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Abstract. Charge-current (CC) and neutral-current (NC) quasielastic (anti)neut-
rino scattering cross sections on *2C target are analyzed using a realistic spectral
function S(p, £) that gives a scaling function in accordance with the (e, €’) scat-
tering data. The spectral function accounts for the nucleon-nucleon correlations
and has a realistic energy dependence. The standard value of the axial mass
M4 = 1.03 GeV is used in the calculations. The role of the final-state inter-
action on the spectral and scaling functions, as well as on the cross sections
is accounted for. Our results in the CC case are compared with an improved
version of the SuperScaling Approach (SuSA), called SuSAv2, as well as with
those of the relativistic mean field and the relativistic Green’s function in the
NC case. Theoretical predictions including both the QE and the 2p-2h meson
exchange currents (MEC) contributions are in good accord with the data in most
of the kinematical situations explored in the MiniBooNE and Minerva experi-
ments. The NC results are compared with the empirical data of the MiniBooNE
and BNL experiments. The possible missing ingredients in the considered the-
oretical methods are discussed.

1 Introduction

Having a good understanding of neutrino properties is presently one of the high-
est priorities in fundamental physics, explaining why considerable effort has
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been expended in recent years by a large number of researchers. Most of the
recent (MiniBooNE, T2K, MINER~vA, NOvA) and future (DUNE, HyperK)
long baseline neutrino experiments make use of complex nuclear targets. Hence,
precision measurement of neutrino oscillation parameters and the charge-parity
(CP) violation phase requires one to have excellent control over medium effects
in neutrino-nucleus scattering. In fact, nuclear modeling has become the main
issue in providing neutrino properties with high accuracy. A detailed report on
the study of neutrino-nucleus cross sections is presented in the NuSTEC White
Paper [1].

The aim of the present paper (see also Refs. [2—4]) is to continue our anal-
ysis of CC and NC quasielastic (anti)neutrino scattering cross sections on '2C
target using the results obtained in Refs. [2, 5] for a realistic spectral function
S(p, &) instead of the phenomenological SuSA approach. In this work, in the
case of CC anti(neutrino) scattering, we include the fully relativistic weak (with
vector and axial components) charged meson-exchange currents, in both longi-
tudinal and transverse channels. These have been evaluated in [6-8] from an
exact microscopic calculation, where the two-body current is the sum of seagull,
pion-in-flight, pion-pole, and A-pole operators and the basis wave functions are
noninteracting Dirac spinors.

2 General Formalism

In most neutrino experiments the interaction of the neutrino occurs with nucle-
ons bound in nuclei. The analyses of such processes within different methods
involve various effects such as nucleon-nucleon (NN) correlations, the final state
interactions (FSI), possible modifications of the nucleon properties inside the nu-
clear medium and others. These effects, however, cannot be presently accounted
for in an unambiguous and precise way, and what is very important, in most
cases they are highly model-dependent. A possible way to avoid the model-
dependencies is to use the nuclear response to other leptonic probes, such as
electrons, under similar conditions to the neutrino experiments. The SuSA ap-
proach follows this general trend. The analyses of superscaling phenomena ob-
served in electron scattering on nuclei have led to the use of the scaling function
directly extracted from (e, ¢’) data to predict (anti)neutrino-nucleus cross sec-
tions [9], just avoiding the usage of a particular nuclear structure model. A “su-
perscaling function” f(v) has been extracted from the data by factoring out the
single-nucleon content of the double-differential cross section and plotting the
remaining nuclear response versus a scaling variable ¢ (¢, w) (¢ and w being the
momentum transfer and transferred energy, respectively). For high enough val-
ues of the momentum transfer (roughly ¢ > 400 MeV) the explicit dependence
of f(4) on ¢ is very weak at transferred energies below the quasielastic peak
(scaling of the first kind). Scaling of second kind (i.e. no dependence of f ()
on the mass number A) turns out to be excellent in the same region. The term
“superscaling” means the occurrence of both first and second types of scaling.
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In this work we consider three different theoretical calculations. Two of
them, denoted as HO (harmonic oscillator) and NO (natural orbitals), make use
of a spectral function S(p, &), p being the momentum of the bound nucleon
and &£ the excitation energy of the residual nucleus, coinciding with the miss-
ing energy E,, up to a constant offset [10]. The area of analyses of the scaling
function, the spectral function, and their connection (see, e.g., Refs. [5,11]) pro-
vides insight into the validity of the mean-field approximation (MFA) and the
role of the NN correlations, as well as into the effects of FSI. Though in the
MFA it is possible, in principle, to obtain the contributions of different shells
to S(p, &) and n(p) for each single-particle state, owing to the residual interac-
tions the hole states are not eigenstates of the residual nucleus but are mixtures
of several single-particle states. The latter leads to the spreading of the shell
structure and requires studies of the spectral function using theoretical meth-
ods going beyond the MFA to describe successfully the relevant experiments.
In Ref. [5] a realistic spectral function S(p, E) has been constructed that is in
agreement with the scaling function f(¢/) obtained from the (e, ¢’) data. For this
purpose effects beyond MFA have been considered. The procedure included (i)
the account for effects of a finite energy spread and (ii) the account for NN cor-
relation effects considering single-particle momentum distributions n;(p) [that
are components of S(p, £)] beyond the MFA, such as those related to the usage
of natural orbitals (NO’s) [12] for the single-particle wave functions and occupa-
tion numbers within methods in which short-range NN correlations are included.
For the latter the Jastrow correlation method [13] has been considered. Also, in
Ref. [5] FSI were accounted for using complex optical potential that has given a
spectral function S(p, &), leading to asymmetric scaling function in accordance
with the experimental analysis, thus showing the essential role of the FSI in the
description of electron scattering reactions.

In Figure 1 of Ref. [2] the results for the superscaling function f(v)) within
the HO+FSI and NO+FSI models are presented. Accounting for FSI leads to
a redistribution of the strength, with lower values of the scaling function at the
maximum and an asymmetric shape around the peak position, viz.,, when ) =
0. Also, we see that the asymmetry in the superscaling function gets larger by
using the Lorentzian function for the energy dependence of the spectral function
than by using the Gaussian function [2,5]. The two spectral function models,
including FSI, clearly give a much more realistic representation of the data than
the relativistic Fermi gas.

The third model, SuSAv2, that is an improved version of the superscaling
prescription, called SuSAv2 [14], has been developed by incorporating relativis-
tic mean field (RMF) effects [15—-17] in the longitudinal and transverse nuclear
responses, as well as in the isovector and isoscalar channels. This is of great in-
terest in order to describe CC neutrino reactions that are purely isovector. Note
that in this approach the enhancement of the transverse nuclear response emerges
naturally from the RMF theory as a genuine relativistic effect.
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The detailed description of the SuSAv2 model can be found in [14, 18, 19].
Here we just mention that it has been validated against all existing (e, ¢’) data
sets on 12C, yielding excellent agreement over the full range of kinematics
spanned by experiments, except for the very low energy and momentum trans-
fers, where all approaches based on impulse approximation (IA) are bound to
fail. Furthermore, the success of the model depends on the inclusion of effects
associated with two-body electroweak currents, which will be briefly discussed
in the next Section.

Ingredients beyond the impulse approximation (IA), namely 2p-2h MEC ef-
fects, are essential in order to explain the neutrino-nucleus cross sections of in-
terest for neutrino oscillation experiments. Following previous works [18-21],
here we make use of a general parametrization of the MEC responses that signif-
icantly reduces the computational time. Its functional form for the cases of 2C
and 160 is given in [18,19,22], and its validity has been clearly substantiated by
comparing its predictions with the complete relativistic calculation.

3 Charge-Current QE (Anti)Neutrino Scattering on '2C

In this section we show the predictions of the two spectral function approaches
previously described, HO and NO, both including FSI and 2p-2h MEC. We
compare the results with data from three different experiments: MiniBooNE,
MINERVA and T2K. Our study is restricted to the QE-like regime where the
impulse approximation in addition to the effects linked to the 2p-2h meson-
exchange currents play the major role. We follow closely the general analysis
presented in [19] for the case of the superscaling approach. Hence, for reference,
we compare our new theoretical predictions with the results corresponding to the
SuSAv2-MEC model.

The predicted v, and 7,, fluxes at the MiniBooNE [23], MINERvA [24] and
T2K [25] detectors and corresponding mean energies are compared in Figure 1.
Oy is the total integrated v, (7)) flux factor: ®y = f ®(e)de, where € is in-
cident beam energy. As observed, the neutrino and antineutrino mean energies
corresponding to MiniBooNE and T2K experiments are rather similar, although
the T2K energy flux shows a much narrower distribution. This explains the dif-
ferent role played by 2p-2h MEC effects in the two cases, these being larger
for MiniBooNE (see [19] and results in next sections). On the contrary, the
MINERVA energy flux is much more extended to higher energies, with an aver-
age value close to 3.5 — 4.0 GeV.

3.1 MiniBooNE

In Figure 2 results are presented for the MiniBooNE flux averaged CCQE v,,—
12C (v,~'2C) single differential cross section per nucleon as a function of the
muon kinetic energy [left panels — (a) and (c)] and of the muon scattering angle
[right panels — (b) and (d)]. The top panels [(a) and (b)] correspond to neutrino
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cross sections and the bottom [(c) and (d)] ones to antineutrino reactions. Theo-
retical predictions including both the QE and the 2p-2h MEC contributions are in
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Figure 1. The predicted v, (v,) fluxes at the MiniBooNE [23], MINERvA [24] and

T2K [25] detectors and corresponding mean energies.
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Figure 2. MiniBooNE flux-averaged CCQE I/H—HC (?H—IZC) differential cross section
per nucleon as a function of the muon scattering angle [left panels — (a) and (c)] and of the
muon kinetic energy [right panels — (b) and (d)]. The top panels [(a) and (b)] correspond
to neutrino cross sections and the bottom [(c) and (d)] ones to antineutrino reactions. The
data are from [26,27].
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good accord with the data. With regard to the comparison between the different
models, we observe that HO+FSI and NO+FSI provide very close responses in
all kinematical situations for neutrinos and antineutrinos: the inclusive cross sec-
tion is not sensitive to the details of the spectral function. HO+FSI and NO+FSI
lead to almost identical cross sections that differ from the SuSAv2 prediction by
less than ~5% — 7% at the maximum. The important contribution linked to the
2p-2h MEC (of the order of ~20% — 25% of the total response) is clearly seen to
be essential in order to describe the data. More results can be found in Ref. [4].

3.2 T2K

In Figure 3 we present the flux-averaged double differential cross sections corre-
sponding to the T2K experiment [28]. The graphs are plotted against the muon
momentum, and each panel corresponds to a bin in the scattering angle. As in
the previous case, we show results obtained within the SuSAv2, HO+FSI, and
NO+FSI approaches including MEC and also the separate contributions of the
2p-2h MEC. As already pointed out in [19], the narrower T2K flux, sharply
peaked at about 0.7 GeV (see Figure 1), is the reason of the smaller contribution
provided by the 2p-2h MEC (of the order of ~10%) as compared with the Mini-
BooNE results: in fact, the main contribution for the 2p-2h response comes from
momentum transfers ¢ ~ 500 MeV, which are less important at T2K kinemat-
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Figure 3. T2K flux-folded double differential cross section per target nucleon for the v,
CCQE process on ‘2C displayed versus the 41~ momentum p,, for various bins of cos 6,
obtained within the SuSAv2, HO+FSI, and NO+FSI approaches including MEC. MEC
results are shown also separately. The data are from [28].
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ics. Concerning the theoretical predictions, the two SF models produce almost
identical cross sections that deviate from SuSAv2, particularly at very forward
scattering (right-bottom panel).

In the particular case of the most forward scattering kinematics (bottom
panel on the right), notice that SUSAv2 cross section at the maximum exceeds
SFE+FSI results by ~30% — 35%. However, the large error bands shown by T2K
data do not allow us to discriminate between the different models, i.e., neither
between pure QE calculations nor global QE+2p-2h MEC results. Furthermore,
notice that the cross section reaches an almost constant value, different from
zero, as p,, increases. This is in contrast with all remaining situations explored
in the previous figures.

3.3 MINERvA

In Figure 4 we show the double differential cross section of muonic antineutrino
on hydrocarbon as a function of the transverse (with respect to the antineutrino
beam) momentum of the outgoing muon, in bins of the muon longitudinal mo-
mentum. As shown, the spread in the results ascribed to the three models used is
small, of the order of ~5% — 6% at the maximum. On the other hand, we note
the excellent agreement between the theory and data once 2p-2h MEC effects
(~20% — 30% at the maximum) are included. This significant contribution of
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Figure 4. The MINERvA “QE-like” double differential cross sections for 7/, scattering
on hydrocarbon versus the muon transverse momentum, in bins of the muon longitudinal
momentum (in GeV). The data are from Ref. [29].
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the 2p-2h MEC effects is consistent with the results observed for MiniBooNE in
spite of the very different muon antineutrino energy flux in the two experiments.

4 Neutral-Current QE Neutrino Scattering on '2C

In this section the theoretical predictions of the RFG, HO+FSI, NO+FSI, SUSA
scaling functions are compared with the data measured by the MiniBooNE and
BNL Collaborations. The comparison is performed also with the results of the
RMF and RGF models, which are based on the same relativistic mean-field
model for nuclear structure but on a different treatment of FSI. In the RMF
model FSI are described by the same relativistic mean field potential describing
the initial nucleon state; the description of FSI in the RGF is based on the use
of a complex optical potential. Details of the RGF model can be found, for in-
stance, in [34,35]. The results of the RMF and RGF models have been already
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Figure 5. NCQE neutrino [panels (a) and (a’), vN — vN] and antineutrino [panels (b)
and (b'), VN — uN] flux-averaged differential cross section computed using the RFG,
HO+FSI, NO+FSI, SUSA scaling functions, RGF and RMF models and compared with
the MiniBooNE data [30,31]. The results correspond to the world-average axial mass
Ma = 1.032 GeV and strangeness As = 0. The error bars do not account for the
normalization uncertainty of 18.1% (19.5%) in the v(¥) case.
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Figure 6. NCQE flux-averaged cross section: vp — vp [panel (a)] and Up — vUp [panel
(b)] compared with the BNL E734 experimental data [32,33]. Our results are evaluated
using the RFG, HO+FSI, NO+FSI, SUSA scaling functions, and RMF model with the
standard value of the axial-vector dipole mass M4 = 1.032 GeV? and strangeness As =
0. The error bars do not include the normalization uncertainty of 11.2% (10.4%) in the
v(v) case.

and widely compared in [36] for the inclusive QE electron scattering, in [37,38]
for CCQE and in [39] for NCQE neutrino scattering. The RGF calculations
presented in this work have been carried out with the so-called “democratic”
parametrization of the optical potential of [40] (RGF-DEM).

The comparison between theory and experiment for the NCQE flux-averaged
MiniBooNE (anti)neutrino cross section is presented in Figure 5. Here we com-
pare the predictions using the RFG, HO+FSI, NO+FSI, SUSA scaling functions,
and RMF model with the data. As usual in NC reactions, in this work, the vari-
able 2 is defined as Q%> = 2MxTy, where My and Ty are the mass and
kinetic energy of the outgoing nucleon, respectively. As can be seen from Fig-
ure 5 the theoretical results corresponding to all models except the RGF-DEM
underestimate the neutrino data in the region between 0.1 < Q2 < 0.7 GeV?2,
while all theories are within the error bars for higher Q2. On the other hand the
same models underestimate the antineutrino data at high Q2. This is clearly seen
in the panels (a’) and (b”) of Figure 5, where the cross sections are represented in
logarithmic scale. The RGF-DEM results are larger than the results of the other
models and in generally good agreement with the data over the entire () region
considered in the figure. The enhancement of the RGF cross sections is due to
the contribution of final-state channels that are recovered by the imaginary part
of the optical potential and that are not included in the other models.

We now compare the results obtained with our models with the BNL E734
experimental data. The mean value of neutrino (antineutrino) energy is 1.3 GeV
(1.2 GeV) for BNL experiment, while for MiniBooNE experiment it is 788 MeV
(665 MeV). In Figure 6 the differential cross sections evaluated using the RFG,
HO+FSI, NO+FSI, SUSA scaling functions, and RMF model are compared with
NCQE vp — vp [panel (a)] and p — vp [panel (b)] BNL E734 experimental
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data. The BNL E734 experiment was performed using a 170-metric-ton high-
resolution target-detector in a horn-focused (anti)neutrino at the Brookhaven
National Laboratory. The cross sections results show a behaviour similar to
those of the MiniBooNE experiment. The latter (using the Cherenkov detector
filled with mineral oil (CH3)) is sensitive to both v(#)p and v(7)n NCQE scat-
tering [30,31]. It has been known for some time (see, e.g., [41-43]) that the
As-dependence of the NCQE neutrino-nucleon cross section is very mild. This
results from a cancellation between the effect of As on the proton and neutron
contributions, which are affected differently by the axial strangeness: by chang-
ing As from zero to a negative value the proton cross section gets enhanced
while the neutron one is reduced, so that the net effect on the total cross sec-
tion is very small. NCQE v/(7)p differential cross sections were measured in the
BNL E734 experiment, which are sensitive to the values of As (there is not a
cancellation effect). The BNL E734 experimental data can be reproduced within
our models in principle by the fit of the axial strangeness without change of the
axial mass value.

Here we would like to mention that, first, our calculations using NO and
HO single-particle wave functions in n;(p) in the spectral function with FST and
without FSI show that the inclusion of FSI effects leads to a small change (a de-
pletion) of the cross sections. Second, the results for the cross sections obtained
using realistic spectral function S(p, E') with single-particle momentum distri-
butions n;(p) that include Jastrow short-range NN correlations (accounted for
in the NO’s) can be compared in Figures 5 and 6 with those when NN correla-
tion are not included (RFG and HO). It can be seen that, similarly to the case of
CCQE neutrino scattering (see Ref. [2]), the differences between results in cor-
related and non-correlated approaches are small, thus showing that the process
is not too sensitive to the specific treatment of the bound state.

5 Conclusions

The main objective of this work is centered in the use of a realistic spectral
function, that accounts for short-range NN correlations, and has also a realis-
tic energy dependence. This function gives a scaling function in accordance
with electron scattering data and it can be used for a wide range of neutrino
energies. Therefore, the use of this spectral function to describe the general
reaction mechanism involved in CC and NC neutrino-nucleus scattering pro-
cesses can provide very valuable information that can be confronted with results
obtained with other theoretical approaches. In this sense, we compare our spec-
tral function-based predictions with the results provided by the SuSA, SuSAv2,
RMF and RGF models largely used by us in the past. The discrepancies found
can help disentangling effects directly linked to particular ingredients in the pro-
cess: final state interactions, nucleon correlations, effects beyond the impulse
approximation, efc.
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An interesting outcome of the present study is that the results obtained with
the NO spectral function, which accounts for NN short-range Jastrow corre-
lations, are very similar to those obtained with the uncorrelated HO spectral
function, thus indicating that the role played by this type of correlations is very
minor for the observables analyzed in this study. The results of CC quasielas-
tic (anti)neutrino scattering, shown in this work, can be considered as a test of
the reliability of the present spectral function based models. They compare ex-
tremely well with the SuSAv2 approach, based on the phenomenology of elec-
tron scattering data, although they fail in reproducing neutrino (antineutrino)
scattering data unless ingredients beyond the impulse approximation are incor-
porated. The present study gives us confidence in extending the use of these
models to other processes, such as semi-inclusive CCr reactions and neutral
current processes.
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