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Abstract
Charge-current (CC) and neutral-current (NC) quasielastic (anti)neutrino scat-
tering cross sections on 12C target are analyzed using a realistic spectral func-
tion S(p,E ) that gives a scaling function in accordance with the (e,e′) scatter-
ing data. The spectral function accounts for the nucleon-nucleon correlations
by using natural orbitals from the Jastrow correlation method and has a realis-
tic energy dependence. The standard value of the axial mass MA = 1.032 GeV
is used in the calculations. The role of the final-state interaction on the spec-
tral 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 Superscaling 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 im-
pulse 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 possible missing ingredients in the considered theoretical
methods are discussed.

1. Introduction

The observation of the y-scaling (e.g. [1, 2, 3]) and superscaling (e.g. [4, 5, 6, 7]) phenomena in the in-
clusive electron scattering on nuclei and their analyses within the relativistic Fermi gas (RFG) model [4,
5, 6] and beyond it, imposed the superscaling ideas to be exploited to describe the charge-current (CC)
(anti)neutrino cross sections in nuclei for intermediate 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, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 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 [24, 16, 25] using the
standard value of the nuclear axial form factor MA = 1.032 GeV/c2. At the same time, it should be
emphasized that the CCQE data for νµ(νµ)+

12C cross section measurements from 3 to 100 GeV of
the NOMAD collaboration [26] do not impose an anomalously large value of MA to be used (as in
some analyses of MiniBooNE data) and have been described well by various approaches based on the
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impulse approximation. The superscaling analyses have been carried a step further in Ref. [27] to in-
clude neutral current (NC) (anti)neutrino scattering cross sections from 12C 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 12C (“u-channel” inclusive process). In our work [29] NCQE (anti)neutrino
scattering on 12C are analyzed using a realistic spectral function S(p,E ) that gives a scaling function in
accordance with the (e,e′) scattering data.

The main aims of our work are the following: i) To analyze CCQE (anti)neutrino cross sec-
tions on 12C 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 approach the NCQE neutrino cross sections on 12C measured by MiniBooNE [30]
and by BNL E734 experiment [31], as well as antineutrino-nucleus scattering by MiniBooNE collabo-
ration [32, 33].

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,e′N)
process factorizes in the form[

dσ

dε ′dΩ′d pNdΩN

]PWIA

(e,e′N)

= Kσ
eN(q,ω; p,E ,φN)S(p,E ) , (1)

where σ eN is the electron-nucleon cross section for a moving off-shell nucleon, K is a kinematical factor
and S(p,E ) is the spectral function giving the probability to find a nucleon of certain momentum and
energy in the nucleus. In Eq. (1) p is the missing momentum and E is the excitation energy of the
residual system. The scaling function can be represented in the form:

F(q,ω)∼=
[dσ/dε ′dΩ′](e,e′)

σ
eN(q,ω; p = |y|,E = 0)

, (2)

where the electron-single nucleon cross section σ
eN 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 (E = 0).
In the PWIA the scaling function Eq. (2) is simply given by the spectral function

F(q,ω) = 2π

∫ ∫
Σ(q,ω)

pd pdE S(p,E ) , (3)

where Σ(q,ω) represents the kinematically allowed region.
In the RFG model the scaling function fRFG(ψ

′) = kF ·F has the form [6]:

fRFG(ψ
′)' 3

4

(
1−ψ

′2
)

θ

(
1−ψ

′2
)
. (4)

In Ref. [35] more information about the spectral function was extracted within PWIA from the experi-
mentally known scaling function. It contains effects beyond 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,E ) = ∑
i

2(2 ji +1)ni(p)LΓi(E −Ei), (5)
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where the Lorentzian function is used:

LΓi(E −Ei) =
1
π

Γi/2
(E −Ei)2 +(Γi/2)2 (6)

with Γi being the width for a given s.p. hole state. In the calculations we used the values Γ1p = 6 MeV
and Γ1s = 20 MeV, which are fixed to the experimental widths of the 1p and 1s states in 12C [36]. In
Eq. (5) the s.p. momentum distributions ni(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 ϕα(r)
defined in [37] as the complete orthonormal set of s.p. wave functions that diagonalize the one-body
density matrix ρ(r,r′):

ρ(r,r′) = ∑
α

Nαϕ
∗
α(r)ϕα(r′), (7)

where the eigenvalues Nα (0 ≤ Nα ≤ 1, ∑α Nα = A) are the natural occupation numbers. In [35] we
used ρ(r,r′) obtained within the lowest-order approximation 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 − ıW . The latter can be accounted for [40] by the
replacing in the PWIA expression for the inclusive electron-nucleus scattering cross section

dσt

dωd|q| = 2πα
2 |q|

E2
k

∫
dE d3 p

St(p,E)
EpEp′

δ
(
ω +M−E−Ep′

)
Lem

µνHµν

em, t (8)

the energy-conserving delta-function by

δ (ω +M−E−Ep′)→
W/π

W 2 +[ω +M−E−Ep′−V ]2
. (9)

In Eq. (8) the index t denotes the nucleon isospin, Lem
µν and Hµν

em, t are the leptonic and hadronic tensors,
respectively, and St(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])[

d2σ

dΩdk′

]
χ

≡ σ0F
2
χ , (10)

where χ =+ for neutrino-induced reaction (e.g., ν`+n→ `−+ p, where `= e,µ,τ) and χ =−
for antineutrino-induced reactions (e.g., ν` + p→ `+ + n). The quantity F 2

χ 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 (CC), charge-longitudinal (CL),
longitudinal-longitudinal (LL), vector-transverse (T ) and axial-transverse (T ′) expressed by the nu-
clear tensor and the scaling function. To obtain the scaling function we use the spectral function
S(p,E ) from (5) with ni(p) corresponding to HO or NOs s.p. wave functions, and the Lorentzian
function (6). The scaling function f (ψ ′) is presented in Fig. 1. As can be seen, the accounting for FSI
leads to a small asymmetry in f (ψ ′). The results for the total cross sections obtained in [21] within
the RFG+FSI, HO+FSI and NO+FSI are given in Fig. 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 νµ than in νµ . In
Fig. 2(b) the results for T , L and T ′ contributions to the cross section of NO+FSI case are presented. In
Fig. 2(c) the CCQE νµ -12C cross section is given. As can be seen in Fig. 2(b) the maximum of the T ′
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Fig. 1: Results for the scaling function f (ψ) for 12C 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.

(c)

Fig. 2: (a) CCQE νµ -12C total cross sections as a function of Eν compared with the MiniBooNE [22] and
NOMAD [26] data; MA = 1.032 GeV/c2; (b) separated contributions (L, T , T ′, L+ T + T ′) in the NO+FSI
approach; (c) CCQE νµ -12C total cross section. The MiniBooNE data are from [23].

contribution is around the maximum of the neutrino flux at MiniBooNE experiment. The effects of the
T ′ contribution are negligible at Eν > 10 GeV. For high νµ (νµ ) energies the total cross section for νµ

and νµ are very similar, that is consistent with the negligible contribution of T ′ response in this region.
Only L and T channels contribute for Eν > 10 GeV explored by NOMAD experiment (where the the-
ory 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 contri-
butions in the transverse responses. This concerns also the similar disagreement that appears when the
phenomenological scaling function in SuSA is used.

3. Neutral-current QE neutrino scattering on 12C

In the case of NC neutrino scattering only the outgoing nucleon (with momentum Pµ

N ) is observed and
the outgoing neutrino is integrated over. This is a “u-channel” process, where the Mandelstam variable
u=(Kµ−Pµ

N )
2 is fixed. In this case the transfer 4-momentum Qµ =(ω,q) is not specified. A new trans-

fer 4-momentum Q′µ = (Kµ −Pµ

N ) = (ω ′,q′) is introduced and new scaling variables y(u)(q′,ω ′) and
ψ(u)(q′,ω ′) are defined. The cross section for the (l, l′N) process within the PWIA has the form [27]:

dσ

dΩNd pN
' σ

(u)
s.n.F(y′,q′) (11)
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Fig. 3: NCQE neutrino [(a), νN→ νN] and antineutrino [(b), νN→ νN] 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], MA = 1.032 GeV/c2 and strangeness ∆s = 0.

with
F(y′,q′)≡

∫
Du

pd p
∫ dE

E
Σ' F(y′), (12)

where σ
(u)
s.n. is the effective (s.n.) cross section (for details, see [27, 29]), Du being the domain of

integration in the “u-channel” and Σ is the reduced cross section. Assuming that the domain Du and the
“t-channel” domain Dt are the same or very similar (they are different only at large E and p), the results
for the scaling function obtained in the (e,e′) scattering can be used in the case of NC neutrino reactions.
The NCQE process is sensitive to both isoscalar and isovector weak currents carried by the nucleon.
Using the spectral function S(p,E ) [Eq. (5)], we calculated 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 (CH2) target, as well as with the results of
the RMF [42, 43] and RGF [44, 45, 46] methods. The calculations are performed using the values of
MA = 1.032 GeV/c2 and of strangeness ∆s = 0. The results are presented in Fig. 3. As can be seen,
the theoretical results of all models except the RGF-DEM underestimate the neutrino data in the region
0.1 < Q2 < 0.7 GeV2 (Q2 = 2MNTN), while all theories are within the error bars for higher Q2. On the
other hand, the same models underestimate the antineutrino data at high Q2. The results of our models
are compared also with the BNL E734 data [31] in Fig. 4. It can be seen that a good agreement exists
for neutrino and antineutrino NC cross sections for Q2 > 0.8 GeV2.

4. Conclusions

The results of the present work can be summarized as follows: i) The use of different 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 underestimate 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 include e.g., 2p-2h contributions induced by
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Fig. 4: NCQE flux-averaged cross section: (a) ν p→ ν p and (b) ν p→ ν p compared with the BNL E734 ex-
perimental data [31]. Our results are evaluated using the RFG, HO+FSI, NO+FSI, SUSA scaling functions, and
RMF model with MA = 1.032 GeV/c2 and strangeness ∆s = 0.

MEC that are very important in the ν(ν)-nuclei scattering processes.
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