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Abstract. Results of calculations of charge-current (CC) and neutral-current
(NC) quasielastic (anti)neutrino scattering cross sections on *2C target are pre-
sented. They are obtained using a realistic spectral function S(p, £) that gives
a scaling function in accordance with the (e, €’) scattering data. The spectral
function accounts for the nucleon-nucleon correlations by using natural orbitals
from the Jastrow correlation method and has a realistic energy dependence. In
the calculations the standard value of the axial mass M4 = 1.032 GeV is used.
The role of the final-state interaction 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 those from other theoretical approaches, such as the Superscal-
ing Approach (SuSA) and the relativistic Fermi gas (RFG), as well as with those
of the relativistic mean field (RMF) and the relativistic Green’s function (RGF)
in the NC case. Based on the impulse approximation our calculations for the
CC scattering underpredict the MiniBooNE data but agree with the data from
the NOMAD experiment. The NC results are compared with the empirical data
of the MiniBooNE and BNL experiments. The discussion includes the possible
missing ingredients in the considered theoretical method.
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1 Introduction

The phenomena of the y-scaling (e.g. [1-3]) and superscaling (e.g. [4—7]) have
been observed in the inclusive electron scattering on nuclei. The theoretical con-
cept of superscaling (a very weak dependence of the reduced cross section on
the momentum transfer q at excitation energies below the quasielastic (QE) peak
for large enough ¢ and no dependence on the mass number) has been introduced
within the relativistic Fermi gas (RFG) model [4-6]. It has been pointed out
in [6], however, that the actual dynamical reason for the superscaling is more
complex than that provided by this model. This imposes the necessity to con-
sider the superscaling in the framework of theoretical methods that go beyond
the RFG model. Later the superscaling ideas have been exploited to describe the
charge-current (CC) (anti)neutrino-nuclei scattering cross sections for interme-
diate to high energies [8,9]. Many theoretical models, such as the RFG, the RPA,
the relativistic mean-field (RMF) model, the relativistic Greens function (RGF)
model, the coherent density fluctuation model (CDFM), the phenomenological
SuSA approach, the spectral function models and others (see, e.g., [7, 10-21])
have been devoted to analyses of the MiniBooNE [22, 23] data on quasielastic
(CCQE) scattering of neutrino on nuclei. It turned out that the empirical cross
sections are underestimated by most of the nuclear models. At the same time, the
necessity to account for the multinucleon excitations has been proposed and a
good agreement with the MiniBooNE data has been obtained in [16,24,25] using
the standard value of the nuclear axial form factor M4 = 1.032 GeV/c?. At the
same time, it should be emphasized that the CCQE data for v, (7,,)+'2C cross
section measurements from 3 to 100 GeV of the NOMAD collaboration [26] do
not impose an anomalously large value of M4 to be used (as in some analyses
of MiniBooNE data) and have been described well by various approaches based
on the impulse approximation. The superscaling analyses have been carried a
step further in Ref. [27] to include neutral-current (NC) (anti)neutrino scatter-
ing cross sections from '2C involving proton, as well as neutron knockout in
the QE regime. The CDFM scaling function was applied in [28] to analyses
of NC (anti)neutrino scattering on '2C (“u-channel” inclusive process). In our
work [29] NCQE (anti)neutrino scattering on '2C are analyzed using a realistic
spectral function S(p, &) that gives a scaling function in accordance with the
(e, ') scattering data. A number of other theoretical investigations have been
devoted to NC neutrino scattering on nuclei (see the references in [29]).

The main aims of our work are the following: i) To analyze CCQE (anti)neu-
trino cross sections on '2C measured by MiniBooNE [22,23] and NOMAD [26]
by using a spectral function with realistic energy dependence and accounting
for short-range NN correlations, and ii) To analyze by the above mentioned ap-
proach the NCQE neutrino cross sections on 2C measured by MiniBooNE [30]
and by BNL E734 experiment [31], as well as antineutrino-nucleus scattering by
MiniBooNE collaboration [32,33].
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2 Charge-Current QE (Anti)Neutrino Scattering on 12C

Within the PWIA (see, e.g., [34, 35] and details therein) the differential cross
section for the (e, ¢’ N) process factorizes in the form

do PWIA
|: :| = KU@N(Qaw;paga¢N)S(pa£)a ey

de'dQVdpndQn (e.¢'N)
where 0¢V is the electron-nucleon cross section for a moving off-shell nucleon,
K is a kinematical factor and S(p, £) is the spectral function giving the prob-
ability to find a nucleon of certain momentum and energy in the nucleus. In
Eq. (1) p is the missing momentum and £ is the excitation energy of the residual
system. The scaling function can be represented in the form:

[do/de'dY], .,
7N (q,w;p = lyl,€ =0)

1%

F(q,w) 2

where the electron-single nucleon cross section 7°% is taken at p = |y|, y being
the smallest possible value of p in electron-nucleus scattering for the smallest
possible value of the excitation energy (£ = 0). In the PWIA the scaling function
Eq. (2) is simply given by the spectral function

F(q,w)=277// pdpd€E S(p,€), (3)
Z(q,w)

where Y.(¢q,w) represents the kinematically allowed region.
In the RFG model the scaling function frrg(¢)’) = kg - F has the form [6]:

3 2 2
fres(w) = 7 (1=0%) 0 (1-7). *
In Ref. [35] more information about the spectral function was extracted within
PWIA from the experimentally known scaling function. It contains effects be-
yond the mean-field approximation leading to a realistic energy dependence and
accounts for short-range NN correlations. It is written in the form:

S(p, &) = Z 2(2j; + 1)ni(p) Lr, (€ — &), (5)

where the Lorentzian function is used:

1 r;/2

Le&=&) = e e+ 0.2

(6)
with I'; being the width for a given s.p. hole state. In the calculations we used
the values I'y;, = 6 MeV and I';; = 20 MeV, which are fixed to the experimen-
tal widths of the 1p and 1s states in '2C [36]. In Eq. (5) the s.p. momentum
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distributions n;(p) were taken firstly to correspond to harmonic-oscillator (HO)
shell-model s.p. wave functions, and second, to natural orbitals (NOs) s.p. wave
functions ¢, (r) defined in [37] as the complete orthonormal set of s.p. wave
functions that diagonalize the one-body density matrix p(r,r’):

p(r,r') =D Nagh(r)ea(r), @)

where the eigenvalues N, (0 < N, < 1, Za N, = A) are the natural occu-
pation numbers. In [35] we used p(r,r’) obtained within the lowest-order ap-
proximation of the Jastrow correlation methods [38]. For accounting for the FSI
we follow the approach given in Ref. [39] concerning two types of FSI effects,
the Pauli blocking and the interaction of the struck nucleon with the spectator
system by means of the time-independent optical potential (OP) U =V — W
The latter can be accounted for [40] by the replacing in the PWIA expression for
the inclusive electron-nucleus scattering cross section

doy 2 |d] 5 Si(p,E)
=2 = | dEd°p —/——L—2§ M — E — E...)Le™ g™
de|q| e E}% p EpEp’ (w + P ) pritem, t (8)

the energy-conserving delta-function by

. W/n
W2+w+M—-E—Ey—V]?

§(w+ M —E — Ey) )

In Eq. (8) the index ¢ denotes the nucleon isospin, L;7, and H, é‘r: ; are the leptonic
and hadronic tensors, respectively, and S;(p, E) is the proton (neutron) spectral
function. The real (V') and imaginary (W) parts of the OP in (8) and (9) are
obtained in Ref. [41] from the Dirac OP. The CC (anti)neutrino cross section in
the target laboratory frame is given in the form (see for details [8, 10])

d%o
{d&)dk/} = oo Fs, (10)
X

where xy = + for neutrino-induced reaction (e.g., vy +n — ¢~ + p, where { =
e, it, 7) and xy = — for antineutrino-induced reactions (e.g., Uy + p — £T +n).
The quantity .7-'5 in (10) depends on the nuclear structure and is presented [8]
as a generalized Rosenbluth decomposition containing leptonic factors and five
nuclear response functions, namely charge-charge (C'C), charge-longitudinal
(C'L), longitudinal-longitudinal (L L), vector-transverse (7") and axial-transverse
(T") expressed by the nuclear tensor and the scaling function. Here we note
that while the electron-nuclei scattering contains two electromagnetic response
functions (longitudinal Ry, and transverse Rp) and contains both isoscalar and
isovector contributions, in the CCQE scattering the nuclear responses are purely
isovector, typically transverse and have vector-vector, axial-axial and vector-
axial contributions. To obtain the scaling function we use the spectral function
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Figure 1. Results for the scaling function f(t) 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.

S(p, €) from (5) with n;(p) corresponding to HO or NOs s.p. wave functions,
and the Lorentzian function (6). We calculate the electron-'2C cross section by
using Egs. (8) and (9) and the scaling function F'(g,w) within the PWIA from
Eq. (3). By multiplying F(q,w) by kp the scaling function f(1)') is obtained.
It is presented in Figure 1. As can be seen, the accounting for FSI leads to a
small asymmetry in f(¢)"). The results of our calculations of the differential
and total cross sections of CCQE v/(7) scattering on 12 are obtained using the
approaches mentioned above to evaluate the spectral and scaling functions. The
results for the total cross sections obtained in [21] within the RFG+FSI, HO+FSI
and NO+FSI are given in Figure 2 and compared with the SuSA results and the
MiniBooNE [22,23] and NOMAD [26] data (up to 100 GeV). All models give
results that agree with the NOMAD data but underpredict the MiniBooNE ones,
more seriously in the v, than in 7, case. In Figure 2(b) the results for T, L
and T” contributions to the cross section of NO+FSI case are presented. In Fig-
ure 2(c) the CCQE ﬁﬂ—mC cross section is given. As can be seen in Figure 2(b)
the maximum of the 7" contribution is around the maximum of the neutrino flux
at MiniBooNE experiment. The effects of the 7" contribution are negligible at
E, > 10 GeV. For high v,(7,,) energies the total cross section for v, and 7,, are
very similar, that is consistent with the negligible contribution of 7" response
in this region. Only L and T channels contribute for E,, > 10 GeV explored
by NOMAD experiment (where the theory is in agreement with the data). The
discrepancy with the MiniBooNE data (at energies < 1 GeV) is most likely due
to missing effects beyond the IA, e.g. those of the 2p-2h excitations that have
contributions in the transverse responses. This concerns also the similar dis-
agreement that appears when the phenomenological scaling function in SuSA is
used. The latter, being exctracted from the (e, ¢’) data is a purely longitudinal
QE response and thus is nearly insensitive to 2p-2h MEC contributions.
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Figure 2. (a) CCQE uu—mC total cross sections as a function of E, compared with the
MiniBooNE [22] and NOMAD [26] data; M4 = 1.032 GeV/c?; (b) separated contribu-
tions (L, T, T', L + T + T") in the NO+FSI approach; (c) CCQE 7,,-'>C total cross
section. The MiniBooNE data are from [23].

3 Neutral-Current QE Neutrino Scattering on 12C

The QE electron and CCQE neutrino scattering are “¢-channel” reactions in
which the outgoing lepton (with 4-momentum K*) is observed, and sum over
nucleon variables is performed. In this case the Mandelstam variable t = (K* —
K*)? is fixed, K" being the 4-momentum of the incoming lepton. In the case
of NC neutrino scattering only the outgoing nucleon (with momentum P%) is
observed and the outgoing neutrino is integrated over. This is a “u-channel”
process, where the Mandelstam variable u = (K* — P)? is fixed. In this
case the transfer 4-momentum Q* = (w,q) is not specified. A new transfer
4-momentum Q""" = (K* — P§) = (v, ¢') is introduced and new scaling vari-
ables () (¢/,w’) and () (¢, w’) are defined. The cross section for the (,1'N)
process within the PWIA has the form [27]:

do
~o™ Py, q 11
Wndpy = Con (v, q") (11)
with
/ ! dg !
F(y',q')= [ pdp szF(y% (12)
D.
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Figure 3. NCQE neutrino [(a), vN — vN] and antineutrino [(b), YN — 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,
33], M4 = 1.032 GeV/c? and strangeness As = 0.

where Eg“% is the effective (s.n.) cross section (for details, see [27,29]), D,, be-

ing the domain of integration in the “u-channel” and ¥ is the reduced cross sec-
tion. Assuming that the domain D,, and the “t-channel” domain D, are the same
or very similar (they are different only at large £ and p), the results for the scaling
function obtained in the (e, ') scattering can be used in the case of NC neutrino
reactions. In addition to the three independent response functions L, T, T” in the
“t-channel” process, in the “u-channel” inclusive scattering appear also T'L, T'L’
and T'T" response functions, though only T'L response plays a significant role.
The NCQE process is sensitive to both isoscalar and isovector weak currents
carried by the nucleon. Using the spectral function S(p, ) [Eq. (5)], we calcu-
lated the NCQE flux-integrated cross sections with RFG, HO+FSI, NO+FSI and
SuSA scaling functions and compare them with the MiniBooNE neutrino [30]
and antineutrino [33] scattering on mineral oil (CHz) target, as well as with the
results of the RMF [42, 43] and RGF [44-46] methods. The calculations are
performed using the values of M4 = 1.032 GeV/c? and of strangeness As = 0,
where As = F5(Q? = 0), Fj being the strange axial isoscalar formfactor.
The results are presented in Figure 3. As can be seen, the theoretical results of
all models except the RGF-DEM underestimate the neutrino data in the region
0.1 < Q? < 0.7GeV? (Q? = 2M Ty ), while all theories are within the error
bars for higher Q?%. On the other hand, the same models underestimate the an-
tineutrino data at high Q2. The results of our models are compared also with the
BNL E734 data [31] in Figure 4. It can be seen that a good agreement exists for
neutrino and antineutrino NC cross sections for Q? > 0.8 GeV?2.
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Figure 4. NCQE flux-averaged cross section: (a) vp — vp and (b) Up — Up compared
with the BNL E734 experimental data [31]. Our results are evaluated using the RFG,
HO+FSI, NO+FSI, SUSA scaling functions, and RMF model with M4 = 1.032 GeV/c?
and strangeness As = 0.

4 Conclusions

The results of the present work can be summarized as follows: i) The use of dif-
ferent spectral functions (RFG, HO, NO) gives quite similar results (e.g., within
5—7% for the CCQE cross sections), signaling that the CC and NC processes are
not too sensitive to the specific treatment of the bound state; ii) The FSI leads to
small changes of the cross sections for different approaches in both CCQE and
NCQE cases; iii) In the CCQE neutrino case all approaches based on IA under-
estimate the MiniBooNE data for the flux-averaged differential and total cross
sections, although the shape of the cross sections is represented by NO+FSI,
HO+FSI and RFG+FSI approaches. For the antineutrino the agreement is much
better. All models give a good agreement with the NOMAD data; iv) In both
CCQE and NCQE scattering our calculations are based on IA. They do not in-
clude e.g., 2p-2h contributions induced by MEC that are very important in the
v(v)-nuclei scattering processes, and particular studies of their role are required.
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