 x 10-40 cm2 for an iron nucleus. Under the 
same conditions the Coulomb mechanism leads to 
cross sections apb R: 7 x 10-42 cm2, aFe R: 1 
x 1o-42 cm2 [ 3J i.e., by two orders of magnitude less 
than in the case of the diffractive mechanism. 

It is evident that the formula ( 10) is valid also 
for the process inverse to the K- f.J. + v decay in 
the field of a nucleus with only slight modifications, 
to take into account the fact that the numerical 
value of the form factor f2 is by approximately an 
order of magnitude smaller for the K -meson than 
for the pion [sJ and the replacement ~ - mK. 
The cross section for the process inverse to the 
1r ( K) - e + v decay in the field of a nucleus will 
be smaller by a factor ( me/mf.J. )2 as compared to 
the process inverse to the 1T ( K) - f.J. + v decay, 
as was also found in the case of the Coulomb mech
anism [3], and will therefore be naturally depressed. 

The author expresses his gratitude to I. Ya. 
Pomeranchuk and L. B. Okun' for useful discus
sions. 
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