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The elastic and inelastic neutral current ν (ν̄) scattering off the polarized nucleon is discussed. The
inelastic scattering concerns the single-pion production process. We show that the spin asymmetries’
measurement can help to distinguish between neutrino and antineutrino neutral current scattering
processes. The spin asymmetries also encode information about a type of target. Eventually, detailed
studies of the inelastic spin asymmetries can improve understanding of the resonant-nonresonant pion
production mechanism.
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I. INTRODUCTION

For the last six decades, considerable effort has been
made to uncover the fundamental properties of neutrinos.
One of the crucial tasks is to measure, with high accuracy,
the neutrino oscillation parameters and the CP (charge
conjugation and parity reversal) violation phase in the
lepton sector. Indeed, it is one of the goals of ongoing
experiments such as T2K [1], or Noνa [2]. The measure-
ment of the CP violation phase is essential, not only for
studies of neutrino and antineutrino properties, but also to
help understand the observed matter-antimatter asymmetry
in the Universe [3,4].
The CP violation phase has recently been determined by

the T2K experiment [5]—this measurement is based on
analyzing the neutrino and antineutrino oscillation data. A
nonzero value of the CP phase means that neutrinos
oscillate differently than antineutrinos. To study the oscil-
lation phenomenon, one has to detect the interactions of
neutrinos and antineutrinos with the nucleons and nuclei in
the detectors, and one must be able to distinguish between
neutrino and antineutrino processes to classify measured
scattering events correctly. Distinguishing between neu-
trino- and antineutrino-induced processes is also essential
in detecting supernova neutrinos and antineutrinos [6].
Information about the energy spectrum of neutrinos and
antineutrinos emitted during a supernova explosion is
crucial for the development of the supernova theory [7].

A neutrino is a neutral particle that interacts very weakly
with matter. Therefore, measuring its interactions with
nucleons or nuclei is a challenging task. We distinguish
two types of neutrino interactions; charged current (CC)
and neutral current (NC). In the first, the charged lepton is
one of the products of interaction; in the other, there is no
charged lepton in the final state. Both types of processes are
detected in the long baseline neutrino oscillation experi-
ments. In the case of supernova neutrinos (antineutrinos),
only NC events are observed because neutrinos (antineu-
trinos) are of low energies, 10 MeV to 20 MeV.
The history of studies of neutrino properties is insepa-

rably connected with the investigation of fundamental
interactions. For instance, discovering the NC interactions
were essential for confirming the Glashow-Salam-
Weinberg model for electroweak interactions. The first
measurements of the NC neutrino and antineutrino scatter-
ing off nucleons and electrons were conducted by the
Gargamelle experiment [8]. The observation of NC inter-
actions resulted in the measurement of the Weinberg angle
and the ratio of the nucleon F2 structured functions
obtained from electron and neutrino deep inelastic scatter-
ing off the nucleon. Certainly, the NC neutrino-matter
interactions studies shall further discover the fundamental
properties of weak interactions and matter.
It is trivial to distinguish between neutrino- and anti-

neutrino-induced CC reactions when the charged lepton is
in the final state. The lack of charged lepton in the final
state in the NC neutrino-nucleon scattering makes detecting
such events complicated. In this case, the event analysis is
made based on the measurement of the recoil nucleon and
other final hadronic particles. However, verifying if the
measured nucleon is a product of neutrino or antineutrino
processes is challenging. Another problem is distinguishing
between elastic (El) and inelastic types of processes. The
gross contribution to the inelastic scattering is from the
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processes in which a single pion is in the final state.
However, for some events, the produced pion is either not
visible in the detector or absorbed by the nuclear
matter. Such measurements can be misidentified as the
El contribution.
This paper focuses on NC neutrino and antineutrino

scattering on a polarized target in the energy range character-
istic for long baseline neutrino oscillation experiments such
as T2K, but we also consider supernova neutrino energies.
Hence,E varies from about 10MeV to several GeVs. In such
energy range, there are two dominant types of processes for
NC νðν̄Þ −N scattering (N denotes proton or neutron),
namely, elastic and single-pion production (SPP), in the last
one there are nucleon and one pion in the final state.
In νN interactions, the polarization effects have been

discussed for several decades [9] but mainly for the CC
neutrino-nucleon/nucleus scattering. Polarization observ-
ables contain complementary, to the spin-averaged cross-
section, information about the nucleon and nucleus structure
[10–13]. The first discussion of polarization properties in
neutrino-induced processes appeared in the 1960s and 1970s
[14–16]. In 1965, Block [17] announced one of the first
experimental proposals to measure the polarization of the
recoil nucleon in neutrino-deuteron scattering. Later, the
polarization observables were considered for the CC QE
(quasielastic), CC SPP and deep inelastic νN scattering
[18–26], as well as for CCQE ντ-nucleus scattering [27–29].
In Refs. [25,26,30–32] the sensitivity of the polarization
asymmetries on the axial and strange nucleon form factors
were discussed. Recently, Zaidi et al. studied the impact of
the nuclear effects on the tau polarization produced in CC
deep inelastic ντ=ν̄τ-nucleus scattering [33].
All papers cited above concern the CC interactions. The

polarization effects in NC neutrino-nucleus scattering were
studied by Jachowicz et al. [6]. It was shown that the
measurement of recoiled nucleon polarization can help
distinguish between neutrino and antineutrino interaction
processes. These studies were extended in Refs. [34,35].
Eventually, Bilenky and Christova [36] pointed out that the
polarization of the recoil nucleon in neutral current elastic
(NCEl) interactions is sensitive to the axial form factor of
the nucleon. Hence, its measurement can provide informa-
tion about the axial content of the nucleon.
This paper continues our previous studies on polarization

effects in the CC QE [25] and SPP [23,26,37] νðν̄Þ-nucleon
scattering. We proposed a few types of spin asymmetry
(SA) observables that contain nontrivial information about
the nature of the interaction of neutrinos with nucleons. In
Ref. [37], we showed that the polarization of the outgoing
nucleon, in the CC SPP νN scattering, hides the informa-
tion about the relative phase between resonant-nonresonant
background amplitudes. Reference [23], revealed that
target spin asymmetries are sensitive to the nonresonant
background contribution. Eventually, for the CCQE νμN
scattering, we discuss three observables that had not been

considered before; namely, target spin asymmetry, double
and triple spin asymmetries [25]. These observables turned
out to be sensitive to the axial nucleon form factors, and
their measurement can improve our knowledge about the
axial contribution to the electroweak vertex of the nucleon.
In the present paper, we shall show that for the neutrino

(antineutrino) energies smaller than 1 GeV, measurement of
the target spin asymmetry for NC interactions allows one to
distinguish between neutrino and antineutrino-induced proc-
esses. Moreover, the target SA brings information about a
type of target nucleon that interactedwith the initial neutrino.
Eventually, the detailed analysis of the SAs can help to
distinguish between El and SPP types of scattering events
and bring information about El and SPP dynamics.
The paper is organized as follows. In Sec. II, we discuss

the necessary formalism and briefly review theoretical
models for El and SPP interactions. In Sec. III, we discuss
numerical results. Section IV summarizes the paper. We
include three appendixes containing more details about El
and SPP models.

II. FORMALISM

A. Spin asymmetries

The present studies consider target spin asymmetry in
NC El and SPP neutrino (antineutrino)-nucleon scattering
processes. Namely, the neutrino or antineutrino collides
with a polarized target,

νðkÞ þ N⃗ ðp; sÞ →
�

νðk0Þ þN ðp0Þ El

νðk0Þ þN 0ðp0Þ þ πðlÞ SPP
; ð1Þ

where kμ ¼ ðE;kÞ and k0μ ¼ ðE0;k0Þ denote the four-
momentum of the incoming and outgoing neutrinos (anti-
neutrinos); p and p0 are the four-momenta of the target
nucleon and outgoing nucleon, respectively. l is the pion
four-momentum and s is the spin four-vector of the target
nucleon. We work in the laboratory frame; pμ ¼ ðM; 0Þ (M
is nucleon averaged mass).
The differential cross section for (1) type of the process

reads

dσðsμÞ ¼ dσ0ð1þ T μsμÞ; ð2Þ

where T μ is the target spin asymmetry four-vector with
three independent components; dσ0 is half of the spin
averaged cross section.
To compute the components of T μ we introduce the spin

basis (see Fig. 1),

χμL ¼ 1

E
ð0;kÞ; ð3Þ

χμT ¼
�
0;

k × ðk × qÞ
jk × ðk × qÞj

�
; ð4Þ
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χμN ¼
�
0;

k × q
jk × qj

�
; ð5Þ

where q ¼ k − k0. The χμL is the vector longitudinal along
the neutrino beam, χμN is normal to the scattering plane, and
χμT , transverse component that lies in the scattering plane.
With the above choice of basis, there are three indepen-

dent components of the target spin asymmetry, namely,

T X ≡ χμXT μ; X ¼ L; T; N; ð6Þ

and the target spin asymmetries are given by the ratio

Rðdσ; sX;A;B;…Þ ¼
P

c¼�1cdσðA;B;…; csXÞP
c¼�1dσðA; B;…; csXÞ

; ð7Þ

where A, B, ... stand for the kinematic variables the dσ
depends on the spin vector sX.
In this paper, we compute the ratios of the total cross

sections, which are given by

T XðEÞ≡ Rðσ; χX;EÞ; ð8Þ

where σ is the total cross section. However, in Appendix B,
we give the analytic formulas for Rðdσ=dt; χX;E; tÞ
(t ¼ q2) computed for NC El scattering, that can be used
to compute (8). The formulas for NC SPP asymmetries are
too complicated and too long to present in the paper. Note
that we used FORM language [38] to obtain the analytic
expressions for asymmetries. The numerical computations
have been conducted in Cþþ language.
We consider two scenarios for the polarization of the

nucleon target; along the neutrino beam and perpendicular to
the neutrino beam. Note that the direction of the neutrino
beam in the long and short baseline experiments is fixed.
Hence, polarizing the beam along the neutrino beam is a
natural option and it does not introduce additional compli-
cations to the analysis. This scenario is shown in the top
diagram of Fig. 1. In the second scenario, shown in the
bottom diagram of Fig. 1, we consider the polarization of
the nucleon target perpendicular to the beam. However, the
scattering plane spanned by lepton vectors defines the two
spin vectors, normal (χNμ ) and transverse (χTμ ). Then, the
linear combination of the normal and transverse components
will give the measured perpendicular (T ⊥) spin asymmetry.
Note that the normal component for El scattering

vanishes if one assumes that the nucleon’s vector and axial
form factors are real. The imaginary contribution to the
form factors (on the tree level) can only be possible for
the types of neutrino-nucleon interactions that go beyond
the Standard Model.
In contrast to El scattering, the normal component for

the SPP processes does not vanish. However, we found that
this contribution is of the order of 10−3 and would be
difficult to measure. Hence, the transverse component for
both El and SPP processes fully determines the target spin
asymmetry perpendicular to the neutrino beam, namely,
T T ≈ sinϕT ⊥, where ϕ is defined in Fig. 1.

B. Cross section models

According to the standard model, the NC types of
interactions are described by the density Lagrangian [39],

LNC ¼ −
g

2 cos θW
J NC

α Zα þ H:c:; ð9Þ

where GF=
ffiffiffi
2

p ¼ g2=8m2
W , GF is the Fermi constant, g is

the weak coupling constant,mW ¼ cos θWmZ is mass of the
W�, mZ is the mass of Z0 boson, Zμ is the gauge field, and
θW is the Weinberg angle.
In a laboratory frame, the differential cross section for

NCEl and NC SPP scattering processes reads

dσ ∼ Hμν
NCLμν; ð10Þ

where Lμν is the leptonic tensor that has the form

Lμν ¼ 8ðkνk0μ þ kμk0ν − gμνk · k0 � iϵμναβkαk0βÞ:

FIG. 1. In the top figure: neutrino scattering off the longitu-
dinally (along the neutrino beam) polarized nucleon. In the
bottom figure: the neutrino scattering off the nucleon polarized
perpendicularly to the beam. The scattering plane has green color.
The normal plane to the perpendicular polarization is gray. The
red vector denotes the polarization of the nucleon. The polari-
zation vectors χL;T;N are drawn in both panels.
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The sign � corresponds to neutrino/antineutrino scattering.
The hadronic tensor has the form

Hμν
NC ¼ JμNCJ

ν
NC

�; ð11Þ

where JNC is the expectation value of the hadronic
current J NC.
To compute the cross section, we need to construct the

hadronic currents for both types of interaction. Derivation
of the hadronic tensor for NCEl νN scattering is similar to
the CCQE (see Sec. II of Ref. [25]). The main difference
lies in the parametrization of the form factors and kin-
ematics. We provide some details in Appendix A. Note that
we show the numerical results for six types of the
processes; νN → νN and ν̄N → ν̄N scatterings, where
N ¼ proton (p), neutron (n), as well as for νN → νN and
ν̄N → ν̄N, where N denotes the isoscalar target. To
estimate the cross section for neutrino scattering off the
isoscalar target, we assume that the target contains the same
number of protons and neutrons and the cross section
reads dσN ¼ ðdσp þ dσnÞ=2.
We adapt the model from Hernandez et al. [40] to

compute the NC SPP cross section. The model describes
the neutrino-deuteron scattering data well, and its vector
contribution can be fitted to the electroproduction data [41].
The sum of seven amplitudes gives the total amplitude for
the SPP induced by νN interaction. Two amplitudes,
denoted by DP (Δ pole) and CDP (crossed Δ pole), contain
a contribution from nucleon → Δð1232Þ (resonance) tran-
sition. The contributions from the nucleon excitation to
heavier resonances are small in the energy range considered
in the present studies. The remaining five amplitudes
[nucleon pole (NP), crossed nucleon pole (CNP), pion in
flight (PF), contact term (CT), and pion pole (PP)] describe
the nonresonant background contribution.
Similarly, as in the NCEl case, computing the NC SPP

cross section is very similar to those performed for CC SPP,
see Sec. II and Sec. III of Ref. [37]. The main difference lies
in describing the elementary vertices (form factors and
Clebsch-Gordan coefficients) and kinematics. Some details
are given in Appendix C.
There are four variants of the SPP neutrino-induced

process:

νp → νpπ0; ð12Þ

νn → νnπ0; ð13Þ

νp → νnπþ; ð14Þ

νn → νpπ−; ð15Þ

and corresponding four SPP antineutrino-induced process:

ν̄p → ν̄pπ0; ð16Þ

ν̄n → ν̄nπ0; ð17Þ

ν̄p → ν̄nπþ; ð18Þ
ν̄n → ν̄pπ−: ð19Þ

In contrast to El scattering, various approaches have been
developed to describe the SPP. They differ in the treatment
of the resonance and nonresonant contributions, and there
is a need for providing new observables that help to confirm
the models [37].

III. RESULTS

We begin the discussion of the results from the El
scattering. In Fig. 2, we plot the target spin asymmetries
defined by the ratios of the total cross sections. We consider
El scattering on neutron, proton, and isoscalar targets.
The energies vary from E ¼ 0.01 GeV to 4 GeV, which

FIG. 2. Target-spin asymmetry for NCEl. The solid/dashed
line denotes the spin asymmetries computed for the neutrino/
antineutrino-proton (black line), -neutron (blue line), and
isoscalar target (red line) scattering. In the top/bottom panel
T LðEÞ=T TðEÞ is plotted.
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includes supernova and accelerator energy ranges of
neutrinos. Notably, below ν (ν̄) energy approximately
E ∼ 0.7 GeV, the transverse components of SAs for ν
and ν̄ interactions differ in sign and energy dependence.
Conversely, the longitudinal components of ν and ν̄ target
SAs, computed for neutron, have the same sign in the entire
range. Almost the same property holds for the longitudinal
component computed for the isoscalar target. Indeed, in this
case, the sign difference for neutrino/antineutrino is seen
only at the low energy range. Eventually, the difference in
the sign for ν and ν̄ asymmetries is exhibited for the E <
1 GeV for proton target. The disparities between the SAs
for neutrinos and antineutrinos gradually vanish when

beam energy increases. Moreover, for neutrino (antineu-
trino) energies E ∼ 5 GeV, the asymmetries tend to con-
verge to some fixed values specified for each target type.
In the analysis of the SPP, we distinguish π0 and π�

production processes. In Fig. 3, we show the longitudinal
and transverse components of the SA for both types of
processes. In the case of π0 production, the longitudinal and
transverse components are of the same order and sign. As in
the NCEl case, the ν and ν̄ spin asymmetries (longitudinal
and transverse) have opposite signs for E < 1 GeV. When
the energy of the ν (ν̄) grows, the difference between SAs
for neutrino and antineutrino disappears. In the π0 pro-
duction process, the final nucleon has the same isospin as

FIG. 3. Target-spin asymmetry for NC SPP (full model). The solid/dotted line corresponds to the T L=T component of the spin
asymmetries. The black/red line denotes the spin asymmetries computed for ν=ν̄ scattering off the nucleon. In the top panels, we plot the
corresponding NCEl target spin asymmetries in the background.
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the initial one. From that perspective, there is a similarity
between π0 production processes and NCEl ones. Hence in
the top panels of Fig. 3, in the background, we plot the
NCEl SAs. As can be noticed, analysis of the energy
dependence and signs of SPP SAs allows one to distinguish
between elastic and SPP types of process. For the SPP
processes in which the target changes the identity and the
charged pion is the final state, in contrast to π0 production,
both components of asymmetries for neutrino and anti-
neutrino scattering have the same sign (positive) and
similar energy dependence.
Note that the dominant contribution to the target spin

asymmetries for SPP comes from resonance N →
Δð1232Þ transition, which is illustrated in Fig. 4.

However, the background terms visibly contribute to
the SAs. Indeed, in Fig. 5, we show the SA’s computed
only for diagrams NP and CNP. These diagrams corre-
spond to the process at which the elementary interaction
between neutrino (antineutrino) is the same as in NCEl,
but the nucleon emits the pion. In this case, for energies
below 1 GeV, the signs of the SA’s for π0 production
processes and El are negative for neutrino and positive for
antineutrino scattering processes.
For the remaining two SPP processes (π� production),

the sign of the SAs depends on the type of polarization
component rather than the initial lepton type. Altogether
shows that the spin asymmetries in NC SPP interactions are
sensitive to the amplitude content and seem to contain

FIG. 4. Target-spin asymmetry for NC SPP but only N → Δ contribution described by DP and CDP diagrams. The solid/dotted line
corresponds to the T L=T component of the spin asymmetries. The black/red line denotes the spin asymmetries computed for ν=ν̄
scattering off the nucleon. In the background, the corresponding full SPP model-spin asymmetries are shown.
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valuable information about the dynamical structure of
neutrino-nucleon interaction.

IV. SUMMARY

It has been demonstrated that the target-spin asymmetries
for neutral current neutrino-nucleon and antineutrino-
nucleon interactions differ in sign and energy dependence.
Indeed, at energies below 0.7 GeV, the transverse and
partially longitudinal SA components for El and SPP
processes take different sign values for ν− and ν̄- induced
processes. An analogous property reveals SA’s transverse
and longitudinal components for π0 production. However,
SPP SAs take opposite signs to their counterparts from

El scattering.Adetailed analysis of the energydependence of
the elastic SAs can provide information about the type of the
initial target. Eventually, the SPP spin asymmetries also
contain information about the resonance-nonresonant content
of scattering amplitudes. Hence, their investigation should
contribute to studies of the fundamental properties of the
neutrino-nucleon interactions in the 1 GeV energy range.
We conclude that measuring ν and ν̄ scattering

on polarized target can discriminate between neutral
current neutrino- and antineutrino-induced processes.1

FIG. 5. Target-spin asymmetry for NC SPP but only nucleon-pole contribution described by NP and CNP diagrams. The solid/dotted
line corresponds to the T L=T component of the spin asymmetries. The black/red line denotes the spin asymmetries computed for ν=ν̄
scattering off the nucleon. In the background, the corresponding full SPP model-spin asymmetries are shown.

1If the neutrino has a Majorana nature, then one discriminates
between left-handed and right-handed neutrino-induced processes.
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This property can be beneficial for measuring supernova
neutrinos with so low energy that they can only interact via
neutral currents. Disparities between neutrino and antineu-
trino interaction processes are also crucial for determining
the CP violation phase. Hence, a new data type should
result in a better determination of the oscillation parame-
ters. Eventually, the polarization observables’ analysis can
help distinguish between elastic and SPP types of events
and constrain the theoretical models that describe them.
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APPENDIX A: FORM FACTORS
FOR ELASTIC SCATTERING

The hadronic current has vector (V)—axial (A) structure

JμNC;N ¼ ūN

�
γαF̃

N
1 þ i

2M
σαβqβF̃

N
2 þγαγ5F̃

N
A

�
uN ; ðA1Þ

where N ¼ p, n.
The form factors for nucleon have the following form:

F̃pðnÞ
1;2 ¼ þð−Þð1 − 2sin2θWÞ

FV
1;2

2
− sin2θWFS

1;2;

FVðSÞ
1;2 ¼ Fp

1;2 − ðþÞFn
1;2: ðA2Þ

FpðnÞ
1;2 is proton (neutron) form factor, fit II from Ref. [43]

[for the proton and neutron, Eqs. (40) and (47)].
The axial form factor for proton (neutron) for NC reads

F̃pðnÞ
A ¼ þð−Þ 1

2
FA; ðA3Þ

where FA is CCQE axial form factor. We assume the dipole
parametrization

FAðtÞ ¼ 1.2723ð1 − t=M2
AÞ−2; MA ¼ 1 GeV: ðA4Þ

APPENDIX B: POLARIZATION ASYMMETRIES
FOR ELASTIC SCATTERING

Here we give the spin asymmetry formulas for
Rðdσ=dt; χX;E; tÞ. Note that to compute Rðσ; χX;EÞ, one
computes ratio of the integrals over t of the numerator and
denominator of Rðdσ=dt; χX;E; tÞ.
Let

t ¼ q2 ¼ ðk − k0Þ · ðk − k0Þ; ðB1Þ

where qμ ¼ ðω;qÞ.
The longitudinal target asymmetry, Rðdσ=dt; χL;E; tÞ, is

given by

T L ¼ 1

4EI
½8txF̃2

1ð4E2M þ tðEþMÞÞ − 8Et2xF̃2
2

þ 8MtxF̃1F̃2ð4E2 þ tÞ − 8MtF̃2F̃Aðt − 4E2Þ
− 16F̃1F̃Að8E3M2 þ t2ðEþMÞ þ 2EMtð2EþMÞÞ
− 8txð−E −MÞF̃2

Að4EM þ tÞ�: ðB2Þ

The transverse target asymmetry, Rðdσ=dt; χT ;E; tÞ is
given by

T T ¼ sin βjp0j
I

½4F̃2F̃Að−4E2M − EtþMtÞ
þ 8MF̃1F̃Að2EM þ tÞ þ F̃1F̃2ð4Etx − 4MtxÞ
− 4MxF̃2

Að4EM þ tÞ þ 4EtxF̃2
2 − 4MtxF̃2

1�: ðB3Þ

where x ¼ � for neutrino/antineutrino,

2Eðω − jqj cos βÞ ¼ 2k · q ¼ t − ðk − qÞ2 ¼ t ¼ −2Mω

and β is an angle between k and q.
I is the contraction of the leptonic and hadronic tensors

and it reads

I ¼ 2F̃2
1ð8E2M2 þ 2Mtð2EþMÞ þ t2Þ

þ tF̃2
2

�
t −

2Eð2EM þ tÞ
M

�
þ 4t2F̃1F̃2

− 4txðF̃1 þ F̃2ÞF̃Að4EM þ tÞ
þ 2F̃2

Að8E2M2 þ 4EMtþ tðt − 2M2ÞÞ: ðB4Þ

APPENDIX C: DETAILS OF IMPLEMENTATION
OF NC SPP

In the table below, we include, for each process, the
weight with which a given diagram contributes to the total
amplitude, the form factors for the N → Δ transition, and
the nonresonant background terms. For direct comparison,
we keep the CC terms.
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CC CC NC NC NC NC

νp → l−pπþ νn → l−nπþ νp → νpπ0 νn → νnπ0 νp → νnπþ νn → νpπ−

NP 0 1 1ffiffi
2

p 1ffiffi
2

p 1 −1
FV
1;2 FV

1;2
FV
1;2

2
ð1 − 2s2WÞ − s2WF

S
1;2

FV
1;2

2
ð1 − 2s2WÞ þ s2WF

S
1;2

FV
1;2

2
ð1 − 2s2WÞ − s2WF

S
1;2

FV
1;2

2
ð1 − 2s2WÞ þ s2WF

S
1;2

FA FA
1
2
FA

1
2
FA

1
2
FA

1
2
FA

CNP 1 0 1ffiffi
2

p 1ffiffi
2

p −1 1
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1;2 FV

1;2
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2
ð1 − 2s2WÞ − s2WF
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2
ð1 − 2s2WÞ − s2WF

S
1;2

FV
1;2

2
ð1 − 2s2WÞ − s2WF

S
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FV
1;2

2
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S
1;2

FA FA
1
2
FA

1
2
FA

1
2
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1
2
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PF 1 −1 0 0 −2 2
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1 FV

1
� � � � � � FV

1

2
ð1 − 2s2WÞ FV

1

2
ð1 − 2s2WÞ

CT 1 −1 0 0 −2 2
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1 FV

1
� � � � � � FV

1

2
ð1 − 2s2WÞ FV

1

2
ð1 − 2s2WÞ

Fρ Fρ � � � � � � 1
2
Fρ

1
2
Fρ

PP 1 −1 0 0 −2 2
Fρ Fρ � � � � � � 1

2
Fρ

1
2
Fρ

Δþþ → pπþ Δþ → nπþ Δþ → pπ0 Δ0 → nπ0 Δþ → nπþ Δ0 → pπ−

DP 1 1
3

2
3
·

ffiffiffi
2

p
2
3
·

ffiffiffi
2

p
− 2

3
2
3

CV
i CV

i
CV
i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ

CA
i CA

i
CA
i
2

CA
i
2

CA
i
2
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i
2

CDP 1 3 2 ·
ffiffiffi
2

p
2 ·

ffiffiffi
2

p
2 −2

CV
i CV

i
CV
i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ CV

i
2
ð1 − 2s2WÞ
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i
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i
2
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i
2
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i
2
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i
2

s2W ¼ sin2 θW .

The N → Δ transition form factors (CV;A
i ) and Fρ are parametrized as in Ref. [26].
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