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Charge-current quasielastic (anti)neutrino scattering cross sections on a '>C target are analyzed using a spectral
function S(p,€) that gives a scaling function in accordance with the (e,e’) scattering data. The spectral function
accounts for the nucleon-nucleon (VN) correlations, it has a realistic energy dependence, and natural orbitals
(NOs) from the Jastrow correlation method are used in its construction. In all calculations the standard value
of the axial mass M, = 1.032 GeV/c? is used. The results are compared with those when NN correlations are
not included, as in the relativistic Fermi gas model, or when harmonic-oscillator single-particle wave functions
are used instead of NOs. The role of the final-state interactions (FSIs) on the theoretical spectral and scaling
functions, as well as on the cross sections, is accounted for. A comparison of the results for the cases with and

without FSI, as well as to results from the phenomenological scaling function obtained from the superscaling
analysis, is carried out. Our calculations based on the impulse approximation underpredict the MiniBooNE
data but agree with the data from the NOMAD experiment. The possible missing ingredients in the considered

theoretical models are discussed.
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I. INTRODUCTION

The recent MiniBooNE data on charged-current quasielas-
tic (CCQE) scattering of muon neutrino on nuclei [1,2] have
revealed the important role played by the nuclear and nucleonic
ingredients necessary for the description of the reaction. Many
theoretical works have been devoted to analyses of empirical
data (see, e.g., [3-21]). It turned out, unexpectedly, that
the cross sections are underestimated by traditional nuclear
models, such as the relativistic Fermi gas (RFG) model,
the random-phase approximation calculations, the relativistic
Green'’s function approaches, the relativistic mean field (RMF)
theory, the use of realistic spectral functions, and others. It was
shown, however, that the accordance between theory and data
can be recovered within the simple RFG if an unusually large
value of the axial mass M, = 1.35 GeV/c? (as compared to
the standard value M, = 1.032 GeV/c?) is employed in the
dipole parametrization of the nuclear axial form factor. At
the same time, the necessity to account for the multinucleon
excitations (in particular, two particle emission) has been
proposed in, e.g., Refs. [4,5,8,9,15] and a good agreement
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with the MiniBoonE data has been shown in Refs. [8,9,15]
using the standard M, value. The calculations based on the
exact relativistic account for the meson exchange currents
(MECs) within the 2 p-2h RFG approach give an enhancement
of the cross sections but do not fully describe the discrepancy
between the data and the theory.

It should be pointed out, however, that the data from CCQE
v, (V,,)-2C cross section measurements from 3 to 100 GeV of
the NOMAD Collaboration [22] do not impose an anomalously
large axial-vector mass to be used and do not match with the
lower-energy MiniBooNE data. It is worth mentioning also
that the recent data on CCQE vﬂ(iu)-nC from the MINERVA
Collaboration [23,24] disfavor the value M4 ~ 1.35 GeV/c?.
So, a consistent theoretical analysis of the cross sections in
the entire energy range (0-100 GeV) is missing. Therefore,
it is highly desirable to provide a consistent framework that
describes successfully the QE electron data from intermediate
up to very high energies using a relativistic nuclear model.

The experiments on neutrino-nuclei scattering are of great
importance. The neutrino properties, and particularly the
parameters of their oscillations, make it possible to obtain
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information about the limits of the standard model. In the
mentioned experiments, the interaction of the neutrino occurs
with nucleons bound in nuclei. The analyses of such processes
within different methods involve various effects such as
nucleon-nucleon (NN) correlations, the final-state interactions
(FSIs), possible modifications of the nucleon properties inside
the nuclear medium, and others. These effects, however,
cannot be presently accounted for in an unambiguous and
precise way, and what is most important, in most cases
they are highly model-dependent. A possible way to avoid
model dependencies is to use the nuclear response to other
leptonic probes, such as electrons, under similar conditions
to the neutrino experiments. The superscaling approximation
(SuSA) follows this general trend. The analyses of scaling
[25-32] and superscaling [33-43] phenomena observed in
electron scattering on nuclei have led to the use of the
scaling function directly extracted from (e,e’) data to predict
(anti)neutrino-nucleus cross sections [44], just avoiding the
usage of a particular nuclear structure model. A “superscaling
function” f(y) 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 (g, w) (¢ and w being the momentum transfer
and transferred energy, respectively). For high-enough values
of the momentum transfer (roughly ¢ > 400 MeV/c) the
explicit dependence of f(y) on g is very weak at transferred
energies below the quasielastic peak (scaling of the first kind).
Scaling of the 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.

The observation of superscaling in the data on inclusive
electron-nucleus scattering [33,34] has justified the extraction
of an universal nuclear response to be applied to processes with
weak interacting probes. The RFG model, employed in most
analyses of neutrino experiments, does exhibit superscaling
[37,38], but the corresponding nuclear response cannot explain
successfully the electron scattering data. This imposes the
necessity to use more complex dynamical pictures of the
nuclei (beyond the RFG) for the description of the nuclear
response at intermediate energies. The SuSA results for CCQE
(anti)neutrino scattering have been based on the empirical
superscaling function extracted from the world data on QE
electron scattering [45]. Later SuSA were applied [46] to
neutral current scattering and extended to the A-resonance
region [44] as well.

The SuSA approach has been already employed to describe
the nonpionic (QE) cross section of the MiniBooNE v, (v,,)
nucleus cross section [4—6] and in Ref. [3] it has been applied to
(anti)neutrino CCQE on '2C for energy range up to 100 GeV
with a comparison with the MiniBooNE and NOMAD [22]
data. In Ref. [47] SuSA has been used to analyze CC pion (7 )
production cross section measured at MiniBooNE [48,49],
incorporating effects of FSI, the properties of the A resonance
in the nuclear medium, as well as both the contributions of
coherent and incoherent productions.

The investigations of inclusive QE electron-nucleus scat-
tering make it possible to obtain information about the
main characteristics of nuclear structure, namely, the spectral
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function S(p,€) and the nucleon momentum distribution
n(p). This possibility is based on the validity of scaling
arguments that has been clearly demonstrated in the analyses
of world (e,e’) data revealing also the specific shape of
the scaling function, with a significant tail to high positive
values of the scaling variable. It has been shown in detail in
Ref. [50] that the important connection between the scaling
function [given directly from the (e,e’) data analysis] and
S(p,€) or n(p) exists only under very restrictive condi-
tions, namely: (i) the plane wave impulse approximation
(PWIA) in the description of the reaction mechanism and
(ii) additional assumptions on the integration limits consistent
with the kinematically allowed region.

The area of analyses of the scaling function, the spectral
function, and their connection (see, e.g., Refs. [50,51]) 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 interactions
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 methods
going beyond the MFA to describe successfully the relevant
experiments. In Ref. [51] a realistic spectral function S(p,€&)
has been constructed that is in agreement with the scaling
function f (1) obtained from the (e,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 correlation 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 (NOs) [52] for the single-particle
wave functions and occupation numbers within methods in
which short-range NN correlations are included. For the latter
the Jastrow correlation method [53] has been considered.
Also, in Ref. [51] FSIs 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.

The aim of the present paper is to continue our work
from Ref. [47] but using the results obtained in Ref. [51]
for a realistic spectral function S(p,€) instead of the phe-
nomenological SuSA approach. The spectral function from
our previous work [51] will be applied to analysis of CCQE
(anti)neutrino cross sections on a '>C target measured by the
MiniBooNE Collaboration [1,2] for neutrino energies in the
1-GeV region and also, extending the range of the energy, up
to 100 GeV [22]. Our approach includes (i) realistic energy
dependence of the spectral function S(p,€&) and (ii) an account
for the effects of short-range NN correlations when NOs
from the Jastrow method are included. These results will
be compared with those when the NN correlations are not
included. Second, the role of the FSI on the spectral function
and cross sections will be shown comparing the corresponding
results for the cases RFG + FSI, HO + FSI, and NO + FSI
with those without accounting for the FSI. We present results

014607-2



CHARGED-CURRENT QUASIELASTIC NEUTRINO ...

for the scaling function f (i), for the double-differential cross
section d?o /dT,d cos 6,,, for those when the latter is integrated
over the muon scattering angle ((do/dT,)) or over the muon
kinetic energy ({(do/d cos 6,,)), and, finally, for the total cross
section of vu(iu)—lzc scattering.

The theoretical scheme of the work is given in Sec. II.
It contains, first, the methods to obtain a realistic spectral
function and, second, the main relationships concerning CCQE
neutrino-nucleus reaction cross section. The results of the
calculations and discussion are presented in Sec. III. A
summary of the work and our conclusions are given in Sec. IV.

II. THEORETICAL SCHEME

A. Inclusive electron-nuclei cross section, spectral function,
and scaling function

Within the PWIA (see [50,51] and references therein) the
differential cross section for the (e,e’ N) process factorizes in
the form

PWIA
] — Ko*N(q.w: p.E.dw)S(P.E).

do
de'dQdpndQy |, .o n)

ey

where oV is the electron-nucleon cross section for a moving
off-shell nucleon, K is a kinematical factor [54] and S(p,&) is
the spectral function giving the probability to find a nucleon
of certain momentum and energy in the nucleus [55-59]. In
Eq. (1) £ is the excitation energy that is essentially the missing
energy minus the separation energy and p is the missing
momentum. If the spectral function is assumed to be isospin
independent and 6V to have a very mild dependence on p and
&, then the scaling function F(g,w) can be represented in the
PWIA as a ratio

[dO’/dG/dQ/](e,e/)

Fg,w) = ,
@0 = N qwip = WLE = 0)

@

between the differential cross section for inclusive QE (e,e’)

scattering and the azimuthal angle-averaged single-nucleon

cross section gV,

eN,'
2

A
—eN g
=K doy.
5 ;/ o

In Eq. (2) 7°V is taken at p = |y|, where the magnitude of
the scaling variable y is the smallest value of p that can occur
in electron-nucleus scattering for the smallest possible value
of the excitation energy (£ = 0), i.e., at the smallest value of
the missing energy. In PWIA the scaling function (2) can be
expressed by the spectral function

3

F(q,w) =21 /f pdpd€& S(p,E), 4
2(g,w)

where X(q,w) represents the kinematically allowed region
[50]. Only when the region X(g,w) can be extended to infinity
in the excitation energy plane (i.e., at Eyax — 00) may the
scaling function be related to the momentum distribution n(p)
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of the nucleus:
n(p) = / dES(p.E). 5)
0

It was emphasized in Ref. [50] that Eq. (4) cannot be applied
to the empirically extracted scaling function Feyp(q,) (that at
high values of the momentum transfer ¢ becomes a function
only of a scaling variable y and not of g [33-35]) because
of ingredients not included in the PWIA, such as the FSI,
meson-exchange currents, rescattering processes, etc.

Using as a guide the RFG model, it became possible
to introduce three “universal” experimental dimensionless
superscaling functions feﬁl(f)(q,w) =k, F;;T)(q,w) ,where k4
is a phenomenological momentum scale for a specific nucleus
(being the Fermi momentum kf in the case of RFG model).
The letters L and T denote the longitudinal and transverse
functions, respectively.

In Ref. [51] an attempt was made to extract more
information about the spectral function S(p,£) from the
experimentally known scaling function (under the restrictions
of the PWIA). First, it was constructed within the independent
particle shell model (IPSM),

Sesm(p.€) = > 2Q2j; + Dni(p)SE€ = &), (6)

where n;(p) is the momentum distribution of the shell-model
single-particle state i and & is the eigenvalue of the i-state
energy. Second, when effects beyond the MFA are considered,
the energy dependence would be better represented by a
function with a finite width in energy instead of by a § function.
Hence, the latter can be replaced by a Gaussian distribution
Gy (€ = &),

S(p.€) =Y 22ji + Dni(p)Go, (€ — &), (7)
where
1 _(572,’)
Go(€—E)=—me 7 . ®)

o; being a parameter related to the width of the hole state i.

In Ref. [51] it was also considered another form of
the energy dependence, namely the Lorentzian function
Lr, (€ - &),

S(p.£) =Y _22ji + Dni(p)Lr, (€ — &), ©)

with
1 r,/2
T (€ =&+ Ti/2)%

where T'; is the width for a given single-particle hole state i.
Starting with a momentum distribution 7n;(p) of the
harmonic-oscillator (HO) shell-model single-particle state i,
the effects of NN correlations that give widths to the energy
distributions of the whole strengths in (e,e’) and (e,e’p)
reactions were studied in detail in Ref. [51]. The conclusion
was that, with a symmetric energy spread for the single-particle
levels, it is not possible to get an asymmetry of the longitudinal
scaling function similar to that observed by the data. The

L€~ &)= (10)
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next step was to use single-particle momentum distributions
that correspond to NOs for the single-particle wave functions
and occupation numbers using a method where short-range
NN correlations are taken into account. As known, the NOs
@o(r) are defined [52] as the complete orthonormal set of
single-particle wave functions that diagonalize the one-body
density matrix (OBDM) p(r,r’),

p(rr) =Y Nugi(Dpa(r), (11

where the eigenvalues Ny (0 < Ny <1, >, Ny, = A) are
the natural occupation numbers. In Ref. [51] the OBDM
obtained within the lowest-order approximation of the Jastrow
correlation method [53] has been used. Though the use of NOs
enhances the value of the maximum and slightly reduces the
tails of the scaling functions, it leads to a weak asymmetry
of the scaling function f(v) that is not in accordance with
the significant tail extended to positive ¥ values, seen in the
analysis of the data of the (e,e’) process. At the same time,
the usage of NOs leads to significant high-momentum tail of
the momentum distribution in contrast to the case in MFA
approaches. An important conclusion reached in Ref. [51] was
that the strong asymmetry of the scaling function f(ir) at
positive i values (observed by the analysis of data) emerges
when FSI (and other peculiarities of the electron scattering
beyond the PWIA) are taken into account.

B. FSI

The analyses of the FSI in the case of inclusive electron-
nuclei scattering performed in Ref. [51] (following Ref. [60])
concerned two types of FSI effects, the Pauli blocking and
the interaction of the struck nucleon with the spectator system
described by means of the time-independent optical potential
(OP):

U=V —1W. (12)

The latter (see Ref. [61]) can be accounted for by replacing in
the PWIA expression for the inclusive electron-nucleus cross
section,

do, 2 2 ldl S (p, E)
= LT —5 I—
dwd|q| E} EyEy

X 8(6() + M —-E — Ep/)LzmHé};:J, (13)

v

dE d°p

the energy-conserving é function by
W/n
W2+ [w+M—E—Ey—V]*
(14)

8w+ M—E—Ep)—

In Eq. (13) the index ¢ denotes the nucleon isospin, Lf{fj
and H, , are the leptonic and hadronic tensors, respectively,
and S,(p,E) is the proton (neutron) spectral function. The
quantities Ey, Ep, Ey, and E are the initial electron energy,
the energy of the nucleon inside the nucleus, the energy of
the ejected nucleon, and the removal energy (see Ref. [61]
for details). The real (V) and imaginary (W) parts of the
OP in Egs. (12) and (14) are obtained in Ref. [62] from the
Dirac OP. Spatially averaged values of these OP components,
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evaluating them at the r values that match their respective
root-mean-square radii [62] have been used in Ref. [51].
Finally, the OP U(p’) related to the scalar (S) and vector (V)
parts of the potential in Ref. [62] is obtained in the form (see
also Ref. [60])

Ey +U®) = \/IM + STy 7P +p2 + V(Ty.7). (15)

Alternatively, in Ref. [51] an OP with the an imaginary part
of the potential U(p’) (given in Ref. [63]) was also considered,
W= o 2 (16)

2 Ey
with particular values of py and oyy for 160 nucleus. In
the present work we restrict ourselves to the first approach

[Eq. (15)].

C. Scaling functions and charge-changing neutrino-nucleus
reaction cross section

In this section we follow the description of the formalism
concerning the charge-changing (CC) (anti)neutrino-nucleus
cross section given in Ref. [44] (see also Ref. [36]). The CC
neutrino cross section in the target laboratory frame is given

in the form
d*c
= gy F2, 17
[dek/L 7 17
where x = + for neutrino-induced reaction (e.g., v, +n —
£~ + p, where £ =e,u,t) and y = — for antineutrino-
induced reactions (e.g., vy + p — £T +n),
G 0.)* -
oy = LGOS0 o 2P, (18)
272

G =1.16639 x 107> GeV~2 being the Fermi constant, 6,
being the Cabibbo angle (cos 6, = 0.9741), and
[0

tan’6/2 = —, (19)
Vo

vo = (e +€) —g? = 4ee' — | Q% (20)

In Egs. (17)—(20) 2, k', and €’ are the scattering angle, mo-
mentum, and energy of the outgoing lepton. The quantity ]—')%
in Eq. (17) depends on the nuclear structure and it is presented
in Ref. [44] as a generalized Rosenbluth decomposition having
charge-charge, charge-longitudinal, longitudinal-longitudinal,
and two types of transverse responses (R’s). These nuclear
response functions are expressed in terms of the nuclear tensor
H"' in the QE (as well as in the A region) by means of its
relationships with the scaling functions from the particular
model used. In the calculations of the v-nucleus cross sections
the Galster parametrization [64] of the form factors in the
vector sector was used, whereas in the axial-vector sector the
form factors given in Ref. [44] were used.

In the present work we evaluate the double-differential cross
section for CCQE (anti)neutrino-induced process averaged
over the neutrino flux ®(¢,),

d*o 1 f d? O(e,)d @1
= €y)de,y,
dT,dcosb, Dy dT,dcos6, |,
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FIG. 1. (Color online) Results for the scaling function f(i)
for '>C obtained using RFG + FSI, HO + FSI, and NO + FSI
approaches are compared with the RFG and SuSA results, as well
as with the longitudinal experimental data [45].

where T, and 6, are the kinetic energy and the scattering
angle of the outgoing muon, respectively, €, is the neutrino
energy, and &y is the total integrated v,, flux factor for the
MiniBooNE experiment. The results of the calculations are
presented as a function of the muon kinetic energy 7, and as
a function of the scattering angle 6,,. The results obtained by
integrating the flux-averaged double-differential cross sections

over the angle,
do 1 d*c
— )= D(e, ——— | dcosb,de,,
<dTM> cbm/ (6)/[dT,4dcos0M:|eu o8 Oude
(22)

0.8<cos6, <09

0.5 <cos 6, <0.6
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as well as those obtained by integrating over the muon kinetic

energy,
d’c

D(e, —— | dT,de,,

/ (6)/[dT,4dcosé‘M:|eu uae

(23)

do _ 1
dcosb, T Dy

are presented as well.

Finally, the results of the calculations of the total cross
sections of CCQE (anti)neutrino scattering from 2¢ will
be given as a function of the (anti)neutrino energy and
compared with the existing experimental data. The calculations
of the cross sections mentioned above are performed using
different models to evaluate the spectral function, namely
RFG, NO, and HO, and accounting also for the role of the
FSI, correspondingly, RFG + FSI, NO + FSI, and HO + FSIL.

III. RESULTS AND DISCUSSION

In this section we present first (in Fig. 1) our results for the
scaling function f (1) using the relationships given in Sec. Il A
and taking into account the FSI as described in Sec. II B. The
procedure for the calculations of the scaling function f (i) is
as follows.

(i) The spectral function S(p,€) is constructed in the form
of Eq. (9).

The single-particle momentum distributions 7;(p) are
taken to be either corresponding to the HO single-
particle wave functions or to the NOs from the Jastrow
correlation method.

The Lorentzian function [Eq. (10)] is used for the
energy dependence of the spectral function with
parameters I'j, = 6 MeV, I';; = 20 MeV, which are

(i)

(iii)

0.2 <cos 6, <0.3

= 18 .
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FIG. 2. (Color online) Flux-integrated double-differential cross section per target nucleon for the v, CCQE process on 2C displayed versus
the ™~ kinetic energy 7), for various bins of cos 6, obtained within the RFG + FSI, HO + FSI, and NO + FSI approaches for M, = 1.03 GeV.

The data are from Ref. [1].
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FIG. 3. (Color online) As for Fig. 2, but for v, scattering versus u* kinetic energy 7,

fixed to the experimental widths of the 1 p and Ls states

in 12C [65].

. The data are from Ref. [2].

(v) The corresponding scaling function F(q,w) is cal-

culated within the PWIA by means of Eq. (2), and

(iv) For a given momentum transfer ¢ = 1 GeV/c and by multiplying it by k4 the scaling function f(y) is
energy of the initial electron ¢ = 1 GeV we calculate obtained.
the electron-nucleus ('>C) cross section by using (vi) To account for FSI, the § function in Eq. (13)
Eq. (13) in which the spectral function S(p,&) [Eq. (9)] is replaced with Eq. (14) and Eq. (15) is
is used. used.
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FIG. 4. (Color online) MiniBooNE flux-averaged CCQE vu—”C differential cross section per nucleon as a function of (a) the muon kinetic
energy, (b) the muon scattering angle (normal scale), and (c) the muon scattering angle (logarithmic scale). MiniBooNE flux-averaged CCQE
V,L-HC differential cross section per nucleon are given in bottom panels (d)—(f). The data are from Refs. [1,2].
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In this way the results for the HO + FSI (dashed line) and
NO + FSI (dash-dotted line) are obtained. For reference are
shown also the scaling functions in the cases of SuSA (solid
line), RFG (dotted line), and RFG + FSI (two dot-dashed line).
In the RFG case the corresponding RFG spectral function
is used in Eq. (13), and in the RFG + FSI case the energy-
conserving § function in Eq. (13) is replaced with Eq. (14). As
can be seen from Fig. 1, accounting for FSI leads to a small
asymmetry of the scaling function, see e.g., the comparison
between the RFG and the RFG + FSI scaling functions. We
found that the asymmetry in the scaling function gets larger
by using the Lorentzian function [Eq. (10)] for the energy
dependence of the spectral function (in the HO + FSI and
NO + FSI cases) than by using the Gaussian function [Eq. (8)].

The flux-integrated double-differential cross section per
target nucleon for the v, (v,,) CCQE process on 12C displayed
versus the u~ (ut) kinetic energy 7, for various bins of
cos 6§, (both forward and backward angles) obtained within
the RFG + FSI, NO + FSI, and HO + FSI approaches are
given in Fig. 2 (Fig. 3). In all calculations the standard
value of the axial mass M, = 1.032 GeV/c? is used. We
emphasize that, as expected, our results underpredict the
data owing to the fact that our calculations are based on
the impulse approximation (IA). However, the shape of the
cross section is reproduced by the RFG + FSI, HO + FSI,
and NO 4 FSI approaches. The results lie close to each
other owing to the small differences between the scaling
functions. We note that as the angle increases the curves
corresponding to the HO + FSI and NO + FSI cases (whose
scaling functions are more asymmetric) deviate from the
RFG + FSI ones. The same behavior can be seen in Fig. 4,
where we present results of MiniBooNE flux-averaged CCQE
v,(V,)-12C single-differential cross section per nucleon as a
function of the muon kinetic energy [panels (a) and (d)] and
of the muon scattering angle [panels (b), (c), (e), and (f)]. In
Figs. 4(c) and 4(f) are displayed differential cross sections as
functions of the muon scattering angle in logarithmic scale to
make the difference between the cross sections for the negative
and positive values of cos 6,, more visible.

In Fig. 5(a) the total cross sections obtained within RFG +
FSI, NO + FSI, and HO + FSI approaches are presented. The
calculations are performed up to 100 GeV for comparison
with the NOMAD experimental data [22]. All models give
results that agree with the NOMAD data but underpredict the
MiniBooNE ones, more seriously in the neutrino than in the
antineutrino case. Also, in Fig. 5(b) the results for the pure
vector-transverse (7'), longitudinal (L), and axial-transverse
(T") contributions to the cross sections within NO + FSI
approach are presented. In the next Fig. 6 we present our
antineutrino results that are in good agreement with the NO-
MAD data. We note that the comparison with the MiniBooNE
data in the case of antineutrino scattering (Fig. 6) shows much
better agreement than in the neutrino case (Fig. 5). As can be
seen from Fig. 5(b), the maximum of the axial-transverse (7")
contribution is around the maximum of the neutrino flux at the
MiniBooNE experiment. The effects of 7’ contributions to the
cross sections are negligible at energies above 10 GeV.

As observed, for very high v, (v,) energies (above
~10 GeV) the total cross section for neutrinos and antineu-
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FIG. 5. (Color online) (a) CCQE v,L—'zC cross sections per nu-
cleon displayed versus neutrino energy E, and evaluated using
the RFG + FSI, HO + FSI, and NO + FSI approaches with the
standard value of the axial-vector dipole mass M, = 1.03 GeV/ c? are
compared with the MiniBooNE [1] and NOMAD [22] experimental
data. (b) Separated contributions in the NO + FSI approach. (c) The
cross sections within HO and NO approaches with and without
accounting for FSI.

trinos is very similar. This is consistent with the negligible
contribution given by the 7’ response in this region. Only
the L and T channels contribute for the higher values
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FIG. 6. (Color online) Asin Fig. 5, but for v,,-12C scattering. The
MiniBooNE data are from Ref. [2].

explored by NOMAD experiment (where the theory is in
accordance with data). On the contrary, in the region explored
by the MiniBooNE collaboration, the main contributions come
from the two transverse 7, T’ channels, being constructive
(destructive) in neutrino (antineutrino) cross sections. As
already mentioned, effects beyond the IA, i.e., 2p-2h MEC,
may have a significant contribution in the transverse responses
leading to theoretical results closer to data. However, note
that the enhancement needed to fit data should be larger for
neutrinos than for antineutrinos; hence, a careful analysis
of 2p-2h MEC contributions in both transverse responses is
needed before more definite conclusions can be drawn.

The results we obtained using realistic spectral functions
without FSI are in qualitative good agreement with those of
Ref. [7] (with standard axial mass used) and Ref. [21], where
a realistic hole spectral function for '2C, obtained in the local
density approximation, was used. The inclusion of FSI does not
dramatically change the results, but gives a slight redistribution
of the strength in the differential cross sections and a small
depletion of the integrated cross section in the case of RFG
approach. Using more realistic SF (HO or NO) effects of FSI
leads to small increase of the integrated cross sections, as can
be seen in Fig. 5(c) due to the larger tails of scaling functions
at negative and positive values of .

Concluding this section we emphasize that no calculation
based on the spectral function is able to reproduce the
MiniBooNE data. The discrepancy is most likely due to
missing of the effects beyond the IA, e.g., those of the
2 p-2h MEC that have contribution in the transverse responses.
This concerns also the similar disagreement with theory that
appears when the phenomenological scaling function in SuSA
isused. The latter is a purely longitudinal quasielastic response
extracted from inclusive electron scattering data and thus is
nearly insensitive to 2p-2h MEC contributions.

IV. CONCLUSIONS

In the present work we give results for the CCQE
(anti)neutrino cross sections on a '>C target and compare

PHYSICAL REVIEW C 89, 014607 (2014)

them with the available data from the MiniBooNE [1,2]
and the NOMAD [22] collaborations. The results presented
and discussed are for flux-integrated double-differential cross
section per target nucleon versus the muon kinetic energy and
versus the muon scattering angle and the v, (v,,) + 12C total
cross sections as a function of the (anti)neutrino energy. The
method we use is based on a spectral function S(p,€) that
gives a scaling function in accordance with the (e,e’) scattering
data. The spectral function (i) accounts for short-range NN
correlations by using NOs from the Jastrow correlation method
to obtain the single-particle momentum distributions n;(p) that
are ingredients of S(p,£), (ii) has a realistic energy dependence
using parameters that are fixed to the experimental widths of
1p and 1s states in '2C, (iii) is used also in extending the range
of the (anti)neutrino energy from the analysis of the Mini-
BooNE experimental data to the NOMAD data as a step to clar-
ify the limits of the superscaling approaches. The results are
compared with those when NN correlations are not included,
e.g., inthe RFG model and when HO single-particle wave func-
tions are used instead of NOs in the calculations of n;(p). The
effects of FSI are accounted for following the approaches from
Refs. [60-62] and the results (NO + FSI, HO + FSI, RFG +
FSI) are compared with those without FSI. Also, a comparison
with SuSA results is presented. In all calculations we use the
standard value of the axial mass M, = 1.032 GeV/c2.
Our main findings can be summarized as follows.

(i) The use of different spectral functions (RFG, HO, NO)
gives quite similar (within 5%-7%) CCQE neutrino
cross sections at all energies, signaling that the process
is not too sensitive to the specific treatment of the
bound state.

(i) The effect of FSI is a depletion of the cross section
of about 4% within RFG approach and an increase of
about 2% using HO and NO spectral functions, almost
independent of the neutrino energy.

(iii) All the different approaches considered in this work,
based on the TA, underpredict the MiniBooNE data
for the flux-averaged CCQE v, (v,,) + '2C differential
cross section per nucleon and the total cross sections,
although the shape of the cross sections is repre-
sented by the NO + FSI, HO + FSI, and RFG + FSI
approaches. We note that the comparison of our results
for the total cross section with the MiniBooNE data in
the case of antineutrino scattering shows much better
agreement than in the neutrino case.

Here we emphasize that all models used give results
that are compatible with the NOMAD data. This result
points to the importance of a careful evaluation of
nonimpulsive contributions, like the ones associated
to meson-exchange currents, and of their evolution
with energy.

Along this line, we should comment on the general problem
that none of the models explored in the present work agrees
with the MiniBooNE data and nor even does the SuSA. This
could be due to important ingredients that are missing in
the considered theoretical models and would improve the
agreement with the MiniBoonE data. In our opinion, the
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2p-2h MEC contribution may be responsible for the present
discrepancy, in agreement with the results of Refs. [4,6,8,15].
This is corroborated by the fact that a similar disagreement
with theory appears when the phenomenological scaling
function SuSA is used. The latter is a purely longitudinal
quasielastic response, and 2p-2h MEC contributions should
not contribute to it when properly extracted from quasielastic
electron scattering data, but could contribute to quasielastic
neutrino-nucleus scattering because of the axial current.
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