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We analyze all available experimental data on the νμ and ν̄μ total and differential cross sections of
charged-current single pion production through the decay of intermediate nucleon and baryon
resonances measured on hydrogen and deuterium targets in the accelerator experiments at ANL,
BNL, FNAL, and CERN. These data are used to determine the current “resonance” axial-vector
mass of the nucleon and to fine tune the nonresonance noninterfering background contribution which
described within the Rein-Sehgal approach. For this analysis, we revise the phenomenological model
and the experimental dataset for the fits, modify the method of likelihood analysis compared to the
previous study. The obtained model parameters coming in combination with a revised strategy
for the normalization of the Breit-Wigner distributions are slightly different from the values used
by default.
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I. INTRODUCTION

A precise calculation of the neutrino-nucleon scattering
cross sections is extremely important for a correct inter-
pretation of the results in studying neutrino properties in
atmospheric and accelerator experiments [1–10]. The cross
sections from charged current quasielastic scattering (CC
QES), 1π-production reactions through the decay of baryon
and nucleon resonances, and deep inelastic scattering are
crucial for the few-GeV neutrino experiments since all the
contributions are comparable in the neutrino energy range
about 1 GeV [11,12].
For the phenomenological description of the resonance

1π-production reactions, we use the phenomenological
Ravndal’s model [13], which was revised and modified
by Rein and Sehgal in 1981 (RS model) [14,15], and other
authors in subsequent years. The RS model is based on the
relativistic harmonic-oscillator quark model in the formu-
lation by Feynman, Kislinger, and Ravndal (FKR) [16]
taking into account contributions from eighteen interfering
low-lying nucleon and baryon resonances with masses

≲2 GeV and a noninterfering nonresonance contribution
as a background (NRB) for resonance reactions. The
FKR approach has been adopted for the RS model in
the assumption of the standard dipole parametrization for
the vector and axial-vector transition form factors,
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with the “standard” value of the vector mass MV ¼
0.84 GeV and n–number of excitation in the resonance.
In the original version of the RS model the resonance axial
mass was chosen as MA ¼ 0.95 GeV, which is the average
result of ANL 12-foot bubble chamber [17] and CERN
Gargamelle [18,19] experiments to study QES νμ and ν̄μ
reactions. In our previous study [20], the value of MA was
obtained from the global likelihood analysis of all available
experimental data known at that time from the measure-
ment of the total cross sections of the 1π-production
reactions with a variety of nuclear targets. The world
average value of MA ¼ 1.12� 0.03 GeV obtained in that
analysis is used in several Monte Carlo neutrino generators
as a default or an option [21–25]. In the present paper, we
propose a new global fit of MA based on the clarified
phenomenological model, improved method of likelihood
analysis, and the revised experimental dataset. Let us recall
that the parameter MA is purely phenomenological and
differs for different reaction types and different models of
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the electromagnetic form factors of the nucleon and the
parametrization of the axial-vector form factor.
The original version of the RS model neglects the

mass of the final charged lepton. This feature of the
model is not a significant disadvantage for the descrip-
tion of the νe, ν̄e, νμ, and ν̄μ reactions but is a crucial
gap for the description of the ντ and ν̄τ reactions (it
should be noted that Rein and Sehgal proposed the
model at the end of the 1970s, and at that time the
possibility of experimentally detecting the ντ or ν̄τ
reaction was not discussed). In 2004, a model was
adopted to calculate the cross sections of the ντ and ν̄τ
by using the covariant form of the charged leptonic
current with a definite lepton helicity, keeping the
hadronic current unchanged (the so-called extended
RS model or KLN model) [26,27]. Inclusion of the
final charged lepton mass leads to a slight decreasing of
the cross sections in the case of light leptons and to
a notable one in the case of the τ-lepton. In 2006,
Berger and Sehgal took into account the pion-pole
contribution to the hadronic axial current (KLN-BS
model) [28]. The pion-pole contribution reduces the
cross sections by a few percent in the neutrino energy
range at the threshold of the reactions and decreases
rapidly with increasing neutrino energy. In 2008,
Graczyk and Sobczyk investigated different approaches
to accounting for the nonzero mass of the charged
lepton and the modification of the axial current due to
the pion-pole term. It was shown that their result is
equivalent to the predictions of the KLN-BS model.
Alternative vector and axial form factors are proposed to
improve the RS approach in the Δð1232Þ resonance
region [29,30]. In 2018, Kabirnezhad [31] following the
original paper by Rein [15] and ideas of Hernández,
Nieves, and Valverde [32], suggested a new approach
for calculating the interfering NRB for the RS model
[33–35]. This modification of the Rein model contains
17 interfering resonances with masses below 2 GeV [the
F17ð1900Þ is excluded from the model because evidence
of its existence appears only in PDG 2020 [36] and it
does not have a significant effect on calculations].
Rein and Sehgal represented NRB by a resonance

amplitude of P11 character (like the nucleon) with the
Breit-Wigner factor replaced by an adjustable constant
fNRB. The corresponding cross section of NRB reactions
is added incoherently to the cross sections of resonance
productions, assuming that NRB contributions are smooth
in the phase-spacelike kinematic region and affect only
the cross section of final states with I ¼ 1=2. Ignoring
subtle effects of coherence NRB is regulated by fNRB
only. The problem is that the value of fNRB cannot be
predicted theoretically in the RS approach. Probably, the
condition of fNRB ¼ 1 was chosen by the authors of the
model to optimize the description of selected experimen-
tal data relevant at that time. Therefore, fNRB as well as

MA should be defined from the modern global fits of
experimental data.
The noninterfering NRB is determined by one more

free phenomenological parameter WNRB, which is the
bound for the invariant mass of the final hadron system,
W, separating the kinematic region of the resonance 1π-
production and deep inelastic reactions. In other words,
the parameter WNRB controls the applicability range of
NRB contributions in the RS model. The parameter
WNRB, as well as fNRB, is not based on the theory
and is fixed in the RS model by default to a sufficiently
large asymptotic value of 2.5 GeV. The reasonable value
of WNRB is important for describing experimental data
measured without cuts for W. Furthermore, the depend-
ence of the cross sections on the parameter WNRB is
significant for neutrino energies above ∼10 GeV. There
are no reliable experimental data for the cross sections of
the resonance 1π-production reactions measured without
cut for W in the neutrino energy range above a few tens
of GeV. So the parameter WNRB cannot be reliably
obtained from the global fit. For all the fits the value
of WNRB is chosen to be the default value.
Theoretical uncertainties of predicted NRB reactions

and model-dependent nuclear effects in neutrino–
nucleus interactions complicate the physical interpreta-
tion of the phenomenological parameter MA obtained
from the global fit of the experimental data mea-
sured on a variety of nuclear targets. To avoid this
complication, we use the experimental data measured
only on hydrogen and deuterium targets. In the RS
approach, the νμp → μ−Δþþ, νμp → μ−pπþ, and ν̄μn →
μþnπ− reactions do not require NRB for a description of
the experimental data in contrast with all other resonance
1π-production reactions. We suggest using MA obtained
from the global fit for the cross sections of the νμ and ν̄μ
reactions not requiring NRB. Using the world average
value of MA, we found the adjustable constant fNRB from
the global fit with a fixed value of MA for the exper-
imental data on the cross sections of the reactions
requiring NRB.
The version of the KLN-BS model implemented into

the GENIE Monte Carlo neutrino event generator cur-
rently does not take into account the interference of the
amplitudes of resonances with the same spin and orbital-
angular momentum. Neutrino interaction with nuclei leads
to the generation of hadron resonances with different
quantum numbers. The amplitudes of resonances have to
interfere to produce the final state of the hadron system
under consideration. Each of the interfering resonances,
by simultaneous decay, produces the same final system
with one or several pions at a fixed invariant final massW.
Figure 1 illustrates the effect of interference for the total
cross sections of the reactions on isoscalar nucleons. The
interference effect is highly reliant on the final hadron-
system mass and is equal to a few per cent for all neutrino
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energies. It should be noted that the cross section
calculated with and without taking into account the
interference of resonances may require somewhat differ-
ent values of axial mass for describing the same exper-
imental dataset.
In this study, all the cross sections are calculated with

original software package taking into account of interfer-
ence and using the physical constants published in PDG
2020 [36], whereas the official physical tunes of all
GENIE versions are obtained with earlier values of the
parameters according to PDG 2016 [37]. Differences
between the current and previous values of the central
mass, total width, and the branching ratio of resonance
reactions with a single pion in the final state have a
negligible effect on the cross sections and results of the
global fits.

II. NORMALIZATIONS OF THE BREIT-WIGNER
DISTRIBUTIONS

In all the previous versions of the model (RS, KLN, and
KLN-BS) the W-dependent Breit-Wigner distributions of
resonances are normalized to correction factors, Ni, which
are not well defined. We discuss this problem below and
suggest how to avoid them. The normalization factors of
the Breit-Wigner distributions, ηiBWðWÞ, are defined by
Eq. (2.33) in [14]

Ni ¼
Z

∞

Wmin

η̃iBWðWÞdW;

η̃iBWðWÞ ¼ 1

2π

ΓiðWÞ
ðW −M2

i Þ2 þ Γ2
i ðWÞ=4 ;

ΓiðWÞ ¼ Γ0
i

�
qπðWÞ
qπðMiÞ

�
2Lþ1

;

qπðWÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2 −m2

N0 −m2
πÞ2 − 4m2

N0m2
π

q
2W

;

where Wmin ¼ mN0 þmπ , mN0 , mπ , L, Mi, and Γ0
i are the

masses of the final nucleon and pion, total orbital-angular
momentum of resonance, resonance mass, and the Breit-
Wigner width, respectively. To calculate Ni numerically,
we need to define the cutoff for the upper limit of W. The
result of integration strongly depends on the cutoff value
but there are no physical reasons to choose a definite value
for it. Figure 2 shows a typical dependence of η̃iBWðWÞ on
the variable W for the S, P, D, and F resonance states.
Asymptotic behavior of the S resonances is ∼1=W unlike
the P, D, and F resonances. The trivial change of the
variable W ¼ Wmin=W0 leads to the limits of integration
from 0 to 1 for the expression of Ni¼S. The integrand
becomes η̃iBWðW0Þ ∼ 1=W0, and its integration gives the
nonphysical value for NS ¼ ∞. Rein abandoned using the
normalization factors of the Breit-Wigner distributions

FIG. 1. Ratios of the total cross sections for the resonance 1π-production reactions predicted withMA obtained from the global fits for
H2 and D data without and with the resonance interference effect as a function of neutrino energy. In order to only illustrate the
interference total effect, the cross sections are calculated without NRB contributions for six values ofW from 1.3 GeV to 1.8 GeV for the
reactions of νe (a), νμ (b), ν̄μ (c), ν̄e (d), ν̄μ (e), and ν̄τ (f) with free isoscalar nucleons.
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in [15]. The definition of Ni ¼ 1 is the simplest possibility
to avoid the ambiguity in the calculation. Figure 3 shows
the ratios of the differential flux-weighted cross sections,
hdσ=dWi, for the νμ and ν̄μ resonance reactions with the

values of Ni [38] used in the previous version of KLN-BS
model to the corresponding cross sections predicted with-
out normalizations. The cross sections are averaged over
the energy spectra from the BNL wide-band νμ and ν̄μ
beams up to 7 GeV [39]. At this energy range the
kinematical region of W covers whole the mass range of
resonances included in the RS-based models. The greatest
effect from the normalizations is achieved at hight values
of W and does not significantly affect the total cross
sections. The total cross sections calculated with the clear
definition of Ni are a few percent lower in comparison with
ones calculated with ambiguously determined values of
normalizations.
The GENIE proposes the ad hoc modification of the

Breit-Wigner distributions, Γ0ðWÞ, for the Δ resonance

Γ0ðWÞ ¼ ΓNπΓðWÞ þ ΓNγΓ0

�
1þ c=qγðMÞ
1þ c=qγðWÞ

�
2 qγðWÞ
qγðMÞ ;

qγðWÞ ¼ W2 −m2
N0

2W
;

where the function ΓðWÞ is defined by the above equation
for L ¼ 1, ΓNπ , and ΓNγ are the decay-branching ratios of
resonance to Nπ and Nγ states,M is the central value of the
mass of the P33ð1232Þ resonance, c ¼ 0.706 GeV. The
modified Γ0ðWÞ function is very close to the original ΓðWÞ
function because the value of ΓNπ is close to 1 (0.994) and
the value of ΓNγ is close to zero (0.006). In the present
calculations we do not use the GENIE modification of the
Breit-Wigner function.

III. METHOD OF DATA FITTING

We use the following least-square statistical model

χ2 ¼
X
i

�X
j∈Gi

½NiTijðλÞ − Eij�2
σ2ij

þ ðNi − 1Þ2
σ2i

�
: ð1Þ

In this equation, index i enumerates the experimental data
groups Gi, index j ∈ Gi enumerates the bin-averaged
experimental data Eij from the group Gi, and σij is the
error of Eij, without the uncertainty due to the ν=ν̄ flux
normalization. The flux normalization Ni, individual for
each data group Gi is treated as a free-fitting parameter and
is included into the ordinary penalty term, ðNi − 1Þ2=σ2i ,
where σi is the flux normalization error. The TijðλÞ
represents a bin-averaged theoretical prediction depending
on a set of fitting parameters λ. The procedure of mini-
mization can be simplified by substituting Ni ¼ N iðλÞ,
into Eq. (1) where N iðλÞ are obtained from the analytic
solution to the equations ∂χ2=∂Ni ¼ 0,

N iðλÞ ¼
1þ σ2i

P
j∈Gi

σ−2ij TijðλÞEij

1þ σ2i
P

j∈Gi
σ−2ij T

2
ijðλÞ

:

FIG. 2. Breit-Wigner distributions, η̃iBWðWÞ, as functions of the
invariant mass of the final hadron system, W, for the lightest S11
(L ¼ 0), P33 (L ¼ 1), D13 (L ¼ 2), and F15 (L ¼ 3) resonance
states in the νμn → μ−pπ0 reaction. The solid line indicates that
the ∼1=W function leads to unphysical NS ¼ ∞.

FIG. 3. Ratios of the differential averaged overs the BNL wide-
band νμðν̄μÞ beams [39] cross sections as functions of W of the
reactions νμp → μ−pπþ, νμn → μ−pπ0, νμn → μ−nπþ (a) and
ν̄μn → μþnπ−, ν̄μp → μþnπ0, ν̄μp → μþpπ− (b) calculated with
normalizations of Breit-Wigner factors used in the previous
version of KLN-BS model (listed in the notation to the text)
to the corresponding cross sections predicted with the definition
of Ni ¼ 1. The cross sections are shown for MA and fNRB
obtained from the global fit.
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As it follows from the analysis, the deviation of the
normalization factors Ni from unity for each data group
Gi does not exceed the doubled experimental uncertainty of
the corresponding νμ or ν̄μ flux normalization.
All the fits are done with the CERN function mini-

mization and error analysis package MINUIT (version
94.1) [40,41], thus taking care of getting an accurate
error matrix. The errors of the output parameters quoted
below correspond to the usual one and two-standard
deviation (1σ and 2σ) errors. Numerical calculations
with GENIE are done with the JINR cloud infrastruc-
ture of Multifunctional Information and Computing
Complex [42].

IV. EXPERIMENTAL DATASET

We analyzed and classified all available 1π-production
experimental data, presented as the νμ and ν̄μ scattering
cross sections on hydrogen and deuterium targets mea-
sured in ANL [43–53], BNL [54–58], FNAL [59–62],
and CERN [63–80] accelerator experiments from the
beginning of the 1970s to the 1990s with energy ranges
from about hundreds of MeV (ANL) to tens of
GeV (CERN).
The most statistically reliable measurements of the

total and differential cross sections, which were not
superseded or reconsidered (due to increased statistics,
revised of neutrino fluxes, etc.) in the subsequent reports
of the same experimental groups, have been selected for
our analysis. Further information and reanalysis of the
original data are taken from the papers [81–85].
In the statistical analysis we use the experimental data

on measuring the ratio of the total cross section of the
resonance 1πþ-production reactions to the total cross
section of the νμn → μ−p reaction. The CC QES inter-
actions on a bound nucleon in any kind of nuclei are
calculated according to the phenomenological prescrip-
tion of the effective running quasielastic axial-vector
mass, Mrun

A (see [86] and references therein). The param-
eters of Mrun

A are obtained from the global fit to all
available data on the νμ and ν̄μ cross sections of CC
QES reactions. For neutrino reactions with deuterium
and hydrogen, the running axial-vector mass is reduced
to the current axial-vector mass of MQES

A ¼ 1.008�
0.025ð0.029Þ GeV.
The process νμp → μ−Δþþ was studied in experiments

with deuterium targets at ANL 1979 [50] (nine data
points), BNL 1986 [58] (8), and CERN 1980 [74]
(7) with the cuts of W < 1.4 GeV. The data are presented
as 15 and 9 data points for the total and flux-averaged

Q2-dependent differential cross sections, respectively.
The total and differential cross sections of the νμp →
μ−Δþþ reaction were obtained in ANL 1979 [50] experi-
ment. We use the differential cross sections for the global
fit and the total cross sections for the comparison only.
The experimental data of the total cross sections of the
reaction Δþþ resonance production were measured at
ANL 1973 [43] and FNAL 1978 [60,61] and were
obtained with no experimental cuts for W. The cross
sections measured at FNAL 1978 [60,61] are corrected
by a factor of 1.1 due to the following reason. The
particle fluxes from the broad-band horn beams at FNAL
were not measured directly. Therefore, the results were
normalized by obtaining the ratio νμp → μ−Δþþ to all
CC events and using the total cross section from FNAL
1977 [87] and CERN BEBC 1977 [88] parametrized as
σðνNÞ ¼ ð0.77 − 0.085 lgEνÞEν × 10−38 cm2. This para-
metrization underestimates the cross section to about
11% (the estimate is made with the GRV98 [89] parton
distribution functions model). Actually, the papers
[43,60,61,69] do not contain clear information about of
the limits for W. It is not obvious that the old experi-
ments with small statistics of the neutrino-induced events
could reliably identify the Δþþ resonance and back-
ground from other resonances. If the data of ANL 1973
[43] and FNAL 1978 [60,61] experiments were obtained
for W < 1.4 GeV, the results of their measurement would
be superseded in the subsequent papers. To avoid mis-
leading interpretation of the data, we do not use these
datasets for the global fits.
The experimental data for the cross sections of the

νμp → μ−pπþ reaction are obtained at ANL 1982 [53]
(23 data points), BNL 1986 [58] (7), FNAL 1978 [60,61]
(2), and CERN BEBC 1984 [76] (6), 1986 [77] (9), and
1990 [80] (6), on deuterium targets for different values of
the experimental cuts for W. The experiments to study
the 1π-production reactions at ANL accelerator center
were terminated in 1982 and not resumed, but the data
accumulated by ANL 1982 experiment [53] are still the
most important. The total cross sections were measured
with cuts for W of 1.4, 1.6 GeV and with no cut for W.
The total cross sections measured for W < 1.4 GeV and
with no cut for W were revised in the paper [84]. For the
global fit we use the revised total cross sections with no
cut for W. Instead of the total cross sections measured for
W < 1.4 GeV we include into the global fit the original
flux-averaged Q2-dependent cross sections. For the global
fits, we use 16 data points recalculated from the number
of events measured at ANL 1982 [53] (7 data points) and
BNL 1986 [58] (9) to the total cross sections ratio of the
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νμp → μ−pπþ and CC QES reactions [81–83]. In the
experiment with the deuterium target CERN BEBC
1990 [80], the flux-averaged Q2-dependent differential
cross sections were studied for special cuts for W.
Unfortunately, the differential cross sections cannot be
used in the global fits because the original νμ flux is
unknown. The data measured at ANL [46,47,49,50],
FNAL [59,62], and CERN [78] are obsolete. The dataset
consists of 69 data points satisfying our selection criteria
of the experimental data.
The data on the measurement of the total cross sections

of the ν̄μn → μþnπ− reaction were obtained at CERN
BEBC 1983 [75] (6 data points) and 1990 [80] (6). The
paper with preliminary results of the experiment [75]
contains the values of the total cross sections for the W
cuts of 1.4 and 2 GeV, while the final paper provides the
data only forW < 2 GeV. We use the final and preliminary
data for W < 2 GeV but not reconsidered data for
W < 1.4 GeV, 12 data points in total. As well as in the
case of the νμp → μ−pπþ reaction, we cannot use the data
on the flux-averaged cross sections measured at CERN
BEBC 1990 [80]. Thus, 12 data points are included into the
global fit.
The cross sections of the νμn → μ−pπ0 reaction were

measured at ANL 1982 [53] (16 data points), BNL 1986
[58] (10), and CERN BEBC 1984 [76] (6) with hydrogen
and deuterium targets for the cuts of W < 1.4, 1.6,
2.0 GeV and without a cut. The total cross sections
measured at ANL [53] and BNL 1986[58] for the cut of
W < 1.4 GeV and without a cut were revised by
Rodrigues et al. [84]. The total cross sections measured
at CERN BEBC 1990 [80] for the cut of W < 2 GeV
were revised by Hawker [85]. In the global fit we use the
revised data. The raw data on measuring the Q2-distri-
butions obtained at ANL [53] and BNL [58] with no cut
for W were recalculated by Furuno et al. [81–83] to the
ratio of the total cross sections of the νμn → μ−pπ0 to
CC QES reactions. We include these 13 data points into
the global fit. We cannot use the data on the flux-
averaged cross sections measured at CERN BEBC 1990
[80] for the same reason as in the case of the νμp →
μ−pπþ and ν̄μn → μþnπ− reactions. The data measured
at ANL [45,47,49,50] and CERN GGM 1977 [68] are
updated in recent publications of the same author groups.
Thus, there are 45 data points suitable for the global fit.
The cross sections of the νμn → μ−nπþ reaction were

measured at ANL 1982 [53] (16 data points), BNL 1986
[58] (11), and CERN BEBC 1984 [76] (6). The same
author groups revised the original data (except for the
data measured at CERN BEBC [80] for W < 2 GeV).

Hence, there are 33 data points for the total cross sections
and 14 data points for the total cross section ratios of the
νμn → μ−nπþ to CC QES reactions [81–83].
The cross sections of the ν̄μp → μþpπ− reaction were

measured at FNAL 1980 [62], and CERN BEBC 1983 [75]
(6 data points), 1986 [77] (4), and 1990 [80] (6). Therefore,
16 data points can be used for global fits.
We use six data points for the total cross section sums of

the νμp → μ−pπþ and ν̄μp → μþpπ− reactions measured
at CERN BEBC 1990 [80]. The cross sections of the νμn →
μ−pπ0 and νμn → μ−nπþ reactions with a neutral particle
in the final state cannot be analyzed in the same experiment
with kinematic fitting and were recognized by topology of
secondary particles. The problem of the event separation is
more difficult than any others because the selection is
estimated for proton or pion tracks at the technical limit of
effective bubble density. This special feature leads to
ambiguity in the interpretation of a specific reaction. Due
to this reason six data points are not included into the
global fit.
The data of flux-averaged Q2- and W-distributions

measured at ANL 1980 [51], 1982 [53], BNL 1980 [55],
1986 [58], FNAL 1980 [62], BEBC 1986 [77], 1990
[80], are used only for comparison and not for global fits.
Absolute values and shape of the distributions as well as
the flux-averaged differential cross sections depending on
Q2 are primarily determined by the shape of neutrino
fluxes used in data processing by the authors of the
experiments. The differential distribution estimated at
mean energy of the neutrino flux or calculated with a
nonoriginal flux provides only a qualitative comparison
with the measured distribution, i.e., approximate calcu-
lations of differential distributions are a source of
uncontrolled systematic uncertainty for the results of
the global fits.
We avoid using the differential cross sections measured

at CERN BEBC 1990 [80] because the data points seem
self-contradictory. The shapes of the cross sections for
different reactions are inconsistent with the predictions by
the RS approach. These data lead to an increase in χ2

values but do not to clarify the fitted parameters. The
data of this experiment are shown for a qualitative
comparison only.
There are no available experimental data for the total or

differential cross sections of the ν̄μp → μþnπ0 reaction
measured on hydrogen or deuterium targets.

V. RESULTS OF THE GLOBAL FITS

In our previous study [20], the value of MA was
obtained from the global likelihood analysis for total
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cross sections measured at ANL 1982 [53], BNL 1986
[58], FNAL 1978 [61], 1980 [62], CERN GGM 1978
[68,69], 1979 [73], CERN BEBC 1980 [74], 1983 [75],
1986 [77], 1990 [80], and IHEP SKAT [90]. The dataset
included cross sections of the reactions measured on
various nuclear targets with and without NRB contribu-
tion according to the RS model. That dataset contained
190 data points with 127 data points of the νμ cross
sections (66.84% of the total number) and 63 data points
of the ν̄μ cross sections (33.16%). In the previous
analysis we did not run a likelihood tune of NRB and
used the values of the Breit-Wigner normalizations
calculated numerically according to the formal definition.
Also, the normalizations of the experimental data are not
discussed.
The value of the resonance axial-vector mass

MA ¼ 1.18þ0.07ð0.09Þ
−0.07ð0.08Þ GeV

was obtained with χ2=ndf ¼ 186.6=ð105 − 11Þ ≈ 1.99
from the global fit for the cross sections of the

νμp → μ−Δþþ, νμp → μ−pπþ, and ν̄μn → μþnπ− reac-
tions which do not require NRB in the RS approach and
are measured in experiments on hydrogen and deuterium
targets only. The dataset consists of 105 experimental data
points with 93 data points of the νμ cross sections (88.6%
of the total number) and 12 data points of the ν̄μ cross
sections (11.4%).
The value of the adjustable parameter

fNRB ¼ 1.12� 0.10ð0.13Þ

was obtained with χ2=ndf ¼ 428.4=ð114 − 8Þ ≈ 4.04
from the fit for the cross sections of the νμn → μ−pπ0,
νμn → μ−nπþ, and ν̄μp → μþpπ− reactions which
require the consideration of NRB in the RS approach.
The dataset consists of 114 experimental data points
with 92 points of the νμ cross sections (81% of the total
number), 16 data points of the ν̄μ cross sections (14%),
and 6 data points for sum of the νμ and ν̄μ cross
sections (5%).

TABLE I. Experimental datasets and data tapes involved into the global fit ofMA, results of individual fits forMA of selected datasets,
normalization factors Nν;ν̄, absolute and normalized to ndf values of χ2 (only absolute value in the case of ndf ¼ 0), where
ndf ¼ NP − Np, NP is the number of experimental data bins in the dataset, and Np ¼ 1, 2 is the number of free parameters. Statistical
errors of the fitted parameters correspond to one and two (shown in brackets) standard deviations. The datasets of ANL 1982 [53] and
BNL 1986 [58] include the original data and the data recalculated by Furuno et al. [81–83] and Rodrigues et al. [84].

Experiment Data MA (GeV) Nν;ν̄ χ2=ndf

Barish et al., ANL 1979 [50] hdσðνμp → μ−ΔþþÞ=dQ2i 1.03þ0.15ð0.26Þ
−0.13ð0.20Þ 1.09þ0.14ð0.22Þ

−0.13ð0.22Þ
7.27=7 ¼ 1.04

Radecky et al., ANL 1982 [53] σðνμp → μ−pπþÞ 1.16þ0.07ð0.11Þ
−0.06ð0.10Þ 1.04þ0.04ð0.07Þ

−0.04ð0.07Þ
90.19=21 ¼ 4.29

σðνμp → μ−pπþÞ=σQES 1.13þ0.09ð0.18Þ
−0.09ð0.17Þ

1 12.93=6 ¼ 2.16

Kitagaki et al., BNL 1986 [58] σðνμp → μ−ΔþþÞ& σðνμp → μ−pπþÞ 1.20þ0.14ð0.24Þ
−0.12ð0.18Þ 1.07þ0.12ð0.20Þ

−0.11ð0.18Þ
9.53=13 ¼ 0.73

σðνμp → μ−pπþÞ=σQES 1.25þ0.03ð0.06Þ
−0.03ð0.06Þ

1 23.60=8 ¼ 2.95

Bell et al., FNAL 1978 [60,61] σðνμp → μ−pπþÞ 1.11þ0.20ð0.33Þ
−0.18ð0.29Þ 1.00þ0.16ð0.26Þ

−0.16ð0.26Þ
0.02

Allen et al., CERN BEBC 1980 [74] σðνμp → μ−ΔþþÞ 1.09þ0.15ð0.25Þ
−0.13ð0.20Þ 1.00þ0.15ð0.24Þ

−0.15ð0.24Þ
6.54=5 ¼ 1.31

Allasia et al., CERN BEBC 1983 [75] σðν̄μn → μþnπ−Þ 0.98þ0.17ð0.28Þ
−0.15ð0.24Þ 1.00þ0.15ð0.25Þ

−0.15ð0.25Þ
2.24=4 ¼ 0.56

Barlag et al., CERN BEBC 1984 [76] σðνμp → μ−pπþÞ 1.10þ0.16ð0.27Þ
−0.14ð0.22Þ 1.00þ0.15ð0.25Þ

−0.15ð0.24Þ
1.36=4 ¼ 0.34

Allen et al., CERN BEBC 1986 [77] σðνμp → μ−pπþÞ, W < 2 GeV 1.07þ0.16ð0.26Þ
−0.13ð0.20Þ 1.00þ0.15ð0.24Þ

−0.15ð0.24Þ
4.38=3 ¼ 1.46

σðνμp → μ−pπþÞ, W > 2 GeV 0.98þ0.19ð0.33Þ
−0.19ð0.31Þ 1.00þ0.15ð0.25Þ

−0.15ð0.25Þ
3.84=2 ¼ 1.92

Allasia et al., CERN BEBC 1990 [80] σðνμp → μ−pπþÞ 1.15þ0.13ð0.22Þ
−0.11ð0.18Þ 1.00þ0.13ð0.21Þ

−0.13ð0.21Þ
3.69=4 ¼ 0.92

σðν̄μn → μþnπ−Þ 1.29þ0.14ð0.23Þ
−0.12ð0.18Þ 1.00þ0.13ð0.21Þ

−0.13ð0.21Þ
2.29=4 ¼ 0.57
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To illustrate the effect of normalizations of the Breit-
Wigner distributions on the discussed tunable parameters,
we perform global fits using a more traditional choice
of normalizations according to the previous version of
KLN-BS model: MA ¼ 1.12� 0.06ð0.08Þ GeV with
χ2=ndf ¼ 201.2=ð105 − 11Þ ≈ 2.12 and fNRB ¼ 1.09�
0.11ð0.13Þ with χ2=ndf ¼ 413.1=ð114 − 8Þ ≈ 3.90. The
parameters extracted from the new global and test fits as
well as χ2-values are slightly different, which means that
normalizations of distributions do not significantly affect
the global fit for the model parameters. However, unreli-
able/unphysical constants should be avoided.
Tables I and II collect the values ofMA and the adjustable

parameter fNRB with the normalization factors obtained
from the individual fits for each experimental datasets
involved into the global fit. The values of the parameters for
individual fits agree with each other within the errors.

Figures 4–8 show the experimental data in comparison
with the predicted cross sections for default values for
MA and fNRB parameters. In all figures the data points
marked with open symbols are not included into the
statistical analysis as well as the averaged cross sections
shown with hatched rectangles. The experimental data are
not multiplied by normalization factors obtained from the
global fits. We do not include into the global fit the
experimental data on the flux-weighted total cross sec-
tions shown in Figs. 4(b), 5(a), and 7(e), 7(d) as shaded
areas. The ANL and BNL data measured for the νμp →
μ−pπþ reaction without cut for W were corrected for
nuclear effects and FSI [91]. The global fit with the
corrected data leads to the same MA. The point is that
the cross section weakly depends on the axial mass in the
low neutrino energy range and corrections don’t signifi-
cantly change the data.

TABLE II. The same items as in Table I but for the datasets involved into the individual and global fits of fNRB. The data recalculated
by Furuno et al. [81–83] and Rodrigues et al. [84] marked by indices F and R, respectively.

Experiment Data fNRB Nν;ν̄ χ2=ndf

Radecky et al., ANL 1982 [53] σðνμn → μ−pπ0Þ& σðνμn → μ−nπþÞ, 1.24þ0.19ð0.31Þ
−0.22ð0.38Þ 1.00þ0.05ð0.09Þ

−0.05ð0.09Þ
16.20=6 ¼ 2.70

W < 1.6 GeV
σðνμn → μ−pπ0Þ& σðνμn → μ−nπþÞ, 1.40þ0.13ð0.21Þ

−0.14ð0.24Þ 1.00þ0.04ð0.06Þ
−0.04ð0.06Þ

69.48=22 ¼ 3.16
W < 1.4 GeV, no cutR

σðνμn → μ−pπ0Þ=σQES, 1.21þ0.33ð0.59Þ
−0.46ð−Þ

1 9.59=3 ¼ 3.20
no cutF

σðνμn → μ−nπþÞ=σQES, 1.14þ0.17ð0.31Þ
−0.19ð0.43Þ

1 13.03=4 ¼ 3.26
no cutF

Kitagaki et al., BNL 1986 [58] σðνμn → μ−pπ0Þ, 1.29þ0.42ð0.71Þ
−0.42ð0.74Þ 1.10þ0.19ð0.31Þ

−0.19ð0.30Þ
28.17=8 ¼ 3.52

no cut
σðνμn → μ−nπþÞ, 1.00þ0.30ð0.52Þ

−0.27ð0.45Þ 0.99þ0.20ð0.32Þ
−0.20ð0.32Þ

44.81=9 ¼ 4.98
no cut

σðνμn → μ−pπ0Þ=σQES, 1.61þ0.09ð0.17Þ
−0.10ð0.19Þ

1 25.82=8 ¼ 3.23
no cutF

σðνμn → μ−nπþÞ=σQES, 0.91þ0.07ð0.13Þ
−0.08ð0.16Þ

1 58.03=8 ¼ 7.25
no cutF

Allasia et al., CERN BEBC 1983 [75] σðν̄μp → μþpπ−Þ, 1.18þ0.29ð0.48Þ
−0.31ð0.54Þ 1.00þ0.15ð0.24Þ

−0.15ð0.25Þ
6.53=4 ¼ 1.63

W < 2 GeV

Barlag et al., CERN BEBC 1984 [76] σðνμn → μ−pπ0Þ& σðνμn → μ−nπþÞ, 0.72þ0.19ð0.30Þ
−0.21ð0.37Þ 0.92þ0.10ð0.16Þ

−0.10ð0.16Þ
33.01=10 ¼ 3.30

W < 2 GeV

Allen et al., CERN BEBC 1986 [77] σðν̄μp → μþpπ−Þ, 0.25� 100% 1.00þ0.12ð0.18Þ
−0.15ð0.25Þ

0.86=3 ¼ 0.29
W < 2 GeV

σðν̄μp → μþpπ−Þ, 0.88þ0.18ð0.30Þ
−0.19ð0.32Þ 1.01þ0.15ð0.23Þ

−0.15ð0.23Þ
2.45=2 ¼ 1.22

W > 2 GeV

Allasia et al., CERN BEBC 1990 [80] σðν̄μp → μþpπ−Þ, 1.30þ0.22ð0.38Þ
−0.20ð0.31Þ 1.00þ0.15ð0.25Þ

−0.15ð0.25Þ
10.84=4 ¼ 2.71

W < 2 GeV
σðνμn → μ−nπþÞ þ σðν̄μp → μþpπ−Þ, 1.10þ0.23ð0.37Þ

−0.14ð0.36Þ
0.85 27.12=3 ¼ 9.04

W > 2 GeV 0.99
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FIG. 4. Total cross sections of the reactions νμp → μ−Δþþ (a), (b) and νμp → μ−pπþ (c)—(f) as functions of neutrino energy
predicted withMA obtained from the global fit for H2 and D data in comparison with the experimental data measured at ANL 1973 [43],
1975 [46], 1976 [47], 1978 [49], 1979 [50], 1982 [53], BNL 1986 [58], FNAL 1978 [59,60], 1980 [62], and CERN BEBC 1980 [74],
1984 [76], 1986 [77], 1989 [78], 1990 [80]. The original data of ANL 1982 [53] and BNL 1986 [58] are recalculated by Rodrigues et al.
[84]. Error bars of the experimental data points show the statistical and systematical errors added quadratically with no errors of νμ flux
normalizations. Inner and outer shaded bands around the curves demonstrate the uncertainty of the fitted value of MA corresponding to
1σ and 2σ errors, respectively. Titles of the reactions, targets, and experimental cuts on W are given in the legends in each panel.
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FIG. 5. Total cross sections of the reaction νμp → μ−pπþ (a), ν̄μn → μþnπ− (b), (c), ratio of the total cross sections of the reaction
νμp → μ−pπþ to the quasielastic reaction νμn → μ−p (d) as functions of neutrino energy and Q2-dependent flux-weighted differential
cross sections of the reactions νμp → μ−Δþþ (e) and νμp → μ−pπþ (f) predicted withMA obtained from the global fit for H2 and D data
in comparison with the experimental data measured at ANL 1979 [50], 1982 [53] and CERN BEBC 1983 [75], 1986 [77], 1990 [80].
Differential cross sections are averaged over the flux borrowed from [48]. Titles of the reactions, targets, experimental cuts on W, and
additional information are given in the legends. Notation for the solid curves and shaded bands is the same as in Fig. 4.
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FIG. 6. Total cross sections of the reaction νμn → μ−pπ0 (a), (c), (e), (g), νμn → μ−nπþ (b), (d), (f), (h), as functions of neutrino
energy predicted withMA and fNRB obtained from the global fits for H2 and D data in comparison with the experimental data measured
at ANL 1974 [45], 1976 [47], 1978 [49], 1982 [53], 1979 [50] BNL 1986 [58], and CERN GGM 1978 [68], BEBC 1984 [76], 1990
[80,85]. Original experimental data measured at ANL 1982 [53] forW < 1.4 GeV and with no cut forW; BNL 1986 [58] with no cut for
W, recalculated by Rodrigues et al. [84]. Titles of the reactions, targets, and experimental cuts on W are given in the legends. Shaded
bands around the curves show the joint uncertainty of the fitted value of MA and fNRB correspond to 1σ and 2σ errors.
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FIG. 7. Ratios of the total cross sections of the reactions νμn → μ−pπ0 (a) and νμn → μ−nπþ (b) to the quasielastic reaction
νμn → μ−p, sum of the reactions νμp → μ−pπþ and ν̄μp → μþpπ− (c), and total cross sections of the reaction ν̄μp → μþpπ− (d)—(f)
predicted withMA and fNRB obtained from the global fits for H2 and D data in comparison with the experimental data measured at ANL
and BNL [81–83], FNAL 1980 [62] (measured with cuts of W < 1.9 GeV and W < 1.32 GeV), CERN BEBC 1990 [80], 1983 [75],
1986 [77], and 1989 [78]. Titles of the reactions, targets, and experimental cuts on W are given in the legends. Notation for the solid
curves and shaded bands is the same as in Fig. 6.
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VI. CONCLUSIONS

First, we recommend clarifying the RS model and its
extensions by getting rid of the normalizations of the Breit-
Wigner distributions to avoid unphysical quantities in
calculations.
Next, the global fit of the experimental data on the

total and differential CC cross sections for the νμ and ν̄μ
reactions of the 1π-production through the nucleon and
baryon resonances, measured in experiments on hydrogen
and deuterium targets, allows one to determine the phe-
nomenological parameters of the resonance current axial-
vector mass and the adjustable constant for fine-tuned
noninterfering nonresonance background for the phenom-
enological models based on the RS approach. The axial
mass extracted from the fit for only νμ data yields the same
result. The low number of the ν̄μ data does not allow one to
obtain a reliable result from the global fits; however the

result does not contradict the global analysis. The cross
sections predicted within the clarified KLN-BS model
are in good agreement with the experimental data in the
whole range of neutrino energy. The updated value of
the axial mass is consistent with the previous one and
describes well the data obtained in experiments with
nuclear targets [20]. Modern experiments with deuterium
and hydrogen targets operating with the νμ and ν̄μ beams
are needed for a more precise determination of the
parameters of the model.
Finally, we emphasize that the obtained resonance

axial mass and adjustable nonresonance background are
appropriate only for the RS model and its extensions in
which the traditional normalization of the Breit-Wigner
factors is abandoned. The alternative models for describing
the resonance 1π-production reactions may require a
different value of the axial mass and tune for the back-
ground induced by nonresonance reactions.

FIG. 8. Flux-weighted differential Q2-dependent cross sections of the reactions νμp → μ−pπþ (a), (c), νμn → μ−pπ0 (e), (f), νμn →
μ−nπþ (g), (h), ν̄μn → μþnπ− (b), (d), and ν̄μp → μþpπ− (i), (j), predicted withMA and fNRB obtained from the global fits for H2 and D
data in comparison with the experimental data measured at CERN BEBC 1990 [80]. Neutrino and antineutrino fluxes are borrowed from
[79]. Titles of the reactions, targets, and experimental cuts on W and neutrino energy are given in the legends. Inner and outer shaded
bands around the curves in panels (a), (c), (b), (d), demonstrate the uncertainty of the fitted value of MA corresponding to 1σ and 2σ
errors, respectively. In the other panels the shaded bands demonstrate the joint uncertainty of the fitted value of MA and fNRB.
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