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We present a detailed study of charged-current neutrino-nucleus reactions in a fully relativistic
framework and comparisons with recent experiments spanning an energy range from hundreds of
MeV up to 100 GeV within the superscaling approach, which is based on the analysis of electron-nucleus
scattering data and has been recently improved with the inclusion of relativistic mean field theory effects.
We also evaluate and discuss the impact of two-particle two-hole meson-exchange currents on neutrino-
nucleus interactions through the analysis of two-particle two-hole axial and vector contributions to weak
response functions in a fully relativistic Fermi gas. The results show a fairly good agreement with

experimental data over the whole range of neutrino energies.
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I. INTRODUCTION

The enormous progress over recent years on neutrino
oscillation experiments have motivated many theoretical
efforts to achieve a consistent and accurate description of
neutrino-nucleus scattering in the GeV region. At these
kinematics, several measurements of charged-current (CC)
neutrino-nucleus scattering cross sections have been per-
formed by different collaborations (MiniBooNE [1,2],
NOMAD [3], T2K [4-6], SciBooNE [7], MINERvA
[8,9]), revealing the need of describing in a precise way
the relevant reaction mechanisms, mainly the quasielastic
(QE) regime, one pion production and two-particle two-
hole meson-exchange current (2p-2h MEC) contributions.
In particular, the CCQE MiniBooNE results [1,2] have
stimulated many theoretical studies devoted to explaining
the apparent discrepancies between data and most theo-
retical predictions based on the impulse approximation
(IA). Based on results from different groups, the inclusion
of effects beyond IA, such as multinucleon excitations,
mainly 2p-2h MEC contributions, has allowed one to
explain these data without including any effective param-
eter (such as the axial mass M) [10-13].

In this context, a consistent evaluation of the (e, €’) cross
section in the same kinematical regime is crucial for a proper
analysis of neutrino-nucleus interactions as it provides a
decisive benchmark for assessing the validity of the theo-
retical description not only in the QE regime but also for the
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2p-2h MEC contributions as well as at higher energy transfers
(nucleonic resonances, inelastic spectrum). This has recently
been studied in detail in [14], where good agreement with
(e, €') data is reached in the framework of the superscaling
approach (SuSA) for a wide range of kinematics, covering
from the QE regime to the deep inelastic spectrum.

The SuSA approach [15-18] assumes the existence of
universal scaling functions for both electromagnetic and
weak interactions. Analyses of inclusive (e, ¢’) data have
shown that at energy transfers below the QE peak super-
scaling is fulfilled with very good accuracy [16,17,19]: this
implies that the reduced cross section exhibits an inde-
pendence of the momentum transfer (first-kind scaling) and
of the nuclear target (second-kind scaling) when expressed
as a function of the appropriate scaling variable (), itself a
function of the energy (w) and momentum transfer (g).
Nevertheless, at energies above the QE peak both kinds of
scaling are violated, which is associated with effects
beyond IA, such as 2p-2h MEC or with inelastic contri-
butions. An extension of this formalism, originally intro-
duced to describe the QE regime, to the A-resonance
domain and the complete inelastic spectrum—resonant,
nonresonant, and deep inelastic scattering—has also been
proposed in recent works [20-22].

Recently we have developed an improved version of the
superscaling prescription, called SuSAv2 [23], by incor-
porating relativistic mean field (RMF) effects [24-26] in
the longitudinal and transverse nuclear responses, as well
as in the isovector and isoscalar channels. This is of great
interest in order to describe CC neutrino reactions that are
purely isovector. Furthermore, a natural enhancement of the
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transverse nuclear response emerges from the RMF theory
as a genuine relativistic effect.

As mentioned before, 2p-2h MEC play an important role
in the analysis of neutrino oscillation experiments, being
relevant especially in the “dip” region between the QE and
the A peaks. These are added to our model in the so-called
SuSAv2-MEC approach.

Although a comparison of neutrino scattering data with the
SuSAv2-MEC predictions was already performed in [27],
here two novelties are introduced in the model. The first one
concerns the implementation of RMF effects in the SuSA
approach. While the RMF works properly at low to inter-
mediate ¢ values, where the final-state interactions (FSI)
between the outgoing nucleon and the residual nucleus are
significant, at higher momentum transfers these effects should
become negligible and the relativistic plane wave impulse
approximation (RPWIA)—where the initial state is described
by a mean field but FSI are neglected—is more appropriate to
describe the nuclear dynamics in this regime. The pure RMF
model fails to reproduce the smooth transition to the RPWIA
at high g due to the strong energy-independent scalar and
vector potentials included in the model. Hence both
approaches are incorporated in the present SuSAv2 model
by using a g-dependent blending function, as described in
[14], in such a way that the RMF dominates at low and
intermediate g values, whereas the RPWIA contributions start
to be relevant at higher momentum transfer. The same
approach has been applied not only to the QE but also to
the inelastic regime and has been shown to provide a
successful description of electron-nucleus inclusive data
[14] once 2p-2h excitations are also taken into account.

The second new aspect of the present calculation
concerns the treatment of 2p-2h excitations. In [27] we
used the exact fully relativistic vector MEC evaluated in
[28,29]. In this work we include for the first time the fully
relativistic weak (with vector and axial components)
charged meson-exchange currents, in both longitudinal
and transverse channels. These have been evaluated in
[30-32] 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.

From this baseline, the SuSAv2-MEC predictions can be
employed for the analysis of neutrino-nucleus reactions
covering the entire energy spectrum once all the inelastic
channels, already included for electron scattering, are also
incorporated for neutrino reactions. This is presently in
progress, and the results will be presented in a forthcoming
publication. In this work we restrict ourselves to the
contribution ascribed to the A resonance that in most of
the cases plays a major role.

This paper is organized as follows. In Sec. II we briefly
introduce the formalism for CCQE neutrino-nucleus scatter-
ing and describe our 2p-2h MEC calculations. In Sec. III we
present a comparison of our QE and 2p-2h MEC predictions
with all recent CCQE neutrino experimental data. An
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extension to the analysis of inclusive neutrino cross sections
is shown in Sec. IV. Finally, in Sec. V we draw the conclusions
of our study, including some remarks related to further work.

II. THEORETICAL FORMALISM

The general formalism describing CC neutrino-nucleus
scattering has been detailed in previous works [15,33],
where the double differential (v;, I') cross section is given as
the sum of longitudinal (L) and transverse (7') channels,
each of them composed of pure vector (VV) and axial (AA)
components, and the interference transverse (7”) vector-
axial channel (VA), which is constructive (+) for neutrino
scattering and destructive (—) for the antineutrino one,

do

mzdo(vLRL-f—vTRTﬂ:sz/RT/), (1)

where
ViR, =VeeRee +2VerRep + VirRyL, (2)

Ry are the nuclear response functions, and

G2.cos?0, 0\>
0y =—> <k’ cos 5) (3)

depends on the Fermi constant G, the Cabibbo angle 6.,
the outgoing lepton momentum k', and the generalized
scattering angle 6.

The terms Vj are kinematical factors whose explicit
expressions are

R 0
VCC =1- 52t3n2 E s (4)
N o & 0
VCL = ;—i‘?tanzi, (5)
1% o + <1 + 20 + 52> 8’tan’ o (6)
= — _— p -,
g ar’ 2

. 0 p &[(w 1 0
Vr = tan? 2 + 57 ; (E + 5,0,0/52> tanzz, (7)

N 1 wp’ 0
Vp=—(1—-—-8 |tan’ =. 8
: ﬂ’( q ) 2 ®)
In Egs. (4)—(8) we have defined
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i ®)
pz'fz', (10)
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/ q
P = €+ 6/ ’ (11)
where m; is the final charged lepton mass.

As anticipated in the Introduction, in this work we
evaluate the nuclear responses by employing a set of
purely isovector scaling functions based on the RMF
and the RPWIA models (SuSAv2 model) in order to
account properly the FSI between the outgoing nucleon
and the residual nucleus, as described in [14,23]. Contrary
to the original SuSA approach that makes use of a single-
universal scaling function extracted from the analysis of the
longitudinal response function for electron scattering, the
new SuSAv2 incorporates more degrees of freedom by
employing also an enhanced transverse scaling function
that is consistent with the theoretical predictions provided
by the RMF. Moreover, the SuSAv2 model applied to
neutrino reactions takes into account purely isovector
contributions. The RMF has proved its capability to
describe with a high precision the behavior of quasielastic
electron scattering data. It is one of the few theoretical
models based on the impulse approximation that produces
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FIG. 1. Comparison between 2p-2h MEC transverse

(T=Tyy+ T4y and T'=T},) response functions and the
longitudinal ones (CC, CL, and LL) at ¢ = 600 MeV/c (top
panel) and ¢ = 1000 MeV/c (bottom panel).
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an asymmetrical longitudinal scaling function, with a tail
extended to large transferred energies, in accordance with
data. Furthermore, it also provides a significant enhance-
ment in the transverse scaling function, a genuine dynami-
cal relativistic effect, that is also supported by the analysis
of data. This, in addition to the pure isovector character of
the neutrino scaling functions, makes SuSAv2 much more
reliable than the original SuSA. However, the RMF model,
in spite of its success at low-intermediate energies, fails at
high ¢ kinematics. The strong energy-independent scalar
and vector potentials involved within the RMF lead to a too
repulsive final state interaction for the ejected nucleon. This
shortcoming of the model is corrected by constructing a
general scaling function that takes care of the main
properties of the RMF model at low-intermediate ¢ values,
whereas it behaves following the RPWIA results at higher
q. Although this procedure introduces new free parameters,
its validity has clearly been tested for very different
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FIG. 2. Separation into components of the total 2p-2h MEC v,
cross section displayed versus neutrino energy E,. The total
longitudinal (L), transverse (7'), and transverse interference (7”)
contributions are shown (top panel) as well as the total 2p-2h
MEC cross section (L + T + T"). Longitudinal and transverse
channels are decomposed into vector and axial contributions
(bottom panel).
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kinematical situations [14], and it has been applied not only
to the QE region but also to the inelastic one; i.e., the same
general scaling function is used for the two very different
regimes. Details on the parametrizations of the SuSAv2
scaling functions are reported in the Appendix.

A comment is in order concerning the gauge invariance
of the model which is at some level broken. However, it is
important to point out that any theoretical description of
electron (neutrino)-nucleus processes based on the impulse
approximation breaks gauge invariance and/or current
conservation, even when using the same potential to
describe the initial and final nucleon states. This is a
consequence of the assumptions in the impulse approxi-
mation and the lack of knowledge on how to describe the
current operator for a bound/distorted nucleon wave func-
tion. In the case of the RMF we have checked that the use of
the so-called CC2 nucleon current operator [25] leads to an
almost gauge invariant result. Within RPWIA gauge
uncertainties are very minor. Therefore, SuSAv2 is fully
based on RMF/RPWIA-CC2 results.
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FIG. 3. Comparison between 2p-2h MEC axial-axial transverse

(T 44) response functions and the vector-vector ones (7'yy) versus
o (top panel). The transverse vector-axial interference term (77,,)
is also shown (bottom panel). The curves are displayed from left
to right in steps of g = 200 MeV/c.

PHYSICAL REVIEW D 94, 093004 (2016)

Concerning the description of the 2p-2h MEC, we
employ a calculation performed within the relativistic
Fermi gas model in which a fully Lorentz covariant analysis
can be achieved [30,31]. In the present study we include for
the first time the axial contribution in both longitudinal and
transverse channels.

As it has been analyzed in previous works, a fully
relativistic calculation of the 2p-2h MEC response func-
tions involves a nontrivial calculation of all the many-body
MEC diagrams, which implies more than 100,000 terms
and subsequent seven-dimensional integrations. To reduce
the computational time as well as to ease the implementa-
tion of the model in Monte Carlo generators used in the
analysis of current neutrino oscillation experiments, where
a broad range of kinematics are involved, we make use of a
parametrization of the MEC responses. The functional form
employed for the parametrization of the transverse electro-
magnetic vector response was detailed in [27]. In the
present work, we follow this prescription and extend it
to the different axial and vector components involved in the
analysis of CC neutrino reactions as well as considering
both transverse and longitudinal contributions.
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FIG. 4. The 2p-2h MEC (top panel) and QE (bottom panel)
density plots of the double-differential cross section per neutron
of 12C versus @ and g at E, = 3 GeV.
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Finally, we consider an extension of the SuSAv2 model
to the region where the A excitation dominates, as
presented in [22]. This approach has been carried out by
subtracting the QE + MEC contribution from the exper-
imental (e, ¢’) cross section in a similar way as done in the
superscaling model for the QE regime. Therefore, we
obtain a new scaling function f2 which is suited to the
A-resonance region and can be applied to analyze inclusive
neutrino-nucleus cross sections, such as recent results from
the T2K and SciBooNE Collaborations. We are aware that
other higher nucleon resonances, which may have a
significant role for some particular kinematics in the
inelastic regime, are not taken into account, and moreover,
the resulting A scaling function differs from the one used
within the SuSAv2. We show that the pure A response, as
we have evaluated it, does provide the most significant
contribution in some kinematical situations like the T2K
experiment. This is consistent with the results presented in
[22] where it is shown that the A contribution at y, values
above 0.5 is almost negligible for the T2K cross section.
This kinematical region is related to high momentum
transfers where other resonances and deep inelastic scatter-
ing processes are relevant. Our interest in the near future is
to extend SuSAv?2 to the inelastic neutrino region by using
the same scaling function as in the QE domain, just as done
for electron scattering reactions [14]. This requires the
description of the weak inelastic neutrino-nucleon response
functions, a project still in progress.

A. 2p-2h MEC responses

In this section we illustrate and discuss in detail some
properties of the 2p-2h MEC response functions. Before
entering into a detailed discussion of the results, let us
remind the reader that 2p-2h MEC calculations are linked
to the Fermi gas model, whereas the SuSAv2 approach
emerges from the original calculations based on the RMF
model. The main justification for this hybrid approach
resides in the technical difficulties inherent to the calcu-
lation of such contributions, which as already stressed is
extremely cumbersome even in the simple RFG basis. It is
worth pointing out that most of the calculations in the
literature [34—37] are based also on the Fermi gas model.
One of the few approaches that, to our knowledge, use
realistic nuclear wave functions is the one of [38,39] that is,
however, nonrelativistic and implies an enormous computa-
tional effort, difficult to apply to the extended kinematics
involved in neutrino experiments. On the other hand, the
2p-2h calculations in the shell model by [40] were in
agreement with the findings of [35].

In Fig. 1 we compare the contributions of the different
2p-2h MEC responses as functions of the energy trans-
ferred to the nucleus for two values of the momentum
transfer, ¢ = 600 and 1000 MeV/c. Note that in general
the five responses are comparable in size, depending on the
specific kinematics. However, in the cross section the
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contribution of the CC and LL is roughly compensated
by that of the negative CL response, so that for neutrino
energies below ~1 GeV the net longitudinal contribution
plays a minor role in the total MEC response. This is
illustrated in Fig. 2, where the L, T, and T’ contributions to
the 2p-2h MEC cross section are displayed versus the
neutrino energy. At higher energies the L and T’ contri-
butions become comparable, both being much smaller that
the dominant 7 one.
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The balance between the longitudinal and transverse 2p-  the longitudinal contribution is dominated by the axial
2h channel discussed above is somehow different from the = channel, and thus it plays a more relevant role compared
one emerging in the electromagnetic case. As describedina  with the electromagnetic (EM) case.
recent work [14], the longitudinal electromagnetic MEC Concerning the transverse responses, it iS noticeable
response is indeed negligible with regard to the transverse  that the magnitude of the pure axial and vector channels to
one. However, as illustrated in Fig. 2(b), we notice that the cross section are very similar. Moreover, the vector-
when computing the total 2p-2h MEC weak cross section, axial interference contribution reaches its maximum around
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E,~1 GeV and decreases at higher energies as a conse-
quence of the behavior of the leptonic factor V.

The analysis of the evolution with ¢ of the individual
transverse components (see Fig. 3) shows that the axial
term is larger than the vector one at low-intermediate
kinematics (¢ < 800 MeV/c), whereas the opposite occurs
at higher kinematics.

To conclude this section, it is also important to identify the
kinematical region where the 2p-2h MEC responses attain
their maximum values. This is clearly illustrated in the
density plot of Fig. 4, which represents the double differ-
ential cross section in terms of w and ¢ at E, = 3.0 GeV;
here the top (bottom) panel corresponds to the 2p-2h MEC
(pure QE) contributions. As shown in the figure, the main
contribution to the MEC cross section comes from ¢ €
(0.3,1.0) GeV/cand w € (0.3,0.8) GeV. On the contrary,
the QE peak is moved to lower values of @. Both the one-
body and two-body responses die with the momentum
transfer ¢, but their ratio is rather constant (see [31]).
Although results in Fig. 4 correspond to a fixed incident

-03< coseH <-0.2

-04< coseH <-03
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neutrino energy, 3 GeV, similar results are obtained for larger
E, values. Itis important to point out the differences between
our predictions and those based on the model of Nieves [41]
that show the 2p-2h MEC contribution to be shifted to
slightly bigger values of the energy and momentum transfer.
For completeness we also show in Fig. 5 the density plots for
the 2p-2h MEC contributions in terms of the values of the
muon kinetic energy and the scattering angle for three values
of neutrino energy: 1 GeV (top panel), 3 GeV (middle), and
10 GeV (bottom). As observed, the main contribution
resides in the region of very small angles, close to zero.

III. RESULTS

In this section we show the predictions of the SuSAv2-
MEC model compared with data from different collabora-
tions: MiniBooNE, MINERvA, T2K, and SciBooNE. Our
study is mainly restricted to the QE regime where the
impulse approximation in addition to the effects linked to
the 2p-2h meson-exchange currents play a major role.
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However, some results that incorporate the contribution of
the A excitation are also compared with data. As shown in
[14] the SuSAv2-MEC model has been applied to the
inelastic region for electron scattering. Its extension to
neutrino reactions is in progress, and their predictions will
be shown in a forthcoming publication. However, the
resonant pion production that in most cases is the largest
contribution is computed following our previous inves-
tigations in [22]. It is worth pointing out that those
diagrams that correspond to the excitation of a 2p2h + 7«

PHYSICAL REVIEW D 94, 093004 (2016)

state, hence to pion production [42], are implicitly included
in the phenomenological inelastic scaling function. Notice
that in the particular case of neutrino reactions, the inelastic
regime only incorporates the contribution of the A exci-
tation. Hence caution should be drawn on the analysis of
results corresponding to energies where high inelasticities
can play a significant role. As it will be shown in Sec. III B,
this is the case of the CC inclusive SciBooNE experiment
where the A contribution is not enough and new channels
are needed to explain the data.
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FIG. 8. As for Fig. 6, but now for the 7, CCQE process on 12C. Data are from [2].
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In the case of the QE regime, our study includes the
analysis of neutrino and antineutrino scattering reactions
corresponding to MiniBooNE as well as to MINERvVA
experiments. In the latter we consider muon and electron
neutrinos. The results for T2K are also analyzed in detail. In
this case, in order to make the discussion that follows
simpler, we first restrict ourselves to the QE domain, and
we extend the discussion later to inclusive CC neutrino
reactions where high inelasticities are of significance. Our
main interest is to show the capability of the present
model, SuSAv2-MEC, to describe successfully a large
variety of neutrino scattering data corresponding to differ-
ent experiments with a wide range of kinematics explored.
The model that was already proven to be capable of
reproducing (e, e') data is now extended to neutrinos with
emphasis on the crucial role played by 2p-2h MEC effects.
These have been computed for the first time within a fully
relativistic formalism and without resorting to any particu-
lar assumption on the different responses: vector-vector,
axial-axial, and vector-axial interference.

A. CCQE experimental cross sections

In Figs. 6-9 we show the double differential cross section
averaged over the neutrino (antineutrino) energy flux against
the kinetic energy of the final muon. Figures 6, 7 (Figs. 8, 9)
correspond to neutrino (antineutrino) scattering on '>C. Data
are taken from the MiniBooNE Collaboration [1,2]. We
represent a large variety of kinematical situations where
each panel refers to results averaged over a particular muon
angular bin. Notice that the mean energy of the MiniBooNE

-03< coseH <-0.2

-04 < coseN <-03
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v, (7,) flux is 788 (665) MeV. These high energies require a
fully relativistic treatment of the process. In Figs. 6-9 we
show results for the pure QE response (red dot-dashed
line), the total contribution of the 2p-2h MEC
(orange dashed line), i.e., including vector and axial terms
in the three responses, L, T, and T’. Finally, the total
response (QE + 2p-2h MEC) is represented by the solid
blue line.

As observed, the model tends to overpredict the data for
the most forward angles, ie., 0.9 <cos6, < 1. This
corresponds to very small energy and momentum transfers,
a kinematic situation where “quasifree” scattering is highly
questionable. However, note how well the pure QE
response fits the data, in particular, for neutrinos. As the
scattering angle increases, the theoretical prediction includ-
ing both the QE and the 2p-2h MEC effects agrees well
with the data. This is the case for neutrinos and antineu-
trinos (Figs. 6 and 8) at angles below 90°. On the contrary,
the discrepancy between theory and data tends to increase
as 0, gets larger (Figs. 7 and 9). Notice, however, that in
these situations only a small number of data points with
large uncertainties exist and the cross section is much
smaller. Results in Figs. 6-9 clearly show the relevant role
played by effects beyond the impulse approximation. In
particular, 2p-2h MEC contributions are essential in order
to describe data. Their relative percentage at the maximum,
compared with the pure QE response, is of order 25%—
35%. The relative strength associated with 2p-2h MEC gets
larger for increasing values of the angle, particularly, in the
case of antineutrinos. Note that, in spite of the quite
different neutrino and antineutrino energy fluxes, the

-05< coseH <-04

0.8 : : : 0.8 : : : 0.8 : : ‘

E 07 4 o7f 4 o7f R
Sz 06 1 06 0.6

Q

05 4 05 0.5

:Vﬁ 0.4 1 04 0.4

g 03 _ 4 03 0.3

3 e N\

£ 02r / S 1 02t/ DR 02 /Lm0
B ool N 4 0l1H) SIS 0.1 ~

= 0 Pl 0 | | PR 0 | | e = L

10 em*Gev)
(=2 (=] j=) (=]
wn (=)} ~ oo

-0.6 < coseu <-0.5

et 0.4 g
g 03 g
=2
=02 _ g
g >

B ol D R
= 0 I I = T = I

0.1 0.2 0.3 0.4 0.5
TIl (GeV)
FIG. 9.

0.1 0.2 0.3 0.4
TH (GeV)

0.5

0.2 0.3 0.4
Tu (GeV)

As for Fig. 8, but considering more backward kinematics. Data are from [2].
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quality of the agreement with data is rather similar in the
two cases.

The important role of 2p-2h excitations to describe these
data has been discussed at length in previous works
[10,34,43] but using different kinds of nonrelativistic
approximations and some assumptions on the behavior
of the responses entering in neutrino reactions, i.e., assum-
ing the axial-axial contributions being equal to the vector-
vector ones and the interference 7’ response to be

0.8 < cosep <09
5 T

PHYSICAL REVIEW D 94, 093004 (2016)

proportional to the pure transverse vector-vector one.
Here we calculate explicitly all the contributions within
a fully relativistic framework. To illustrate this point we
present in Fig. 10 the separate 2p-2h MEC contributions to
the different channels (L, Tyy, T a4, and T%,,) correspond-
ing to the MiniBooNE double differential cross section at
different bins of the muon scattering angle. The results in
Fig. 10 show that the T4, and Ty contributions are
different, the latter being shifted to higher T, values by
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FIG. 10. Comparison of the different 2p-2h MEC channels for the v, (left panels) and 7, (right panels) MiniBooNE double differential

cross section.
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about 50 MeV for all angular bins. At very forward angles,
ie., lower g values, the global magnitude of the AA
channel is greater than the VV one, in accordance with
the results observed in Fig. 3. Concerning the interference
T, component, its magnitude is not so different from the
VV and AA ones at very forward angles, being on the
contrary the most relevant contribution at larger angles.
Finally, although the longitudinal channel gives the small-
est global contribution, its role is essential in order to
interpret antineutrino scattering at backward angles. This is
a consequence of the negative 7", term that almost cancels
out the Tyy + T4, contribution. Figure 3 also shows
clearly that at ¢ of the order of 400 MeV/c the Ty and
T 4 responses differ by a factor of 2 at the maximum. This
difference decreases for higher g values.

To complete the previous discussion on the double
differential cross sections, we present in Figs. 11 and 12
the results averaged over the muon kinetic energy bins as

1.0<Tu<l.l 09<

PHYSICAL REVIEW D 94, 093004 (2016)

functions of the muon scattering angle for neutrinos and
antineutrinos, respectively. These graphs complement the
previous ones and prove the capability of the model to
reproduce the data for a large variety of kinematic
situations. The 2p-2h MEC contributions increase the
pure QE response by ~25%-35% (depending on the
particular region explored) and are shown to be essential
in order to describe the data. As observed, the total model
tends to overpredict the data measured at angles close to
zero and T, in the vicinity of ~0.8-1 GeV. This is
consistent with the results in previous figures and the
inability of the model to describe properly data at very
small angles. However, the largest discrepancy between
theory and data occurs at the smallest muon kinetic energy
bins considered, i.e., 0.2 <7, < 0.4, in particular, for
neutrinos (Fig. 11) and angles bigger than 90° (cos@, <0).
As seen, the data are higher by ~25%-30% than theo-
retical predictions. This outcome is consistent with the
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partial results shown in the panels on the bottom in
Figs. 6 and 8.

In Fig. 13 results are presented for the MiniBooNE flux
averaged CCQE v,(7,) — 12C differential cross section per
nucleon as a function of the muon scattering angle (top
panels) and the muon kinetic energy (bottom panels). The
integration over the muon kinetic energy has been
performed in the range 0.2 GeV <T, <2.0 GeV.
Panels on the left (right) correspond to neutrinos (anti-
neutrinos). As shown, and in consistency with previous
results, the SuSAv2-MEC model is capable of reproduc-
ing the magnitude as well as the shape of the experimental
cross section in all of the cases. For completeness, we also
show in Fig. 14 the total flux-unfolded integrated cross
section per nucleon versus the neutrino (left panel) and
antineutrino (right) energies. The energy range has been
extended to 100 GeV, and data are shown for the
MiniBooNE and NOMAD experiments. Whereas 2p-2h
MEC contributions are needed in order to reproduce
MiniBooNE data (in consistency with the discussion

applied to previous figures), the NOMAD experiment
seems to be in accordance with the pure QE response. As
observed, the role of 2p-2h MEC is very significant at all
neutrino (antineutrino) energies, getting an almost con-
stant value for E, (E;) greater than 1-2 GeV. At these
values the pure QE cross section is increased by
~30%-35% due to 2p-2h MEC. It is important to point
out that, in spite of the very large neutrino (antineutrino)
energies involved in the NOMAD experiment, the main
contribution to the cross section, about ~90%, comes from
momentum and energy transfers below ~1 GeV/c and
~0.5 GeV, respectively.

The results in Fig. 15 correspond to the MINERVA flux
averaged CCQE v,(7,) differential cross section per
nucleon as a function of the reconstructed four-momentum
O (see [44] for details). The top panel refers to v, — *C,
whereas the bottom panel contains predictions and data for
v, — CH. The mean energy of the MINERvA flux is much
higher than the MiniBooNE one, about 3 GeV for both Yy
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ones to antineutrino reactions. Data are from [1,2].

and 7,. As observed, significant contributions of the 2p-2h
MEQC, of the order of ~35%-40% (~25%) at the maxima
for v, (7,), are needed in order to reproduce the exper-
imental data that correspond to a new analysis performed
by the MINERvA Collaboration [44]. These data exceed by
~20% the ones already presented in previous publications
[8,9] that, on the other hand, were consistent with

The left panels correspond to neutrino cross sections and the right

calculations based exclusively on the impulse approxima-
tion (see [45]). Thus, the new MINERvA analysis shows its
consistency with the MiniBooNE data. In spite of the very
different muon neutrino (antineutrino) energy fluxes in the
two experiments, 2p-2h MEC effects remain very signifi-
cant (on average, 25%-35%) as their contribution is
essential in order to fit the data.
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FIG. 14. MiniBooNE CCQE v,-'"*C (7,-'2C) total cross section per nucleon as a function of the neutrino
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Similar comments apply to the case of electron neutrinos
[46]. In Fig. 16 we present the MINERvA flux averaged
CCQE v, differential cross section per nucleon as a
function of the electron energy (top-left panel), electron
angle (top-right) and reconstructed four-momentum
(bottom-left). Compared to the muon neutrino (antineu-
trino) fluxes, the v, and 7, ones have roughly the same
shape in the region of the peak but the tail region is
significantly higher in the electronic case. In all of the
situations, results are shown for the pure QE response based
on the IA (black line), the 2p-2h MEC contribution (orange
dashed line), and the total response (blue dot-dashed line).
In all the cases the contribution at the maximum coming
from the 2p-2h MEC is roughly ~30%-35% compared
with the pure QE response. These results are similar to the
ones already presented for muon neutrinos (antineutrinos),
and they show the importance of 2p-2h effects in order
to explain the behavior of data. As observed, the model
is capable of reproducing successfully the data. For

PHYSICAL REVIEW D 94, 093004 (2016)

completeness, we present in the right-bottom panel the
results corresponding to the ratio between the flux averaged
CCQE v, +7, and v, cross sections versus the recon-
structed four-momentum. We compare the predictions of
the model (red curve) with the data. However, the large
error bars presented by the data make this particular
analysis rather questionable.

In Fig. 17 we present the flux-averaged double differ-
ential cross sections corresponding to the T2K experiment
[6]. The graphs are plotted against the muon momentum,
and each panel corresponds to a bin in the scattering angle.
As in previous cases, we show the separate contributions of
the pure QE, the 2p-2h MEC, and the sum of both. Contrary
to the MiniBooNE and MINERvA experiments, the T2K
data show a larger dispersion with significant error bands.
Concerning the theoretical predictions, in the present case
the relative contribution of the 2p-2h MEC compared with
the pure QE is significantly smaller than in the previous
cases, of the order of ~10% at the maximum of the peak.
This can be connected with the T2K neutrino flux that,
although with an averaged neutrino flux similar to
MiniBooNE, shows a much narrower distribution. Hence
2p-2h MEC contribute less to the differential cross
section.

As observed, the theoretical model is capable of
reproducing the data although, contrary to the previous
experiments, the addition of the 2p-2h MEC does not
seem to improve in a clear way the comparison with data.
Because of the large error bands and great dispersion
shown by T2K data in most of the kinematical situations,
both the pure QE as well as the total, QE+2p-2h MEC,
predictions are in accordance with the experiment. It is
interesting to point out the results for the most forward
angles, i.e., the panel on the right-bottom corner. Notice
that the QE and 2p-2h MEC contributions are stabilized to
values different from zero for increasing muon momenta
as a consequence of the high energy tail of the T2K
neutrino flux. This is at variance with all remaining
situations where the cross sections decrease significantly
as the muon momentum p, goes up.

To conclude this section, we stress that the SuSA
approach consists in extracting a phenomenological scaling
function from QE electron scattering data. This function
implicitly contains all the nuclear dynamics relevant in the
scaling regime, including mean field effects, long- and
short-range correlations, up to scaling violations that the
analysis of experimental data has shown to be small. The
microscopic content of the scaling function can be studied
using different theoretical approaches. We have offered one
possible explanation in terms of relativistic mean field
theory, where correlations are not explicitly present,
although they might be effectively accounted for to some
extent. The RMF gives a remarkably good representation of
the data: it fulfills the observed scaling properties, and it
yields a scaling function whose size and shape agree with
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the data. However, when compared to neutrino scattering
data, other theoretical approaches, quite different from the
RMEF, also provide a similar agreement. For example, long-
range random phase approximation (RPA) correlations
have been claimed to play a crucial role in the QEP regime
by both the Valencia [12] and Lyon [34] groups. On the
other hand, a recent calculation of the Ghent group [47]
arrives at quite different conclusions, finding that the
continuum random phase approximation cross sections
are very similar to the Hartree-Fock ones. In fact, the
result of RPA calculations strongly depends on the micro-
scopic nucleon-nucleon interaction, which is phenomeno-
logical and fitted to a specific kinematical regime.
Although RPA correlations are not explicitly included in
our model, they might be implicitly contained in the
superscaling function, which was originally fitted to the
data [15-18] precisely to account for all nuclear effects not
included in the single nucleon responses. In the SuSA
approach their role cannot be disentangled from other
nuclear effects, but it must be consistent with the observed
superscaling properties of (e,e’) data. A comparison of

microscopic RPA calculations with the experimental scal-
ing data and its validation against the global set of (e, €’)
data would be very helpful in order to clarify this issue.

B. Inclusive v-12C cross sections

The whole analysis presented in the previous section has
been restricted to the case of CCQE cross sections, i.e.,
only considering the contributions coming from the pure
QE peak and the 2p-2h MEC effects. Here we extend our
study by including the inelastic contributions. We restrict
our discussion to the effects associated with the A reso-
nance. The analysis of higher inelasticities is still in
progress, and it will be presented in a forthcoming
publication. The addition of inelastic channels is essential
in order to explain inclusive charged-current neutrino cross
sections. This is the case of recent data taken by the T2K
Collaboration [4,5], both for muon and electron neutrinos,
as well as the SciBooNE experiment [7].

Figure 18 contains the data and theoretical predictions
corresponding to the T2K flux-averaged inclusive double
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FIG. 17.  T2K flux-folded double differential cross section per target nucleon for the v, CCQE process on 12C displayed versus the y~
momentum p,, for various bins of cos @, obtained within the SuSAv2+MEC approach. QE and 2p-2h MEC results are also shown

separately. Data are from [6].

differential cross sections for muon neutrinos. Results are
shown as a function of the muon momentum and averaged
over particular muon angular bins (each panel). The
separate contribution of the QE (solid blue line), 2p-2h
MEC (dashed red line), and the A resonance (brown band)
are presented. The global response is shown by the green
band. The band in the pion contribution takes care of the
uncertainty associated with the description of the A scaling
function as discussed in detail in [22]. As observed, the
model provides a very nice description of data once all
contributions are included, i.e., QE, 2p-2h MEC, and pion.
This is consistent with the kinematics implied by the
present T2K experiment being the A resonance the main
response (almost the only one) within the inelastic region.
This was already discussed in detail in [22] where a similar
figure was presented, although based on the original SuSA
model and with incomplete 2p-2h MEC calculations. The
main difference between the two calculations is the
inclusion, in the new results, of the axial 2p-2h

contribution. Whereas in [22] the purely vector MEC were
found to be negligible at these kinematics, in Fig. 18 it is
shown that the axial two-body currents give a contribution
almost as large as the one associated with the A resonance.
The experimental error bars are too large to allow one to
discriminate between the two results, and both calculations
are compatible with the data.

The inclusive T2K experiment for electron neutrinos is
analyzed in Fig. 19 where the flux-averaged single differ-
ential cross sections are shown. Results are presented
against the electron scattering angle (top panel), the
electron momentum (middle), and the reconstructed
four-momentum (bottom). In the three cases we show
the separate contributions corresponding to the QE
response (blue line), the 2p-2h MEC (red dashed line),
the pionic (brown band), and the total response (green
region). Although, as noted, the role associated with the A
resonance is essential, the data are located above the
model predictions. This implies that other higher nucleon
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and 2p-2h MEC are displayed. The data are from [4].

resonances, not taken into account in the present
description, may also have a significant role in explaining
T2K v, data. This is particularly true for increasing
values of the electron momentum (see results in the
middle panel) and/or the reconstructed four-momentum
transfer (bottom panel). Work along this line is presently
in progress.

To conclude, we present in Fig. 20 the results for the
SciBooNE experiment [7]. These correspond to CC v,
(D) scattering on a polystyrene target. The data are
presented as a total unfolded integrated cross section as
a function of the neutrino energy. Because of the
unfolding procedure to reconstruct the neutrino energy,
one should be very cautious in the comparison between
data and theoretical predictions (see discussion in [7]).
The case of neutrinos is presented in the left panel of
Fig. 20 in comparison with available data, whereas the
predicted cross section for antineutrinos is referred to in
the right panel. The results in Fig. 20 are similar to the
ones shown in Fig. 7 of [22], although there the 2p-2h
MEC calculation only included the pure vector contribu-
tions. In fact, one can observe how the complete 2p-2h

MEC calculation, now including also the axial currents,
leads to a much more significant contribution, bringing
the global predictions closer to the data. Contrary to the
analysis in [22], here the model reproduces the neutrino
data up to 1 GeV. However, for higher energies the model
still underpredicts the data by a significant amount. This
result clearly indicates that new channels and higher
nucleon resonances, in addition to the resonant pion
production, should be added to the model. Finally, for
completeness, we also show the results obtained for
electron antineutrinos with the separate contributions of
the different channels. Notice that the role ascribed to the
2p-2h MEC effects is of the order of ~15% (~20%) for
neutrinos (antineutrinos), approximately twice compared
with the values discussed in [22].

Before concluding we would like to make contact with
the recent work based on the Giessen-Boltzmann-Uehling-
Uhlenbeck model that incorporates 2p-2h interactions [48].
The calculation makes use of several assumptions based on
electron scattering data and the specific contribution of the
separate channels. In particular, the 2p-2h contributions are
assumed to be purely transverse so all electron, neutrino,
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and antineutrino cross sections are expressed in terms of
one single structure function that is given by a simple
parametrization. The model also gives a good description of
electron and neutrino data.
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FIG. 20. The CC-inclusive v, (left) and ), (right) cross section
on a polystyrene target (CgHg) per nucleon evaluated in the
SuSAv2 + MEC model as a function of the neutrino energy. The
SciBooNE data are from [7].

IV. CONCLUSIONS

We have performed a joint calculation of quasielastic and
2p-2h contributions to neutrino and antineutrino scattering
cross sections in '2C, using the SuSAv2 model for the
quasielastic responses and the relativistic Fermi gas model
for the 2p-2h meson exchange currents in the weak sector.
The model has been validated in the vector sector by
describing the full set of inclusive electron scattering '>C
data. We have analyzed the published data from the experi-
ments MiniBooNE, T2K, MINERvA, NOMAD, and
SciBooNE, spanning a wide range of neutrino energies from
hundreds of MeV to hundreds of GeV. For comparison with
inclusive data we have used an extension of the SuSAv2
model to the A production region to model resonant pion
production. We find that the 2p-2h channel is large, contrib-
uting about 15%-25% depending on the kinematics, and it is
essential to describe a great amount of experimental data.

This model is a promising candidate for analyzing the
forthcoming neutrino experiments; work is in progress to
extend it to higher inelasticities, to provide the separate
charge channel contributions, pn, pp, and nn emission
[49], and to describe the cross section of asymmetric
nuclei (Z # N).
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APPENDIX A: PARAMETRIZATION
OF THE CHARGED-CURRENT NEUTRINO
AND ANTINEUTRINO SCALING
FUNCTIONS

In this Appendix we summarize the parametrization of
the reference scaling functions. The RMF scaling functions
are given in terms of a skewed-Gumbel (sG) function,
defined as

]NcsG = S(wosw)fe(wo.o.By), (A1)
where
) 2
S(vyyw) = m, (A2)
fowoo.pw) =Leepl-el,  (a3)
—_(¥ =%
V= ( - ) (A4)

In Table I, the values of the free parameters that fit the
corresponding L and 7' RMF scaling functions are shown.
The differences linked to the isospin effects (z) are also
taken into account.

Moreover, the reference RPWIA scaling functions are
described as

TABLE I. Values of the parameters that characterize the RMF
scaling functions.

}‘L,T:l }‘L.T:O fr
p 0.8923 1.0361 0.9425
c 0.6572 0.5817 0.7573
W 0.1708 0.02217 —0.4675
1/vg —0.7501 —0.1163 2.9381
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2(a3).r <_ M) (A5)

ZRPWIA
= _ex
1 +exp(*7H) P as

LT

with a; = —0.892196, a, =0.1792, (a3), = 6070.85,
(a3)p = 6475.57, ay = 1.74049, as = 0.64559. There
are no significant differences associated with isospin
effects (isovector, isoscalar) on the RPWIA scaling
functions.

To reproduce the peak position of RMF and RPWIA
scaling functions within SuSAv2, we consider a g-
dependent energy shift, namely, Eg;;(g). This quantity
modifies the scaling variable w(q, w) — v'(q, ®, Eqz) as

l ﬂ/— /
Y = ‘ . (A6)

\/57\/(1 + )7 + 17 (7 + 1)

where & = /14 (kp/M)* =1, x=q/(2M), ) =o'/ (2M),
and 7 = k> — 1. M is the nucleon mass and k. is the Fermi
momentum. Additionally, we have introduced the varia-
ble CU/ =W — Eshift'

In particular, we build this function Eg;;(g) from the
results of the RMF and RPWIA models presented in [23].
In the particular case of '°C, the energy shift for the
longitudinal and transverse RMF/RPWIA scaling functions
is defined (in GeV) as

ERMF, = —0.005506 + 0.0548 * ¢,
ERMF, = —0.007687 + 0.0564 * q.

ERPWIA = 0.035164 + 0.0112 % g,
EREWIA = —0.007687 + 0.0564 + 0.827. (A7)

APPENDIX B: RMF/RPWIA
TRANSITION FUNCTION

As described in the Introduction, a blending function is
incorporated into the SuSAv2 model to account properly
for the RMF and RPWIA contributions at the different
kinematics. Although more information on this issue can be
found in [14], the scaling functions are defined as a linear
combination of RMF-based (ff5") and RPWIA (fREWIA
scaling functions,

FT 0,1 _COSZX(Q) >T=0,1 + sin }((Cl) RPWIA’
Fr = cosx(q)fr + siny(q) f7 ™, (B1)
where y(g) is a g-dependent angle given by
T ((q—qo)> -1
=3 (1-[1+507) 62
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and the transition between RMF and RPWIA behaviors
occurs at intermediate ¢ values (g,) in a region of width @),
which is fixed at 200 MeV.

The behavior of the g, parameter is analyzed in detail in
[14] where the following parametrization is suggested:

PHYSICAL REVIEW D 94, 093004 (2016)
q <4

A+ Bgq,
610(4) =
q > q

C+ Dgq,
with ¢; = 700 MeV/c, A = 377.629 MeV/c, B = 0.407,
C = -5.322 MeV/c, and D = 0.968.
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