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The work presents the study of the polarization observables in the single pion production (SPP) induced
by the interaction of the muon neutrino (antineutrino) with nucleons. The SPP cross sections and spin
asymmetries are computed within two phenomenological models. One is based on the nonlinear sigma
model [E. Hernandez, J. Nieves, and M. Valverde, Phys. Rev. D 76, 033005 (2007)] and the other has origin
in the linear sigma model [G. L. Fogli and G. Nardulli, Nucl. Phys. B160, 116 (1979)]. First, we show that
the final nucleon polarization and target spin asymmetries are good observables to obtain information about
the CA

5 axial form factor. Second, we demonstrate that the nucleon polarization and the target spin
asymmetries are sensitive to the relative phase between resonance and nonresonance amplitudes. We
conclude that the polarization of the final nucleon and the target spin asymmetry are promising observables
for testing SPP models, including studies of the axial content of Δð1232Þ resonance and unitarization
procedures.

DOI: 10.1103/PhysRevD.104.033005

I. INTRODUCTION

A single pion production (SPP) induced by the weak
neutrino-nucleon interaction is an essential process for
experimental studies of the neutrino oscillation phenome-
non [1–6]. In the long and short baseline experiments
[7–10], the oscillation parameters are obtained from the
analysis of the quasielastic (QE) neutrino-nucleus events.
Nevertheless, the SPP events contribute to the background
for measuring the QE events and the background for the
measurement of the electrons produced in charged current
νe-nucleus scattering where νe is the result of the νμ → νe
oscillation.
The neutrino oscillation phenomenon has been studied

for about five decades [11,12]. Recently the CP-violation
phase has been measured by the Tokai-to-Kamioka (T2K)
Collaboration [8]. The next step, in exploring the neutrino
properties, is to verify whenever neutrinos oscillate differ-
ently from antineutrinos.
This paper considers the SPP induced by the charged-

current (CC) νμ-nucleon interaction in the energy range
characteristic for the experiments with an accelerator
source of neutrinos such as T2K. Therefore we shall
consider the neutrino energy of the order of 1 GeV.

Schematically the SPP process (see Fig. 1) can be
written as

νμ þ N → μ− þ N0 þ π; ð1Þ

where N and N0 denote target and recoil nucleon,
respectively.
In the discussed energy range the dominant contribution

to the SPP scattering amplitude comes from the weak
nucleon-Δð1232Þ excitation. The Δ resonance decays into
the pion-nucleon system. However, the completeness of the
description requires the inclusion of the contribution from
the nonresonance production of single pions.
The theoretical models for the weak pion production

have been developed for more than 60 years [13]. However,
it is important to emphasize that there is no unique method
to describe the SPP processes. Indeed, there are various

FIG. 1. Schematic diagram of the weak SPP in the charged
current neutrino (antineutrino) scattering off nucleon.

*krzysztof.graczyk@uwr.edu.pl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 104, 033005 (2021)

2470-0010=2021=104(3)=033005(20) 033005-1 Published by the American Physical Society

https://orcid.org/0000-0002-0038-6340
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.033005&domain=pdf&date_stamp=2021-08-26
https://doi.org/10.1103/PhysRevD.76.033005
https://doi.org/10.1016/0550-3213(79)90233-5
https://doi.org/10.1103/PhysRevD.104.033005
https://doi.org/10.1103/PhysRevD.104.033005
https://doi.org/10.1103/PhysRevD.104.033005
https://doi.org/10.1103/PhysRevD.104.033005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


methods and strategies [14–46]. The theoretical predictions
usually are biased by the choice of the model parameters
and the way the model is constructed.
A typical strategy in modeling SPP is to fine tune

the model parameters based on the analysis of two bub-
ble chamber experiments; Argonne National Laboratory
(ANL) [47] and Brookhaven National Laboratory (BNL)
[48]. In both projects, neutrino-deuteron scattering
was investigated. Since modeling of the nuclear effects
for the deuteron target is a relatively simple task [49],
the analysis of these data allows us to obtain informa-
tion about the elementary neutrino-nucleon vertex (see,
e.g., [36]).
In the last years, several analyses of ANL and BNL data

have been performed. It has been shown that the ANL and
BNL data are statistically consistent [31,50,51]. Although
both the ANL and BNL experiments provided several
distributions of measured events, these data are not inform-
ative enough to constrain and verify the SPP models
thoroughly.
The complete information about the weak neutrino-

nucleon scattering amplitudes is encoded in the polariza-
tion observables; therefore, the polarization properties in
the νN scattering have been investigated by many groups.
However, most of the studies are dedicated to the final
particles’ polarization properties in the quasielastic and
elastic νN scattering [13,52–84]. In Refs. [67,85] the
polarization properties of the final lepton produced in
the weak SPP induced by νN interaction has been studied
as well. Moreover, quite recently, we have studied the
dependence of the polarization observables on resonant and
nonresonant contributions in SPP processes. Using two
different models for the SPP—HNV (Hernandez, Nieves,
and Valverede) [86], and FN (Fogli and Nardulli) [14]—in
Ref. [87] we made predictions for the polarization of the
final nucleon and the charged lepton. In the following paper
[88] we studied the target spin asymmetry. We showed that
the polarization observables contain unique information
about resonant and nonresonant background contributions,
and they can be used to constrain the SPP models.
In this paper, we continue our previous investigations. In

addition, we investigate the dependence of the lepton and
the final nucleon polarization as well as target-spin asym-
metry on the SPP model inputs such as the CA

5 axial form
factor and the relative phase between resonant and non-
resonant amplitudes.
The weak nucleon-Δð1232Þ transition current has the

vector-axial structure. The information about the vector
part is hidden in three independent form factors CV

3 , C
V
4 ,

and CV
5 . These functions are obtained from the analysis

of the electroproduction scattering data (see, e.g.,
[22,24,26,28,36]). The axial current is described by four
form factors, namely, CA

3 , CA
4 , CA

5 , and CA
6 . But CA

5

from factor is the most important. Indeed, usually it is
assumed that

CA
3 ¼ 0; and CA

4 ¼ −
CA
5

4
: ð2Þ

The first constraint comes from simple quark model
derivations (see, e.g., [26]) and the other constraint
comes from the dispersion models [15]. The partially
conserved axial current hypothesis implies that CA

6 ∼
CA
5 [89].
The CA

5 is also computed theoretically within chiral field
theory [90–95] and the lattice QCD [96,97] as well. Still,
the most reliable information about CA

5 comes from the
analysis of the ν-deuteron ANL and BNL scattering data
[16,26,31,36,50,86,98–101]. In this work we shall inves-
tigate the impact of the CA

5 axial form factor on the
polarization observables.
In nonunitary models, such as HNV or FN, the

relative phase factor, denoted here by expð−iΦÞ, between
resonant (MR) and nonresonant background (MNB)
amplitudes

Mtot ¼ MR þ expð−iΦÞMNB; ð3Þ

is equal to one (Φ ¼ 0). However, in principle, the
relative phase does not have to vanish. Indeed the
unitarization procedure, basing on the Watson theorem,
allows modifying the vector and axial N-Δ transition
currents dynamically by introducing small phases [38]. In
this work, we aim to check the sensitivity of the
polarization observables on the relative phase. To achieve
this goal, we shall discuss a toy model scenario in which
we shall keep the relative phase factor between resonant
and nonresonant amplitudes.
The paper is organised as follows: In Sec. II we introduce

the necessary formalism. Section III contains numerical
results, main conclusions, and the summary.

II. FORMALISM

We consider three types of polarization processes,
namely;
(a) Neutrino (antineutrino1) scatters on the nucleon, and

the polarization of the charged lepton is measured

νμðkÞ þ NðpÞ → μ⃗ðk0; slÞ þ N0ðp0Þ þ πðkπÞ: ð4Þ

(b) Neutrino scatters on the nucleon, and the polarization
of the outgoing nucleon is measured

νμðkÞ þ NðpÞ → μðk0Þ þ N⃗0ðp0; sN0 Þ þ πðkπÞ: ð5Þ

1We explicitly write only the neutrino-nucleon scattering
processes, but we consider also corresponding antineutrino-
nucleon scattering processes as well.
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(c) Neutrino scatters on the polarized target

νμðkÞ þ N⃗ðp; sNÞ → μðk0Þ þ N0ðp0Þ þ πðkπÞ; ð6Þ

and the target spin asymmetry is measured.
In the above expressions by k, k0, and p, p0 we denote
the four-momenta of the neutrino, the muon, and the target
nucleon, the final nucleon, respectively, whereas sl, sN , and
sN

0
denote the spin vectors of the outgoing lepton, target

nucleon, and recoil nucleon, respectively. We perform
calculations in the laboratory frame, hence, in the last case

sNμ ¼ ð0; sNÞ: ð7Þ

In principle the cross section depends on the spin four-
vectors as it follows:

dσ ¼ dσ0ð1þ Pμ
l s

l
μ þ T μ

Ns
N
μ þ Pμ

N0sN
0

μ þ…Þ: ð8Þ

The asymmetries: Pμ
l and Pμ

N0 are the polarization four-
vectors of the muon and the final nucleon, whereas T μ

N is
the target spin asymmetry.
Each spin polarization, as well as the target spin asym-

metry, depends on three independent components, namely:

Pμ
l ¼ Pl

Lζ
μ
L þ Pl

Tζ
μ
T þ Pl

Nζ
μ
N; ð9Þ

Pμ
N0 ¼ PN0

L ξμL þ PN0
T ξμT þ PN0

N ξμN; ð10Þ

where ζμL;T;N and ξμL;T;N are the spin basis vectors normal-
ized so that

−1 ¼ ζ2L;T;N ¼ ξ2L;T;N: ð11Þ

Here, we consider the same spin-vector basis as in Sec. III
of Ref. [87] (see also the Appendix).
Eventually, the lepton and final nucleon polarizations are

given by the ratios

Pl
X ¼ dσðζXÞ − dσð−ζXÞ

dσðζXÞ þ dσð−ζXÞ
ð12Þ

PN0
X ¼ dσðξXÞ − dσð−ξXÞ

dσðξXÞ þ dσð−ξXÞ
; ð13Þ

where X ¼ L, T, N.
In the last discussed process we compute the target

asymmetry given by

T μ
N ¼ T N

Lχ
μ
L þ T N

P ðαÞχμPðαÞ: ð14Þ

where α ∈ ð0; 2πÞ, χμP is perpendicular to the neutrino
velocity. We distinguish two components of χμP normal
to the scattering plane (α ¼ 0) and transverse (α ¼ 90°),
which lie in the scattering plane spanned by k and k0. Then

χμPðαÞ ¼ cosðαÞχμN þ sinðαÞχμT: ð15Þ

Similarly as for the polarization components we compute
the asymmetries from the expression

T N
X ¼ dσðχXÞ − dσð−χXÞ

dσðχXÞ þ dσð−χXÞ
: ð16Þ

In Ref. [88] we kept a bit different notation, namely,
longitudinal component T N

L was denoted as Ak and T N
P as

A⊥. We have changed the notation to be consistent with our
last work about the quasielastic neutrino-nucleon scatter-
ing [80].
For a more detailed description of the implementation of

the asymmetries see Sec. II of Ref. [88], and Appendix.
As we have mentioned above, we consider two SPP

models: HNV and FN. The first has its origin in the
nonlinear sigma model, whereas the other is based on
the linear sigma model. As a result, they differ in the
treatment of the πNN vertex. Indeed, in the first model,
the vertex has a pseudovector structure, whereas, in the
other, it has the pseudoaxial structure [102].
In both descriptions, one can separate the resonant and

nonresonant contributions. Initially, the FN model con-
tained four resonant amplitudes. One amplitude describes
the N − Δ excitation, whereas the rest refer to the nucleon’s
excitation to the three states from the second resonance
region. However, in the present discussion, we omit these
contributions.
The total scattering amplitude, Mtot, is given by the

contribution from
(a) Two resonance diagrams (f) and (g) and five nonreso-

nant background diagrams (a)–(e), in the HNV model
(see Fig. 2).

(b) One resonant diagram (f) and three nonresonant
diagrams (a)–(c) in the FN model (see Fig. 2).

For a detailed description of our implementation
(see Ref. [87]).
In both discussed SPP approaches to model the weak

nucleon-Δ transition, the Δ resonance is described by the
Rarita-Schwinger field [103], denoted by Ψα, and the
hadronic transition current has the form

Jμ ∼Ψνðpþ qÞΓνμðp; qÞuðpÞ; ð17Þ

where q denotes the four-momentum transfer

q ¼ k − k0; ð18Þ

and qμ ¼ ðω;qÞ; uðpÞ is the Dirac spinor of incoming
nucleon with momentum p. The vertex Γνμ has the
following vector-axial structure

Γνμðp; qÞ ¼ ½Vνμðp; qÞ þ Aνμðp; qÞ�γ5: ð19Þ
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The vector component of the transition current reads [104]

Vνμðp; qÞ ¼ CV
3

M
ðgνμq − qνγμÞ þ CV

4

M2
ðgνμq · ðpþ qÞ − qνðpμ þ qμÞÞ þ CV

5

M2
ðgνμq · p − qνpμÞ; ð20Þ

where M denotes the average nucleon mass.
In the HNV model, we implement the vector form factors from Ref. [36]. In the FN mode the vector structure is

oversimplified, namely

CV
5 ðq2Þ ¼ 0; ð21Þ

where q2 ≡ qμqμ as well as

CV
4 ðq2Þ ¼ −

M
W

CV
3 ðq2Þ; ð22Þ

where W2 ¼ ðpþ qÞ2. We see that for the FN model it is enough to know only CV
3 form factor (see Appendix B

of Ref. [87]).
The axial current reads [16]

Aνμðp; qÞ ¼
�
CA
3

M
ðgνμq − qνγμÞ þ CA

4

M2
ðgνμq · ðpþ qÞ − qνðpμ þ qμÞÞ þ gνμCA

5 þ CA
6

M2
qνqμ

�
γ5: ð23Þ

In our numerical experiments we assume that

CA
6 ðq2Þ ¼

M2

m2
π − q2

CA
5 ðq2Þ; ð24Þ

It is supported by the partially conserved vector current
hypothesis. Additionally in the HNV model we consider
the constraints given by Eq. (2) whereas in the FN model

CA
4 ðq2Þ ¼ CA

3 ðq2Þ ¼ 0: ð25Þ

When one accepts the simplification given by Eq. (2) or
Eq. (25) then the CA

5 axial form factor plays the most
important role in modeling the electroweak resonant con-
tribution to the SPP cross section.
In this work, we assume the dipole parametrization of

CA
5 , namely,

(a) (b) (c)

(d) (e)

(f)

(g)

FIG. 2. Feynman diagrams contributing to the FN (diagrams in red-dashed frame) and HNV (diagrams in blue-dashed frame)
models, respectively. Resonant contribution is given by diagrams (f) and (g) whereas nonresonant contribution is represented by
diagrams (a)–(e).
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CA
5 ðq2Þ ¼

CA
5 ð0Þ

ð1 − q2

M2
A
Þ2
; ð26Þ

where MA is the axial mass, a parameter obtained from the
analysis of the neutrino-nucleon SPP scattering data. The
parameter CA

5 ð0Þ can be constrained by the off-diagonal
Goldberger-Treiman relation [89,91]

CA
5 ð0Þ ¼

gπNΔfπffiffiffi
6

p
M

¼ 1.15� 0.01; ð27Þ

where gπNΔðq2 ¼ m2
πÞ ¼ 28.6� 0.3 and fπ ¼ 92.4 MeV.

However, in many phenomenological investigations, for
instance in Refs. [86,90,91], the value of CA

5 ð0Þ is treated as
additional model parameter and it is extracted from the data
analysis [31,36,50,86,105]. Indeed in Ref. [31] the com-
bined analysis of the ANL and BNL data lead to CA

5 ð0Þ ¼
1.10þ0.09

−0.08 and MA ¼ 1.10þ0.15
−0.14 GeV. In this paper, we treat

CA
5 ð0Þ as the SPP model parameter.
As we have written in the introduction, the scattering

amplitude is a sum of resonant and nonresonant amplitudes
(see Eq. (3). In order to complicate the picture, we
introduce the relative phase factor between the resonant
and nonresonant parts. Then the square of the module of the
scattering amplitude reads

jMtotj2 ¼ jMRj2 þ jMNBj2 þ 2ReðMRM�
NBÞ ð28Þ

−4
�
sin2

Φ
2
ReðMRM�

NBÞþ sin
Φ
2
cos

Φ
2
ImðMRM�

NBÞ
�
:

ð29Þ

Above we distinguish two contributions, namely, (28) and
(29). The expression (28) describes the case with Φ ¼ 0,
whereas the other gives the correction induced by a
nonvanishing value of Φ.

III. NUMERICAL RESULTS AND SUMMARY

We consider six CC SPP processes, namely

νμ þ p → μ− þ pþ πþ ð30Þ

νμ þ n → μ− þ nþ πþ ð31Þ

νμ þ n → μ− þ pþ π0 ð32Þ

ν̄μ þ n → μþ þ nþ π− ð33Þ

ν̄μ þ p → μþ þ pþ π− ð34Þ

ν̄μ þ p → μþ þ nþ π0: ð35Þ

We compute the longitudinal, transverse, and normal
polarization components of the final nucleon and the muon
for each process. Similarly, three components of target
asymmetry are presented. In all numerical experiments, we
limit the hadronic invariant mass to W < 1.4 GeV.
In order to examine the sensitivity of the spin

observables on the axial form factor CA
5 , we shall vary

the parameters MA and CA
5 ð0Þ in the dipole parametri-

zation (26). The variation of MA mimic the change
of shape of CA

5 , whereas increasing/decreasing CA
5 ð0Þ

changes the strength of CA
5 . For numerical investigations

we keep the following default values for the axial form
factor parameters,

MA ¼ 1.0 GeV; ð36Þ

CA
5 ð0Þ ¼ 1.10; for HNV model; ð37Þ

CA
5 ð0Þ ¼ 1.18; for FN model: ð38Þ

If one of the parameters is varied, the other keeps its
default value.
Let us start the discussion from the analysis of the

polarization of the muon. We immediately conclude that
the muon polarization is not well suited for testing the
hadronic model details. Indeed in Fig. 3 (first three rows)
we show the MA dependence of the polarization compo-
nents of μ−, produced in νμN. In the same figure (bottom
three rows), we present the dependence of polarization of
μþ, produced in ν̄μN, on CA

5 ð0Þ. We see that the muon
polarization is insensitive to axial form factor paramet-
rization. Some dependence on MA and CA

5 ð0Þ is visible
for the normal polarization of μ. However, this compo-
nent is small. It is no surprise because the muon is a light
particle. Therefore it is almost completely longitudinally
polarized.
More interesting results are obtained for the final

nucleon (see Figs. 4 and 5). The polarization components
show visible dependence on the CA

5 ð0Þ and MA. But the
polarization of the final nucleon is more sensitive to CA

5 ð0Þ
than toMA. The effect is similar for both implemented SPP
models. Let us emphasize that we have chosen the
kinematic configuration in which the normal component
of the polarization takes large values. Indeed PN

N0 takes the
value of about 0.4 (for HNV) and 0.3 (for FN) at a slight
scattering angle. The normal component is determined
entirely by the interference between MR and MNB
amplitudes. This property is illustrated in Fig. 6, where
we plot the normal component of the final nucleon and all
contributing interference terms.
The target asymmetry turns out to be the most sensitive

to the variation of CA
5 (see Figs. 7 and 8). The highest effect
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FIG. 3. The dependence of polarization of μ− (top three rows) and μþ (bottom three rows) on scattering angle θ. Longitudinal PL
l ,

normal PN
l and transverse PT

l components of the polarization of muon are calculated in the HNV (black) and FN (red) models,
respectively for the energy E ¼ 1 GeV, and energy transfer ω ¼ 0.5 GeV. In the top figures,MA is varied, while in the bottom figures,
the plots for various values of CA

5 are shown.
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FIG. 4. The dependence of polarization of final nucleon on scattering angle θ. Longitudinal PL
N0 , normal PN
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components of the polarization are calculated in the HNV (black) and FN (red) models, respectively for the energy E ¼ 1 GeV, and
energy transfer ω ¼ 0.5 GeV. The axial mass is varied.
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N0 and transverse PT
N0

components of the polarization are calculated in the HNV (black) and FN (red) models, respectively for the energy E ¼ 1 GeV, and
energy transfer ω ¼ 0.5 GeV. The value of CA

5 ð0Þ is varied.
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due to the change of the axial form factor parameters is seen
for the longitudinal and the transverse components of target
spin asymmetry computed for the antineutrino-nucleon
scattering.
In Figs. 3–8, we always compare the predictions

obtained within both discussed SPP models. We see that,
usually, there are large differences between asymmetries
obtained within the HNV and FN models. Hence, we
conclude that the polarization observables are well suited
for studying the correctness of the phenomenological
framework used to describe the SPP dynamics. On the
other hand, once the theoretical model is fixed, the

polarization asymmetries give additional information to
constrain the CA

5 form factor.
Both discussed SPP models, as they were proposed

initially, are nonunitary. However, the HNV model is more
consistent in the formulation. Indeed, this model consists of
all required by gauge invariance diagrams (on tree level).
Furthermore, the nonresonant background form factors
are constrained by the relation deduced from the vector
current conservation. Moreover, an effort has been made to
unitarize the HNV model [38]. We expect that the differ-
ence in the construction of both models should be visible in
Φ dependence of polarization asymmetries.
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FIG. 6. Separation of the normal component of the polarization of the recoil nucleon PN
N0 into various interference contributions.

Energy of the neutrino is E ¼ 1 GeV, energy transfer is ω ¼ 0.5 GeV. The phase between resonant and nonresonant background equal
0°. The dotted/solid(black/red) line represents the HNV/FN model predictions. The abbreviations denote the diagrams: DP [delta pole—
diagram (f) in Fig. 2], CDP [crossed delta pole—diagram (g)], NP [nucleon pole—diagram (a)], CNP [crossed nucleon pole—diagram
(b)], CT [contact term—diagram (d)], PP [pion pole—diagram (e)], PF [pion in flight—diagram (c)]. IfMa denotes the amplitude from
given diagram, then contribution from jMaj2 is on the diagonal, while below the diagonal the interference terms 2ReðMaM�

bÞ are
plotted (a indicates the column and b the row).
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FIG. 7. Dependence of the target asymmetry on scattering angle θ for νμN (three top rows) and ν̄N interactions (three bottom rows).
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N , normal TN
N and transverse TT

N components of the target asymmetry calculated in the HNV (black) and FN (red) model,
respectively for the neutrino E ¼ 1 GeV, energy transfer ω ¼ 0.5 GeV. The plots are obtained for various values of MA.
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Below, we shall demonstrate that the polarization asym-
metries are good observables for studying the unitarization
procedures. Moreover, the measurement of them can allow
us to fix the relative phases between amplitudes. In order to
perform the numerical experiments, we vary the phase Φ
parameter.
First, in Figs. 9 and 10 we present the dependence of the

μþ polarization on the phase factor computed within HNV
and FN models, respectively. The longitudinal and trans-
verse components of the muon polarization show some
dependence on the phase factor. As expected [87], the
normal component depends strongly on Φ, but its absolute
value is small.

Second, in Figs. 11–12 and 13–14 we present the Φ
dependence of the final nucleon polarization and the target
spin asymmetry. It can be noticed that the final nucleon’s
polarization and the target spin asymmetry are well suited
to test the unitarization procedures. Measurement of them
should help in establishing the phase factors. The longi-
tudinal and normal components of the final nucleon and all
components of the target-spin asymmetry are the most
sensitive to the change of the phase factor. Indeed, the
phase impacts the sign and the absolute value of these
components.
Third, we notice that there are visible differences in theΦ

dependence of some polarization components obtained
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FIG. 9. The dependence of μþ polarization on the scattering angle θ. Polarization calculated within the HNV model. Energy of the
neutrino E ¼ 1 GeV, energy transfer ω ¼ 0.5 GeV. Solid, dotted-dotted-dashed, dashed, dotted, and dotted-dashed lines correspond to
phases between resonance and non-resonant background equal 0°, 10°, 30°, 45°, 90°, respectively.
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within HNVand FN models, see, for instance, longitudinal
components of the final nucleon (channel nπþ) in
Figs. 11–12.

A. Summary

In this work, we have extended our previous investiga-
tions of properties of the spin asymmetries, in CC SPP
neutrino nucleon scattering, by discussing:
(a) The sensitivity of spin observables to the axial

structure of the Δð1232Þ resonance.

(b) The dependence of the spin asymmetries on the
relative phase between the resonant and nonresonant
amplitudes.

We conclude that the final nucleon polarization and the
target spin asymmetry are sensitive to the change of axial
mass and CA

5 ð0Þ parameters. Once the SPP model is fixed,
the polarization observables and spin-averaged cross-
section data should give complete information about the
axial structure ofΔð1232Þ resonance. Moreover, both types
of polarization observables are well suited for studies the
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FIG. 10. Caption the same as for Fig. 9 but plots obtained within the FN model.
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FIG. 11. Dependence of the final nucleon polarization on the scattering angle θ. Components PL
N0 , PN

N0 , and PT
N0 of the final nucleon

asymmetry calculated within the HNV model. Energy of the neutrino E ¼ 1 GeV, energy transfer ω ¼ 0.5 GeV. Solid, dotted-dotted-
dashed, dotted, dashed, and dotted-dashed lines correspond to phases between resonant and nonresonant background equal 0°, 10°, 30°,
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KRZYSZTOF M. GRACZYK and BEATA E. KOWAL PHYS. REV. D 104, 033005 (2021)

033005-14



-1

-0.5

 0

 0.5

 1

P N′
L

νp →l- pπ+

0o

10o

30o

45o

90o

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

P N′
N

-1

-0.5

 0

 0.5

 1

0.00 π 0.08 π 0.16 π 0.24 π 0.32 π

P N′
T

 θ  [rad]

νn →l- nπ+

0.00 π  0.08 π  0.16 π  0.24 π  0.32 π  
 θ  [rad]

νn →l- pπ0

0.00 π  0.08 π  0.16 π  0.24 π  0.32 π  
 θ  [rad]

-1

-0.5

 0

 0.5

 1

P N′
L

-ν n →l+ nπ-

0o

10o

30o

45o

90o

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

P N′
N

-1

-0.5

 0

 0.5

 1

0.00 π 0.08 π 0.16 π 0.24 π 0.32 π

P N′
T

 θ  [rad]

-ν p →l+ pπ-

0.00 π  0.08 π  0.16 π  0.24 π  0.32 π  
 θ  [rad]

-ν p →l+ nπ0

0.00 π  0.08 π  0.16 π  0.24 π  0.32 π  
 θ  [rad]

FIG. 12. Caption the same as for Fig. 11 but plots obtained within the FN model.
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FIG. 13. Dependence of the target spin asymmetry on the scattering angle θ. Components TL
N , T

N
N , and TT

N of the target asymmetry
calculated within the HNV model. Energy of the neutrino E ¼ 1 GeV, energy transfer ω ¼ 0.5 GeV. Solid, dotted-dotted-dashed,
dashed, dotted, and dotted-dashed lines correspond to phases between resonant and nonresonant background equal 0°, 10°, 30°, 45°, 90°,
respectively.
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FIG. 14. Caption the same as for Fig. 13 but plots obtained within the FN model.
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unitarization procedures and fixing the relative phases
between resonant-nonresonant amplitudes.
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APPENDIX: SPIN VECTOR BASIS

(a) Basis spin vectors for final lepton:

ζμL ¼ 1

m

�
jk0j; Ek0k0

jk0j
�
; ðA1Þ

ζμT ¼
�
0;

k0 × ðk × qÞ
jk0 × ðk × qÞj

�
; ðA2Þ

ζμN ¼
�
0;

k × q
jk × qj

�
: ðA3Þ

(b) Basis spin vectors for final nucleon:

ξμL ¼ 1

M

�
jp0j; Ep0p0

jp0j
�
; ðA4Þ

ξμT ¼
�
0;

kπ × ðkπ × qÞ
jkπ × ðkπ × qÞj

�
; ðA5Þ

ξμN ¼
�
0;

kπ × q
jkπ × qj

�
: ðA6Þ

(c) Basis spin vectors for target:

χμL ¼ 1

E
ð0;kÞ; ðA7Þ

χμT ¼
�
0;

k × ðk × qÞ
jk × ðk × qÞj

�
; ðA8Þ

χμN ¼
�
0;

k × q
jk × qj

�
: ðA9Þ
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