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We review the existing experimental data and models of single-pion production in neutrino-nucleus interactions
in the few-GeV region. We mainly discuss the effect of Pauli exclusion effect and the NA vector form factors,
which were not properly considered before. We propose the new direction for modelling single-pion production.

1. Introduction

Many neutrino oscillation experiments have
been proposed in the few-GeV region after at-
mospheric neutrino oscillations and solar neu-
trino oscillations become established[1]. Precise
knowledge of neutrino-nucleus interactions in
this energy region is becoming more important
in neutrino experiments. In the few-GeV region,
the cross section of single-pion production is as
large as the quasi-elastic cross section. Various
resonances seen in the v — N and 7 — N sys-
tem should be present in the invariant-mass (W)
spectra of single-pion production in neutrino in-
teractions. A(1232) is the dominant resonance
in single-pion production and there are other
prominent resonances, like Pyq(1440), D13(1520),
S11(1535), F11(1680) and Py5(1740) below W < 2
GeV. Furthermore, a non-resonant process, like
deep-inelastic scattering, begins to contribute to
single-pion production as the energy increases.
We review the models of single-pion production in
neutrino-nucleus interactions based on the most
updated knowledge of electron- and neutrino-
nucleus scattering, and propose some features to
improve the models.
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2. Experimental data of single-pion pro-
duction

Previous measurements of single-pion produc-
tion were performed by the Bubble Chamber ex-
periments for the charged-current (CC) processes,
and are plotted in Figs.1-3: v, +p = u~ +p+7*
[2-5,7,6], v, +n— pu~ +p+7° 34,7, v, +n —
potn+7t BA, Ty tn o pt +nt+ o [7.8],
and 7, +p = p* +p+77[7,4]. The cross section
increases with the incident neutrino energy above
0.5 GeV and saturates as the energy increases
above 5 GeV. As can be seen in the plots, the
cross sections vary at the level of 20-30%, mainly
due to the flux uncertainty of the wide-band neu-
trino beams. BNL and ANL Bubble Chamber
groups [3,4] showed that the I=1/2 amplitude is
comparable in size to the I=3/2 amplitude in the
reactions of 4~ +p+7° and = +n+7" and that
the I=1/2 amplitude becomes even comparable
at the high-mass region. Furuno of the BNL Bub-
ble Chamber group [9] at this workshop showed
the ratio of the cross section of single pion pro-
duction to the quasi-elastic scattering in order to
reduce the systematic error due to the uncertainty
of the flux (Fig.4).

The do/dQ? distribution is very fundamental
in the cross-section measurement and calculation,
where Q? = —(q; — ¢2)? is the four-momentum
transfer squared. The @Q? distribution of the
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Figure 1. Cross sections for single-pion production
vy +p—p +p+at[2-5,7,6]. Gargamelle data[2]
are given for W < 1.4 GeV/c?. Other data do not use
W cut. The solid curve represents a calculation of the
Rein-Sehgal model [12] with M4 = 1.2 GeV/c>.

p~prT channel was also presented by Furuno [9]
at this workshop (Fig.5). Figs.6(a-b) show the Q?
distribution in (a) a charged-current quasi-elastic
enhanced sample and (b) a charged-current in-
elastic enhanced sample in K2K [11]. Monte
Carlo prediction is shown in boxes. In the few-
GeV region inelastic events are dominated by the
single-pion production, as seen in Fig.6(c). The
shadowed area is due to single-pion production
and the black area is due to quasi-elastic events.
A K2K experiment showed the preliminary re-
sult on NC single 7° production at the previous
NulInt01 workshop [10], which is dominated by
NC resonance production. Their inclusive 7
momentum distribution is shown in Fig.7.

3. Models of single-pion production

The model of Rein-Sehgal [12] is commonly
used to calculate single-pion production by many
neutrino experiments. This model is based on
the relativistic harmonic oscillator quark model of
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Figure 2. Cross sections for single-pion production
vptn — p~+p+n°[3,4,7]. andv,+n — p~+nt+at
[3,4].

Feynman-Kislinger-Ravndal [13]. It naturally in-
corporates the contribution of baryon resonances
(and their interferences) up to the invariant mass
(W) of 2 GeV, which are described in SU(6) rep-
resentations. It considers both the I=3/2 and
1/2 charged current and neutral current. In this
model, a nucleon is a ground state of a three-
quark system tied together by harmonic forces,
and any resonance N* corresponds to the excited
state. The vector and axial form factors for a
resonance in the charged current are assumed to
take the form

GVAQ?) =

(145502 (L4 ) 208, (1)

where My, 4 is the vector and axial vector mass
and M is the nucleon mass. The first factor
is a conventional dipole form and the second
factor was introduced in a harmonic oscillator
model [13]. N is the number of excitations of
the resonances. For example, N=0 for A(1232),
N=1 for D13(1520) and S1;(1535), and N=2 for
Py1(1440). Tt is noted that the second factor
makes the A(1232) vector form factor fall less
rapidly than the dipole form factor. This dis-




CC single—m production

Ee
gw.z F
g 1F ® CGM79 pn—wuonm
i o BEBC9O
oo0.8 | %
X 0.6 F
Z
5 0.4 F
02 F
0 i Ll " Ll
1 10 o
Neutrino Energy Ev (GeV)
1.2
€t o ANL8O wp > P
e o BEBC90
208
—06 F
Coa b
0.2 F

10 o
Neutrino Energy Ev aGe\/)

Figure 3. Cross sections for single-pion production
Du+n — pt+ntr” [8,7 and 7y +p — p+p+aT[2,
7]. The Gargamelle data were corrected following the
prescription of Ref.[7], onucieon = Tpropane/0.45.

garees with the experimental data. The model
also adds a non-resonant background contribu-
tion. We show the prediction of Rein-Sehgal
model in Figs.1-5 in comparison with the exper-
imental data. While we used M4 = 1.2 GeV/c?
in Figs.1-3, BNL data fit slightly better with
My =1.1GeV/c? [9].  Another popular model
is one by Schreiner-von Hippel (SvH) [14]. The
model starts with a general matrix element of
vy +p— p + ATT in terms of spin-3/2 Rarita-

Schwinger form factors as [15]
M

V3
—_ \4 Vv \4
GOIGEN + T (Pa)s + S5 (B3 F

A \4
+ O 5% + (G + T (Pa)y) P

+ G+ (B luf(W),  (2)

where ¢ = ¢ — g2, j is the lepton-current ma-
trix element, FA = ¢*j% — ¢®j*, ¢ is the
Rarita-Schwinger spinor describing the A(1232)
spin state, u is the Dirac spinor describing the
initial proton state and f(W) is an s-wave Breit-

Wigner term in the 7 — N invariant mass (W)
with '=120 MeV. The SvH model uses the fol-

lowing form for the vector part:

Cy (Q%) = 2.05{(1 + 9Q)exp(—6.3Q)}'/?,

cy = —%C’?Y, and CY =CY =0. (3)

The form factor CY (Q?) was determined by
Dufner-Tsai [16] from an analysis of the A pro-
duction in electron scattering. It considers the
experimental observation that the A vector form
factor falls more rapidly than the nucleon vector
form factor, (1 +Q*/Mg)~2. See Fig.8 [17]. The
axial form factors are assumed to take the follow-
ing form: , ,

CAQ) =120+ Z)7(1 - 129)),
Cf=-C&/4 and C# =0. (4)

Only C¥ (Q?) and C£(Q?) make a significant con-
tribution to the cross section. Other form fac-
tors are negligible. The first term for CZ(Q?)
is the dipole form factor, and the second factor
was introduced to explain the Q? distribution of
vy +p — p~ + AT measured by ANL Bubble
Chamber experiment [18], whose statistics was
then about 150 events. Since the form factors
are different in the above two models, it is nat-
ural that the My and M4 values determined by
the models are different and cannot be compared.
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Figure 4. Cross-section ratio.
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Figure 5. @Q? distribution of v, +p = p~ +p+ 7t
measured by the BNL experiment [3,9].

We now comment on the above two models.
First, neither model considers the nuclear effect.
Adler at al. [19] pointed out the effect of Pauli
suppression in resonance production. For exam-
ple, when the AT resonance is produced in the
nucleus through the reaction v, +p — p~ + AT,
A decays hadronically into pr*. The momentum
value at the A rest frame is about 220 MeV/c. It
is almost equal to the Fermi momentum (kp) of
the nucleons in carbon or oxygen. Depending on
the decay angle of the proton with respect to the
A production direction, the proton momentum
in the laboratory frame can be less than kp or
greater than kr. In the former case, the reaction
is suppressed, since there are other protons in
the nucleus with the momentum value less than
kr. In the latter case, the proton can emerge
from the nucleus and the reaction is allowed.
We show in Fig.9 the differential cross section
do/dQ?* for v, +p = p + ATH (= p+ah)
at B, = 1.0 GeV with (solid line) and without
(dashed line) the Pauli suppression effect for
the case of kp=225 MeV/c. It shows that the
suppresion factor is about 10 — 20% in the low
Q? region (< 0.2(GeV/c)?). Fig.10 shows the
the suppresion factor, G(W,Q?, kr), at different
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Figure 6. Q? distribution in (a) a charged-current
quasi-elastic enhanced sample and (b) a charged-
current inelastic enhanced sample in K2K [11]. Monte
Carlo prediction is shown in boxes. The size of a box
shows the uncertainty in the prediction. Figure (c)
shows the content of the prediction. The shadowed
area is due to the single pion production and the black
area is due to quasi-elastic events.

invariant-mass W values. If the W value is lower
(larger), the momentum value in the W rest
frame is smaller (larger) and the suppression is
larger (smaller), accordingly.

Secondly, we discuss the vector form factor
for the A resonance. It is known experimentally
that the A(1232) vector form factor falls more
rapidly than the elastic form factors [16,17,21].
New measurement confirmed this point with bet-
ter accuracy [22]. However, this feature was not
considered seriously in calculating the resonance
production in the neutrino-nucleus interaction.
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Figure 7. Momentum distribution of 7° in v, +
water — ©° + Nothing observed in the K2K 1kton
detector.

Fig. 8 shows [Ga/Gp]?, where Gp is the dipole
form factor , (1 + Q*/ME)~2(MZ = 0.71). The
data show that the correction for the vector form
factor from a dipole form factor is about 0.95 at
Q? = 0.2 (GeV/c)?, 0.84 at Q% = 1.0 (GeV/c)?
and 0.63 at Q? = 2.0 (GeV/c)®. The cor-
rection factor in Eq.(1) of Rein-Sehgal model
is 1.03 at Q> = 0.2 (GeV/e)* and 1.25 at
Q? = 2.0 (GeV/c)®. This disagrees with the
data. The corresponding factor in Eq.(3) of the
SvH model is 0.9 at Q? = 0.2 (GeV/c)? and 0.63
at Q% = 2.0 (GeV/c)?. We take this factor to be

(1+ 3?;2 )~! for both vector and axial form fac-
N

tors [23], and it is 0.95 at Q? = 0.2 (GeV/c)? and
0.64 at @* = 2.0 (GeV/c)®. Our factor agrees
with data. It is important that the vector form
facor should be consistent with the recent data.

Considering the Pauli suppression factor,
G(W,Q?, kr), and the modified dipole form fac-
tors, we propose to use the following model. For
W < 1.6GeV/c?, a resonance model similar to
the SvH model can be used:

V(@) = GV (0)GW, Q2 k)2
(1 + QQ/MVA) (14 Q*/(BMZ) L. (i =
3,4,5) (5)

¢ Bartel
1.00‘r. N | Stein
TS A 1P
L 080
a E 4 ‘ P
2 060 u
2 [ .
= 3 m, .

= 040 |

0.20 |-

0.00 I I I I I I I I I
0.00 020 040 060 0.80 1.00 1.20 140 1.60 1.80 2.00
2 2
a” [(GeV/c)]

Figure 8. Scaled A form factor squared, [Ga/Gp]?,
is plotted [17], where Gp is the dipole form factor,
(1+Q*/MZ)2(ME =0.71).

We consider A(1232), Py;(1440), D13(1520), and
S11(1535) below W < 1.6GeV/c®. Paschos et
al.[20] already showed that this scheme may work.
Above W > 1.6 GeV/c?, the contribution of deep
inelastic scattering will be added [24]. A prelimi-
nary study with this form can be found elsewhere
[23].
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Figure 9. Cross section for v, +p — p~ATT(—
Prt) at E, = 1.0 GeV with (dashed line) and with-
out (solid line) Pauli suppression effect. kr=220
MeV/c is used.
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Figure 10. Pauli suppression factor G(W, Q> kr)
with W=1.04, W=1.23 and W=1.4 GeV. kr=220
MeV/c is used.

3.1. Summary

We have reviewed the existing experimental
data and models of single-pion production in
neutrino-nucleus interactions in the few GeV re-
gion. The accuracy of the cross section measure-
ments are at the level of 20-30%. Single-pion pro-
duction is dominated by the A resonance produc-
tion in the few GeV region. We pointed out the
effect of Pauli exclusion and the effect of the vec-
tor form factor in the calculation of A production
cross section.

Recently, the nucleon electromagnetic form fac-
tors have been measured with good accuracy
[25] and a clear deviation from a simple dipole
parametrization, (1 + Q?/M3)~? with My =
0.84 (GeV/c)?, has been observed. The better
parametrizations for vector form factors were pro-
posed[26,27]. The effect of those new form factors

on the neutrino quasi-elastic cross sections was
shown to be a few % [28,29]. The NA vector
form factor must be considered in calculation of
the A resonance production to match the progress
in the calculation of quasi-elastic cross section.
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