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Production of mesons due to the interaction of neutrinos or antineutrinos with nucleons is
considered. Numerical estimates of cross sections are derived from electroproduction data.

].. The present paper concerns$ itself with the in-
teractions of neutrinos or antineutrinos with nu-
cleons resulting in the production of pions. These
processes have been considered previously by Lee
and Yang 1 in connection with the possibility of
experimentally testing the local nature of the lep-
tonic current. The following reactions are possible:

V+P—>l_+P+ﬂ+» v—|—n—>l'+n+u"’,

'V+n—>l-+P+ﬂ'°» (1)

v4nol4nta, v4+polttpta,

Vb p ottt (2)

where I* stands for a charged lepton (electron or
L meson).

In what follows these reactions will be identi-
fied by the target and the sign of the meson (p+,
n+, no0, etc.).

In Sec. 2 we discuss the structure of the cross
sections of processes (1) and (2) assuming the
validity of the V,A interaction, and in Sec. 3 we
make the connection with electroproduction cross
sections.

2. Accurate to first order in the weak interac-
tion the element of the T matrix responsible for
processes (1) has the form

{p=gs:| T | p1S1)

= —V26u(s) v “ 5w, (sy) - V:_R ti2Hyu;, (3)
where G is the Feynman-Gell-Mann constant,m
sy and s; are the momenta of the final lepton and
neutrino respectively, U7 and up are their wave
functions, q is the momentum of the meson, and
p; and Uy, p; and u; are the momenta and wave
functions of the initial and final nucleons.
ﬁzHuul/\fz_qa represents the matrix element of the
baryonic V,A current.

Analogously the amplitude for processes (2) is
given by

— V260, (—s) 1+~ 0 (—sy)

1
v 2(]0

where v, and v; are negative frequency spinors,
and ﬁ# and H), are related to each other like the
F components of an isotopic vector.

It follows from Eq. (3) that the differential
cross section for processes (1) is given by

(4)

uH,u,,

do = G121 @45, 404 cos 9,

- (5)
(4.‘";)‘ 2 Siom 1'4

where s;, is the neutrino energy, s,, and 8, are
the energy and momentum of the emitted lepton in
the laboratory frame, Q is the solid angle of emis-
sion of the lepton; W and q are the total energy
and momentum of the final nucleon and meson in
their barycentric frame, 4 is the nucleon scatter-
ing angle in the same frame, and m is the nucleon
mass.

The quantity & is given by the equation

D = [S*S" — k*k — (n— %) g™

— iSakpe®®1Sp(p2 + m) H,(pr + m) H,, (6)
where S = sy + 85, k=58; — 89, and SO‘B"‘V is the
completely antisymmetric tensor (£'® =1). It is
assumed that the incident nucleon is unpolarized.

From a comparison of Egs. (3) and (4) it follows
that the cross section dg for processes (2) is also
given by Eq. (5) provided that in the definition (6)
for & one changes the sign of the last-term in the
square bracket and replaces Hy by ﬁﬂ'

Instead of H and H (for the sake of brevity we
drop the subscript p on Hy and ﬁu) it is conven-
ient to introduce the amplitudes H* and H~ which
are simply numbers in isotopic space:

H = xm {H* (8py + iOmo)+ H™ ltm, 1.1/ V' 2},

H = nm {H* (81— i0mz) + H™ [Tm, ©)/ V2, (7)
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m0 gtands for the isotopic polarization vector of
the pion.

The amplitudes for specific physical processes
of the (1) or (2) types are very simply expressed
in terms of the H* and H™:

Hpyy=V2(H* — H"), Hn= V2(H*+ H),

Hpo=2H"; (8)
Hi=V2H*—H), H,=V2(H'+ H),
Hp=—2H". (9)

It is obvious that isotopic invariance makes only
two of the three physical amplitudes in each group
independent. Consequently there exist relations
among the amplitudes

Hp+—Hn++VQ_Hm)=O, ﬁn_—ﬁp_—ﬁﬁp():O.(lO)

These relations give rise to inequalities for the
cross sections, similar to the inequalities connect-
ing the squares of the sides of a triangle.

The equalities

Hp+ = I‘T,,_, Hn+ = ﬁp—y Hno = —“ﬁpo

are a consequence of the fact that the transition
from reactions (1) to reactions (2) may be accom-
plished by means of the charge conjugation opera-
tion on the leptons and the charge symmetry trans-
formation on the strongly interacting particles.

If the leptonic current is local then H* and H~
depend on the leptonic momenta s; and s, only
through the momentum transfer k =s; — s5. At
that Eq. (6) shows that the cross section depends
on the components of the vector S quadratically.
The term linear in S arises from the last term in
the square bracket in Eq. (6). This is precisely the
term that changes sign on going from reactions
(1) to reactions (2). A detailed discussion of the
symmetries arising from this property was given
by Shekhter.t¥

Consequently the cross sections dop, and doy_,
doy, and dGp_, dopg and dop differ from each
other only by the sign of the terms linear in S.
This means that if we increase the components of
S, at fixed values of k, the corresponding cross
sections will tend to the same limit. Such a limit
is obtained, for example, if for small angles of
emission of the final lepton sy > 81y — 8.

The quantity &, Eq. (6), consists of a scalar
and pseudoscalar part. The pseudoscalar part de-
scribes the correlation between the momenta of
the particles partaking in the reaction, of the type
PPl X p- Such a correlation is absent if time re-
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versal invariance holds and the interaction in the
final state is ignored.

It is easy to see from the definition (6) that the
interference of the V,A baryonic currents can
enter the scalar part only in the terms linear in S.
This means that if we take for each of the above
mentioned pairs of cross sections half their sum,
then we will get in the scalar part of this half-sum
contributions from the V and A currents inde-
pendently.

3. Additional information may be obtained on
the reactions (1) and (2) if use if made of the
Feynman-Gell-Mann hypothesism relating the
electric current and the vector part of the weak,
strangeness-conserving, current. This hypothesis
connects reactions (1) and (2) with electroproduc-
tion reactions

I*4n— 1+ n+a
F4n-I"+pta.

I+ p—1* 4 p+n,

BFrp—s1*+n+4a”, (11)

As is well known (see e.g., [4]) the amplitude
for pion electroproduction is given by

—e? 7:7 1y (Sg) Y*uz (s1) 1—/—;77:0 uHyu,, (12)
where e¥4m = o, u is the wave function of the
electron (p meson) and HE is related to the
matrix element of the electric current.

From this we get for the cross section of this
process do€ the expression

1 et

do® = WW%%QEdsZOdeCOS&, (13)
where
O° = [S*S’ — "k’ + k%g™"]Sp (p2+ m) HE (pr+ m) H..
(14)

The second term in the bracket contributes nothing
as a consequence of gauge invariance.
The isotopic structure is

H® = 1™ (Hvn + HyOpms + Hy [T, 11/2), (15)

where HYyy and Hy; coincide with the vector parts
of the corresponding amplitudes H* and- H~ [Eq.
(7)], and H® arises from the matrix element of the
isoscalar current.

The amplitudes of the reactions (11) are simply
expressed in terms of HY, Hy; and Hy:

Hfy=Hy — H°, Hj.=V2(H + Hy),
Hi_=V2(H® — Hy). (16)

From here it is easy to express the vector am-
plitudes (8) and (9) of the reactions (1) and (2) in
terms of the amplitudes of the reactions (11):

H;O = Hl-;"i‘ HO)
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Hp+V =ﬁn-—V = (HZO + Hreto)/ﬁ‘— %‘ (H:H- - Hfl—)y
Hppv = Hoy = (Hpo+ Hu)/V'2 + & (Hp — H3),

Huy = — Hypoy = (Hp — Hi)/V/ 2. (17)
Suppose now that the charged lepton involved in
these reactions is the electron, and consequently
its mass may be ignored. Then the first factor in
the scalar part of &, Eq. (6), coincides with the
factor in ®€, Eq. (14). This makes it possible to
derive certain relations among the cross sections
as well. It is desirable, however, to eliminate the
effect of H. It is seen from Eq. (16) that half the
sum of the cross sections dogo and do$, dog,, and
do§_ does not contain interferences between H’
and Hi. The terms ~| H’ |2, on the other hand,
may be apparently either completely ignored or
taken equal to their Born approximation for values
of W near to or below the energy of the (3.3) res-
onance.' For simplicity we ignore in what fol-
lows the square of H’ in comparison with the
squares of other amplitudes. Then a comparison
of Egs. (5), (6), (8) and (9) with Egs. (13), (14)
and (16) gives rise to the following relations among
the cross sections:

L (d0no + dOpo) > + (GK*/2m0)? (do}. + dof),  (18)

3 (d0p, + dosy +dT,- + do,-)
> (GR¥/2n0)? [(dopy -+ doho) + 5 (dope + dorn)],  (19)

1 (d0ps + dOn, + do,- +do,.)
— 2 (A0 + d0yo) > (GR/2n0)? (dop, + dofo). (20)

If at least two particles are detected in the final
state then from the experimentally obtained cross
sections on the left sides of the inequalities one
must subtract the terms describing the correla-
tions of the emitted particles so as to be left with
the scalar components only.

It was shown earlier that on the left sides there
is no interference between the V and A variants,
and on the right sides there is no interference be-
tween H’ and Hy;. The sign > has to do with the
fact that the left sides also have a contribution
from the axial vector current. In order to make
the inequalities more precise one must, of course,
subtract from the right sides the contributions due
to | HY|%. Afterwards they may be used to deter-
mine the contribution of the axial vector current.
The difference of the left and right sides of Eq.
(18) gives the contribution ~ | H3 |% and of Eq. (20)
the contribution ~ | H} 2.
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In connection with these inequalities it is of
interest to consider the kz-dependence of the
cross sections. If the electron mass is ignored
then k? = —284yS9 (1 — cos 6), where 6 is the
angle of emission of the final electron. Since the
amplitudes H® should not, apparently, have poles
as k*— 0, it is not hard to see that the quantity
k~2% has a finite limit as s,, tends to zero at
fixed values of 6. It therefore follows from Eq.
(5) that for nonzero angles and small k? the cross
sections do and do should go as (k?)? or, what
is the same, as (sy)%

For small k*(|k?| < 4m%) the electroproduc-
tion cross sections on the right sides of the in-
equalities (18)—(20) may be expressed in terms of
photoproduction cross sections according to the
equality (see, e.g.,[5]),

lim 2o . e _ 1
PrIeS 05399 0Q (27m)2 530 (1 — cos Q)

GP, (21)

where oP stands for the photoproduction cross
section.

For larger values of | k2| the inequalities
(18)—(20) show that the ratio of the cross sections
do and dc to the electroproduction cross sections
grows like (k%)% This result is a consequence of
the assumption made relating the electric and
weak currents, and may be subject to experimental
test. If an intermediate vector boson of mass M
exists, then for |k?| > M? the factor (Gk¥27a)?
in the inequalities (18)—(20) should be replaced by
(GMY2ra)2

The relations (18)—(20) become simplified when
expressed in terms of cross sections for deuteron
reactions. The experimental data on electropro-
duction on deuterons (8 indicate that the cross sec-
tion is approximately equal to the sum of the cross
sections on neutrons and protons. If one makes
use of this additivity property of nucleon cross
sections one obtains the inequalities

L (dopo + dopo) > 1 (GR*/2na)? (dob ) + dob.),  (18a)

L (dops + dop-) > (GE*2ma)? [dob, + & (dob, + dob.)],
(19a)

L (dops+ dop.) — = (dopo + dopg) > (Gk*/2n0)? do.
(20a)

Here dop,, dopy doD_, ddpo; da]ego, da'%,,,
da%_ refer to the cross sections for the following
reactions

v+D e 4+ p+n+at, v+D e + 2p+ n%(1a)
v+D set+p+n+a,v+D et + 2n+ n° (2a)
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et + D ef +2n + mt,
(11a)

e*+D—e*+p+n+no,
ef+D—>et42p 4w,

From Egs. (18a)—(20a) one obtains the following
relation for the cross sections summed over the
charge states of the produced meson:

1 (dop + dop) > (Gk2/2na)? do’. (22)

The existing experimental data on &%)/ 959908
permit one to calculate the right side of the in-
equality (22) for the energy sj, in the interval
from 460 to 680 Mev at angles 6 = 90° and 135°.
One gets in this way the value ~(2 — 6) x 10743
cm?/ Mev-sr.

If one integrated these values over s,; one
could obtain an estimate for the differential cross
section also. A rough numerical calculation using
the trapezoidal method gives for the angle 6 = 90°
and the energy si; = 523 Mev the estimate 4.4
x 1074 cm¥sr. By the same method one gets for
6 = 135° the value 3.6 x 107! cm¥sr at sy
=563 Mev, and 4.1 x 107! cm¥sr at sy, = 607
Mev. These numbers should be compared with the
contribution of the vector current to the differen-
tial cross section for the ‘‘elastic’’ processes
v+n— e~ +pand 7 +p— e* +n at the same
angles and energies. This contribution may be
calculated and turns out to be for the above men-
tioned cases respectively 2.2 x 1074, 1.65 x 10740
and 1.62 x 107 cm¥sr. In this manner we find
that the ratio of the differential cross sections for
inelastic and ‘‘elastic’’ processes amounts to ap-
proximately 0.20—0.25. Unfortunately the experi-
mental data on electroproduction on deuterons are
very poor and do not allow more detailed estimates.
Neither can we estimate the total cross sections
for reactions (1a) and (2a). It is, however, to be
expected that the ratio of the total cross sections
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of ‘“elastic’’ and inelastic processes will be of the
same order of magnitude as the ratio of the differ-
ential cross sections.

Beside the processes considered above also
processes leading to the production of K mesons
and £ or A hyperons are possible. For reactions
in which T hyperons are produced the inequalities
(18)—(20) remain valid if one interprets the signs
+, —, 0 as referring to the sign of the produced
2 hyperon.

For the reactions

vi+n—oe +A+ K, v+ poet+ A+ K5 (23)
et+p et + A+ K+, efdn et A+ K (24)

it is possible to obtain in the same manner as be-
fore the relation

L (do, + doo) > L (GK*/2na)? (dof + dof),  (25)

where the subscripts refer to the sign of the pro-
duced K meson.

In conclusion the author expresses his gratitude
to I. M. Shmushkevich and V. M. Shekhter for sug-
gesting this problem and for useful discussions.
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