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Single-pion production processes in exclusive neutrino- reactions with small momentum transfer to the
nucleon, which are due to the scattering of neutrinos on virtual mesons (Reggeons), are studied. In principle,
the experimental study of these processes permits the contributions of the different mesons to be separated
and information to be obtained on weak meson-pion (Reggeon-pion) transitions.
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1. INTRODUCTION

By now a large amount of experimental data has been
gathered in neutrino experiments at high energies so
that it is possible to study individual exclusive process-
es. An interesting class of events discovered in ex-
periments at FNAL and CERN is the production of fast
single pions v, = u’7" and ¥, = "7 without visible
traces of a recoil proton or products of target nucleus
breakup. These processes are therefore character-
ized by a small momentum transfer to the nucleon (for
a recoil-proton momentum less than 200-300 MeV/c it
cannot be detected either from the range in a bubble
chamber or from the balancing of the transverse mo-
menta of the muon and pion). This is confirmed by
the presence of similar events with a single fast pion
and a visible slow recoil proton. It should be em-~ - -
phasized that in a large number of the events found
the pion has such a large energy (cases have been ob-
served where the pion energy was 20~30 GeV) that it
cannot be explained as neutrino excitation of resonan-
ces in the 7N system.

To interpret these peripheral events it is natural to
assume that they occur as the result of neutrino (anti-
neutrino) scattering on virtual mesons in the reaction

vA--pnd, : ' (1

where A is a nucleon or target nucleus (see Fig. 1 for
more details).

At first glance it seems that the main contribution to

reaction (1) must come from scattering on virtual pions,
vi(8,) +r°—pTtn*, . (2)

However, it should be remembered that for large en-
ergies of the pion produced (corresponding to large in-
variant mass of the 7N system) a transition to Regge
asymptotic behavior must occur. In other words, in
this region process (2) occurs on a Reggeized pion.
The rapid falloff of the 7 trajectory contribution with
energy makes it seem that in describing processes (1)
the contribution of scattering on w, p, and f mesons
corresponding to trajectories which fall off more slow-
ly with energy and also scattering on the Pomeron may
be important. - Study of the contribution of these pro-
cesses would make it possible to obtain information on
unobservable semileptonic decays of mesons (for ex-
ample, w-7muv) and to study the form factors of the
corresponding meson (Reggeon)-pion transitions.
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In the present study we estimate the contributions to
process (1) from the different virtual mesons (Regge-
ons) (Sec. 4). We also discuss coherent processes of
the production of single pions on nuclei due to the scat-
tering of neutrinos on virtual isoscalar mesons (Sec. 5).

2. PION PRODUCTION IN THE SCATTERING OF
NEUTRINOS ON VIRTUAL MESONS

We shall study the class of processes (1) described
by the diagram in Fig. 1. Such a diagram with a pion
pole in the ¢ channel is usually studied along with s-
channel pole diagrams for analyzing reaction (1) at
threshold.! We are interested in the kinematical re-
gion of small momentum transfers in processes at high
energies, where the contribution of the diagram in Fig.
1 dominates.” To calculate the contribution of the in-
dividual mesons (M) to this diagram it is necessary to
know the matrix elements of the weak transitions M
—n. Except for the case M =1, such transitions have
not been observed experimentally. However, existing
theoretical models permit reasonable estimates to be
made for them. ’

Since mesons with zero strangeness have definite G
parity, the G-parity selection rules (in the absence of
second-class currents) lead to the fact that every such
transition is either purely vector or purely axial vector.
In Table I we give the variants corresponding to dif-
ferent meson-pion transitions. We note that processes
in which pions are produced on isoscalar mesons w, o,
and f (and also on the Pomeron) will give a coherent
contxz-)ibution to the neutrino production of pions on nu-
clei,

We see from Table I that scattering on virtual 7 and
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To interpret these peripheral events it is natural to
assume that they occur as the result of neutrino (anti-
neutrino) scattering on virtual mesons in the reaction

vA—und, : ’ (1)

where A is a nucleon or target nucleus (see Fig. 1 for
more details).

At first glance it seems that the main contribution to

reaction (1) must come from scattering on virtual pions,
Va(9,) +r0—> pF+n, . (2)

However, it should be remembered that for large en-
ergies of the pion produced (corresponding to large in-
variant mass of the 7N system) a transition to Regge
asymptotic behavior must occur. In other words, in
this region process (2) occurs on a Reggeized pion.
The rapid falloff of the 7 trajectory contribution with
energy makes it seem that in describing processes (1)
the contribution of scattering on w, p, and f mesons
corresponding to trajectories which fall off more slow-
ly with energy and also scattering on the Pomeron may
be important. - Study of the contribution of these pro-
cesses would make it possible to obtain information on
unobservable semileptonic decays of mesons (for ex-
ample, w—7uv) and to study the form factors of the
corresponding meson (Reggeon)-pion transitions.
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pole in the ¢ channel is usually studied along with s-
channel pole diagrams for analyzing reaction (1) at
threshold.! We are interested in the kinematical re-
gion of small momentum transfers in processes at high
energies, where the contribution of the diagram in Fig.
1 dominates.” To calculate the contribution of the in-
dividual mesons (M) to this diagram it is necessary to
know the matrix elements of the weak transitions M
—n. Except for the case M =7, such transitions have
not been observed experimentally., However, existing
theoretical models permit reasonable estimates to be
made for them. :

Since mesons with zero strangeness have definite G
parity, the G-parity selection rules (in the absence of
second-class currents) lead to the fact that every such
transition is either purely vector or purely axial vector.
In Table I we give the variants corresponding to dif-
ferent meson-pion transitions. We note that processes
in which pions are produced on isoscalar mesons w, o,
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TABLE 1,
JP, IG ’ Charged current Neutral current
Transition initi

ranst :‘f:::d I G- transition. variant Ce—so- transition variant -
-5 0-, 1~ + 1 4 + None
o> x 1-, 1+ - A - 14
o'~ 5 1-. 0- + v - v
o= 0+. 0+ - A + A4
A-m ) 1+, 1~ + 14 + None
D% —xn i+ 0+ - A + 4
N~ x(n’ - x) 0=, 0+ - None + None
Ag-—-u:t 2+, 1= |1+ v + None
P 2+, 0+ - 4 + A
7’ mesons does not contribute to process (1). In fact,

the G-parity selection rules require that the transitions
N and 7'~ 7 originate from the axial current which,
on the other hand, is forbidden for transitions between
pseudoscalar mesons.

-

sitions M"—=7° corresponding to the process vA—~vr'A
due to neutral currents. In this case the choice of var-
iant is specified by the C-parity selection rules. .

The structures and constants of weak transitions due
to the vector current can be obtained from CVC argu-
ments. We have used the PCAC relations to estimate
the constants of the axial transitions (Sec. 3).

The matrix element of reaction (1) is written in the
form

M= i llle ’ (3)
¥2

where I, =i#,7, (1 + ¥)u, is the charged leptonic current
and H, is the matrix element of the weak hadronic cur-
rent. The diagram in Fig. 1 corresponds to the choice
of H, in the form of a sum of scatterings on all the vir-
tual mesons with the production of a pion:

H,. - Z T porn jum), . (4)
M

where T% and P* symbolically denote the vertex -
where a virtual meson M is emitted by a nucleon of the
target and the meson propagator and ;% =(x |J, |M) is
the matrix element of the weak hadronic current be-
tween the virtual-meson (M) and pion states.

The nucleon-meson vertices 7%’ are determined by
the effective constants used in the model of nuclear
one-boson-exchange potentials® (see Sec. 3).

In describing process (1) the Reggeization of the me-
sons becomes important for sufficiently large invariant
masses of the hadronic 7N system. In this case the
propagators P% must be chosen according to the Regge
pole model and the vertices T#’ must be determined
from the residues of the corresponding Regge trajec-
tories.

Henceforth we shall restrict ourselves to inclusion of
the contr1but10ns of the virtual 7, ¢, w, p, and f me-
sons.” In this approximation the current H, has the
form
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To complete the picture, in Table I we give the tran-

ty—m}

H,= Je (b t2) (P'*‘k)utp:

+ Zon () (&:Zul) fatnta) (F‘HC)..‘P.: gon(ts) (u:‘Yvux)

t,—m; t,—m?

£ OV ER) (1, )0t o) () By o
: :

fo(ty, 1) sm,,q,‘kp(p

iy
&rn () (Tayoits) (p1Hpa)a

—m2
t,mf

+

Pa‘:hm (t, 1) lP: s (5)

where

kuor=rf1(ts, 8) [gpq(P""]) +gur(ptal]
+or (8, 1) (pHEV(p+q) o (p+q)-

and we have omitted terms proportional to ¢, which
when contracted with the lepton current give the lepton
mass, terms corresponding to vector-meson couplings
of the form (fy/2my)iz0, 41 and proportional to the
small momentum transfer to the nucleon, and also the
terms corresponding to the tensor-gradient coupling of
the f meson to the nucleon.” We now show that the
terms corresponding to the exchange of isovector 7’
and p mesons have d1fferent signs for v and v scat-
termg a plus sign for 7" production and a minus sign
for 7” production. In formula (5) gux(#1) are the form
factors of the corresponding meson-nucleon -couplings,
which we shall take at zero momentum transfer; k1, ko,
p, p1, and p; are the four-momenta of the neutrino,
muon, pion, and incident and final nucleons, respec-
tiveIY; k1—kz=¢h1>1—Pz=k (See Fig- 1); fﬂ fo, fw flm
J20s fiys and foy are the form factors of the weak transi-
tions vM~—pn. We shall neglect the change in these '
quantities when the mesons go off the mass shell and
shall assume that f(t, ;) ~£(0, £,) ~f(m%, ). The pro-
jection operator P, of the tensor 2* meson has the
form

) ke,

14 _  _ - 2
Po? = '2— (gwgu'f‘gwg“ - ?gngw Fn=guw— ’—}J;‘

satisfies the conditions
BPo= kP o= kPt = kPit =0, Pi=p—o,
and is symmetric under the interchanges A—~v,o—=7

and the pairs (v2)—~(07) (see Ref. 8, for example). In-
troducing the form factors

8wk Emfz!

Fy=4(p,tp,, 9) 7 Fu=4(p,tp., Q)
1M

we can rewrite the term corresponding to the f meson
in expression (5) in the form

F, Baqu _~
i e R et

We note that the exchange of a high spin (2°) leads to
the appearance of coefficients in the effective form fac-
tors Fy,; and F, which increase with energy.

Generally speaking, the inclusion of meson Reggeiza-
tion leads to a considerable change in the form of for-
mula (5). The contribution of the ¢ meson in the Regge
region is not important.® On the other hand, at high
energies it is possible to have pion production in the
scattering of neutrinos on the Pomeron induced by the
axial current according to the G-parity selection rules.
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In each term (except that corresponding to the f meson)
the pole expressions Fy =gunfu,/(t1 - m%) and, in the
case of the f meson, the effective form factors Fy,; and
Fys become

o $y ap(0)—1
D (L1, L2 53) =g (£, £, $2) N (_) ’
8o

. where 7y and o, are the s1gnature and trajectory of the
. corresponding Reggeon,

®%(t, t, s5) is a function deter-
mining the weak Reggeon-pion transition, and s, is the
scale parameter sg=2MyE, with Ej=1 GeV. Inaddi-
tion, in transitions induced by the axial current the co~
variant structures change and each term in H, corre-
gponding to p, f, and P trajectories must in general
change to the form of a sum

Q. (p+k) it @opit Osg,.

When the momentum transfer to the nucleon is small
the quantity p,q is practically independent of the azi-
muthal Treiman-Yang angle and for s> M% (where My
is the nucleon mass) is

sty

plq=_"2_s;1

(6)

where we have introduced the invariant var:a.bles (see
Fig. 1)
s=(ktp,)?, si=(g+p)*=(ptp)*
sa=(katp)?, 8,=F*, ta=¢".

In these variables the differential cross section of
reaction (1) has the form (for s> My sy, &> 4], m
mlzl; ltl ] < "zn mw: mm mf)

dic B IM1*
didtds,dg  (2n)°-32(s—M% ) (=)

G*? t. Sz
PUPL A =i, +)( +——) ’(1—_—) ‘
(2n)‘~83=s,{ "32(“ 5 )' et s

XIF,+Fi+2 (i-i- -;) SIF (72)
. S2
oat.t b s, L 85 .+:j: .
_zmﬁs,:,( 1+ 75-:) F A (1+ - ) 52 (1 23) Re ¥} (=F,+F))
ot s . . ’
+8s (1-—;—) (1— _i) (kupgk} B B (2F,+F)) (7o)
s, ( 1+ _f'—-) thup k) le FLF,
25,
*{A,p,qk}lm[:———-—»F,F.FFs-—(s- —) FoFY (7¢)
:bs: (- ?) Pk (F, gk ) FF ]
£4M 2 tase (1+ —"—) Im F2 (FoF.,) } (7d)
Sz
where ¢ is the Treiman-Yang angle, {kp1g%}
= Euv).okiu plvquw )
oo St o Mgade g iy
L—m m, m,
F 5= 'ﬂ{"f:z'—u y Fiy=4 (ot pe, @) —7— gﬂ,fl =t (8)

Fp=plﬂ—quipv Fi=1':f—qu=I-

We note that-in the case of scattering on an unpolar-
ized target the pion amplitude does not interfere with
the .other amplitudes.

In expression (7) the terms (7b) correspond to P-odd
effects due to the interference of the vector and axial-
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vector hadronic currents. These effects manifest
themselves in an asymmetry in the Treiman-Yang angle.
In the lab frame this term determines the correlation
[(pXky) * ], which shows up in an asymmetry in the
angle between the planes (p, k;) and (p, p;) containing

the moment of the pion (p) and muon (k;) and the pion

(p) and recoil nucleon (p2). To study these effects it is
necessary to detect the recoil nucleon.

Terms (7d) and (7¢c) correspond to the interference
of the leptonic vector and axial currents and have dif-
ferent signs in the case of neutrino (upper sign) and
antineutrino (lower sign) scattering. Term (7c) corre-
sponds to the agsymmetry in the Treiman-Yang angle.
Term (7d) also corresponds to the interference of the
hadronic vector and axial-vector currents and does not
disappear when the Treiman-Yang angle is averaged
over. The upper signs in formula (7) and in the follow-
ing refer to the case of neutrino scattering and the
lower signs refer to antineutrino scattering.

Distinguishing the difference between the neutrino and
antineutrino cross sections for the production of fast
pions therefore allows us to obtain information on the
relative signs of the different contributions. The Regge
pole theory predicts completely definite relations be-
tween the real and imaginary parts of the amplitudes.
We note that the difference between the v and v cross
sections is sensitive to the presence of imaginary parts
in the amplitudes which are not related to the Regge be-
havior: if the non-Regge amplitudes are real, terms
(7¢) and (7d) become zero in the non-Regge region.

The differential cross section (7) integrated over the
Treiman-Yang angle and-small momentum transfers #
is of interest for analyzing the experimental data. If
the momentum of the recoil proton is restricted by the
condition |p;| < aMy(a<1), the integration over # must
be carried out between the limits

ﬂs—‘-slma(v?ﬁ—n My, o,
The differential cross section thus obtained character-
izes both processes (1) with an observable slow recoil
nucleon and processes in which the energy of the recoil
proton is smaller than the detection threshold. The
general form of this cross section is simplified if we
change over to the standard variables used to describe
deep inelastic scattering, x =—¢'/2(p19) and y = =pg/
pik1. The conditions for the applicability of the one-
meson exchange and Regge pole models also become
clear in the plane of the variables (x,y). Taking into
account relation (6), we have

UL S b 200 s ) (9)
Sz $ s

In Fig. 2 we show the plane of the variables x and y.
Since (S3)pae ={s/My)V |#] o= a@s, the kinematical re-
gion of reaction (1) for |t:] < &M% (@< 1) consists of
the strips 0O<y<landO<sx<a. The hyperbolas xy
—-—(q /s) (s> MN) in Fig. 2 correspond to fixed q and
the hyperbolas y(1 — x) =s;/s correspond to fixed s;.

Hyperbola A is xy =A%/s, where A*~1 GeV* arbi-
trarily divides the (x,y) plane into a region of large 7
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(above hyperbola A) in which effects of the virtual me-
son structure appear in reaction (1) (here ¢’ is the de-
pendence of the form factors) and a region of small qz
in which such effects are unimportant.

Hyperbola B is y(1 - x) =M% /s, where M%~2-3 GeV?
distinguishes the region (above hyperbola B) in which
reaction (1) can proceed via neutrino excitation of reso-
nances in the 7N system. Therefore, to experimentally
distinguish processes of scattering on virtual mesons it
is necessary to choose the region of reaction (1) lying
above hyperbola B.

We cannot unambiguously indicate the boundary of the
meson and Regge regions in Fig. 2, because of the un-
certainties in the theoretical ideas about the transition
to Regge behavior of the amplitudes. We certainly can
assume that for sufficiently large y =s;/s 2 sg/s =%z,
with s =20 GeV?, the Regge description is valid. If
this description is also valid for fairly small y (down
to the region of s-channel nucleon resonances), then
when there is kinematical separation from the contri-
bution of the resonances of the 7N system, reaction (1)
above hyperbola B will be determined by the scattering
of neutrinos on Reggeons. However, it is possible
that Regge asymptotic behavior sets in late enough so
that for y <y, =s,/s, with s,~15 GeV® (Ref. 9), the
idea about scattering on virtual mesons is justified. In
Fig. 2 we show the characteristic regions into which
in this case the kinematical region of reaction (1) above
the nucleon resonance region (hyperbola B) can be di-
vided. For sy/s<y<sy/s there is a changeover from
a meson description to a Regge description. Experi-
mental study of this transition region is of great in-
terest, since it would permit important information to
be obtained on the physical nature of the transition to
Regge asymptotic behavior.

Region I in Fig. 2 (0<x< A%/sy and M%/s(1-x)<y
<sy/s) corresponds to scattering on virtual structure-
less mesons.

In region III it is important to take into account the
structure of the virtual mesons (the qz dependence of
the form factors). It should be noted that the existence
of region III is due to the relation between the param-
eters A? and sy: A< asy; for as, < A? there is no
kinematical region Il in reaction (1).

The Regge region sp/s <y <1 also separates into a
region of scattering on structureless Reggeons (region
I: sp/ssy<1, 0<x< A’/sy) and region IV, where
the inclusion of the q2 dependence of the form factors
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of the Reggeon-pion transitions is important.

We note that when the momentum transferred to the
nucleon is small the variable y is directly relateq to
the observable energy of the final pion: y =E /E,

The double-differential cross section of reaction (1)7
d*s/dxdy has the form (for s; < s)

d'o @MYy (o —2Y)s

2
(A=) | Fal*+ Mhuays 14 Fo1
[Fol

dzdy 32n3 2
+ (1 —y) [ln o + miy My . my (o — 2%)
@—)My | 2*+ma/My My (0 +mi/ My)(2* + m;;M;,)]

X g,’wﬁ$2M’fvz’y(1——%) ImF;;(Fl,iFm)} , (10)
where the transitions due to the axial hadronic current
appear in the combinations

Fo=F&F+zF, (11)

and the effective form factors corresponding to fr and
pw transitions enter in the form (8).

The contributions of the 77 and w7 transitions and the
set of meson-pion transitions due to the axial hadronic
current have been separated in expression (10).

The transition to Regge asymptotic behavior is ac-
complished by the substitution

F::-’@:m, F«"‘(Dun,
and instead of expression (11) for F, we have

. 5y | %0t . 8\ Ot ’
Fa—r 2001, (T ) +®,zn; (s_ ) +®». (12)

0 [
In expression (12) we have added the term ®p1p (Np=i
is the Pomeron signature) corresponding to the produc-
tion of pions in neutrino scattering on Pomerons and
have omitted the contribution of the ¢ trajectory, which
falls off rapidly with energy.

The separation of the unique combination (11) and (12)
in expression (10) is easily understood in terms of the
formalism developed in Ref. 10. In fact, at small
momentum transfers the main contribution to the ma-
trix element of the axial current in the Regge region
is given by the term

iﬂ'l U8 (£ +0,+ @) = ;‘(Ezaul)l’m(i@p'*'m/,'*‘@r) ~F (pi+p:)w

| ' (13)
corresponding in expression (5) to the Fy, contribution
of the p. meson and the Fy, contribution of the f meson.

3. CONSTANTS AND TRANSITION AMPLITUDES

a) Meson-nucleon interaction constants

The values of the constants characterizing the ver-
tices of the meson-nucleon interaction which enter into
the expression for the current H, (5) are well known
for 7 and ¢ mesons: g’y/4n=~15, g’y/4n=6. The ac-
curacy with which the vector meson constants are
known is considerably worse. We shall take the maxi-
mum value of g,y obtained assuming complete domi-
nance of the p meson in the isovector nucleon form
factor: g,y =g,,,=&, where g,,, is the constant of the
decay p"=7'7" (see Ref. 11). For the w-nucleon coup-
ling constant from the quark model we have g,» = 3gn»
which gives g2y/47~25, To estimate the interaction of
the tensor f meson with the nucleon we shall use the
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uark model and the data on the probability for the de-

cay f—~27. The amplitude of the decay /"= "7 has the
form

M f-fu'_n'sgfﬁ'ﬂ'QuQV‘Pi+q’t+F Wy (1 4)
where @, =Fky, —ks, and ¢i(k;) and ¢;(k;) are the wave
functions (momenta). of the pions. For the matrix ele-
ment (14) the probability of the decay f—~#'7" is given by
the formula

r(f=+=n*n-) =g1’x'u;m:/ 120x, (1 5)

from which using T, -=(2/3)T}2%,~96 MeV, we find

o /41 =3/2My. Assuming that the constants g;,s,-
and ng are determined by the coherent emission of an
f meson by the quarks making up the 7 meson and the
nucleon, we find

gin="/gn*n", g:n/4n=27/8M:r
or for the dimensionless constant Zyy =2Mygyy, & pv /4T
~14, which is in agreement with the results of the ana-

lysis of the contribution of the f meson in 7N and NN
scattering at low energles.

b) The constants of weak meson-pion transitions

The value of £,(0) is determined from the probability
of the decay 7' —~1’ev and is equal to vZ. The constant
£.,(0) can be related to the constant of the decay w =¥
using the CVC hypothesis. We have

fo(0)=(¥2/e) gusr, (16)
where g,,, is the constant characterizing the matrix
element of the decay w—7v,

Mo ir=gumEunokPodrto.

The probability for the decay w—77 has the form T, .,
=g% ,m} /967, from which

£2(0)=192nTu vy / ' mi. 4 (17)

Some information on the 4° dependence of fw(q ) in the
timelike region can be obtained from the experimental
data on the electromagnetic decay w O~a'uu” (Ref. 12).

The constant of the axial p7 transition can be obtained
using PCAC considerations. In the limit of soft pions
we have the following for the matrix element of the
weak current:

. _ 2 % 3
(ﬂ*"A:lpo)-p—;:iL(O] [Qs ,A:]|p°) = 7':-<0|Vau|90) a?'__gmlpw (18)
* % £ s 8o

from which
f10(0)=2m}/ fuflr ' (19)
for f,=m, is the constant of the decay T Uy,

On the other hand, we can use the PCAC hypothesis
to relate the divergence of the matrix element of the
weak p7 transition to the amplitude of the decay p —-27:

iguat |4 o™ =ifaCrnlpd =i ouxQupr (20)
from which

fp(o) =f1p(0) =2fxZonx.

Assuming g, =g,,,, from relatmns (19) and (20) we
have the familiar KSRF relation™
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fa=my /8

Therefore, the estimate of the form factor £,(0) is
self-consistent within the framework of the PCAC hy-
pothesis.

PCAC considerations also permit us to obtain re-
strictions on the value of the constant of the fr transi-

tion, relating this transition to the amplitude of the

decay f—7'7". In fact, according to PCAC
iglmt AT | P=fuatnm1P,

from which we find
fu (0) =].xg:u’x'- ) (21)

For estimates for the ¢ meson we shall set £,(0) =1.7

¢) Amplitudes in the Regge region

It is interesting to make an estimate of the amplitude
in the Regge region which is independent of assump-
tions about the residues. The CVC hypotheses can be
used to relate the value of &, to the amplitude for
photoproduction of charged pions at small momentum
transfers'; here for the value of ¢, We obtain

Qua=Fn (s;,/So) Unf0)=2

Due to the rapid falloff with energy of the amplitude
for scattering on a Reggeized pion the contribution of
the latter (together with the contribution of the o) to
the differential cross section (10) will be neglected in
the Reggeized region.

The vector dominance hypothesis can be used to re-
late the amplitude &, characterizing the contribution
of the w trajectory to the strong amplitude of the reac-
tion TN —pN at high energies.

The amplitude for TN —~pN has the form
A (TN —pN) =8 o (T 1o181) ko @53 (22)
then because the vector dominance
Q.= (12/2,) Oz (23)
For the matrix element (22) the differential cross sec-
tion for the reaction TN—pN has the form

—(T‘N ing PN)“"——I ono"

The experimental data’® on the reaction TN —~pN at
small angles on #Cu nuclei at E, =150 GeV permit in-
formation to be obtained on the value of Itb‘;’, Iz. Ac-
cording to the results of Ref. 15, the main contribu-
tion to the strong amplitude comes from the w trajec-
tory. For the quantity

|0:p|2 lo:pl: f_
16z 167 se
we have
02 .
16n A* GeV/c*

The value of » characterizes the effect of the screening
of the nucleons and the absorption of mesons in the nu-
cleus. In the absence of these effects »=2. When
these effects are taken into account we must have » <2..
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As a reasonable estimate we can take x =4/3.1°

The PCAC relations permit the combination F,, Eqs.
(11) and (12), due to the axial hadronic current to be
related to the elastic 7N scattering amplitude. Accord-
ing to (13),

0N | Ay | N> = F o (ptpa)2s,F a=fxTum, (25)

- where T,y is the 7N scattering amplitude determining

the differential cross section for elastic 7N scattering:
da Tew |* - .
E‘_=4n‘ sy l :
From relation (25) we obtain
" Fa=(fa/s,) Tun. (26)

4. NUMERICAL ESTIMATES

a) Density of events in the (x, y) plane and estimate of ‘
the cross section for pion production on virtual mesons

The above estimates of the constants and amplitudes
permit us to obtain the distribution of events with single
pions in the (x, y) plane. In the one-meson exchange
region from formula (10) (for x<<1 and y < s,/s< 1) we
find the following expression for the differential cross
section: _

do  GM,(a*—z%)s
dzdy 32

+2Fo(0) Fo(q*) +ys9:(0)§,(q°) '+ Myz'ysFi(0) Fa(q®) -
+2*B(a, B, =) px (0)§x (a%) }, (27)

where according to relations (15)-(17) and (19)-(21) we
have

{[£F.(0)F,(¢")

tot 2
B0 =, gm0l gy 102Teenger
f = em,
I arp B
B e T @ e
- 23
b=iry O="2".

For x—0 only the contributions of the p and f mesons
remain in formula (27):
do G:Mia’s
—_—
dzdy **° 32n° (

2 | 480nfulyuzn  \?
-t:‘—+ m ys) . (28)
In (27), the contribution of each meson is characterized
by a certain dependence on x and y, which makes it pos-
sible in principle to separate the effects of scattering on
each virtual meson and to study the ¢* dependence of the
corresponding meson-pion transitions.

It is interesting to check the energy dependence of.
the processes of scattering on vector and tensor me-
sons. The growth obtained in formulas (27) and (28)
with s; =ys is due to the effects of spin exchange in
the f channel. The vector dominance and PCAC rela-
tions relate F, and F,, to the corresponding hadronic
processes in which there is no such growth with energy.
Therefore, the experimental study of regions I and Il
(Fig. 2) for s; < sy ~15 GeV® makes it possible to study
spin effects in the # channel and to verify the vector
dominance and PCAC relations in this kinematical re-
gion.
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From formula (27) we find the following for the value
of the charge-asymmetry effect in the single-meson
region:

dg*

__do"  120G*Mys'Tih
dzdy dzdy

(0*~2*) yFo(9*) 65 (q%).

£ (29)
The increase with energy which is preportional to ys in
formula (29) is also related to £-channel spin effects,

The total cross section for fast pion prodiction is the
sum 0** =g, +0, +0, +0, +0y£0,s, Where g, is the term
corresponding to interference of the p and f mesons,
which determines the difference between the neutrino
and antineutrino cross sections: ¢"-¢"=20,, (we shall
neglect the interference of the p and f mesons with the
¢ meson). Let us assume that all the form factors
have the universal q2 dependence

Fu (¢*)= (30)
where A?=~1 GeV?; in the limits of small and large y
=as,/ A? we obtain simple asymptotic expressions for
the total cross sections:

1
1—g¥/A*

GMy( 5 [2 Blha’+5p) | 5§ @
324° {s.a ¢~ (0) [? 3 (a+p?) 3 a arctg—E-]

2 2
suM Nat

o®t (Y€)=

2 2
+%s,,a=F: ©)+ FL(O)+ 2 sua'Fy (0) + o ska’e; 0)

2 0,0 ), (31)

GMy [ Noles(0) ; a®+2p
tot —_
o) 321:’{ 2 (a’+ﬂ‘
A’ 'y

o A'at
7 Fe (0)+ 7

B

—Z—ZIB

a’;;p’ )
1

MAF2(0) [ln(H-'{)—__...i] .

+ 1+y 4

Alsyo?
2

R 1 2
+ A% (0) [In(H"Y) - -?] + @; (0) % 2A%s0a?F, (0) ¢, (0) }

"(32)

In Table I we give the numerical estimates of the cross
sections for different choices of the parameter s, and
for the case where the momentum transferred to the
nucleon is the maximum |#, | ..~ (1-2)m?, which cor-
responds to a~1/7-1/5,

Although the differential cross section (27) increases
as s with energy, the size of regions I and III decreases
as 1/s, so the total cross section is constant® and its
value together with the ratio of the contributions of the
various mesons is important in determining the value
of the parameters s, and A,

The relative values of the difference of the cross sec-
tions A =(¢"- 6")/(0” +¢*) of reaction (1) in v and ¥
beams is determined almost only by the parameter sy
in regions I and II.

TABLE II. Contributions of different mesons to the total
cross section in the single-meson region for two choices of the
parmeters sy and a.

¢, cm? -
gV—a¥
[ [ [ oy L5} l Opt P
sa=2GeV?, gemlfy |5.10-42|2.10-42 | 6.40—43 [ 8.10~4! 2.10—“' 4-10":‘ gg
sa=20GeV?, a=1f; |8-10-¢!|6-10—4! | 2.40-4! [ 3.40-40 | 2-40-3¢| 40-** | =
v 866
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b) The cross section for pion production on reggeons

Using relations (23) and (25), in the Regge region
from formula (10) (for y > sz/s) we find

o T it (] )

+ Mz ys(l—--%—)- —-— [D5i2d (g™

© Iy

FoM: x y(l —?)Y—In Re 0. G b (4) B (g) } (33)

where do /dtl,.o is the differential cross section for
7*N scattering

do* ys | @Ot ys | %O
e =4n l'{PﬂP‘*"Ym/ ("‘) F 1Mo ("—) l :
. t 1m0 So So

and ¥, M, and @(0) are the residue, signature, and
value of a(0) for the P, £, and p tra]ectones. For the
axial combination &, we assume the single q depen-
dence of the form factor

Daul(g) =0ulg?)/D4(0).

Numerical estimates show that the main contribution
in the Regge region for s r/s <y <1 comes from axial
transitions in which the weak Pomeron-pion transition
dominates. We see from formula (33) that for y—1 the
contribution of the w trajectory begins to dominate in
the differential cross section. Therefore, study of the

: distribution in v in the Regge region makes it possible
in principle to separate the contributions of the vector
and axial-vector currents.

For x—~0, which corresponds to region II in ‘Fig. 2,
we have

do G*Muoi's do*
a':cdy= 32a3 16n f.‘(l—y)( dt ,_.,) ’ (34)

In the Regge region the difference of the v and v cross
sections is determined by both the asymmetry due to
the interference of the p and the Pomeron and by the
P-odd asymmetry related to the interference of the
leptonic and hadronic vector and axial-vector currents.
For the difference of the v and v cross sections we
have

o)

: : 2. . -
X B2 (q) + 2M 2y (1 - 4"-) 22 Re 0% (074 0im) Ba (g°) B (g) } i
. 2/g,

do~ da*
» 2 /4 _
{“mf"(1 y)( dt  adt

do” do* G*M ,\2 (a*—a*)s
dzdy dzdy 325

- (35)

Investigation of the ¢* dependence of the differential
cross sections (33) and (35) makes it possible to study
the form factors of weak Reggeon-pion transitions.

Data on the diffractive dissociation of pions on nu-
cleons'” indicate that the differential cross section for
the dissociation of a pion into a hadronic system of
mass M falls off with increasing M as 1/M*. Reaction
(1) in the Regge region for large ¢ can be viewed in
the hadronic block as the inverse of diffractive dissoci-
ation of a pion into a system with M= \/' m and can be
chosen for making estimates of the q dependence of the
form factors in the form (30). Then for large Pdl
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=sxy> A? from formula (33) we find

do  GMy(ai—azt) A {wnji, ) (do* \ )
: t=y

dz dy - 327 saiyt dt
2
+2M,:s" (1——”—) —2—,l®,f,l’$2va(i——!-l—)
v 2 2 2
¥2 s 1
X_(Da-rf-xﬁrolv 2 * } (36)
s sy

Comparison of formulas (27), (34), and (36) shows
that the density of scattering events on mesons and
structureless Reggeons increases as s with energy,
while the density of scattering events on Reggeons
with structure falls off with energy as 1/s. However,
as the energy increases regions I, I, and Il in Fig. 2
become smaller while region IV grows, so that the
total number of events in regions I, II, and III is con-
stant and independent of energy. The total number of
events of neutrino production of pions on Pomerons in-
creases as the logarithm of the energy while the total
cross section for the remaining processes of scattering
on Reggeons with structure and their interference are
constant and are determined substantially by s;. The
total pion production cross section in the Regge region
(for asg> A®) has the form
Gl [werpiy (1w -1)

0" = 0t 0aF0pp = 3

r Rl vt ol o 1 V=) e
where ¢} is the contribution of the p tra]ectory to the
total 7N scattering cross section: oot — cr:, =200,
For A’~1 GeV?, s=200 GeV?, s,=20 GeV*, and &
=1/5, for the individual contributions we will have
op2X104 em?, g, ~4X10* cm?, and o”-0*=3x10#
cm?’. The difference of the total cross sections for pro-
ducing single fast pions in v and ¥ beams changes sign
in going to the Regge region. This difference is deter-
mined in regions II and IV by the charge-asymmetry
effect, which is due to the interference of the p and P
trajectories, and is 10-15% of the total cross section.
The contribution of the interference of the vector and
axial-vector currents to the difference of the cross
sections is small (<0.1%) and falls off with energy as
1/s. We see from formula (37) that the total cross
section in the Regge region is determined mainly by
neutrino (antineutrino) scattering on the Pomeron.
Therefore, study of reaction (1) permits information

to be obtained on the weak interaction of the Pomeron
and its quark structure.

According to formulas (27), (34), and (36), the den-
sity of events is maximum in the region of transition to
Regge asymptotic behavior for y ~sy/s-sg/s and for

7 | ~A%, so that study of the distributions of events in
x and y permits information to be obtained on the space-
time picture of Reggeon (virtual meson) production (see
the Conclusion). Study of the charge-asymmetry ef- .
fects appearing in the difference of the neutrino and
antineutrino cross sections permits the parameters sy
and sy determining the transition to Regge asymptotic
behavior in the case of lepton-hadron processes to be
determined more accurately.
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5. PRODUCTION OF SINGLE PIONS ON NUCLEI

In processes of single fast-pion production on nuclei,
for sufficiently small # the scattering on o, f, and the
Pomeron is coherent on the entire nucleus and the scat-
tering on 7 and p is determined by the sum of the inco-
herent contributions of the nucleons of the nucleus.

At the vertex where an w is emitted by a nucleon
Z.U2Ysmaw, the interaction with the time component
.42V wy goes to g,2My 2 w, in the nonrelativistic
limit (the wave functions ¢; and ¢, are normalized to
unity) and corresponds to coherent scattering on the
nucleus. The interaction of nucleons with the spatial
component w is due to relativistic effects and is not
important at the small momentum transfers to the nu-
cleon which we are considering.

The Pauli exclusion principle for the nucleons in the
final state can have an important effect on the ratio of
the incoherent and coherent contributions of the differ-
ent mesons to reaction (1) for the production of fast
pions with small momentum transfer to the nucleon.
The detailed study of incoherent processes taking into
account nuclear effects is therefore a separate compli-
cated problem for which numerical counting is neces-
sary.”

The differential cross section for the coherent neu~
trino production of single pions on nuclei is determined
in formulas (7), (10), (27), and (36) by the contributions
of 0, w, f, and the Pomeron. Here the corresponding
cross sections must be multiplied by A,, where n=2
for coherent scattering neglecting screening of the nu-
cleons and the absorption of pions in the nucleus.

Study of the production of fast pions on nuclei permits
the contributions of the w and f mesons to be separated
in the meson region and those of the P, w, and f tra-
jectories to be separated in the Regge region. It is
interesting that the difference of the cross sections for
neutrino and antineutrino production of pions on nuclei
due to the p contribution can practically disappear.

6. CONCLUSION

Space-time picture of the production of virtual mesons .
and Reggeons

The kinematical region of small momentum transfers
to the nucleon corresponds to scattering on the peri-
phery of the nucleus, which in the quark-parton model
corresponds to the region of small x. Although the
contribution of the region of small x to the total cross
section for deep inelastic scattering is small, it is
precisely this region that is of great interest from the
viewpoint of the problem of the interaction of quarks
at large distances. In this region there are strong

. correlations between partons, and the effects of neu-

trino scattering on virtual mesons considered in the
present study are the manifestation of these correla-
tions.

The idea of scattering on virtual mesons as an effec-
tive means of simplifying the description of neutrino
scattering on quark-antiquark correlations at the peri-
phery of the nucleon (confinement?) makes it necessary
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to change the description of these correlations as s, 7
=2p1q=2Myq, increases. At characteristic scattering
times AT ~1/g, 21/My it is as if the correlations man-
age to be formed into virtual mesons, while at short
times the scattering occurs on correlations which have
the quantum numbers of the corresponding mesons but
which are not actually formed into these mesons. The
Regge asymptotic behavior also permits a description
of these “brief” correlations which appear-in the form
of the corresponding Reggeon. Here the parameter s,
(or, rather, T,=2My/s,) that we have introduced.
which determines the transition from the meson ampli-
tudes to the Regge amplitudes can be interpreted as the
time parameter for the formation of a virtual meson.

As qz increases the spatial resolution of the parton
correlations increases and the appearance of the q2 de-~
pendence of the form factors is due to the transition to
distances smaller than the effective size of the me-
sons. The experimental study of the problem of the 4
dependence of the form factors of meson-pion and
Reggeon-pion transitions (the weak charge radius of
the meson and the Reggeon?) is of great interest.

These estimates show that the value of the total cross
section for pion production inthe scattering of neu-
trinos on virtual mesons (Reggeons) and the maximum
of the density of events in the (x, ) plane are very sen-
sitive to the ratio of the parameters sy(sg) and A%, that
is, they are in fact determined by the time for meson
formation in parton correlations and by the spatial
characteristics of the correlations.

It is interesting to use the space-time picture that
we have described to study the problem of the existence
of a kinematical region of scattering on virtual me-
sons. In this region the PCAC relation (25) is strongly
violated if the estimates (19) and (20) are used for F,
and the experimental data on 7N scattering are used
for T.y. This violation can serve as an indication that
as in the case of hadron-hadron processes, the transi-
tion to the Regge description in reaction (1) occurs
directly after the resonance region or even earlier if
sp<M>, characterizing the background part of the
amplitudes in the resonance region. However, it is
possible that violation of the PCAC relation is valid
and corresponds to an important difference between
lepton-hadron and hadron-hadron processes in the
region 53 <sy (if sy >M§¢). In neutrino processes this
region is characterized by times AT > 7, =2My/sy eX-
ceeding the time for the formation of a virtual meson in
a hadron at rest. In a collision of two hadrons this pro-
cess will look like the exchange of a virtual meson only
if the characteristic collision time AT ~2M,/s1 exceeds
the characteristic time for the formation of virtual me-
sons in the two hadrons. However, this time is in-
creased for the incident hadrons: Ty—=Tj=Tu(s1/2My);
which significantly exceeds the characteristic collision
time. This can serve as a qualitative argument for a
later approach to Regge asymptotic behavior in lepton-
hadron processes. Experimental study of reaction (1),
especially the charge-asymmetry effects, for s1 =20
GeV? would permit this possibility to be checked.

It is of great interest to detect the slow recoil nu-
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cleon in reaction (1). This would permit the quantity
|4 |sax to be measured and thereby allow the study of
the properties of parton correlations as functions of x.
petection of the recoil nucleon makes it possible to
experimentally study the P-odd asymmetry [see formu-
12 (7] in the Treiman-Yang angle, Which would make it
possible to establish the relative sign of the different
amplitudes. It is therefore extremely important to
develop techniques for detecting slow particles in neu-
trino detectors.

Reaction (1) that was considered in this study is the
gimplest example of a wide class of neutrino processes
occurring at the periphery of the nucleon. Study of
such exclusive and inclusive’ processes would permit
information to be obtained on the weak interaction of
mesons (Reggeons) and the quark structure of Reggeons
and their physical nature, and also would possibly be
useful for theoretical and experimental study of the
properties of the interaction of quarks at large dis-
tances.

In conclusion we are grateful to V. V. Ammosov,
P. E. Volkovitskil, V. A. Gapienko, A. G. Dorosh-
Kevich, Ya. B. Zel’dovich, A. B. Kaldalov, L. B.
Okun’, Yu. F. Pirogov, K. A. Ter-Martirosyan, and
v. D. Khovanskil for their interest in the study and for
valuable discussions.

1) Neutrino scattering on virtual pions at high energies was
studied in Refs. 2—4.

2) The description of scattering on the & meson corresponds to
the effective description of scattering on an isoscalar 27
systems with mass 550 MeV. )

3) We note that the contribution of axial A; and D, mesons can
be neglected because the corresponding coupling constants
or Regge residues are small.® According to the quark
model, the A,-meson-nucleon coupling constant is three
times smaller than the corresponding coupling constant of
thef meson. We shall therefore neglect the contribution of
the virtual 4, meson. compared to the contribution of the f
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meson.

4) There are indications in the literature that here the coupling
constant is small.!

5) In the case of the o7 transition, a relation of the type (20)
does not make it possible to estimate f5 (0) because of the
uncertainty in the c-meson width.

) We stress the fact that the total cross sections become con-
tant at neutrino energies E, > su/2Mjy.

" Coherent neutrino production of 7° mesons on nuclei due to
neutral currents was studied in Ref, 16.
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