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Calculation of nuclear effects in neutrino induced A production from deuteron relevant to the BNL experiment
is presented. The inclusive production of A from nuclei is studied in a local density approximation which takes
into account the modification of A properties in the nuclear medium. We also present the results for the coherent

production of pions from 'O induced by neutral current.

1. INTRODUCTION

The excitation of delta from nucleon and nu-
clear targets is the dominant mechanism to pro-
duce pions in the intermediate energy regions rel-
evant to atmospheric neutrinos. While there is
considerable work on the electromagnetic excita-
tion of delta from the nuclear targets [1-8], the
work in weak excitation of A has been limited to
the analyses of very few earlier bubble chamber
experiments done with neutrino beams [9-11].

The present interest in understanding the pion
production from nuclear targets relevant to the
neutrino oscillation experiments being done with
atmospheric neutrinos has emphasized the need
to re-examine these processes over a wide range
of neutrino energies [12-14]. The calculation of A
production from free nucleons is done in the stan-
dard model using delta nucleon transition matrix
elements. The weak transition form factors en-
tering these matrix elements are not known accu-
rately and have to be determined from a model
and/or experimental data whenever available [15—
20]. There is an additional model dependence
when the A production is considered in nuclei
due to strong interaction of A in the medium.
The modification in the A properties like its mass
and width in the nuclear medium has been stud-
ied in the case of electromagnetic excitation and
the results are used to calculate the weak produc-
tion of delta. The delta resonsce once produced
in the nucleus, decays into pions which travel
through the nucleus and undergo various rescat-
tering and absorption before they are observed.

The pions thus produced leave the nucleus either
in its ground state or in an excited state. The
pion production processes are classified as coher-
ent and incoherent depending upon the state of
the final nucleus. In coherent production, the nu-
cleus stays in the ground state and the lepton
energy transfer is carried by the pion. While in
incoherent production the nucleus could be in ex-
cited state decaying further into a final nucleus
and other particles.

The nuclear effects in the A production are im-
portant to study the pion production from nuclei.
These nuclear effects are better understood theo-
retically if a deuteron target is used. Deuterium
filled bubble chambers have been used to study
the quasielastic neutrino reactions on neutron tar-
gets. This experimental set up has also been used
to study the exclusive pion production from pro-
ton and neutron using deuteron target and pro-
vide high statistics data on this process. While
the nuclear effects arising because of deuteron as
target has been studied for the quasielastic pro-
cess, not much attention has been paid to cal-
culate these effects for the pion production pro-
cesses. The pion production data has been anal-
ysed in absence of such corrections [9,10]. A re-
analysis of BNL experiment is being done[21] and
it is desirable that these corrections are calculated
keeping in mind the requirements of the experi-
mental analysis.

Here we first describe the delta production pro-
cesses on nucleons and deuterons in Section-2 and
take up the nuclear excitation of A resonance in
Section-3. The coherent production of pions is



taken up in Section-4.

2. A PRODUCTION FROM NUCLEONS
AND DEUTERON

The matrix element for the process vp — pu~ +
ATT is written as

= &cos @
M = 7 OcloJ (1)
with
lo = u(k)va (1l —v5)u(k) (2)

and the weak N — A transition matrix element
is written as[17,18]
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where M is the nucleon mass, ¥, (p') and u(p)
are the Rarita Schwinger and Dirac spinors for
Delta and nucleon of momenta p' and p, q is the
four momentum transfer (= p' —p=4k — k').

The weak form factors C} (i=3-6) are obtained
using the conserved vector current(CVC) hy-
pothesis, which requires C{' = 0. The remaining
three form factors are related to the various am-
plitudes in the photo and electroproduction of
the A resonance.

From the experimental data on these processes,
the following values of the vector form factors are

obtained, which are used in the analysis of the
neutrino scattering experiments[18—-20]:

M
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The values of the axial form factors most often
used in the analyses of the neutrino experiments
are[9,10]
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with C$1(0) = 0,C£(0) = -03,04(0) =

1.2,a4 = a5 = —1.21, by = b5 = 2GeV? and My
is treated as a free parameter. For our present
purpose, we take M4 = 1.28GeV .

With these matrix elements the differential
cross section is calculated to be

do Gp°Cos®0, M 1
dgdky, 12872 Ma (s — M2
CaA(W)
LagJ®? . (10)
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s = (p+k)?, Lag is the Leptonic tensor and J*#
is the Hadronic tensor and I'a is the width of A
resonance.

When the reaction takes place in the deuteron
ie. v(k) +d(p) —» p= + ATT(p}) + n(ph), the
differential cross section in the impulse approxi-
mation is derived to be[22]
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where M, is the deuteron mass and gzNSd(pg) is
the Fourier transform of ¢,4(r), the deuteron ra-



dial wave function. This expression is derived as-
suming the neutron to be spectator, and neglect-
ing meson exchange currents and final state inter-
actions. Using the above equation we have calcu-
lated the differential cross section for the reaction
v+d— p~ + A+t 4 n for various deuteron wave
functions corresponding to Hulthen [23], Paris[24]
and Bonn[25] potentials.

In Fig.1, we show the effect of deuteron struc-
ture using the various wave functions. We find
that these effects give a reduction in 5% of 5—10%
in the region of low ¢?> depending upon the wave
functions used for the deuteron. Furthermore, it
was found that, in this model, the reduction is
very weakly dependent on ¢?. This is in con-
trast to the ealier experimental analysis[9], where
a strong reduction is found around ¢ ~ 0. The
present theoretical results do not include the me-
son exchange current effects which may be impor-
tant specially at low ¢2.

In earlier analyses of A production from
deuteron, S wave decay width for A resonance
has been used by many authors [10,18]. It is more
appropriate to use a P wave decay width for the
A resonance given by:

1 fz M
Da(W) = (I8 2

where the step function © denotes the fact that
the width is zero for the invariant masses below
the N7 threshold, W is the A invariant mass and
qcm the pion momentum in the rest frame of the
resonance.

It is found that the results for g—;@ are within
5% when S wave or P wave decay width for A
resonance is used. However, neglecting A width
as done by Hemmert et al.[26] to obtain a value
of C£(0) while analysing these experiments gives
a very high value of ;—;‘2 in the region of low ¢2.

3. A PRODUCTION IN NUCLEI

Weak production of A has been studied in or-
der to calculate the pion production from nuclei.
The detailed calculation of Fogli and Narduli[27]
does not give a quantitative description of the nu-
clear effects. The effect of nuclear medium has

acm|PO(W — M —m;) (12)

been recently calculated in a relativistic mean
field approximation[28,29]. In this approxima-
tion, a modified mass for the nucleon and delta
has been used but a constant decay width for the
A has been employed to calculate the pion pro-
duction. In the nuclear medium the mass and de-
cay width of A are both modified due to strong
interactions. We present the results of the nuclear
effects on the delta production in nuclei in the
local density approximation(LDA)[30,31] which
takes into account the modification of mass and
decay width. The method has been used in past
to calculate some electromagnetic and strong re-
actions in nuclei in the region of A dominance[2—-
7]. In this approximation the incoming neutrino
interacts with the nucleon moving inside the nu-
cleus of density p(r) with the corresponding mo-
mentum pn which is constrained to be within
Fermi sea and is therefore bounded by the local

1
Fermi momentum pg(r) = {(%p(r)) 3] .

The A’s however have no restriction on their
momentum. These delta particles once produced
may decay through AN — NN and A — N
channels in the nucleus. The nucleons produced
in these decay processes are Pauli blocked and
therefore the mass(M) and width(T') of A in the
nuclear medium are modified. This has been
studied in detail in electromagnetic and strong
interactions[2,3]. These modifications are param-
eterised by making density dependent changes in
M and I'. These are done by replacing Ma —
Ma = Ma+ReXp and T — Tpp =T —2Im3Za,
where T is the Pauli blocked width of A and ¥4 is
the self energy of the delta in the nuclear medium.
The Pauli blocked decay width I is given by

o1 (fanva) MIP'
fP=_ enl” p(Bp, B, K
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where p’,,,, is the momentum of the nucleon in the
final 7N center of mass frame and F(Ep, Ea, ka),
the Pauli correction factor is written as

kalPem| + BB, — Ery/s
2kA|plcm|

F(EFyEAyKA) =

The imaginary part of the A-self energy is



parametrized as:

a B8 vy
—ImXa = Cq <ﬁ> +Caz <ﬁ> +Cas (£> (13)
Po Po Po

and is determined mainly by the one pion inter-
actions in the nuclear medium. This includes the
two body, three body absorption and the quasi-
elastic absorption contributions for the produced
pions in the nucleus.

The coefficients Cg, Ca2, C a3 are prameterised
in the range 80 < T, < 320M eV, where T} is the
pion kinetic energy, as [2,3]

C(Ty) = az® + bx +c,

where C stands for all the coefficients i.e.
Cq,Ca2,Ca3, and f(y = 20).

The coefficients a,b,c and «,f are given in
Table-1. For T, > 320M eV, the coefficients cor-
responding to Ty = 320MeV are taken. This is
an approximation which needs further study in
this approach.

The intermediate nucleon feels a single particle
potential influenced by all the other nucleons in
the nucleus. This effect can be taken into account
in the form of the real part of the delta self-energy.
This effect modifies the delta mass in the medium
by

MA—)MA:MA+R€EA;

The real part of the A-self energy is associated
with the medium corrections and is approximated
as [3]

ReSa = 4002 Mev .
Po
With these modifications the differential cross
section for production of a A in a nuclear medium
is written as[32]
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where p,,(r) and p,(r) are the neutron and pro-
ton densities of the nucleus and

Lag = kakjy + klks — gagk-k' + i€ap ek k"

and

Jag = > JiJs

For antineutrino reactions we replace p, = pp
and change the sign of the antisymmetric term in
the leptonic tensor L,g.

It should be noted from the above equation
that the ImXA term in the numerator gives the
particle hole excitation and g term gives the As
which produce pions.

These pions once produced inside the nucleus
suffer rescattering and absorption on their way
out. A calculation of the absorption coefficient
to estimate the reduction in pion flux has been
done in the eikonal approximation. The energy
dependent mean free path has been taken from
ref.[33].

We have used in our calculations the three pa-
rameter Fermi density[34].

U}T’z
p(r) = poM
1+ ewp(%)

with C; = 2.608fm, C2 = 0.513fm and w =
—0.051.

In Fig.2, we have shown the results for d%j;’, for
E, = 750MeV. The effect of the medium modi-
fication of strong interaction properties of the A
results in an over all reduction of d%’, by 20 —25%
in the peak region, shown by the dotted line as
compared to the free A (solid line). However,
only ~ 80% of these A’s produce pions (shown
by long-dashed line) and the rest produce parti-
cle hole excitations. These pions once produced,
suffer reabsorption giving a reduction of about
15 — 20% which has been shown by the dash-
dotted line in Fig.2. Similar calculations have
been done in the relativistic mean field theory of
the nucleus by Kim et al.[28,29]. In this calcula-
tion a constant decay width has been used for the
A resonance. Our results agree qualitatively with
these calculations when we neglect the energy de-
pendence of the decay width and its modification

(15)




in the nuclear medium as discussed in Section-3.
As a result of these modifications the calculated
value of dd% are further reduced and are smaller

than the results of Kim et al.[28,29]. A study of
pion spectrum in this model will be very useful
from the experimental point of view.

4. COHERENT PION PRODUCTION IN
NUCLEI

4.1. Differential Cross Sections

The coherent pion production is the process in
which the nucleus remains in the ground state.
The study of such processes in electromagnetic in-
teractions has shown that these are dominated by
A-excitation in the energy region of atmospheric
and K2K neutrino beams. In this energy region
the coherent pion production induced by neutri-
nos has been studied by Kelkar et al.[35] in a non-
relativistic approach and by Kim et al.[28] in a
relativistic mean field theory of the nucleus. At
very high energies, the coherent pion production
has been studied using PCAC and the Adler’s
theorem for forward production and extrapolat-
ing it to non-zero Q? [36].

In this section we present the calculation of co-
herent pion production from nuclei in the local
density approximation using a relativistic descrip-
tion of A resonance. The corresponding scatter-
ing diagram is shown in Fig.3. The cross section
correponding to this diagram is given by

/ A3k / dp 1
o= X
@n)? | (2n)? 2B,
2my — 2 )
T > > IT1P2rs(q° - p°) (16)

In writing this expression the recoil of the nu-
cleus has been neglected. In a seperate calcu-
lation we checked that the recoil of the nucleus
gives only a few percent (< 3 —4%)correction in
the energy range considered here.

In order to calculate o, the matrix element is
calculated using the Feynman diagrams shown in
Fig.4 and is given by

T = %uw')wu —syulk) x

J'F(q—px) (17)

where

F(q - py) = / @ r(app() + bpa(r))e 4P ¥ (18)

and a and b are the numerical factors and de-
pend upon the charge state of pion produced in
charge or neutral processes.

J# is given by

™ 1 —s o
JH = meAizu (pl) I:pﬂ,A AO)\LL+

Pr, 07 Az, ] v (p) (19)

where the first term in the bracket is for the di-
rect diagram and the second term for the crossed
diagram as shown in Fig.4.

A, is the on mass shell A-propagator and is
written as

P+ Ma
A;u/ = b} A
P2 — MZ +ilMa
1 2P, P, Py, — v, P, }
v 5 v + ) 20
{g“ CRCE Y Vel 3Ma (20)

The most general form of O7* effective vertex is
given by equation (4 & 5.)

Using these expressions the following form of
the double differential cross section for pion pro-
duction is obtained

d*o 1 1 (E,—E,) ,
TR TRt e el D DI LA CEY

where |T'|? is obtained by squaring the terms
given in equation(17). Similar expressions are de-
rived for the lepton and/or pion differential spec-
trum for the process induced by the charged cur-
rents.

4.2. Nuclear Effects and the Pion absorp-
tion

The nuclear medium effect in the coherent pion
production is incorporated by modifying the mass
and width of A by including the real and imag-
inary XA as described in section-3. The nuclear
form factor F'(q — p,) as it appears in equation
(18) describes the pion as plane wave. In order



to describe the pion distortion we use an eikonal
approximation which has been used successfully
in the case of pion photoproduction. In this ap-
proximation the nuclear form factor F'(q — p,) is
replaced by a modified F(q — p,) given by [7]

F(q - Pﬁ) = /d3rp(r)ei(q—l;>w).r %

exp[— / (r'))dl] (22)

where [](p) is the pion self energy as a function
of the nuclear density

[ =5 2p 2t

Pr
|Px|

—px’pGan(s,p)

r=r+

and

Gan(s, p(r) =
1

/5 — Ma + 3il (5, p(r)) — Ba (s, p(r))

It should be noted that we have taken the nonrel-
ativistic expression for Gay to describe the pion
distortion. We take p(r) to be the density of the
nucleus.

(23)

4.3. RESULTS AND DISCUSSION

In Figs. 5 and 6, we present the results for
de;E vs E; at 0,4 = 0 and ﬁ vs O, at
E = 300MeV as calulated from equation(21) for

E, = 1GeV. The modification of A properties in
the medium through Ma and f‘A as discussed in
the text leads to a strong reduction in ds{fﬁ
(not shown in the figure). There is a further re-
duction due to pion absorption as calculated in
the eikonal approximation through the modifica-
tion of F(q—p,) (see equation 22). In Figs.7 and
8, we present the results for the angular distribu-

tion and the momentum distribution d‘;"

Teosies
The strong reduction due to nuclear medium ef-
fects and pion absorption in these distributions is
quite large.

The results presented in Figs.5-8, are in quan-
titative agreement with the results of Kelkar et

al[35] done for the coherent pion induced charged
current lepton production. We find that the rel-
ativistic effects leads to a very small (< 5%)
increase of the cross sections as compared to
the nonrelativistic case. The vector contribution
which is neglectd in the nonrelativistic calculation
found to give very small (< 2 —3%) contribution
in the relativistic description.
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