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I present a unified model for single pion production in photo-, electro-, and neutrino-nucleon interactions
that is applicable across the broad kinematic range in the GeV regime relevant to accelerator-based neutrino
experiments. The model incorporates vector and axial-vector transition form factors for excited nucleon
states with masses up to 2 GeV, together with nonresonant background contributions, within a meson
dominance framework that respects quantum chromodynamic constraints and preserves unitarity. This
construction ensures the correct asymptotic behavior at large momentum transfer (Q2) while providing a
consistent description of the resonance and transition regions. At very low Q2, the implementation of the
conserved vector current and partially conserved axial current relations leads to reliable predictions and
helps address challenges encountered in current neutrino data analyses. The unified framework enables a
global analysis that combines the available electron, photon, pion, and neutrino scattering data. This
comprehensive approach allows detailed studies of nucleon structure in the resonance region and provides
important constraints on weak interaction form factors, where modern neutrino-nucleon data remain
limited. By determining all model parameters simultaneously with their correlated uncertainties, the
approach establishes a robust, data-driven foundation for precision neutrino interaction modeling in support
of next-generation neutrino oscillation measurements.

DOI: 10.1103/3rbk-gt2p

I. INTRODUCTION

Precise modeling of neutrino interactions [1–8] is essen-
tial for predicting both overall interaction rates and detailed
final-state kinematics in neutrino experiments [6,9–11].
These models determine how the true neutrino energy maps
onto the observable energy deposited in a detector, a
relationship that directly affects oscillation analyses and
the control of systematic uncertainties. Achieving accurate
cross section predictions across the wide kinematic range
probed by broadband neutrino beams is, therefore, indis-
pensable for meeting the precision goals of current and next-
generation experiments.
Among the processes relevant to this energy regime,

neutrino interactions that produce a single pion in the final
state play a central role. In the 1–3 GeV energy region,
characteristic of all modern accelerator-based neutrino
beams, single pion production (SPP) constitutes the largest

component of the inclusive neutrino-nucleus cross section.
A precise and theoretically robust description of SPP
dynamics is, therefore, essential for reducing interaction
model systematics in oscillation measurements.
Modeling SPP is inherently challenging because it

involves two distinct but experimentally indistinguishable
production mechanisms. The first is resonance production,
in which the exchanged boson excites the nucleon to a
baryon resonance that subsequently decays into a pion-
nucleon final state. The second is nonresonant production,
where the pion is created directly at the interaction vertex
alongside the outgoing nucleon. These mechanisms produce
final states that are kinematically identical and give rise to
non-negligible interference effects. A reliable theoretical
framework must, therefore, treat resonant and nonresonant
amplitudes coherently, with a consistent phase structure
across the entire kinematic domain.
Inelastic neutrino-nucleon scattering, including SPP

channels, can be described using two independent kinematic
variables, typically chosen as invariants: the four-momen-
tum transfer (Q2) and the invariant hadronic mass (W). The
accessible kinematic region in terms of Q2 and W for
various neutrino energies relevant to current and future
accelerator-based experiments is shown in Fig. 1. The
neutrino energy spectra for T2K, Hyper-Kamiokande,
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and MicroBooNE peak below Eν ¼ 1 GeV, while NOvA
operates primarily in the range of 1 < Eν < 3 GeV, and
DUNE extends up to Eν < 5 GeV. Consequently, for
wideband beams in accelerator-based neutrino experiments,
interaction models must remain valid across a broad range
of Q2 and W.
At low invariant massW (< 1.4 GeV), the target nucleon

is excited to theΔð1232Þ resonance, which promptly decays
into a nucleon and a pion. The Δ resonance provides the
dominant contribution in the resonance region and is the
sole resonance present in the first resonance region
(1.08 GeV < W < 1.4 GeV). At higher W, the second
resonance region (1.4 GeV < W < 1.6 GeV) contains
three isospin-1=2 resonances: the P11ð1440Þ Roper reso-
nance and the two negative-parity states D13ð1520Þ and
S11ð1535Þ. Beyond this, the third resonance region
(1.6 GeV < W < 2.0 GeV) includes several additional res-
onances, although their overall contribution to the cross
section is smaller. In both the second and third resonance
regions, mesons heavier than the pion, such as η, K, ω, and
ρ, can also be produced.
The Q2 dependence further characterizes the scattering

regime, as illustrated in the right plot of Fig. 1. At low Q2

(≲1 GeV2), the interaction is dominated by hadronic
resonance production and nonresonant background proc-
esses, without quark-level interactions inside the nucleon.
In the intermediate region (1≲Q2 ≲ 4 GeV2), hadronic
resonance production coexists with nonperturbative shal-
low inelastic scattering (SIS), often described as the quark-
hadron transition region. At higher momentum transfers
(Q2 ≳ 4 GeV2), perturbative quantum chromodynamics
(QCD) becomes applicable, and deep inelastic scattering

(DIS) processes, dominated by quark-level interactions,
prevail.
In addition to model development and robust predictions,

a crucial aspect of theoretical work in neutrino experiments
is the quantification of uncertainties. While several SPP
models exist [13–25], most of them address only key
processes, focusing primarily on the first and second
resonance regions. However, none of these models sys-
tematically study or evaluate the systematic uncertainties
inherent to the models themselves. Furthermore, existing
SPP models are confined to the nonperturbative region,
which does not encompass the broad kinematic range
required for neutrino experiments. The primary goal of
this work is to develop a comprehensive model that
addresses these gaps, providing a robust framework to
enhance the precision of neutrino measurements.
A commonly used parametrization of nucleon form

factors in theoretical models is the dipole form factor,
originally derived from elastic electron scattering data.
However, measurements from inelastic scattering indicate
that the dipole form fails to accurately describe excited
nucleon states, particularly in the transition region. In
contrast, the meson dominance (MD) form factor model,
which accounts for the interaction between leptons and
nucleons via meson exchange with analogous quantum
properties, provides a more realistic description [26]. As
emphasized in Ref. [27], the MD framework, consistent
with QCD expectations, successfully captures the behavior
of nucleon form factors across both perturbative and
nonperturbative regimes, including the hadron-quark tran-
sition region. The model contains a set of parameters
constrained by unitarity and analyticity considerations,
however, their precise determination requires high-quality
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FIG. 1. The allowed kinematic region for charged-current inelastic neutrino-nucleon interactions in terms of Q2 and W for different
neutrino energies. The left panel illustrates the evolution inW and highlights the different resonance regions. While the resonance region
extends up toW ¼ 2.0 GeV, single pion production can still occur at higherW through nonresonant interactions. The right panel shows
the corresponding evolution in Q2, following Ref. [12]: at low Q2 neutrinos predominantly probe the nucleon as a whole, whereas at
higher Q2 they resolve individual quarks, with a broad transition region between hadronic and partonic degrees of freedom.
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data spanning a wide kinematic range, which are presently
limited by the scarcity of neutrino interaction
measurements.
To address this limitation, this work introduces a unified

framework that extends the description of single pion
production to analogous processes induced not only by
neutrino beams but also by electron, photon, and pion
probes. The form factors governing these interactions are
fundamentally related. In particular, the vector current form
factors entering weak interactions are connected to proton
and neutron electromagnetic form factors through isospin
symmetry, as summarized in Table I. Consequently, com-
bining information from different probes is especially
advantageous, since electron, photon, and pion scattering
experiments provide extensive and precise datasets covering
a broad kinematic domain. Exploiting these complementary
measurements enables a more comprehensive investigation
of nucleon structure than can be achieved using neutrino
data alone.
The unified model leverages the strengths of each

interaction channel. Electron scattering data provide precise
constraints on the vector current over a wide range of Q2,
while photon-induced reactions offer complementary sen-
sitivity in the very low-Q2 region. Pion scattering data,
interpreted within the framework of the partially conserved
axial current (PCAC) hypothesis, supply essential informa-
tion on the axial-vector current at low Q2. The combined
dataset, therefore, provides a powerful foundation for
addressing longstanding tensions between single pion
production models and neutrino measurements, particularly
in the low-Q2 region.
The advanced theoretical framework developed in this

work, referred to as the MK model, is designed to
seamlessly incorporate these diverse datasets while remain-
ing consistent with fundamental QCD principles and
preserving all relevant symmetry relations. Such theoretical
consistency is essential for achieving a unified and reliable
description of nucleon dynamics across different exper-
imental probes.
In addition, the analysis strategy employed in this study

enables careful control of systematic uncertainties, which
primarily originate from experimental inputs and model
parametrization choices. The resulting predictions include

well-quantified uncertainties, a prerequisite for precision
neutrino measurements and for reducing model-dependent
biases. This capability is particularly important for next-
generation neutrino experiments, where accurate interac-
tion modeling is required to fully exploit the discovery
potential of precision measurements.

II. GENERAL DESCRIPTION

Let us consider the weak, electro, and photo pion
production reactions,

νl

ν̄l

�
ðk1Þ þ Nðp1Þ →

l

l̄

�
ðk2Þ þ Nðp2Þ þ πðqÞ;

eðk1Þ þ Nðp1Þ → eðk2Þ þ Nðp2Þ þ πðqÞ;
γðkÞ þ Nðp1Þ → Nðp2Þ þ πðqÞ: ð1Þ

Here, N denotes a nucleon, νðν̄Þ a neutrino (antineu-
trino), and l the outgoing charged lepton or neutrino in
charged-current (CC) and neutral-current (NC) inter-
actions, respectively. The four-momentum of each particle
is indicated in parentheses.
For weak and electroproduction processes, the four-

momentum transfer between the initial and final leptons is
defined as

k ¼ k1 − k2; ð2Þ

and the corresponding invariant four-momentum transfer
squared is

Q2 ¼ −k2 ¼ −ðk1 − k2Þ2: ð3Þ

The invariant mass of the final pion-nucleon system is

W2 ¼ ðkþ p1Þ2 ¼ ðp2 þ qÞ2: ð4Þ

For noninvariant quantities, such as energy transfer, a
superscript L is used to denote laboratory-frame variables.
Quantities without the superscript L refer to the center-of-
mass frame of the final pion-nucleon system (the isobaric or
Adler frame), which is defined by

TABLE I. Isospin relation for vector form factors where sW ¼ ð1
2
− 2 sin2 θWÞ. Note that in the case of an isospin 1=2 → 3=2

transition, the form factors are equal for the proton and neutron, which is indicated by the index N (instead of p or n).

Channels FV
i for I ¼ 1=2 CVi for I ¼ 1=2 FV

i for I ¼ 3=2 CVi for I ¼ 3=2

e−p → e−Rþ Fp
i Cp

i FN
i CN

i

e−p → e−R0 Fn
i Cn

i FN
i CN

i
νp → l−Rþþ N/A N/A FV

i ¼ −FN
i CV

i ¼ −CN
i

νn → l−Rþ FV
i ¼ Fp

i − Fn
i CV

i ¼ Cp
i − Cn

i FV
i ¼ −FN

i CV
i ¼ −CN

i
νp → νRþ F̃p

i ¼ sWF
p
i − 1

2
Fn
i − 1

2
Fs
i C̃p

i ¼ sWC
p
i − 1

2
Cn
i − 1

2
Cs
i F̃N

i ¼ sWFN
i C̃N

i ¼ sWCN
i

νp → νR0 F̃p
i ¼ sWF

p
i − 1

2
Fn
i − 1

2
Fs
i C̃p

i ¼ sWC
p
i − 1

2
Cn
i − 1

2
Cs
i F̃N

i ¼ sWFN
i C̃N

i ¼ sWCN
i

SINGLE PION PRODUCTION OFF FREE NUCLEONS: … PHYS. REV. D 114, 053009 (2026)

053009-3



qþ p2 ¼ kþ p1 ¼ 0; ð5Þ

as illustrated in Fig. 2. In this framework, the differential
cross section for lepton-induced single pion production is
given by

dσðlN → l0NπÞ
dk2dWdΩπ

¼ 1

ð2πÞ4
jqj
8M2

−k2

ðkLÞ2 jMj2; ð6Þ

while for photoproduction,

dσðγN → NπÞ
dΩπ

¼ 1

ð4πÞ2
2M2

W2 −M2

jqj
W

jMj2: ð7Þ

The invariant matrix element can be written as

MðνlN → l−NπÞ ¼ GFffiffiffi
2

p aϵρhNπjJρCCþjNi;

Mðν̄lN → lþNπÞ ¼ GFffiffiffi
2

p aϵ̄ρhNπjJρCC−jNi;

MðeN → e0NπÞ ¼ e2
1

k2
ϵEMρ hNπjJρEMjNi;

MðγN → NπÞ ¼ eϵγρhNπjJρEMjNi: ð8Þ

Here, Jρ denotes the hadronic current, GF is the Fermi
constant, e is the electric charge, and a ¼ cos θC for CC
interactions and a ¼ 1=2 for NC interactions. The photon
polarization vector is denoted by ϵγρ, and the lepton currents
are given by

ϵρ ¼ ūlðk2Þγρð1 − γ5Þuνðk1Þ;
ϵ̄ρ ¼ ūl̄ðk2Þγρð1þ γ5Þuν̄ðk1Þ;

ϵEMρ ¼ ūeðk2Þγρueðk1Þ: ð9Þ

In the massless limit, only left-handed helicity states
contribute. However, in charged-current interactions with
a νμ beam, the finite muon mass leads to non-negligible
contributions from both helicity states. One can, therefore,
define

ϵρλ ¼ ūlλðk2Þγρð1 − γ5Þuνðk1Þ; ð10Þ

where λ ¼ −ðþÞ corresponds to left- (right-)handed
helicity.
The lepton current can be decomposed in terms of the

polarization vectors of the intermediate boson,

ϵρλ ¼ CLλ
eρL þ CRλ

eρR þ Cλe
ρ
λ ; ð11Þ

where eρL and eρR are transverse polarizations, and eρλ is the
longitudinal polarization. These are given by

eαL ¼ 1ffiffiffi
2

p ð0; 1;−i; 0Þ;

eαR ¼ 1ffiffiffi
2

p ð0;−1;−i; 0Þ;

eαλ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jðϵ0λÞ2 − ðϵ3λÞ2j
q ðϵ0λ ; 0; 0; ϵ3λÞ; ð12Þ

with coefficients

CLλ
¼ 1ffiffiffi

2
p ðϵ1λ þ iϵ2λÞ;

CRλ
¼ −

1ffiffiffi
2

p ðϵ1λ − iϵ2λÞ;

Cλ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jðϵ0λÞ2 − ðϵ3λÞ2j

q
: ð13Þ

The matrix element can be expressed in terms of helicity
amplitudes and the coefficients in Eq. (13). The helicity
amplitudes are defined by the helicities of the initial
nucleon (λ1), final nucleon (λ2), and boson polarization
(λk). This leads to 16 amplitudes for the vector current and
16 for the axial-vector current in CC interactions. For
electromagnetic and NC processes, the number of inde-
pendent amplitudes is reduced according to the available
boson polarizations.
The helicity amplitudes are defined as

F̃λk
λ2;λ1

¼ hNπjeρλk
1

2W
JVρ jNi;

G̃λk
λ2;λ1

¼ hNπjeρλk
1

2W
JAρ jNi; ð14Þ

where eρλk are the transverse and longitudinal polarization
vectors of the virtual intermediate vector boson, as defined
in Eq. (12).

FIG. 2. Isobaric (Adler) frame or the πN center-of-mass frame.
k̂ is the direction of the momentum transfer between leptons.
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The internal structures of the nucleon or excited nucleon
are encoded in form factors [28–30], which depend on Q2

and provide essential inputs to the hadronic currents and
helicity amplitudes. The most sophisticated model to
describe these form factors is the MD model, based on
the effective Lagrangian of quantum field theory, as
introduced in Refs. [31,32]. The MD model explains the
interaction between leptons and nucleons through meson
exchange with analogous quantum properties. The form
factors can then be expressed in terms of the meson masses
(mj), the ratio of coupling strengths between the gauge
boson and the meson, and between the meson and the
nucleon (aj), summing over all possible n mesons,

Fðk2Þ ¼
Xn
j¼1

ajm2
j

m2
j − k2

; ð15Þ

where a list of vector mesons and axial mesons is given in
Table II.
There are two shortcomings from the form factor model.

Firstly, the form factor in Eq. (15) does not have analytic
properties and does not obey the unitarity condition.
Secondly, the asymptotic behavior of the form factor differs
from the asymptotic scaling behaviors predicted by QCD.
However, these properties can be imposed to the
MD model.
Imposing the conditions brings us to a complex system

of equations for the coupling constant ratios, making it
difficult to find solutions in the general case. However, in
Ref. [33], an equivalent system of equations is derived for
the coupling constant ratios, with coefficients that are
simply even powers of the corresponding meson masses.
In principle, one can find solutions to these equations even
in the general case, referred to as linear superconvergence
relations,

Xn
j¼1

aj ¼ 1;

Xn
j¼1

m2
jaj ¼ 0;

Xn
j¼1

m4
jaj ¼ 0;

..

.

Xn
j¼1

m2ðm−1Þ
j aj ¼ 0; ð16Þ

where m ≤ n shows the asymptotic behavior of the form
factors,

Fðk2Þjk2j→∞ ∼ k−2m:

III. RESONANCE PRODUCTION

The general form of the helicity amplitudes was derived
in my previous works [34–36] and is reproduced in
Appendix for completeness. The sixteen vector helicity
amplitudes (F̃λk

λ2;λ1
) are presented in Table V, while the

sixteen axial-vector helicity amplitudes (G̃λk
λ2;λ1

) are listed in
Table VI. These amplitudes incorporate several ingredients,
including Clebsch-Gordan coefficients corresponding to
different SPP channels and Breit-Wigner parametrizations
describing the finite widths of the resonance states.
The key element in their definition is the resonance

production amplitude, which is the focus of this section.
These amplitudes are defined as

fðV;AÞ−3 ¼ −
1

2W
hN�; 3=2jeρRJðV;AÞρ jN; 1=2i;

fðV;AÞ−1 ¼ −
1

2W
hN�; 1=2jeρRJðV;AÞρ jN;−1=2i;

fðV;AÞðλÞ0þ ¼ 1

2W

ffiffiffiffiffiffiffiffi
−k2

p

jkj hN�; 1=2jeρRJðV;AÞρ jN; 1=2i: ð17Þ

Here, fðV;AÞ denote the vector and axial-vector production

amplitudes, and JðV;AÞρ represent the corresponding
hadronic currents. The state N� denotes the produced
resonance.
The resonances in the first and second resonance regions

have spin 1=2 or 3=2. The corresponding hadronic currents
associated with these resonances can be written as

hN�ðpÞjJρ3=2jNðp1Þi ¼ ψ̄αðpÞΓαρ
3=2uðp1Þ;

hN�ðpÞjJρ1=2jNðp1Þi ¼ ūðpÞΓρ
1=2uðp1Þ; ð18Þ

where p ¼ p1 þ k. In these equations, uðpÞ represents the
Dirac spinor for spin-1=2 resonances, while ψαðpÞ denotes
the Rarita–Schwinger spinor for spin-3=2 resonances [37].
The operators Γαρ

3=2 and Γρ
1=2 encapsulate the interaction

dynamics and depend on the specific form of the current Jρ,
as well as the quantum numbers of the resonances involved.

TABLE II. (Axial-)vector meson masses.

k ρ -group mðρÞk [GeV] ω -group mðωÞk [GeV]

1 ρð770Þ 0.77526 ωð782Þ 0.78265
2 ρð1450Þ 1.465 ωð1420Þ 1.410
3 ρð1700Þ 1.720 ωð1650Þ 1.670
4 ρð1900Þ 1.885 ωð1960Þ 1.960

k a1 -group mða1Þk [GeV] f1 -group mðf1Þk [GeV]

1 a1ð1260Þ 1.230 f1ð1285Þ 1.2819
2 a1ð1420Þ 1.411 f1ð1420Þ 1.4263
3 a1ð1640Þ 1.655 f1ð1510Þ 1.518
4 a1ð2095Þ 2.096 f1ð1970Þ 1.1971
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Given that the dynamics governing resonances with spin
1=2 and 3=2 differ significantly, I will discuss these cases
separately to provide a clear understanding of their respec-
tive contributions.

A. Resonance with spin 1=2

In the first and second resonance regions, there are two
resonances with spin 1=2: the P11ð1440Þ resonance, which
has positive parity, and the S11ð1535Þ resonance, which has
negative parity. Their corresponding interactions are
defined as follows:

Γρ
1=2ðP11Þ ¼ ½Vρ

1=2 −Aρ
1=2�;

Γαρ
1=2ðS11Þ ¼ ½Vαρ

1=2 −Aαρ
1=2�γ5; ð19Þ

where the vector (Vαρ
1=2) and axial-vector (A

αρ
1=2) components

are given by

Vρ
1=2 ¼

FV
1

2M2
ð=kkρ − k2γρÞ þ FV

2

2M
ðiσραkαÞ;

Aρ
1=2 ¼ FAγ

ργ5 þ FP

M
kργ5: ð20Þ

The vector and axial-vector helicity amplitudes for the P11

and S11 resonances can be derived from Eqs. (17) and (20).
Here, I present the explicit forms of these amplitudes for
P11 resonance,

fV−1ðP11Þ ¼
jkjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

WðEk þMÞp �
FV

1 −
FV

2

W2þ
k2
�
;

fVðλÞ0þ ðP11Þ ¼ −
1

Cλ

jkjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WðEk þMÞp ðjkjϵ0λ − k0ϵ3λÞ

×
1

Wþ
½FV

1 − FV
2 �; ð21Þ

fA−1ðp11Þ ¼ −FA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ek þM

W

r
;

fAðλÞ0þ ðP11Þ ¼
1

Cλ

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WðEk þMÞp �

FA½ðjkjϵ0λ − k0ϵ3λÞ

þ ϵ3λWþ� þ FP
jkj
M

ðjkϵ0λ − k0ϵ3λÞ
�
; ð22Þ

and for S11 resonance,

fV−1ðS11Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEk þMÞ

W

r �
FV

1

W2þ
k2 −

FV
2

Wþ
W−

�
;

fVðλÞ0þ ðS11Þ ¼
1

CV
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ek þM
2W

r
ðjkjϵ0λ − k0ϵ3λÞ

×

�
−
FV

1W−

W2þ
þ FV

2

Wþ

�
; ð23Þ

fA−1ðS11Þ ¼ −FA
jkjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

WðEk þMÞp ;

fAðλÞ0þ ðS11Þ ¼ −
1

Cλ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ek þM
3W

r �
FAðϵ0λWþÞ

þ FP

M
ðjkjϵ0λ − k0ϵ3λÞ

�
; ð24Þ

where FV
i (i ¼ 1, 2) denote the vector transition form

factors for spin-1=2 resonances and correspond to either the
CC form factors (FV

i ), the electromagnetic form factors
(FN

i , with N ¼ p, n), or the NC form factors (F̃N
i , with

N ¼ p, n). Similarly, FA and FP denote the CC axial-
vector and pseudoscalar form factors (FA, FP) or their NC
counterparts (F̃N

A , F̃
N
P ). The pseudoscalar form factor FP is

not independent, but is related to FA through the PCAC
hypothesis [16,37]. Consequently, only one independent
axial-vector form factor is required for spin-1=2
resonances.
The vector form factors CV

i and CVN
i (FV

i and FVN
i ) can

be related to the electromagnetic form factors Cp;n
i (Fp;n

i ),
as is presented in Table I.

B. Resonances with spin 3=2

In the first and second resonance regions, there are two
resonances with spin 3=2: the P33 (Δ) resonance, which has
positive parity, and the D13ð1520Þ resonance, which has
negative parity. Their corresponding interactions are
defined as follows:

Γαρ
3=2ðP33Þ ¼ ½Vαρ

3=2 −Aαρ
3=2�γ5;

Γαρ
3=2ðD13Þ ¼ ½Vαρ

3=2 −Aαρ
3=2�; ð25Þ

where the vector (Vαρ
3=2) and axial-vector (A

αρ
3=2) components

are given by

Vαρ
3=2 ¼

CV3
M

ðgαρ=k − kαγρÞ þ CV4
M2

ðgαρk:p − kαpρÞ

þ CV5
M2

ðgαρk:p1 − kαpρ
1Þ;

Aαρ
3=2 ¼

CA3
M

ðgαρ=k − kαγρÞ þ CA4
M2

ðgαρk:p − kαpρÞ

þ CA5 g
αρ þ CA6

M2
kαkρ: ð26Þ

The vector and axial-vector helicity amplitudes for the
P33 and D13 resonances can be derived from Eqs. (17) and
(26). Here, I present the explicit forms of these amplitudes
for P33 resonance,
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fV−3ðP33Þ ¼ −
jkj
W

1ffiffiffiffiffiffiffiffi
2N

p
�
CV3Wþ
M

þ CV4
M2

Wk0 þ
CV5
M2

ðWk0 − k2Þ
�
;

fV−1ðP33Þ ¼
jkj
W

1ffiffiffiffiffiffiffiffi
2N

p
�
CV3
MW

ðk2 −MWþÞ þ
CV4
M2

Wk0 þ
CV5
M2

ðWk0 − k2Þ
�
;

fVðλÞ0þ ðP33Þ ¼ −
jkj
W

1ffiffiffiffiffiffiffiffi
2N

p 1

Cλ
ðjkjϵ0λ − k0ϵ

z
λÞ
�
CV3
M

þ CV4
M2

W þ CV5
M2

ðW − k0Þ
�
; ð27Þ

fA−3ðP33Þ ¼ −

ffiffiffiffiffi
N
2

r �
CA3W−

M
þ CA4
M2

Wk0 þ CA5

�
;

fA−1ðP33Þ ¼ −

ffiffiffiffiffi
N
6

r �
CA3
M

2jkj þ k0W−

Ek þM
−

CA4
M2

Wk0 − CA5

�
;

fAðλÞ0þ ðP33Þ ¼ −

ffiffiffiffiffi
N
3

r
1

Cλ

��
CA3
M

þ CA4
M2

W

�
ðjkjϵ0λ − k0ϵ

z
λÞ − CA5 ϵ

z
λ þ

CA6
M2

jkjðjkjϵ0λ − k0ϵ
z
λÞ
�
; ð28Þ

and for D13 resonance,

fV−3ðD13Þ ¼
ffiffiffiffiffi
N
2

r �
CV3
M

W− þ CV4
M2

Wk0 þ
CV5
M2

ðWk0 − k2Þ
�
;

fV−1ðD13Þ ¼
ffiffiffiffiffi
N
6

r �
CV3
M

�
W− − 2

k2

Ek þM

�
þ CV4
M2

Wk0 þ
CV5
M2

ðWk0 − k2Þ
�
;

fVðλÞ0þ ðD13Þ ¼
ffiffiffiffiffi
N
3

r
1

Cλ
ðjkjϵ0λ − k0ϵ

z
λÞ
�
CV3
M

þ CV4
M2

W þ CV5
M2

ðW − k0Þ
�
; ð29Þ

fA−3ðD13Þ ¼ −
jkj
W

1ffiffiffiffiffiffiffiffi
2N

p
�
CA3Wþ
M

þ CA4
M2

Wk0 þ CA5

�
;

fA−1ðD13Þ ¼
jkj
W

1ffiffiffiffiffiffiffiffi
6N

p
�
CA3
M

ðW þM − 2k0Þ −
CA4
M2

Wk0 − CA5

�
;

fAðλÞ0þ ðD13Þ ¼
jkj
W

1ffiffiffiffiffiffiffiffi
3N

p 1

Cλ

��
CA3
M

þ CA4
M2

W

�
ðjkjϵ0λ − k0ϵ

z
λÞ − CA5 ϵ

z
λ þ

CA6
M2

jkjðjkjϵ0λ − k0ϵ3λÞ
�
; ð30Þ

where W� ¼ W �M, Ek ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þM2

p
, and N ¼ EkþM

W .
The coupling factors CVi (i ¼ 3–5) denote the vector

transition form factors for spin-3=2 resonances and corre-
spond to either the CC form factors (CV

i ), the electromag-
netic form factors (CN

i , with N ¼ p, n), or the NC form
factors (C̃N

i , with N ¼ p, n). Similarly, the coupling factors
CAi (i ¼ 3–6) represent the CC axial-vector form factors
(CA

i ) or the NC axial-vector form factors (C̃A
i ). The

pseudoscalar form factor CA
6 is related to CA

5 through the
PCAC hypothesis [16,37]. Consequently, only three inde-
pendent axial-vector form factors are required.

C. Resonances with higher spin

The third resonance region is characterized by over-
lapping contributions from multiple baryon resonances.

Among these, only two states, namely, the F15ð1680Þ and
F37ð1950Þ, give dominant contributions to the hadronic
tensor in the regions around W ≃ 1.6 GeV and
W ≃ 1.9 GeV, respectively. Both resonances have spins
greater than 3=2, which significantly increases the com-
plexity of their theoretical description due to the increased
number of degrees of freedom.
To avoid introducing an excessive number of free

parameters and to maintain control over model uncertain-
ties in this densely populated region, only these two
resonances are retained in the present description of the
third resonance region. For simplicity, they are treated
using the spin 3=2 formalism described earlier in this
section. This approach keeps the model tractable while still
capturing the essential physics of the third resonance
region.
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IV. FORM FACTOR PARAMETRIZATION

The MD parametrization employed in the MK model
provides an effective description of nucleon and excited-
nucleon transition form factors across both the perturbative
and nonperturbative regimes, consistent with QCD expect-
ations, as discussed in Ref. [27]. In particular, it provides a
suitable framework for describing the hadron-quark tran-
sition region. Throughout this work, the parametrization
proposed in Ref. [38] is adopted.
For spin-1=2 resonances, the vector and axial-vector

transition form factors are parametrized as

FðV;AÞ
i ðQ2Þ ¼ FðV;AÞ

i ð0Þ
LiðQ2Þ

Xk¼4

k¼1

aðV;AÞik m2
kðV;AÞ

m2
kðV;AÞ þQ2

; ði¼ 1− 2Þ;

ð31Þ

where FV
i ðQ2Þ [FA

i ðQ2Þ] denote the vector (axial-vector)

transition form factors and FVðAÞ
i ð0Þ are their values at

Q2 ¼ 0 determined from the fit, and mV ¼ mωþmρ

2

(mA ¼ ma1
þmf1
2

), where the meson masses are given in
Table II. The axial form factors FA

1 and FA
2 correspond

to the axial-vector and pseudoscalar form factors, FA and
FP, respectively, introduced in the previous section.
For spin-3=2 resonances, the transition form factors are

written as

CðV;AÞ
i ðQ2Þ ¼ CðV;AÞ

i ð0Þ
LiðQ2Þ

Xk¼4

k¼1

aðV;AÞik m2
kðV;AÞ

m2
kðV;AÞ þQ2

; ði¼ 3− 5Þ;

ð32Þ

where CV
i ðQ2Þ and CA

i ðQ2Þ denote the vector and axial-
vector transition form factors, respectively, with the cor-
responding masses given by mV ¼ mρ and mA ¼ ma1 , and
CV;A
i ð0Þ are their values at Q2 ¼ 0.

The parameters aVðAÞik , which represent the coupling
constant ratios of vector (axial-vector) mesons to nucleons,
are not free parameters. Instead, they are constrained by the
linear superconvergence relations, as expressed in Eq. (16).
For i ¼ 1 and 3,

XK
k¼1

aik ¼ 1;
XK
k¼1

aikm2
k ¼ 0;

XK
k¼1

aikm4
k ¼ 0: ð33Þ

For i ¼ 2, 4, and 5,

XK
k¼1

aik ¼ 1;
XK
k¼1

aikm2
k ¼ 0;

XK
k¼1

aikm4
k ¼ 0;

XK
k¼1

aikm6
k ¼ 0: ð34Þ

The logarithmic renormalization Liðk2Þ is required to
incorporate QCD quark subprocess contributions in the
asymptotic region, thereby allowing the MD model’s
predictions to match perturbative QCD expectations. In
Ref. [38], only the leading contributions were included.
In this work, I also include nonleading effects inspired by
the higher twist expansion [39,40] in order to describe the
transition region,

LiðQ2Þ ¼ 1þ ki lnni
�
1þ Q2

Λ2
QCD

�
; ð35Þ

where ΛQCD ∈ ½0.19 − 0.24� is QCD scale and

ki ¼ ki0 þ
ki2
Q2

þ ki4
Q4

þ � � � : ð36Þ

Here, kij ; j ¼ 0; 2; 4;… are free parameters of the model
and n1 ¼ n3 ≃ 3, n1 > n2, and n5 > n3 > n4.
The meson masses entering the MD parametrization

have finite experimental widths, which introduce an intrin-
sic uncertainty in the form factors. Such effects can be
estimated through the half-width rule proposed in Ref. [41],
and similar ideas have been applied to the axial form factor
in quasielastic neutrino scattering [42]. In the present work,
however, the meson-pole contributions are accompanied by

fitted coefficients aðV;AÞik and logarithmic factors LiðQ2Þ,
whose parameters are determined simultaneously in the
global analysis. Since these quantities are strongly corre-
lated, the finite-width uncertainty of the meson poles is not
treated as an independent source of uncertainty. The quoted
uncertainties are obtained from the full covariance matrix
of the fit, which consistently propagates the correlations
among all fitted parameters.

V. NONRESONANT BACKGROUND

The treatment of nonresonant interactions follows the
framework developed in my previous work [36], which is
based on the Hybrid model [20]. This approach extends the
range of validity of chiral perturbation theory [16] to higher
invariant masses W through the inclusion of a Regge-
trajectory description [43]. The form factors entering the
helicity amplitudes, however, differ from those used pre-
viously. In the present work, the nucleon form factors are
treated analogously to those of spin-1=2 resonances,
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following the parametrization introduced in Ref. [44]. As a
result, the nonresonant contribution employed here remains
applicable over a broad range of Q2 and W.
The vector and axial-vector helicity amplitudes for the

nonresonant background were derived in my earlier
work [34,35].

VI. ANALYSIS OF EXCLUSIVE SPP DATA

Accurate determination of the vector and axial-vector
helicity amplitudes for both resonant and nonresonant
interactions is essential for providing reliable predictions
of SPP channels. These amplitudes depend on several
parameters, some of which can be constrained by symmetry
relations and fundamental principles, while others can only
be determined using experimental data.
In this section, I present a comprehensive analysis of

exclusive SPP cross section measurements on hydrogen
and deuterium targets to determine the Q2 dependence of
the proton, neutron, and axial form factors described in the
previous section. This study provides a detailed under-
standing of the underlying interaction dynamics. The
analysis incorporates a wide range of datasets spanning
a broad kinematic region to ensure robust and accurate form
factor extractions, while accounting for differences in
experimental conditions and measurement techniques.
The primary goal is to extract these form factors and to
quantify the associated systematic uncertainties across the
full kinematic range.
The vector form factors entering weak interactions are

closely related to electromagnetic form factors, as pre-
sented in Table I. As a result, electron and photon scattering
measurements on nucleon targets provide strong con-
straints on the vector sector. In contrast, pion and neutrino
scattering data are essential for determining the axial-vector
form factors. By exploiting all available cross section data
within a combined analysis, the unified MK model
achieves the most precise predictions for SPP channels
currently possible. This integrated approach ensures reli-
able coverage of the full kinematic range relevant for SPP
processes.

A. Photo-nucleon and electro-nucleon
single pion productions

Electron- and photon-induced single pion production
provide the most direct constraints on the vector transition
form factors entering the weak interaction current. The
availability of monochromatic incident beams together
with the broad kinematic coverage of modern measure-
ments makes these reactions particularly well suited for
determining theQ2 dependence of the resonance transition
form factors. Since theoretical calculations do not reliably
predict this dependence throughout the resonance and
transition regions, the form factors are determined

phenomenologically through a global fit to the available
electromagnetic scattering data.
The SPP channels for electron and photon interactions

with protons are

eþ p → epπ0; eþ p → enπþ; ð37Þ

γ þ p → pπ0; γ þ p → nπþ: ð38Þ

Similarly, the corresponding reactions on neutrons are

eþ n → enπ0; eþ n → epπ−;

γ þ n → nπ0; γ þ n → pπ−: ð39Þ

In previous work presented in Ref. [36], the MD para-
metrization was developed and tested using electron-proton
scattering data in the two channels of Eq. (37). The
corresponding form factors were extracted from electro-
production measurements over a broad kinematic range,
demonstrating that the model provides a smooth and
accurate description of the available data throughout the
resonance region.
The present work significantly extends that analysis in

several important ways. First, photo-proton scattering data,
Eq. (38), are incorporated into the global fit. These
measurements provide direct constraints on the vector form
factors at the photon point (Q2 ¼ 0), complementing the
electroproduction data and improving the determination of
the low-Q2 behavior of the transition form factors. Second,
recent measurements of π− electroproduction [45] make it
possible, for the first time, to perform a simultaneous
analysis of electron- and photon-induced reactions on
neutron targets, Eq. (39). This enables the extraction of
the electromagnetic transition form factors of excited
neutron states, which have been considerably less con-
strained experimentally than their proton counterparts.
A summary of the experimental data included in the

analysis is given in Table III. The data span a broad
kinematic region,

Q2 ¼ 0.0 − 6.0 GeV2; W ¼ 1.1 − 2.01 GeV;

providing comprehensive coverage of the resonance and
transition regions.
The analysis is based exclusively on differential cross

section measurements with published systematic uncer-
tainties. For photoproduction, the complete differential
cross section database compiled by SAID collaboration
[46] is employed. The measured differential cross sections
correspond directly to the theoretical cross section defined
in Eq. (7).
For electron-proton scattering, the complete set of CLAS

cross section measurements [47] is used. The present
analysis is restricted to unpolarized differential cross
sections, which provide the most comprehensive and
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internally consistent dataset over the full kinematic region
considered in this work.
The available electroproduction measurements include

dσT
dΩ�

π
þ ϵ

dσL
dΩ�

π
;

dσLT
dΩ�

π
;

dσTT
dΩ�

π
;

dσLT 0

dΩ�
π
:

These observables are related to the fully differential
cross section for lepton scattering in Eq. (6), through

dσ
dEe0dΩe0dΩ�

π

¼ MEEe0

πW
dσ

dk2dWdΩπ

¼ Γem

�
dσT
dΩ�

π
þ ϵ

dσL
dΩ�

π
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞ

p dσLT
dΩ�

π
cosϕ�

π

þ ϵ
dσTT
dΩ�

π
cos 2ϕ�

π þ he
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞ

p dσLT0

dΩ�
π
sinϕ�

π

�
; ð40Þ

where Ee and Ee0 are the energies of the incoming and
scattered electrons in the laboratory frame, Ω�

π ¼ Ωπ

denotes the pion solid angle in the hadronic center-of-mass
frame, and

Γem ¼ α

2π2Q2

Ee

Ee0

qγ
1 − ϵ

ð41Þ

is the virtual-photon flux factor with

qγ ¼
W2 −M2

2M
; ð42Þ

while

ϵ ¼
�
1þ 2

q2γ
Q2

tan2
�
δ

2

��−1

is the virtual-photon polarization parameter and δ is the
electron scattering angle. The electron-neutron cross sec-
tion measurements are related to the fully differential lepton
scattering cross section [Eq. (6)] by

dσ
dΩπ

¼ 1

Γem

dσ
dQ2dWdΩπ

: ð43Þ

The transition form factors extracted from proton and
neutron targets are related by isospin symmetry. For isospin-
3=2 resonances, the proton and neutron transition form
factors are identical, whereas for isospin-1=2 resonances
they are independent quantities. Their simultaneous deter-
mination is, therefore, essential for a complete description
of the vector current and provides the electromagnetic input
required for weak single pion production, providing com-
prehensive coverage of the resonance and transition regions.

B. Pion-nucleon and neutrino-nucleon
single pion productions

Neutrino weak interactions involve both vector and
axial-vector currents. Assuming that the vector current is
accurately constrained through electromagnetic data
included in the joint analysis, neutrino scattering data
can be used to determine the axial-vector form factors.
The SPP channels induced by neutrino and antineutrino
beams proceed either via CC interactions,

νl þ p → l−pπþ; ν̄l þ n → lþnπ−;

νl þ n → l−nπþ; ν̄l þ p → lþpπ−;

νl þ n → l−pπ0; ν̄l þ p → lþnπ0; ð44Þ

or via NC interactions,

νl þ p → νlpπ0; ν̄l þ p → ν̄lpπ0;

νl þ p → νlnπþ; ν̄l þ p → ν̄lnπþ;

νl þ n → νlnπ0; ν̄l þ n → ν̄lnπ0;

νl þ n → νlpπ−; ν̄l þ n → ν̄lpπ−: ð45Þ

Experimental knowledge of the neutrino-nucleon cross
section for single pion production in the GeV neutrino
energy range, which is crucial for precision predictions,
remains limited. Most of the existing data originate from
low-statistics bubble chamber experiments performed on
hydrogen or deuterium targets using muon (anti)neu-
trino beams.

TABLE III. Summary of the datasets used in the analysis to
determine the proton and neutron form factors. The data span a
broad kinematic range and include multiple channels from
electron and photon scattering measurements. The photon scat-
tering data are compiled from several experiments performed
with different beam energies.

Channel Ee GeV Q2ðGeV=cÞ2 W GeV

ep → epπ0 1.046 0.16–0.32 1.1–1.34
ep → enπþ 1.046 0.16–0.32 1.1–1.34
ep → enπþ 1.515 0.30–0.60 1.11–1.57
ep → epπ0 1.645 0.40–0.90 1.1–1.68
ep → epπ0 2.445 0.65–1.80 1.1–1.68
ep → enπþ 5.499 1.80–4.00 1.62–2.01
ep → enπþ 5.754 1.72–4.16 1.15–1.67
ep → epπ0 5.754 3.00–6.00 1.11–1.39
en → epπ− 2.039 0.4–1.0 1.1–1.8
γn → pπ− N/A 0.00 1.1–2.01
γp → nπþ N/A 0.00 1.1–2.01
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Unlike electron scattering experiments, where the full
kinematics are typically measured, neutrino data are gen-
erally reported either as integrated cross sections as a
function of neutrino energy or as one-dimensional differ-
ential distributions, most commonly dσ=dQ2. The only
measurements on hydrogen targets come from CC neutrino
and antineutrino channels recorded by the Big European
Bubble Chamber (BEBC) experiment, which employed
broad neutrino and antineutrino beams with
an average energy of approximately Eν ∼ 20 GeV.
Consequently, no measurements on hydrogen exist in the
few-GeV neutrino energy range relevant for current and
future accelerator-based neutrino experiments.
Bubble chamber measurements in this energy region

were instead performed by the Argonne National
Laboratory (ANL) and Brookhaven National Laboratory
(BNL) experiments, with an average neutrino energy of
approximately Eν ∼ 1 GeV, using deuterium targets.
However, nuclear effects in deuterium modify the cross
section at the level of approximately 10–15% [45]. Since
data in the few-GeV region are essential for this study, and
because the model parametrization developed here is
designed to describe both nonperturbative and perturbative
regimes, I include both the ANL and BEBC datasets in the
analysis. To account for nuclear effects in the deuterium
measurements, the ANL data are assigned an additional
15% uncertainty.
As neutrino data provide only limited constraints on the

axial-vector form factors, I adopt a parametrization analo-
gous to that used for the vector form factors in the quark-
hadron transition region. In particular, the parameters
introduced for LiðQ2Þ in Eq. (35) are taken to be identical
for both the vector and axial-vector form factors, FA

i ð0Þ.
The other factors in the axial-vector form factors in Eq. (32)
can be constrained using pion-nucleon scattering data on
hydrogen.
The PCAC hypothesis [13] relates the divergence of the

hadronic axial current near Q2 ¼ 0 to the pion field
operator. Consequently, it provides a connection between
weak SPP and elastic pion-nucleon scattering, leading to
the following relation:

dσ
dWdQ2

ðνμp → μ−pπþÞ
����
Q2→0

¼ Aσðπþp → πþpÞ;

dσ
dWdQ2

ðν̄μp → μþpπ−Þ
����
Q2→0

¼ Aσðπ−p → π−pÞ; ð46Þ

where

A ¼ G2
Fcos

2θC

�
fπ
π

�
2 jqj
jkj2

El

E

����� k0jkj −m2
l jkj
2k20

1

k2 þm2
π

����2

þm2
l θ

2

4

� jkj
k2 þm2

π

�
2
�
: ð47Þ

Here, σðπ�p → π�pÞ is the pion-nucleon cross section
with the initial pion off the mass shell, i.e., Eq. (46) is a
relation between observable quantities if the difference
between Q2 and m2

π can be ignored.

VII. RESULTS AND COMPARISON WITH
EXPERIMENTAL DATA

The complete model contains 95 free parameters relevant
for form factors defined in six resonance and nonresonant

regions, as introduced in Sec. IV, including FðV;AÞ
i ð0Þ,

CðV;AÞ
i ð0Þ, and parameters aðV;AÞik after applying the linear

superconvergence relations and parameters Kij ; j ¼ 0, 2, 4
defined in the lagrangian renormalization Liðk2Þ. I also
introduced phases between resonant and nonresonant
amplitudes that are relevant for the interference terms.
These parameters are determined through a global fit to the
experimental data described in the previous section, using
the same methodology as in my previous works [35,36].
The resulting best-fit solution yields a reduced χ2 ≈ 1,
indicating excellent overall agreement with the data.
In this section, I present representative results of the fit.

The selected cross sections are taken from multiple reaction
channels and experimental datasets, spanning a broad range
of Q2 and W values. This demonstrates the validity of the
MK model predictions over the wide kinematic region
relevant to accelerator-based neutrino experiments. All
results are shown together with their corresponding 1σ
uncertainty bands. To obtain a reliable estimate of the
systematic uncertainties, correlations among the fitted
parameters are fully taken into account, thereby avoiding
both double counting and artificial cancellations of sys-
tematic effects.1

Figures 3 and 4 show differential cross section mea-
surements in electron-proton scattering at low, medium,
and high Q2, together with the MK model predictions.
Several other models describe electron-proton interactions,
primarily in the low-Q2 region, however, to my knowledge,
no model predictions are available forQ2 ¼ 6.0 ðGeV=cÞ2,
as shown in Fig. 4. In Fig. 3, I also present predictions from
the MAID [49], Dynamical Coupled-Channels (DCC) [18],
and Hybrid [3] models. A summary of these models can be
found in my previous work [36]. It is worth noting that the
MAID and DCC models determine the parameters of their
electromagnetic SPP models by fitting to electron and
photon scattering data.
Figure 5 shows differential cross section measurements

in electron-neutron interactions in the second resonance
region, where the excited neutron states have form factors

1The model has been implemented in the NEUT neutrino
interaction event generator [48]. The corresponding best-fit
parameters and covariance matrix are publicly available in ROOT
format.
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that differ from those of the proton. Understanding these
form factors is essential for determining the vector form
factors relevant to weak interactions.
The neutrino data described in the previous section are

shown in Figs. 6–9 for the ANL and BEBC experiments. To
my knowledge, the MK model provides the first complete
SPP framework capable of simultaneously describing both

datasets. This is achieved through a unified modeling
approach combined with a global analysis that consistently
treats the quark-hadron transition region.
This capability is particularly important because the

BEBC experiment provides the only available measure-
ments of differential cross sections for both neutrino and
antineutrino beams. Achieving simultaneous control over
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neutrino and antineutrino channels is essential for future
precision measurements of CP violation in accelerator-
based neutrino experiments.
For comparison, integrated cross section predictions

from the NEUT 5.3.6 neutrino event generator [48] are
also shown. NEUT is widely used to simulate neutrino
interactions in oscillation experiments, such as T2K in
Japan. The SPP model implemented in NEUT is based on
the Rein-Sehgal model developed in 1981 [14].
Figure 6 shows the integrated cross section for the νp →

μ−pπþ channel measured by the ANL and BEBC experi-
ments with invariant-mass selections of W < 2.0 GeV and
W < 1.4 GeV. This channel contains only resonances with

isospin 3=2, therefore, in the right panel the dominant
contribution arises from the Δ resonance.
Differential cross section measurements dσ=dQ2 with

(anti)neutrino beams are essential for extracting the Q2

dependence of form factors in weak interactions, particu-
larly the axial form factors, which cannot be constrained by
electron scattering data. Figure 7 shows the comparison
between the data and the MK model predictions for
dσ=dQ2 in the νp → μ−pπþ channel measured by the
ANL (left) and the BEBC (right) experiments.
Figure 8 shows the corresponding BEBC measurements

for the ν̄p → μþpπ− channel. This reaction receives con-
tributions from both isospin-1=2 and isospin-3=2
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model prediction is shown by the solid red line, with the 68% confidence interval indicated by the shaded band. The data and the
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resonances, allowing the parameters of the axial
current associated with isospin-1=2 resonances to be
constrained.
There are extremely limited data available for some

neutral-current channels. Although these data are not
included in the joint analysis, they nevertheless show
reasonable agreement with the MK model predictions, as
illustrated in Fig. 9.

VIII. CONCLUSION

The SPP model presented in this work is designed to
improve our understanding of neutrino interactions and to
support the interpretation of neutrino measurements. The
main features of the MK model are summarized below:

(i) Comprehensive coverage: the model includes all
SPP channels and is applicable across the full
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prediction (solid red line) is compared with ANL (left) and BEBC (right) data. The prediction from the NEUT event generator is shown
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kinematic range relevant to the energy scales of
current and future accelerator-based neutrino ex-
periments.

(ii) Neutral-current weak interactions: by employing a
unified description of electromagnetic and weak
interactions together with isospin symmetry, the
model provides reliable predictions for NC neutrino
interactions, even in the absence of extensive ex-
perimental data. This capability is particularly im-
portant for water Cherenkov detectors, such as T2K
and Hyper-K, where NC π0 production constitutes a
significant background.

(iii) Description of the low-Q2 region: the model ad-
dresses the low-Q2 region, where current discrep-
ancies with data are often observed. This is achieved
through the use of photon scattering data and the
conserved vector current hypothesis for the vector
current, together with pion scattering data and the
PCAC hypothesis for the axial current.

(iv) Behavior at highQ2: the neutrino-nucleon resonance
vertices are parametrized using phenomenological
form factors that satisfy analyticity and unitarity
constraints. These form factors are constructed to be
asymptotically consistent with QCD expectations,
ensuring the validity of the model at high Q2.

(v) Consistent description of neutrino and antineutrino
channels: the model provides a simultaneous de-
scription of both neutrino and antineutrino inter-
actions. Achieving comparable accuracy for both
channels is essential for future precision measure-
ments of CP violation in long-baseline neutrino
experiments.

(vi) Integration with event generators: the framework is
designed for straightforward implementation within
neutrino interaction event generators and nuclear
theory calculations used in modern neutrino ex-
periments.

(vii) Control of systematic uncertainties: the analysis
incorporates careful treatment of systematic uncer-
tainties arising from experimental errors, model
assumptions, parametrization choices, and extrapo-
lation to higher energies. Such control is essential for
achieving the precision required in modern neutrino
measurements.

By addressing these key aspects, the MKmodel provides
a robust and comprehensive framework for the study of
neutrino and antineutrino interactions. This work contrib-
utes to improving the reliability of neutrino interaction
modeling and supports the precision measurements
required for future discoveries, including the search for
leptonic CP violation.
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APPENDIX: HELICITY AMPLITUDES FOR THE
RESONANT INTERACTIONS

The helicity amplitudes of the vector and axial-vector
currents are given in Tables Vand VI, where fV;AðRÞ is the
production amplitudes and DðRÞ is the decay amplitude,

DjðRÞ ¼ hNπ; λ2jRλRi ¼ σDCj
Nπ

ffiffiffiffiffi
χE

p
κCI

NπfBW; ðA1Þ

where fBWðRÞ is the Breit-Wigner amplitude,

fBWðRÞ ¼
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Here, MR, Γ0, and χE are the resonance’s mass, width, and
the branching ratio [59], and CI

Nπ are the isospin Clebsch-
Gordan coefficients given in Table IV.
The explicit forms of the djλ;μðθÞ functions for j ¼ lþ 1
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where Pl are Legendre polynomials and P0
l ¼ dPl=d cos θ.

TABLE IV. Isospin coefficients.

Channels C3=2
Nπ C1=2
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TABLE V. Vector helicity amplitudes of resonant interaction.
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