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Abstract

We propose a simple empirical model for evaluating the quasielas-
tic neutrino- and antineutrino-nucleus cross sections, based on the
conventional relativistic Fermi-gas model and the notion of running
(dipole) axial-vector mass of the nucleon driven by two adjustable pa-
rameters (one of which is the ordinary axial mass of the nucleon). The
suggested approach provides reasonable agreement with available con-
sistent accelerator data on total, differential, and double differential
quasielastic and quasielastic-like cross sections for different nuclear
targets.



1 Introduction

An accurate calculation of the charged-current quasielastic (CCQE) neutrino-
nucleus scattering cross sections remains an important issue to ensure the
reliability and confidence level of extraction of neutrino oscillation parameters
from atmospheric and accelerator neutrino experiments [1–15]. This problem
is closely related to a large experimental uncertainty in the determination of
the weak axial-vector and, to a lesser degree, pseudoscalar form factors of
the nucleon and is reduced to the experimental uncertainty in the nucleon
axial mass, MA, which governs the Q2 evolution of the axial form factor in
the conventional dipole parametrization,

FA

(
Q2

)
= FA(0)

(
1 +Q2/M2

A

)−2
,

where Q2 is the modulus of the squared 4-momentum transfer (normalization
of the form factor is chosen to be FA(0) = −1.267± 0.003).

Figure 1 provides a representative compilation of measurements of the
dipole axial-vector mass: ANL 1969 [16], 1973 [17], 1975 [18], 1977 [19],
1982 [20]; BNL 1978 [21], 1980 [22], 1981 [23], 1988 [24], 1990 [25]; FNAL
1983 [26], 1984 [27, 28], 1987 [29]; MiniBooNE 2010 [30]; NOνA 2013 [31];
CERN SC 1968 [32]; HLBC 1966 [33], 1967 [34], [35], 1969 [36]; GGM
1977 [37], 1978 [38], 1979 [39,40]; BEBC 1990 [41]; NOMAD 2009 [42]; IHEP
SKAT 1981 [43], 1988 [44], 1990 [45, 46]; IHEP–ITEP 1981 [47], 1982 [48],
1985 [49,50]; T2K ND280 2015 [51]. The values ofMA extracted from the flux-
folded single-differential cross sections vs. Q2, unnormalized Q2-distributions,
flux-folded double-differential cross sections, and total CCQE cross sections
are shown by, respectively, squares, circles, lower triangles, and upper tri-
angles. Filled and open symbols denote the analyses of rates and shapes,
respectively. The data are grouped by nuclear targets. The figure shows a
wide scatter of data points. Partly this is because the data of different ex-
periments were obtained using rather different input parameters, models for
the nuclear effects and final-state interactions (FSI), electromagnetic form
factors, etc.,1 but the observed discrepancies sometimes exceed the expected
systematic errors. The solid vertical lines represent the best fit value of

1In some cases the result is dependent on extraction methods and data subsets used
in the analyses; for example, in the recent T2K analyses [51], the effective MA parameter
was measured to be 1.26+0.21

−0.18 GeV or 1.43+0.28
−0.22 GeV by using, respectively, the absolute

or shape-only pµ − cos θµ event distributions. In Fig. 2 we show the first value only.
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Mann et al., ANL 1973

Barish et al., ANL 1975

Barish et al., ANL 1977*

Miller et al., ANL 1982*

Cnops et al., BNL 1978
Fanourakis et al., BNL 1980*

Baker et al., BNL 1981
Kitagaki et al., BNL 1990*

Kitagaki et al., FNAL 1983*

Asratyan et al., FNAL 1984*

Ammosov et al., FNAL 1987
Allasia et al., CERN BEBC 1990*

Kustom et al., ANL 1969
Adamson et al., FNAL MINOS 2014
Belikov et al., IHEP−ITEP 1981
Belikov et al., IHEP−ITEP 1982
Belikov et al., IHEP−ITEP 1985*

Ahrens et al., BNL 1988
Arevalo et al., FNAL MiniBooNE 2010*

Holder et al., CERN HLBC 1968
Lyubushkin et al., CERN NOMAD 2009*

Abe et al., T2K ND280 2015

Gran et al., K2K SciFi 2006
Espinal &  Sanchez, K2K SciBar 2007`

Franzinetti et al., CERN HLBC 1966
Young et al., CERN HLBC 1967
Orkin-Lecourtois, CERN HLBC 1967
Budagov et al., CERN HLBC 1969
Bonetti et al., CERN GGM 1977*

Rollier et al., CERN GGM 1978

Armenise et al., CERN GGM 1979*

Pohl et al., CERN GGM 1979

Makeev et al., IHEP SKAT 1981

Grabosch et al., IHEP SKAT 1988

Brunner et al., IHEP SKAT 1990*

Figure 1: A summary of the nucleon axial-vector mass measurements in experi-
ments with different nuclear targets (see main text for explanations).

MA obtained in the particular part of our statistical analysis, based on the
“golden” (i.e., consistent and non-overlapping) data of the experiments with
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deuterium and hydrogen targets (see below, section 3). Shaded confidence
bands around the lines represent 1σ and 2σ deviations from the best-fitted
values of MA and, in this instance, provide a “framework” for comparison
of the data. We can in particularly conclude that there is no statistically
significant indication of correlations between the observed data scatter and
nuclear targets.

Several efforts were made in recent years to safely extract the value of the
parameterMA from νµD, νµH, and π± electroproduction experiments [52–55],
and also from all available at that time data on ν/ν scattering off hydrogen,
deuterium, and heavier nuclei [56–58]. In the latter studies, the nuclear ef-
fects were accounted for by using the closure over the dinucleon states and
one-pion exchange currents [59–61] for deuterium targets, and by applying
the Smith-Moniz relativistic Fermi-gas (RFG) model [62] (implemented in
many Monte Carlo neutrino event generators) for heavier nuclear targets.
The most accurate models for the nucleon electromagnetic form factors were
used in these calculations. It has been inferred from these studies that the
most of the then-existing νµ/νµ CCQE and pion electroproduction data could
be satisfactorily described with MA ≃ 1 GeV to within a few percent accu-
racy (cf. lines in Fig. 1). This conclusion was reached before the modern
high-statistics measurements of the νµ/νµ CCQE scattering from carbona-
ceous targets, performed in the FNAL experiments MiniBooNE [30, 63], Sci-
BooNE [64,65], MINERνA [66–68], and MINOS [69], and also in the T2K ex-
periments with the near detectors ND280 (off-axis) [51, 70–73] and INGRID
(on-axis) [74]. According to our RFG-based calculations, the MiniBooNE
CCQE double-differential cross section data [30, 63] are well described with
MA = 1.36 ± 0.06 and 1.31 ± 0.03 GeV for, respectively, νµ and νµ beams
(cf. also [75]). These values are in reasonable agreement with other recent
low-energy data but are not compatible with the values of 1.07 ± 0.11 GeV
(νµ) and 1.08 ± 0.19 GeV (νµ), extracted from the data obtained at higher
energies by the NOMAD experiment [42] as well as with the results of the
above-mentioned analyses [52–58].

Figure 2 shows the effective values of MA = MRFG
A obtained (by using

the standard RFG model) in several recent experiments [30,42,69,74,76,77]
with composite (mainly carbon-rich) nuclear targets; the data are plotted as
a function of the mean energy of the νµ/νµ beams. The dashed straight line
with the shaded double band has the same meaning as the straight lines with
bands in Fig. 1; that is, it represents the result of our statistical analysis of
the “golden” data. It is evident that the values of MA extracted from the
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Figure 2: The nucleon axial mass values vs. mean νµ/νµ beam energy, obtained
in the experiments MiniBooNE [30], MINOS [69], NOMAD [42], K2K SciFi [76],
K2K SciBar [77], and T2K ND280 [51] within the standard RFG model. The
dashed straight line and surrounding shaded double band represent the MA value
and its 1σ and 2σ uncertainties, as extracted from available deuterium data.

low-energy data on heavy nuclear targets are in conflict with the deuterium
data and also with the higher-energy NOMAD data. Moreover – and this
is the key observation – the data provide a hint that MA increases with
decreasing the mean νµ/νµ energy. Empirically, this is simply a repercussion
of the observed growth of the total CCQE cross sections in nuclear matter
at low energies.

Contemporary explanations of this growth include the effects beyond the
scope of the naive RFG approach and impulse approximation (IA). Among
these are several RFG extensions, such as local Fermi gas (LFG) model
[78], local density approximation (LDA) [79], and spectral function (SF) ap-
proach [80–85]; relativistic mean field and relativistic Green’s function mod-
els [86,87]; meson-exchange currents (MEC), intermediate ∆ isobar or multi-
nucleon excitations [11, 88], short-range and long-range correlations within
random phase approximation (see, e.g., refs. [89–91]); a phenomenological
2p− 2h MEC solution is also included into the GiBUU model [92, 93] based
on quantum-kinetic transport equations; parametrization of the observed en-
hancement in the transverse electron quasielastic response function (presum-
ably because of MEC) [94,95]; a variety of so-called superscaling models, e.g.,
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SuSA [96], SuSAv2 [97], SuSAv2-MEC [98–100], and SuSAM* [101,102]. The
most comprehensive microscopic or phenomenological models provide better
data explanation without increasing MA (see refs. [103–108] for reviews and
further references).

The aims of this paper are to clarify the experiential state-of-the-art with
the nucleon axial mass and provide a simple phenomenological “recipe” for
an accurate description of the CCQE ν and ν interactions with nuclei at en-
ergies of interest for neutrino oscillation experiments, within the frameworks
of conventional RFG model, but at the expense of having two adjustable pa-
rameters (instead of one, MA) in the nuclear axial-vector structure function.
The suggested recipe can easily be implemented in the Monte Carlo event
generators2 being used in the analyses of the experiments with accelerator
and atmospheric ν/ν fluxes.

2 Running axial mass

The idea of the proposed method is to calculate the cross sections for the
CCQE ν/ν interactions with nuclei other than hydrogen and deuterium by
using in the charged weak hadronic current the neutrino energy dependent
running axial-vector mass, M run

A (Eν), in place of the conventional constant
axial-vector (dipole) massMA, and the latter will be referred to as the current
or conventional axial mass. The lab-frame neutrino energy, Eν , is treated as
Lorentz invariant, Eν = (s−M2)/2M , where M is the mass of the target nu-
cleus, and IA is assumed. With such a customization, the modified hadronic
current retains its Lorentz-transformation property albeit loses the fundamen-
tal meaning; it is no longer a function of Q2 only and thus it can be employed
only as an artificial prescription to account for the energy-dependent nuclear
effects beyond RFG and IA.

In so doing, the specific energy dependence ofM run
A is determined from the

available robust experimental data on the CCQE interactions. The function
of energy, M run

A (Eν), will be in general different for different modifications of
the RFG models and other input parameters, but in any case this function
must be parametrized in such a way that it asymptotically approaches the
current axial mass value at high energies and well describes the lower-energy

2It is already implemented into the GENIE neutrino generator (version 2.11.0 and
higher) as an option.
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data. In the present analysis we adopt the following very simple parametriza-
tion,

M run
A = M0

(
1 +

E0

Eν

)
, (1)

in which the constant parameters M0 and E0 are obtained from a global fit to
available accelerator data on the νµ and νµ CCQE interactions with nuclei. It
turns out that the parametrization (1) is universal in the sense that it works
rather well for all medium to heavy nuclear targets and at all accessible ν/ν
energies.

In our fit to M run
A , the νµD and νµH cross sections are used for adjusting

the parameter M0 only, inasmuch as the M run
A (Eν) can be applied to the ν/ν

CCQE scattering from the heavier nuclear targets. Since M run
A → M0 at high

energies, Eν ≫ E0, where the RFG approach works rather well, the constant
M0 can be treated as the current axial-vector mass MA. On the other hand,
the value of MA can be independently extracted from a fit to the νµD data
for which the nontrivial (beyond RFG) nuclear effects are relatively small
and better understood.

The nuclear Fermi momenta, pF , and binding energies (usually identified
with the separation energies), Eb, are rather uncertain and values of these
parameters used in the literature vary widely.3 For a unification, in the
subsequent calculations we use the following interpolation formulas:

pF = 270
[
1− 4.2/A+ (6.0/A)2 − (5.3/A)3

]
MeV,

Eb = 50.4
[
1− 2.26/ξ + (1.73/ξ)2 − (1.21/ξ)3

]
MeV.

Here ζ = Z/A1/3. These interpolations are obtained from all available data
on electron-nucleus scattering [110, 111] and are sufficiently accurate for all
nuclei with A ≥ 6. The proton and neutron Fermi momenta are calculated
in the conventional way [112] as, respectively, ppF = (2Z/A)1/3pF and pnF =
(2N/A)1/3pF , where N = A − Z. These relations are based on the simplest
assumption that the density of nuclear matter is approximately constant
irrespective of the proton-to-neutron ratio Z/N .

Other ingredients of the standard formalism of the CCQE ν/ν scattering
on nucleons and nuclei are described in detail in [58], all input parameters
are updated according to the recent review [113].

3See [109] for a more sophisticated treatment of these matters.
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3 Statistical analysis

The measurements of the CCQE νµ/νµ cross sections were carried out from
the mid-60s to present day, in the experiments at ANL [16–20, 114–117];
BNL [21–25,118,119]; FNAL [26–31,63–67,120]; LANL (LSND) [121], CERN
[32–37,39–42,122–128]; IHEP [43–45,47–50,129]; K2K [76]; and T2K [51,70–
72, 74]. The detector targets used in these experiments are hydrogen [22],
deuterium [17–21,23,25,41,115–117,119], water [76], mineral oil [30,63,66,67],
aluminium [47–50], argon [128], iron [31, 120], steel [16], carbon-rich (e.g.,
hydrocarbonic, like propane or polystyrene) targets [24, 32, 36, 42, 64, 65, 118,
121], freon [18,26,33–35,37,43–45,122–126,129], propane–freon mixtures [39,
40, 126, 127], neon–hydrogen mixtures [27–29], and complex carbonaceous
targets of the T2K near detectors [51,70–72,74]. In many cases, the detector
targets contain small amounts of other materials and impurities, all of which
are taken into account in our calculations.

For the statistical analysis, we use the data on the total (σ), flux-averaged
single-differential (〈dσ/dQ2〉), and double-differential (〈d2σ/dEµd cos θµ〉) cross
sections, as well as the flux-weighted or measured at the mean νµ/νµ energy
Q2-distributions (〈dN/dQ2〉 or dN/dQ2). The full dataset is formed by the
results of the self-contained measurements satisfying the selection criteria
described in [58]. Namely, we use the results of the following experiments:

• Hydrogen: BNL 1980 [22] (dNν/dQ
2, 5);

• Deuterium: ANL 1977 [19] (σν , 8), ANL 1982 [20] (〈dNν/dQ
2〉, 39),

BNL 1990 [25,119] (〈dNν/dQ
2〉, 37), FNAL 1983 [26] (〈dNν/dQ

2〉, 20),
and CERN BEBC 1990 [41] (〈dσν/dQ

2〉, 8);

• Neon-Hydrogen mixture: FNAL 1984 [27, 28] (dNν/dQ
2, 14);

• Aluminium: IHEP–ITEP 1985 [49, 50] (σν , σν , 〈dσν+ν/dQ
2〉, 8 in each

set);

• Carbon-rich targets: CERN NOMAD 2009 [42] (σν , σν , 10 and 6, respec-
tively), FNAL MiniBooNE 2010 [30] (〈d2σν/dEµd cos θµ〉, 137), FNAL
MiniBooNE 2013 [63] (〈d2σν/dEµd cos θµ〉, 78);

• Freon, Propane, & their compounds: CERN GGM 1979 [39,127] (〈dNν/dQ
2〉,

13), LAr-TPC 2007 [128] (σν , 1) and IHEP SKAT 1990 [45] (〈dσν/dQ
2〉,
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〈dσν/dQ
2〉, 8 and 7, respectively), T2K INGRID 2015 [74] (σν , 2) and

T2K ND280 2015 [51] (σν , 5).

In the brackets we show the data types and numbers of experimental bins
involved into the statistical analysis. Thus the full dataset consists of 422
bins with 290, 124, and 8 bins for, respectively, νµ (68.7% of the full dataset),
νµ (29.3%), and cumulative νµ + νµ (1.9%) subsets. The full dataset rep-
resents 215, 31, 128, and 48 bins for, respectively, the flux-folded double
differential cross sections measured by MiniBooNE (51% of the full dataset),
single-differential in Q2 cross sections (7.4%), unnormalized Q2-distributions
(30.3%), and flux-unfolded total cross sections (11.4%). The dataset used
for extraction of the current axial mass MA (≡ MD

A ) contains 117 bins
(27.7% of the full dataset) and is formed by the results of ANL 1977 [19],
1982 [20], BNL 1980 [22], 1990 [25,119], FNAL 1983 [26], and CERN BEBC
1990 [41]. We do not utilize the results of several modern experiments as
MINERνA [66–68, 130–133], MiniBooNE [134], and T2K [72, 73, 135]. In-
stead, we use the modern data for a verification of our model (see next
section).

The analysis is based on the standard least-square statistical model:

χ2 =
∑

i

{
∑

j∈Gi

[NiTij(λ)− Eij]
2

σ2
ij

+
(Ni − 1)2

σ2
i

}
. (2)

Here the index i enumerates the experiments (or data groups) Gi, index
j ∈ Gi enumerates the bin-averaged experimental data Eij from the group
Gi, σij is the error of Eij , without the uncertainty due to the overall normal-
ization. The normalization factor, Ni (individual for each data group Gi),
is treated as fitting parameter and included into the ordinary penalty term,
(Ni − 1)2 /σ2

i , where σi is the normalization error. The value Tij(λ) repre-
sents the associated (also bin-averaged) model prediction, dependent on the
set of fitting parameters λ; in our particular two-parameter case, λ = M0

for hydrogen and deuterium targets and λ = (M0, E0) for all other nuclear
targets. The minimization procedure can be significantly simplified by sub-
stituting into Eq. (2) Ni = Ni(λ), where the functions Ni(λ) are obtained
from the analytic solution to the equations ∂χ2/∂Ni = 0,

Ni(λ) =
1 + σ2

i

∑
j∈Gi

σ−2
ij Tij(λ)Eij

1 + σ2
i

∑
j∈Gi

σ−2
ij T 2

ij(λ)
.
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The χ2 for the final fit to all data includes an additional penalty term

[(
M0 −MD

A

)
/∆MD

A

]2
,

which provides a “soft anchoring” of the parameter M0 to the current axial
mass value, MD

A ±∆MD
A , obtained by fitting the robust (“golden”) deuterium

data only.
For extracting the value of MA from the CCQE νµD data, the authors of

the experiments (see, e.g., refs. [23,25,26]) usually take into account the Pauli
exclusion principle, Fermi motion, and deuteron binding by using the correc-
tion factor derived in refs. [59, 60]. In our analysis we use (when available)
the raw, uncorrected νµD data (mainly Q2-distributions). To account for the
nuclear effects in the νµD interactions, we adopt the closure approximation
over the dinucleon states following [61], where the MEC contributions were
estimated using single-pion exchange diagrams in the static limit. In our
calculations, the Reid hard-core potential and Hulthen wave function for the
deuteron are adopted, as providing the best description of the νµD data.

All the fits are done with the CERN function minimization and error
analysis package MINUIT [136, 137]. The errors of the output parameters
quoted below correspond to one and two standard deviation. As 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 data normalization; in most cases these factors are very close
to unity.

As a result of the analysis, the best-fit value of MD
A is found to be

MD
A = 1.003

+0.083 (0.109)
−0.083 (0.108) GeV (3)

with the corresponding χ2/ndf value to be 127.5/(117 − 7) ≈ 1.16. The
best-fit values of the running axial mass parameters are found as follows:

M0 = 1.052
+0.095 (0.114)
−0.094 (0.113) GeV, E0 = 278

+130 (158)
−111 (131) MeV, (4)

with χ2/ndf = 272.7/(422− 19) ≈ 0.68.
As the next step, by taking into account that the RFG calculations well

describe the high-energy data on all nuclear targets with the unique value
of MA (≈ MD

A ≈ 1 GeV) [58], we add to the sum (2) the penalty term
(M0 − 1.003)2 /0.0832 to constrain the bias of M0 from the deuterium axial
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mass MD
A (3). The final global fit performed using this constraint (“soft

anchoring”) yields

M0 = 1.008± 0.025 (0.029) GeV, E0 = 331
+57 (69)
−54 (64) MeV (5)

with χ2/ndf = 277.6/(422− 19) ≈ 0.69. The obtained value of M0 is in very
good agreement with (3) and with the results of earlier extractions of the
current axial mass [52–58].

Figure 3 shows that the best-fit values of the parameters obtained in the
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Figure 3: Error contours for the parameters M0 and E0 obtained in the global
statistical analyses of the νµ (a), νµ (b), and νµ + νµ (c) CCQE data subsets.
Circles and squares represent the best-fit points (M0, E0) obtained from the global
fits performed with and without “soft anchoring” of the parameter M0 (by adding
the related penalty term to the χ2 sum) and given by (4) and (5), respectively.
The inner and outer contours for both these fits indicate, respectively, the 68%
and 95% C.L. confidence regions.

separate analyses of the νµ + νµ, νµ or νµ data are in agreement with each
other within the corresponding 1σ confidence contours. In the antineutrino
case (where the dataset is more fragmentary than that for neutrino) the
agreement is worse but still acceptable.

It should be noted that in the strict sense the obtained values of MD
A and

of the parameters M0 and E0 are only valid for the “BBBA25(07)” model
of the vector form factors of the nucleon [54]. However, as follows from our
examinations, these parameters are not very responsive to variations of the
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vector form factors within reasonable limits. In other words, one can use
(while with caution) the obtained values of MD

A , M0, and E0 also together
with models other than BBBA25(07) as well as with some modifications of
the RFG approach (e.g., LFG [78] or Bodek–Ritchie RFG [138]).

As a qualitative test of self-consistency of our approach, we collect in Fig.
4 a representative set of the current axial mass values extracted, within the
SM RFG model with the unified set of inputs, from the individual fits of the
data subsets involved in the global analysis. The MA values are plotted in
function of the mean (anti)neutrino energy of interaction defined as

〈Eν〉int =

∫
EνFν(Eν)σ

CCQE
tot (Eν)dEν∫

Fν(Eν)σ
CCQE
tot (Eν)dEν

, (6)

where Fν(Eν) is the (anti)neutrino energy spectrum in the related experiment
and σCCQE

tot (Eν) is the total CCQE cross section for the detector target used
in the experiment. Although this quantity is moderately model-dependent,
it is a bit more appropriate for the verification than the mean (anti)neutrino
beam energy, 〈Eν〉, used in Fig. 2. The points represent the values of MA

derived from the formal fits (separately for each experiment) to the CCQE
data obtained with the following nuclear targets:

• Deuterium: ANL 1977 [19] (0.90 GeV), ANL 1982 [20] (0.90 GeV), BNL
1990 [25, 119] (1.47 GeV), FNAL 1983 [26] (23.5 GeV), CERN BEBC
1990 [41] (53.5 GeV);

• Neon-Hydrogen mixture: FNAL 1984 [27] (7.3, 13.6, and 26.4 GeV);

• Carbonaceous targets: FNAL MiniBooNE 2010 [30] (0.93 GeV), FNAL
MiniBooNE 2013 [63] (0.90 GeV), FNALMINERνA 2013 [66,67] (3.5 GeV
for νµ and 3.4 GeV for νµ), CERN NOMAD 2009 [42] (23.8 GeV for
νµ and 19.3 GeV for νµ), T2K ND280 2015 [51] (0.948 GeV), T2K
INGRID 2015 [74] (0.950 GeV);

• Freon: IHEP SKAT 1990 [45] (6.4 GeV for νµ and 6.0 GeV for νµ);

• Propane-Freon mixture: CERN GGM 1979 [39, 127] (2.4 GeV);

• Argon: CERN LAr-TPC 2007 [128] (23.8 GeV);

• Aluminum: IHEP–ITEP 1985 [49] (5.7 GeV – the mean for νµ and νµ);

11



0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

(G
eV

)

✸

M
AR

F
G

(a)

Aguilar-Arevalo et al., FNAL MiniBooNE 2010 (νµ), 2013 (νµ)−

Fiorentini et al., FNAL MINERνA 2013 (νµ), Fields et al., 2013 (νµ)−

Armenise et al., CERN GGM 1979 (νµ)−

Martinez de la Ossa Romero, CERN LArTPC 2007 (νµ)✸

Lyubushkin et al., CERN NOMAD 2009 (νµ), 2009 (νµ)−

Belikov et al., IHEP−ITEP 1985 (νµ + νµ)−

Brunner et al., IHEP SKAT 1990 (νµ),  1990 (νµ)−

Abe et al., T2K ND280 2015 (νµ)
Abe et al., T2K INGRID 2015 (νµ)

M
A

run

M
A
 = M

A

0

HEAVY TARGETS

(GeV)

(G
eV

)

〈 Eν 〉
int

M
A

100101

(b) Barish et al., ANL 1977 (νµ)
Miller et al., ANL 1982 (νµ)
Kitagaki et al., BNL 1990 (νµ)
Kitagaki et al., FNAL 1983 (νµ)
Allasia et al., CERN BEBC 1990 (νµ)

M
A

run

M
A
 = M

A

D

M
A
 = M

A

0

Asratyan et al., FNAL 1984, Ne-H
2
 (νµ)−

DEUTERIUM TARGETS

Figure 4: The current axial mass extracted from different experiments and plotted
vs. the mean energy of interaction (see main text for explanations).

• Iron: T2K INGRID 2015 [74] (0.95 GeV).

The numbers in brackets in the above list represent the values of 〈Eν〉int
estimated from eq. (6) by using the relevant νµ and νµ energy spectra and
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the CCQE cross sections calculated with the constant MA = M0 for the deu-
terium data4 and with the running axial mass (with the parameters extracted
from the global fit) for all other data, except for the FNAL 1984 experi-
ment [27], where author’s extractions of MA for the three energy ranges are
shown (for the energy binning definition used in [27], the differences between
〈Eν〉int and 〈Eν〉 is unimportant). The solid curves represent the energy de-
pendence of M run

A on the parameters (5) and the straight dashed and dotted
lines show the cases MA = MD

A and MA = M0, respectively. The filled dou-
ble bands show the 1σ and 2σ confidence regions due to uncertainties in the
parameters of M run

A (top panel) and MD
A and M0 (bottom panel). It is clearly

seen that the deuterium data are consistent with constant MA while the data
for heavier nuclei correlate with the energy dependent (running) axial mass.
The result of [27] is formally consistent with both constant and running MA

but the former is statistically more preferable. Similar extractions of MA

as a function of energy were performed earlier, in the neutrino experiments
at BNL [23] and FNAL [26] with deuterium filled bubble chambers. Both
experiments obtained no significant variation of MA with energy and are in
agreement with our result (3). And lastly, there is no statistically significant
difference between the energy dependencies of MA obtained in the studies of
neutrino and antineutrino interactions with heavier than deuterium nuclei.

4 Comparison with the recent data

To test our model, we compare the calculations with predictions of several
other modern models and with selected recent data on the total (Fig. 5)
and double-differential (Figs. 6— 12) cross sections of the on νµ and νµ

CCQE and CCQE-like interactions with nuclei. We emphasize that the data
displayed in these figures by open symbols have not been involved into the
global statistical analysis described above.

All calculations are performed using the GENIE3 MC generator [140]. To
simulate the CCQE-like interactions we apply two incorporated FSI models
called hA2018 and hN2018. The hA2018 model evaluates the probabilities of
emission, absorption, and recharge of nucleons and light mesons with kinetic
energies up to 1.2 GeV by using available heuristic data on relevant cross sec-

4Recall that the νµD cross sections are calculated using the Singh-Arenhovel model
[61]. The estimated values of 〈Eν〉int are almost insensitive to variations of M0 within 2σ
uncertainty.
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Figure 5: Total CCQE νµ (a) and νµ (b) cross sections per interacting nucleon
as measured in MiniBooNE [30, 63, 134], SciBooNE [64, 65], LAr-TPC [128], NO-
MAD [42], T2K INGRID [74], and MINERνA [132, 139] (not a true total cross
sections, but rather differential cross sections vs. EQE

ν extracted by applying sev-
eral kinematic cuts, see text). The vertical error bars represent the total exper-
imental errors including the νµ/νµ flux normalization uncertainties. The data
points marked with open symbols were not included into the statistical analysis.
The solid curves and narrow inner/outer bands correspond to the best-fit values
of M0 and E0 (5) and 1σ/2σ deviations from the best fit. The dashed-dotted
and dotted curves represent, respectively, the SM RFG predictions with the val-
ues of the axial mass, MRFG

A , obtained by two-parameter fits to the MiniBooNE
double-differential CCQE cross section dataset (CH2.06) and the NOMAD CCQE
dataset on σQE

tot (pure carbon), performed separately for neutrinos and antineutri-
nos. The gray bands show the 1σ uncertainty due to the fitting errors of MRFG

A

and normalization factors. The other curves show predictions of GENIE 3 tune
G18 10b 02 11a, SuSAv2-MEC, and SuSAM∗. Also shown the NuWro generator
prediction for the neutrino cross section at Eν = 236 MeV.

14



tions for the atomic nuclei from helium to lead. The isospin symmetry is used
to recalculate the cross sections for neutral pions from the charged pion data.
At energies above 300 MeV, the phenomenological cascade-exciton model
CEM03 [141–143] is applied. The cascade is simulated for an iron nucleus
and the cross sections for other nuclei are obtained simply by a re-scaling
with the factor ∝ A2/3. The pion absorption is decomposed into two sim-
ulation branches: the two-nucleons and multi-nucleon absorption; the split
probability is defined from empirical data. Multiple final-state hadrons are
distributed in the phase space. The hN2018 model simulates reactions of all
types for any target nucleus. It uses partial wave analysis of available data on
the πN , KN , and NN cross sections as provided by the Scattering Analysis
Interactive Dial-in (SAID) program [144–146]. For pions with kinetic energy
below 350 MeV the model uses the method of [147] which combines a micro-
scopic calculation of the intrinsic probabilities for each reaction channels and
a simulation procedure for the pion transport. The pion absorption is simu-
lated on separate nucleons. The hN2018 model can simulate pre-equilibrium
and compound nuclear states. The simulations of hadron transport through
a nuclear medium have some common features in the hA2018 and hN2018
models.

In all calculations with the SMRFG+M run
A model we employ several

modification of the default GENIE3 configuration. In particular, for esti-
mation of the single-pion production (one of the most important contribu-
tion to post-FSI CCQE-like) we use the extended Rein-Sehgal model (ExRS)
[148, 149] supplemented by the pion-pole contribution to the hadronic axial
current [150]. Instead of the GENIE default “resonance” axial mass value
MRES

A = 1.12 GeV [57], we use the updated value of 1.18 GeV which we
obtained from a new global fit to the νµD single-pion production data. The
input parameters (resonance masses and widths, decay fractions) are up-
dated according to the most recent data [113]. Pauli blocking is added into
all GENIE3 resonance pion production models. Next, we refused the default
renormalization of the Breit-Wigner factors. Among several physical and
technical reasons, we only mention here that the normalization integral for
the S-wave resonances diverges, leading to an unreasonable ambiguity due to
an unphysical cutoff in invariant hadronic mass. The simplest way to avoid
this ambiguity is to rule out the renormalization at all. It should be remarked
that the GENIE2 default parametrization of the vector CCQE form factors,
the BBA(05) model [151], has been replaced in GENIE3 to a more accurate
BBBA25(07) model [54].
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Figure 5 shows the total νµ and νµ CCQE cross sections measured in
the experiments NOMAD [42] (carbon-rich target with 〈Z〉/〈A〉 ≃ 0.524),
SciBooNE [64, 65] (polystyrene), MiniBooNE [30, 63, 134] (mineral oil), and
T2K ND280 [51] (carbon); all these data are converted to pure carbon.
Also shown the unconverted data from LAr-TPC [128] (argon),5 and very
recent MINERνA measurements [132, 139] (hydrocarbon with admixtures,
〈Z〉/〈A〉 ≃ 0.54). The latter data fill the gap between the MiniBooNE and
NOMAD data. However the MINERνA data are obtained using several re-
strictions on the lepton and final nucleon observables (the main of which is
the cut in the muon scattering angle θµ < 20◦) that makes difficult a direct
quantitative comparison with other data shown in Fig. 5. These kinematic
cuts are not very essential in the high-energy region but considerably re-
duce the cross sections at energies below 5–6 GeV. A quantification of the
effect is model dependent; according to our model estimations, there is no
actual conflict between the MINERνA and MiniBooNE results for both neu-
trino and antineutrino datasets, but the tension between the neutrino data
of MINERνA and NOMAD is even larger than is seen in the figure. An-
other difficulty for a direct comparison of the data is due to the complex
chemical composition of the MINERνA detector medium. A conversion of
the MINERνA data to uncombined carbon (also model-dependent) only en-
hances the discrepancy between the NOMAD and MINERνA for neutrinos
but partially eliminates it for antineutrinos, making the tension softer.

Taking into account the foregoing, we can conclude that the SMRFG+M run
A

model is in quite good agreement with all the data in Fig. 5 except for the
MINERνA νµ [139] and (to a lesser extent) νµ [132] cross sections which, in
turn, – let us repeat – conflict with the NOMAD data [42].

For contrasting purposes, we also show calculations made with the best-
fit values of effective MRFG

A extracted within the standard SM RFG model
separately from the MiniBooNE double-differential cross sections (MRFG

A =
1.36±0.06 GeV for νµ and 1.31±0.03 GeV for νµ) and from the NOMAD total
CCQE cross sections (MRFG

A = 1.07± 0.11 GeV for νµ and 1.08± 0.19 GeV
for νµ).

6 In Fig. 5 we also display the predictions of four other models.

5The expected difference between the cross sections (per neutron) on argon and carbon
is fully negligible at energies under consideration.

6To minimize the total uncertainty, we use the data for the real MINERνA and NO-
MAD targets and do not use those converted to carbon. We mention in passing that our
estimations of MRFG

A somewhat different from those reported by the experimenters since
we use different input parameters and models for the vector form factors.
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Calculation at the point Eν = 236 MeV (borrowed from [134]) is based on
an updated version of the NuWro MC neutrino event generator [152]. The
GENIE tune G18 10b 02 11a (one of the most comprehensive physics tunes
incorporated in GENIE3, based on the model by Nieves et al. [153] and
adjusted to the current data) does not contradict to the low-energy data
and fits the higher energy part of the MINERνA result rather than that of
NOMAD. The SuSAv2-MEC model [98] works very well at low energies and
predicts even larger high-energy cross sections than G18 10b 02 11a. The
prediction of another superscaling model, SuSAM∗ [101], manages to squeeze
between Scylla and Charybdis – that is to say, this model formally does
not contradict to all the data. This, however, does not resolve the tension
between the MINERνA and NOMAD neutrino data.

The remaining figures show the flux-folded CCQE and CCQE-like double-
differential cross sections from the experiments MiniBooNE [30, 63] (Figs. 6
and 7), T2K ND 280 [73,135] (Figs. 8, 9, and 10), and MINERνA [132,139]
(Figs. 11 and 12) along with predictions of the SMRFG+M run

A and sev-
eral other contemporary models. In calculations with the models incorpo-
rated into GENIE (SMRFG+M run

A and physics tunes G18 10a 02 11a and
G18 10b 02 11a7) we thoroughly accounted for all experimental cuts and
real elemental compositions of the detectors. The results of all other models
examined below are either obtained with the default GENIE2 setting, or re-
produced exactly as provided by the authors; the related references are given
in the captions to the figures.

In the four self-explanatory accompanying tables 1 – 4 we summarize the
χ2/ndf values which provide quantitative comparison of the models under
consideration with the data. Tables 1 and 2 also show the results of the
analysis which accounts for the overall normalization uncertainties of the
(anti)neutrino fluxes. The values denoted as χ2

N/ndf (see definition (7) be-
low) in the last columns are obtained after the best-fit renormalization of the
model predictions to the data; the corresponding normalization factors, N ,
are listed in the third columns. As evident from the tables, the renormaliza-
tion leads, as a rule, to an improvement of the χ2/ndf values.

The comparisons with the MiniBooNE measurements [30, 63] shown in

7These tunes are based on the same physics, except for the applied FSI model: hA 2018
and hN2018 for, respectively, G18 10a 02 11a and G18 10b 02 11a. Since the differences
in the calculated cross sections due to the FSI effects forecast by the two models are
comparatively small, we illustrate in the figures only one FSI model; the quantitative
statistical characteristics for both models are listed in tables 1 – 4.
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Figs. 6 and 7 and in table 1 suggest that the SMRFG+M run
A model is in

very good agreement with the data and has the least χ2s for both νµ and νµ

datasets. It should be reminded that the MiniBooNE collaboration does not
provide information on the correlations of experimental uncertainties, so one
must draw conclusions with care, even for the models having discrepancies
with the data. Also recall that the MiniBooNE data were included into the
global fit of the parameters M0 and E0, but this does not depreciate good
agreement with the data, considering that the model practically does not
require renormalization. This means the MiniBooNE data are matched by
adjusting only a couple of parameters. Both GENIE3 tunes and SuSAv2-
MEC model show good agreement with the MiniBooNE data and require
only modest renormalization within the reported experimental normalization
uncertainty. The counterintuitively large χ2 value for the GiBUU prediction
for the νµ cross section, in comparison with, e.g., SuSAM∗ model which
describes the νµ dataset far worse (by eye), is because of the systematic bias
of the GiBUU curves from the data points at highest muon energies and at
backward scattering angles, visually indistinguishable in the figure. However,
for the νµ dataset, the GiBUU’s χ2 is almost the same as or even better than
(after renormalization) that for the SMRFG+M run

A model. The SuSAM∗

model experiences difficulties in accurately describing the MiniBooNE data.
Figure 8 and table 2 present a comparison of the model predictions with

the flux-folded double-differential cross sections for the CCQE-like (“CC0π”)
νµ scattering from water target as measured by T2K ND280 [135]. In this
case, we define

χ2
N = (E−NT)TW̃−1(E−NT) + (N − 1)2/δ2 and χ2 ≡ χ2

1, (7)

where E and T are the vectors of the bin-averaged experimental data (Ei)

and associated model predictions (Ti), respectively, W̃ is the full covariance
matrix minus one that contains the bin-by-bin covariances related to the
neutrino flux uncertainties, and δ ≃ 0.088 is the overall flux normalization
uncertainty. It is seen that the models under consideration are consistent
with the data. The best agreement occurs for the two GENIE3 tunes and
the FSI effects simulated with the hA2018 and hN2018 models are practically
indistinguishable. The χ2 values for the SMRFG+M run

A models (also very
weakly dependent of the FSI effect modeling versions) are worse but entirely
satisfactory and can be further improved by an 11% renormalization.

The state of affairs is much less satisfactory for the CCQE-like νµ scat-
tering from a carbonaceous target studied in the recent T2K ND280 experi-
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Figure 6: Flux-weighted double-differential cross section for the true CCQE νµ
scattering from mineral oil as measured by MiniBooNE [30] and plotted vs. muon
kinetic energy, Eµ, for several intervals of the cosine of muon scattering angle, θµ
(shown in square brackets). Vertical error bars represent the total errors including
the normalization uncertainty of 10.7% (due mainly to the NuMI νµ flux indetermi-
nation). The curves show predictions of the SMRFG+M run

A , GiBUU 2016 [154],
and SuSAM∗ 2018 [102] models; the histograms represent the GENIE 3 physics
tune G18 10b 02 11a. See table 1 for more details.

ment [73] (see Figs. 9 and 10, and table 2). Considering that this experiment,
as well as the MINERνA experiments [132, 139] discussed below, does not
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Figure 7: The same as in Fig. 6, but for νµ scattering [63]. Vertical error bars
represent the total errors including the normalization uncertainty of 17.2% (due
mainly to the NuMI νµ flux indetermination and conversion from the MiniBooNE
mineral oil to carbon target). Some data are scaled for better visualization and the
scale factors are indicated in the respective panels. See table 1 for more details.

provide the covariance matrix responsible for the flux uncertainties, one can-
not unambiguously define the matrix W̃ (see eq. (7)) and thus it is difficult
to properly define the normalization factor without loss of information on
the bin-by-bin correlations. So to quantify the comparison, here and in the
subsequent discussion we use the standard and log-normal least-squares cri-
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Table 1: The absolute and relative (divided to the number of experimental bins,
ndf) values of χ2 calculated for the MiniBooNE neutrino and antineutrino CCQE
datasets (see figs. 6 and 7) which include all sources of uncertainty but the relative
normalization uncertainty δ; values of the normalization factors, N , obtained from
the best fits to the data; and recalculated relative χ2

N values found with taking
into account the factors N in the penalty terms (N − 1)2/δ2. Calculations are
done for the SMRFG+M run

A model, GENIE 3 physics tune G18 10b 02 11a, two
superscaling models SuSAv2-MEC 2016 [98] and SuSAM∗ 2018 [102], and also for
GiBUU 2016 [154].

Model
χ2

ndf
N

χ2
N

ndf− 1

FNAL MiniBooNE 2010, νµ, δ = 10.7%

SMRFG+M run
A 37.0/137 = 0.27 0.98 0.25

G18 10b 02 11a tune 133.0/137 = 0.97 1.08 0.77
SuSAv2-MEC 2016 231.5/137 = 1.69 1.09 0.46
SuSAM∗ 2018 646.6/137 = 4.72 1.21 3.71
GiBUU 2016 523.3/137 = 3.82 0.92 3.53

FNAL MiniBooNE 2013, νµ, δ = 17.2%

SMRFG+M run
A 44.5/ 78 = 0.57 0.99 0.57

G18 10b 02 11a tune 48.4/ 78 = 0.62 1.11 0.37
SuSAv2-MEC 2016 78.1/ 78 = 1.00 1.09 0.83
SuSAM∗ 2018 195.8/ 78 = 2.51 1.24 1.60
GiBUU 2016 57.0/ 78 = 0.73 1.13 0.41

teria:

χ2
st = (E−T)T W−1 (E−T) , χ2

log = (lnE− lnT)T V−1 (lnE− lnT) ,

where lnE and lnT are, respectively, the vectors with the components ln(Ei)
and ln(Ti); W = ||Wij|| is the full covariance matrix and V = ||Wij/EiEj||.

It is seen from table 2 that no one model, including the default model
from the T2K-tuned neutrino event generator NEUT 5.4.0 [157, 158], can
accurately describe the T2K C8H8 data. The worst case occurs for the full
T2K dataset where the correlations drastically increase χ2s for all models. A
detailed comparisons of several other models with the data has been already
done in [73]. These models also result in rather large standard least-squares
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Figure 8: Flux-weighted double-differential cross sections for the CCQE-like νµ
scattering from water target as measured by T2K ND280 [135] and plotted vs.
muon momentum, Pµ, for several intervals of the cosine of muon scattering an-
gle, θµ (shown in square brackets). Vertical error bars represent the total er-
rors including the normalization uncertainty of 8.76%. Histograms represent the
SMRFG+M run

A model with the hN2018 version of the FSI modeling and GENIE 3
physics tune G18 10b 02 11a; dashed-dotted curves show the SuSAM∗ 2018 [102]
model prediction obtained with no account for the FSI effects. See table 2 for more
details.

values for the full dataset: χ2
st/ndf = 4− 6.2. As is argued in [73], this result

should be treated with care. In particular, such χ2
st statistics can suffer from

so-called Peelle’s Pertinent Puzzle [159]. Recall that the SMRFG+M run
A

models and G18 10a/b 02 11a tunes satisfactory describe the T2K data on
water target. If one ignores the theoretically expected small difference be-
tween the neutrino scattering on oxygen and carbon (isoscalar nuclei with
close Z), the main distinctions between the two T2K measurements are in
different event selection and data processing. Namely, in the T2K experiment
with H2O target [135] only the pionless (“CC-0π”) events without protons in
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Table 2: The same quantities as in table 1 but for the T2K ND280 CCQE-
like dataset (measurements on a water target) [73]. The data are shown in

Fig. 8. All calculations are done with the reduced covariance matrix W̃ for the
SMRFG+M run

A model with two versions of the FSI effects, GENIE 3 physics tunes
G18 10a 02 11a and G18 10b 02 11a (in these cases the FSI effects lead to almost
identical results), and SuSAM∗ 2018 model which neglects the FSI effects [102].

Model
χ2

ndf
N

χ2
N

ndf− 1

SMRFG+M run
A (hA2018) 57.6/ 45 = 1.28 0.89 1.14

SMRFG+M run
A (hN2018) 57.6/ 45 = 1.30 0.89 1.16

G18 10a/b 02 11a tunes 49.5/ 45 = 1.01 1.03 1.02
SuSAM∗ 2018 (CCQE) 75.6/ 40 = 1.89 0.94 1.89

Table 3: Standard and log-normal χ2/ndf calculated for the T2K ND280 neutrino
CCQE-like datasets on the flux-weighted differential cross sections on hydrocarbon
target [73] (see Figs. 9 and 10). Calculations are done for several models using the
covariance matrices for the full T2K dataset (ndf = 93) and for a subset of the
data dependent only on the leptonic variables (ndf = 60). Following to [73], only
a part of the T2K data presented in Figs. 9 and 10 is included into the analysis.
The number in parentheses for the T2K-tuned NEUT5.4.0 model (incorporating a
“LFG+RPA” model with 1p1h and 2p2h prediction by Nieves et al. [156]) is taken
from ref. [73].

Full Leptonic
dataset variables

Model
χ2
st

ndf

χ2
log

ndf

χ2
st

ndf

χ2
log

ndf

SMRFG+M run
A (hA2018) 6.27 4.61 3.19 2.25

SMRFG+M run
A (hN2018) 5.77 4.45 3.39 2.93

GENIE3 tune G18 10a 02 11a 4.19 4.46 2.17 2.87
GENIE3 tune G18 10b 02 11a 4.22 4.51 2.18 2.90
T2K-tuned NEUT5.4.0 (3.99) 4.63 2.90 3.77
GiBUU2017 (T = 0) — — 2.83 2.45
GiBUU2017 (T = 1) — — 3.90 2.75
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Figure 9: Flux-weighted double-differential cross sections for the CCQE-like νµ
scattering from a carbonaceous target as measured by T2K ND280 [73] and plotted
vs. proton momentum, Pp, for several intervals of cosines of proton and muon
scattering angles, θp and θµ (four left panels); vs. cos θp for several intervals of cos θµ
(four right panels). All intervals of fixed angular variables are shown in square
brackets. Vertical error bars represent the total errors including the normalization
uncertainty of 8.5%. The histograms are calculated with SMRFG+M run

A and
GENIE 3 physics tune G18 10b 02 11a. See table 3 for details.

the final state were selected, while in the experiment with C8H8 target, the
CC-0π events with the final-state protons having momenta above 500 MeV/c
were included and classified by the number of protons (0, 1, and ≥ 2). What
is more, the predicted cross sections in terms of muon variables (see Fig. 10)
agree with the data better than ones for the data subset which include the
final-state proton variables (Fig. 9). Hence we may suspect that the tremen-
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Figure 10: Flux-weighted double-differential cross sections for the CCQE-like
νµ scattering from a carbonaceous target as measured by T2K ND280 [73] and
plotted vs. muon momentum, Pµ, for several intervals of cos θµ. All intervals of
fixed angular variables are shown in square brackets. Vertical error bars represent
the total errors including the normalization uncertainty of 8.5%. The histograms
are calculated with SMRFG+M run

A , GiBUU 2017 (T = 0) [155], and GENIE 3
physics tune G18 10b 02 11a. The data on two right bottom panels are scaled for
better visualization and the scale factors are indicated in these panels. See table
3 for details.

dous disagreement between all the models and the T2K C8H8 data can be at
least partially caused by the FSI problem.

Figures 11 and 12 show comparison of the flux-folded double-differential
cross sections, d2σ/dPTdPL, for the νµ and νµ CCQE scattering from hydro-
carbon measured (applying several kinematic cuts) by MINERνA [132, 139]
with some model predictions. Table 4 collects the standard and log-normal
χ2/ndf calculated for the more wide set of models for both CCQE and CCQE-
like cross sections.

All the models under consideration, including the MINERνA-tuned GE-
NIE2.8.4 model are characterized by compatible χ2

st and χ2
log values, or, in

other words, there is no unambiguously “best” model. There is a trend (al-
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Figure 11: Flux-weighted double-differential cross sections for the CCQE νµ scat-
tering from hydrocarbon as measured by MINERνA [139] and plotted vs. trans-
verse muon momentum, PT , for several intervals of longitudinal momentum, PL

(shown in square brackets). Vertical error bars represent the total errors including
the normalization uncertainty. Applied kinematic cuts are explained in the main
text. Histograms represent predictions of the SMRFG+M run

A model and GENIE 3
physics tune G18 10b 02 11a. Some data are scaled for better visualization and
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Figure 12: Flux-weighted double-differential cross sections for the CCQE νµ scat-
tering from hydrocarbon as measured by MINERνA [132] and plotted vs. trans-
verse muon momentum, PT , for several intervals of longitudinal momentum, PL

(shown in square brackets). The notation for the data points and histograms is
similar to that in Fig. 11. The dashed and dashed-dotted curves show predictions
of the two superscaling models: SuSAv2-MEC [98] and SuSAM∗ [102], respectively.
See table 4 for details to this and previous figure.

though not very distinct) toward increasing discrepancy with increase of the
muon longitudinal momentum, PL. The SMRFG+M run

A model systemati-
cally underestimates the cross sections within their maxima but better agrees
with the data in other kinematic regions. The GENIE3 tunes and superscal-
ing models better match the regions of maxima. This agrees with the data
on the total CCQE cross sections shown in Fig. 5. Comparable values of the
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Table 4: The values of the standard and log-normal χ2/ndf calculated for the
MINERνA neutrino [139] and antineutrino [132] CCQE and CCQE-like datasets
on the flux-weighted double-differential cross sections d2σ/dPT dPL. The CCQE
data are shown in figs. 11 and 12. Calculations are done for several models using
the full covariance matrices with degrees of freedom equal to 144 and 58 for νµ and
νµ datasets, respectively. The MINERνA-tuned GENIE model [132,139] incorpo-
rating RPA and tuned 2p2h has been used in the extracting the cross sections.
Note that our estimation of the χ2

st/ndf for the SuSAv2-MEC model [99] (νµ case)
differs from author’s result of 1.79.

CCQE CCQE-like

Model
χ2
st

ndf

χ2
log

ndf

χ2
st

ndf

χ2
log

ndf

Neutrino dataset (ndf=144)

SMRFG+M run
A (hA2018) 1.66 1.53 1.73 1.81

SMRFG+M run
A (hN2018) 1.65 1.52 1.49 1.86

GENIE3 tune G18 10a 02 11a 1.43 1.20 1.48 1.32
GENIE3 tune G18 10b 02 11a 1.45 1.22 1.26 1.34
MINERνA-tuned GENIE2.8.4 1.51 1.04 1.77 1.41

Antineutrino dataset (ndf=58)

SMRFG+M run
A (hA2018) 1.34 2.22 1.49 2.06

SMRFG+M run
A (hN2018) 1.34 2.11 1.49 2.14

GENIE3 tune G18 10a 02 11a 1.46 1.89 1.44 1.74
GENIE3 tune G18 10b 02 11a 1.44 1.85 1.40 1.72
SuSAv2-MEC 2018 2.13 2.02 — —
SuSAM∗ 2018 1.51 2.64 — —
MINERνA-tuned GENIE2.8.4 1.58 1.85 1.40 1.70

standard and log-normal χ2s indicate absence of anomalous data points. For
the neutrino CCQE-like dataset there is noticeable difference in the FSI ef-
fects predicted by the hA2018 and hN2018 models and there is no significant
difference for the antineutrino dataset.
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5 Conclusions

We propose the notion of running (energy-dependent) axial-vector mass,
M run

A (Eν), to describe the CCQE interactions of neutrinos and antineutri-
nos with nuclei within the framework of the conventional RFG model by
Smith and Moniz. This intention is inspired by purely heuristic fact that the
effective (dipole) axial-vector mass of the nucleon reported in several recent
experiments on CCQE and CCQE-like (anti)neutrino interactions with nu-
clei increases with decreasing the mean energy of the (anti)neutrino beams
(see Fig. 2); it is a posteriori confirmed with an extended dataset (Fig. 4).
We investigated the simplest ansatz for the function M run

A (Eν) with only
two adjustable parameters M0 and E0 independent of Z and A for Z ≥ 6.
The best-fit values of these parameters were derived from a global statistical
analysis of all available self-consistent CCQE data for substantial variety of
nuclear targets and ν/ν energy spectra (see sect. 3). The best-fit value of
M0 is in very good agreement with the axial mass value extracted from deu-
terium data as well as with the results of the earlier global analyses [54, 58]
and thus it can be treated as the improved world average of the conventional
axial-vector mass of the nucleon.

The model is in very good agreement with the earlier data, including
the data from NOMAD and MiniBooNE. Also it has been tested against
the most recent results of the experiments MINERνA and T2K and, with
certain reservations, shows reasonable agreement with the data. More specif-
ically, it somewhat underestimates the MINERνA data providing a hint to
a tension between the MINERνA results with the previous measurements
in the overlapping energy ranges (SKAT, LAr-TPC, NOMAD, and others).
Certainly no model is capable to precisely describe both the MINERνA and
earlier neutrino datasets (a meaningful example is shown in Fig. 5). Due to
very different ν/ν energy spectra in the MiniBooNE and T2K experiments,
the direct comparison of their outputs is difficult; our model provides a tool
for such a comparison which in particular shows that the results of Mini-
BooNE [30] (mineral oil) and T2K ND280 [135] (water target) are largely
consistent with each other. Much worse situation is observed with the T2K
2018 data on carbonaceous target [73]. The worst inconsistency occurs with
the T2K 2018 distributions over the final-state proton variables which, how-
ever, provide certain difficulty as well for all other tested models (including
the model tuned to the T2K data), even after applying the renormalization
procedure (see sect. 4). It is thought that the discrepancies are at least in
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part due to the incompleteness of the FSI models implemented into the neu-
trino generators, but can also be attributed to the T2K data themselves. In
other words the suggested model has a statistical quality comparable to that
of more involved microscopic models.

The best-fit values of M0 and E0 are of course sensitive to the dataset
involved into the statistical analysis and somewhat responsive to variations
of the input parameters of the RFG model (Fermi momenta, separation ener-
gies) and the models for the nucleon electromagnetic form factors. However
the analysis can almost automatically be repeated with extended datasets,
and implementing any modifications of the RFG model (e.g., Bodek–Ritchie
RFG) or its extensions (SF, LFG, etc.), as well as with the more advanced
nuclear models. A more complex parametrization of the function M run

A (Eν)
seems to be unreasonable for the present-day level of accuracy and consis-
tency of the CCQE and CCQE-like data but may be needed in the future.
Individual parametrizations for different nuclei or nuclear groups are also
unreasonable today; this is because the currently available dataset for the in-
organic heavy nuclear targets is not sufficiently accurate and self-consistent.
There is no statistically significant difference between the M run

A parameters
extracted separately from the νµ and νµ data, but there is a hint to possible
difference. Any case, the available νµ dataset is not yet sufficient for a more
definite statement. To draw more robust conclusions it is desirable to com-
pare our predictions with the T2K antineutrino data and MINERνA data
for a broader-spectrum beam peaking around 6 GeV and to add the new
data into the global fit. All details of the analysis and more comprehensive
comparison with the experimental data will be discussed in a posterior paper.
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