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Ambiguity of the final state interaction for neutral-current neutrino-nucleus scattering
in the quasielastic region
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We investigate the effect of final state interaction (FSI) on the neutrino (antineutrino) scattering via neutral
current from a 12C target in the quasielastic region within the framework of a relativistic single-particle model.
Three different descriptions of the FSI, which are a relativistic mean field, a complex optical potential, and its
real potential, are taken into account for two incident neutrino energies of 500 MeV and 1 GeV. The effects
of the FSI are studied not only on the differential cross sections but also on each longitudinal, transverse, and
transverse interference cross section. We found that the FSI description may play a vital role for the estimation of
those cross sections, and the FSI effects on each response cross section may differ from those on the differential
cross section. However, the asymmetry between neutrino and antineutrino scattering cross sections turns out to
be nearly independent of the FSI descriptions. Finally, possible FSI effects on the MiniBooNE data are studied
in detail.
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I. INTRODUCTION

With recent developments in neutrino beam facilities,
neutrino-nucleus (ν-A) scattering is emerging as a feasible
nuclear reaction to be widely applied in various fields of
physics such as astrophysics, cosmology, particle physics,
and nuclear physics. In particular, in nuclear physics, ν-A
scattering becomes one of the useful tools to study weak
interaction, such as strangeness, axial form factor of nucleons
[1], and so on. But on the interpretation of the ν-A scattering
data in the quasielastic (QE) region, the ambiguity coming
from the final state interaction (FSI) between the outgoing
knocked-out nucleons and the residual nucleus, which is one
of the most important ingredients in the scattering at the
intermediate energy range, should be pinned down for further
study of the roles of neutrino interaction with nuclei or nuclear
matter in other fields.

Recently, since the first measurement of muon neutrino (νμ)
scattering off a CH2 target via the neutral current (NC) at BNL
[2] and charged-current (CC) reactions at MiniBooNE [3],
several neutrino oscillation experiments have been performed
at long-baseline facilities such as T2K and MINOS [4,5].
They found the indication for the nonvanishing unknown
mixing angle sin22θ13 in a three-flavor neutrino oscillation,
which was confirmed at Double Chooze [6] and measured
afterwards by reactor neutrino experiments [7,8]. But in this
work, we limit the ν-A scattering in the QE scattering region
at T2K, MiniBooNE, and Minerνa. In particular, we focus
on a recent MiniBooNE experiment [9], which measured the
flux-averaged neutral-current (NC) elastic cross sections on
CH2 and the experimental data are explained by nonstandard
values of the axial mass and the strange axial form factor at
Q2 = 0, MA = 1.39 GeV, and gs

A = 0.08.

*kyungsik@kau.ac.kr

A lot of theoretical works [10–16] for the ν-A scattering
have been done. Amaro et al. [10] tried to explain the muon
neutrino cross section [3] by using the superscaling approach
(SuSA) but that failed, so they added the meson exchange
current in the two-particle two-hole (2p-2h) sector. Never-
theless, the results might not describe the data well. Various
theoretical approaches [12–14] to explain the MiniBooNE
data investigated the effect of the 2p-2h based on the random
phase approximation (RPA) in the QE and the � resonance
regions [14].

For example, Butkevich and Perevalov [14] calculated
the ν-12C scattering via the NC and found that the strange
axial form factor at Q2 = 0 is gs

A = −0.11 ± 0.36 to fit the
MiniBooNE data. In Ref. [15], the axial strangeness does not
affect the cross section but the ratio of the cross sections
of protons and neutrons is sensitive to the strange quark
contribution. Recently, the NC cross section in the QE region
was calculated within two models: one was the SuSA approach
and the other was relativistic mean field theory (RMF) [16].
It turns out that they need different values for the nucleon
axial mass and the strange axial form factor for each model
calculation.

In addition, for the FSI in the ν-A scattering, two different
methods were exploited: the complex optical potential [17]
and the relativistic multiple scattering Glauber approximation
(RMSGA) developed by the Ghent group [18]. Martinez
et al. [19] compared the two relativistic models to treat
the FSI: a relativistic distorted wave impulse approximation
(DWIA) and the RMSGA. The authors addressed that two
models provide identical results. Within the framework of a
relativistic Green’s function [17], the FSI of the knocked-out
nucleon in the CC reaction was taken into account through
a complex optical potential, but there is no loss of flux. As
another approach for the FSI, Meucci et al. [20] adopted a
relativistic optical potential and discussed the importance of
the FSI on the extraction of the strange quark contents in the
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NC reaction. For the interaction beyond 1p-1h approximation,
the neutrino scattering was calculated by using a Monte
Carlo simulation method within the RPA [21] and then the
sensitivity of the final nucleons was found to be important
for the ratio of protons to neutrons. The Giessen group [22]
has taken the inelastic channels into account for the FSI in
the NC reaction by means of the Giessen Boltzmann-Uehling-
Uhlenbeck (GiBUU) model and has claimed the contribution
of � is comparable to that of the QE scattering. In our previous
papers, we showed that the cross sections of the NC [23] and
the CC reactions [24] were reduced about 50%, maximally,
due to the FSI, by using the nuclear model generated by the
Ohio group [25,26].

The effect of the FSI on electron scattering has been
extensively discussed for the last two decades, but in ν-A
scattering in the QE region, where the inelastic processes
like the � resonance are excluded, it is still worthwhile
to study the FSI precisely for more comprehension of the
weak interaction with nuclei because the FSI in neutrino NC
scattering becomes more complicated due to nondetection of
final leptons and nonfixed incident neutrino energy. Therefore,
the main physical quantities in the experiment are the cross
sections averaged by the presumed incident neutrino flux in
terms of squared four-momentum transfer. Nevertheless, the
FSI deduced from electron scattering is still a useful guideline.

In this work, we extend our previous results [23,24], which
calculated ν scattering via the NC [23] and the CC [24]
with an optical potential deduced from electron scattering.
To include the FSI, we use three different approaches for the
wave function of the final nucleons affected by the FSI. The
first approach is wave functions obtained from a relativistic
phenomenological optical potential [27]. The second one is
wave functions extracted from only a real part of the optical
potential with the assumption of no loss of flux. The last one is
the wave functions generated by using the same potential of the
bound nucleons, called the RMF. This RMF model guarantees
the current conservation and gauge invariance. The wave func-
tions of the bound nucleons are generated by a single-particle
model in the presence of the strong vector and scalar potentials
based on the σ -ω model [28]. Incident ν and antineutrino (ν̄)
energies are focused on a range between 0.5 and 1.0 GeV. But
for the flux-averaged cross section, we increase the energy up
to 3 GeV by following the MiniBooNE data.

Furthermore, we investigate the FSI effects on knocked-out
protons (or neutrons) to be exclusively measured in inclusive
ν-A scattering. Because the FSI effect was not studied on each
response cross section, such as longitudinal and transverse
cross sections, we study the FSI effect on response functions
because they may be feasible observables in future scattering
experiments.

In Sec. II, the formalism is briefly introduced. Our numeri-
cal results are presented in Sec. III with detailed discussions on
the relevant cross sections and the MiniBooNE data. Finally,
the summary and conclusion are given in Sec. IV.

II. FORMALISM

To calculate the ν(ν̄)-A scattering, we choose the nucleus
fixed frame where the target nucleus is seated at the origin of

the coordinate system. The four-momenta of the incident and
outgoing neutrinos (antineutrinos) are labeled p

μ
i = (Ei, pi)

and p
μ
f = (Ef , pf ). p

μ
A = (EA, pA), p

μ
A−1 = (EA−1, pA−1),

and pμ = (Ep, p) represent the four-momenta of the target
nucleus, the residual nucleus, and the knocked-out nucleon,
respectively. In the laboratory frame, the inclusive cross
section is given by the contraction between the lepton and
hadron tensor [19]:

dσ

dTp

= 4π2 MNMA−1

(2π )3MA

∫
sin θldθl

×
∫

sin θpdθppf −1
rec σZ

M [vLRL + vT RT + hv′
T R′

T ],

(1)

where θl denotes the scattering angle of the lepton, θp is the
polar angle of the knocked-out nucleons, and h = −1(h = +1)
corresponds to the helicity of the incident ν (ν̄). RL, RT , and
R

′
T are the response longitudinal, transverse, and transverse

interference response functions, respectively. The squared
four-momentum transfer is given by Q2 = q2 − ω2 = −q2

μ.
For the NC scattering, σZ

M is defined by

σZ
M =

(
GF cos(θl/2)Ef M2

Z√
2π

(
Q2 + M2

Z

)
)

, (2)

where MZ is the rest mass of the Z boson and GF is the Fermi
constant. The recoil factor frec is given as

frec = EA−1

MA

∣∣∣∣1 + Ep

EA−1

[
1 − q · p

p2

]∣∣∣∣ . (3)

For the NC reaction, the forms for the kinematical coefficients
v and the corresponding response functions in Eq. (1) are given
in Ref. [23].

The weak current Jμ represents the Fourier transform of
the nucleon current density written as

Jμ =
∫

ψ̄pĴμψbe
iq·rd3r, (4)

where Ĵμ is a free weak nucleon current operator, and ψp and
ψb are wave functions of the knocked-out nucleon and the
bound state nucleon, respectively. For a free nucleon of the
NC reaction, the current operator comprises the weak vector
and the axial vector form factors

Ĵμ = FV
1 (Q2)γ μ + FV

2 (Q2)
i

2MN

σμνqν + GA(Q2)γ μγ 5,

(5)

where MN denotes the mass of the nucleon. The vector form
factors for the proton (neutron), F

V,p(n)
i (Q2), are expressed

as [17]

F
V,p(n)
i (Q2) =

(
1

2
− 2 sin2 θW

)
F

p(n)
i (Q2)

− 1

2
F

n(p)
i (Q2) − 1

2
F s

i (Q2), (6)

where θW is the Weinberg angle given by sin2 θW = 0.2224.
The strange vector form factors F s

i (Q2) in Eq. (6) are
usually given as a dipole form [29], independently of the
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nucleon isospin,

F s
1 (Q2) = F s

1 (0)Q2

(1 + τ )
(
1 + Q2/M2

V

)2 ,

(7)

F s
2 (Q2) = F s

2 (0)

(1 + τ )
(
1 + Q2/M2

V

)2 ,

where τ = Q2/(4M2
N ) and MV = 0.843 GeV is the cutoff

mass parameter usually adopted for nucleon electromagnetic
form factors. F s

1 (0) is defined as the squared strange radius
of the nucleus, F s

1 (0) = −〈r2〉/6 = dGs
E(Q2)/dQ2|Q2=0 =

0.53 GeV−2, and F s
2 (0) = μs = −0.4 is an anomalous strange

magnetic moment.
The axial form factors are given by [30]

GA(Q2) = 1

2

( ∓ gA + gs
A

)/(
1 + Q2/M2

A

)2
, (8)

where gA = 1.262, MA = 1.032 GeV, and gs
A = −0.19, which

represents the strange quark contents on the nucleon [31].
The −(+) coming from the isospin dependence denotes the
knocked-out proton (neutron). The gs

A represents the strange
quark contents in the nucleon.

Although the ambiguity from the strangeness in the nucleon
still persists as discussed in our recent calculations regarding
the parity violating electron scattering [32], we adopt the
standard values because the contributions from the strangeness
in the vector current are less than a few percent on relevant
cross sections [33]. But the contribution by gs

A, which is larger
than that on the vector current, is still controversial even in the
analysis of the MiniBooNE data. Therefore, we fixed gs

A as
−0.19, which roughly corresponds to the BNL data [2].

III. RESULTS

Within the framework of a relativistic single-particle model,
we investigate the effect stemming from the FSI between the
knocked-out nucleon and the residual nucleus on the inclusive
ν(ν̄)-12C scattering via the NC reaction. The distorted wave
functions of the knocked-out nucleons by the FSI are obtained
by solving the Dirac equation under three different potentials:
the phenomenological relativistic optical potential generated
by EDAD1 [27] (labeled Opt.), the real part of the same optical
potential (labeled real), and the same potential as the bound
nucleons generated by TIMORA [28], referred to as RMF.

At first, in Fig. 1, we show how the FSI affects the
differential cross sections in Eq. (1) for the 12C nucleus. Two
different incident ν(ν̄) energies, 500 MeV (left panels) and
1 GeV (right panels), are used. The upper and lower panels are
the results for the incidents ν and ν̄, respectively. Solid (red)
curves are the results obtained by using the RMF description of
the FSI, dashed (black) curves were obtained by using the real
part of the optical potential, dotted (blue) curves were obtained
by using the optical potential including the imaginary part, and
dash-dotted (sky blue) curves were calculated without the FSI,
in which the plane wave of the knocked-out nucleons was used.

The effect of the FSI owing to the optical potential reduces
the cross section by about a factor of 2 compared to that without
the FSI, which is almost the same result as the inclusive (e, e′)
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FIG. 1. (Color online) The effect of the FSI on the cross sections
for ν-12C scattering in terms of the kinetic energy of the knocked-out
nucleons for incident energies of 500 MeV and 1 GeV. The left (right)
panels are for 500 MeV (1 GeV). The upper and the lower panels are
the results for the incident neutrino and antineutrino, respectively.
Solid (red) curves are the results for the RMF, dashed (black) curves
are for the real term of optical potential, dotted (blue) curves are for the
optical potential with including the imaginary term, and dash-dotted
(sky blue) curves are without the FSI.

reaction. The effect of the RMF is the reduction of about 25%
around the peak, while the effect of the real part of the optical
potential enhances a little bit of the cross section before the
peak position but the effect beyond the peak is a reduction of
about 5%.

Therefore, the imaginary part of the optical potential which
provides the information of strong absorption significantly
suppresses the cross sections about 45%. These phenomena
show up independently of both neutrino helicity and given
kinematics. With the higher incident energies, the peak width
becomes narrower. If we compare both cross sections by ν-A
(upper) and ν̄-A (lower), those of the ν-A are generally larger
about 60% ∼75% than those of the ν̄-A because of the different
helicity of ν̄.

Here we briefly discuss the three approaches for the inclu-
sive ν-A scattering. For both NC and CC reactions, the incident
neutrino energies cannot be measured but the knocked-out
nucleons can be detected. In an aspect of kinematics, the
difference between two reactions is whether the final leptons
can be detected or not. For the NC reaction, the real potential
is acceptable but the complex optical potential is not because
the incident and the final neutrinos are not measured but the
knocked-out nucleons can be detected. However, for the CC
reaction, since both final leptons and knocked-out nucleons
can be detected, the complex potential can be more adequate
than the real potential but the real potential could be also a
reasonable approach according to our previous paper [24].

In Figs. 2 and 3, we show the cross sections for protons and
neutrons participating in the reaction, but detected separately.
The kinematics are the same as Fig. 1. While the results in
Fig. 1 are the summation of all nucleons participating in the
reaction from a target nucleus, in Fig. 2, only protons in the
target nucleus are taken into account in the reaction, and in
Fig. 3 only neutrons are considered. By comparing Fig. 2 with
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FIG. 2. (Color online) The same as Fig. 1, but for protons
exclusively measured.

Fig. 3, whole features of the FSI effects in both cases are almost
the same. It means that the FSI is nearly independent of the
nucleon isospin, at least in the neutrino scattering on the QE
region. But the magnitude of the cross sections on the protons is
larger, about 10% maximally, than that on the neutrons for the
incident neutrino and 1%∼3% for the incident antineutrino.
It means that the difference comes from the isospin effect
of the weak form factor, which includes the vector and axial
terms in Eqs. (6) and (8), which leads to the differences of
the “no FSI” results between Figs. 2 and 3. Meucci et al.
[17] calculated the effect of the FSI between a relativistic
distorted wave impulse approximation and a relativistic plane
wave impulse approximation. The FSI effect, which is given
by the log scale and shows almost about 50% of corresponding
cross sections, is in agreement with the difference between “no
FSI” and “Opt.” in our results in Figs. 2 and 3.

In Fig. 4, detailed enumerations regarding the FSI effects on
each separated response cross section are presented. At first,
we investigate the FSI effects on the longitudinal cross sections
which integrates the first term in Eq. (1) by the scattering angle
(θl) and the polar angle (θp) of the knocked-out nucleon as
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FIG. 3. (Color online) The same as Fig. 1, but for neutrons
exclusively measured.
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FIG. 4. (Color online) The FSI effects on longitudinal (first
panel), transverse (second panel), and transverse interference (last
panel) cross sections. The kinematics are the same as in Fig. 1.

shown in the first panel of Fig. 4. The kinematics are the same
as Fig. 1. The FSI effects coming from the optical potential
and its real potential are similar to those in Fig. 1. But the
FSI effects by the RMF become larger than those on the entire
cross sections in Fig. 1. In this case, the reduction is about
30% for 500 MeV and about 45% for 1 GeV around peak
positions, while reduction of the entire cross section is about
25% in Fig. 1 (please note the scale difference between Figs. 1
and 4).

In the middle panels of Fig. 4, the FSI effects on the trans-
verse cross sections are presented with the same kinematics
as Fig. 1. Like the longitudinal cross sections, the FSI effects
due to the optical potential and the real potential are similar
to those in Fig. 1. But, in the case of the RMF description,
the FSI effects are reduced about 15% for 500 MeV and about
20% for 1 GeV at peak. From these results, the FSI effects on
the longitudinal (transverse) cross section by the RMF exhibit
larger (smaller) effects than those on the cross sections.

The lower panels of Fig. 4 show the effects on the transverse
interference cross sections, which are the last term in Eq. (1),
with the same kinematics. The effects obtained by using the
RMF and the real potential are similar to other cases. But
the FSI effects obtained by using the optical potential are
about 35% reduction. This means that the absorption in the
interference term is not large in comparison with the about
45% in other terms.

One more point to be noticed in Fig. 4 is that shapes of
the longitudinal and the transverse cross sections are similar
to the corresponding cross sections. But, the magnitude on
the transverse cross sections is as much as a factor of 3 in
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FIG. 5. (Color online) The FSI effects on the asymmetry between
the ν-A and the ν̄-A scattering. The kinematics are the same as in
Fig. 1.

comparison with the longitudinal cross sections. This is an
interesting result because, in the inclusive (e, e′) reaction, the
contribution of the longitudinal term is about 40%∼50% at
the forward scattering angle but at the backward angle is small
[34]. On the other hand, the shape and the magnitude of the
transverse interference cross sections are totally different from
the other two response cross sections, which is also analogous
to the electron scattering.

We also study the FSI effect on the asymmetry defined as

A = σ (h = −1) − σ (h = +1)

σ (h = −1) + σ (h = +1)
, (9)

where σ denotes the differential cross section in Eq. (1) and
h = −1(h = +1) represents the helicity of the incident ν(ν̄).
In Fig. 5, the FSI effects on the asymmetry are presented. The
effects and the shapes of the FSI are fully different from those
on the preceding cross sections. Namely, the FSI effects of the
RMF around peak are about 3% at 500 MeV and 6% at 1 GeV
maximally, but others are less than 1%. The effects of the FSI
somewhat cancel each other out. Therefore, the measurement
of the asymmetry could be an ideal way to study the ν-A
scattering in the QE region, because it is almost independent
of the FSI descriptions.

Furthermore, we calculate the ratios of the cross sections,
to study which kinematical region is the most sensitive or
insensitive to the FSI effects on the neutrino scattering in the
QE region, as follows

Ri = σi

σj

, (10)

where σi denotes the cross section in Eq. (1) described by the
RMF, the real potential, and the optical potential for the FSI
and j denotes “no FSI” for the knocked-out nucleons.

Our results regarding the FSI sensitivity on the cross
sections given by Eq. (10) are shown in Figs. 6 and 7. The upper
panels are the results for the neutrino and the lower panels are
for the antineutrino. Solid (red) curves represent the results
for i = RMF, dashed (black) curves are for i = real potential,
and dotted (blue) curves are for i = optical potential. The FSI
effects on red curves are up to 30%, black curves are less than
10%, and blue curves are almost 50%. In particular, the ratios
by all FSI descriptions show a rapid increase with the higher
kinetic energies of the knocked-out nucleons. It means that one
had better use the kinematical regions, Tp = 75 ∼ 150 MeV
for Eν = 500 MeV and Tp = 150∼450 MeV for Eν = 1 GeV
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FIG. 6. (Color online) The cross section ratios, Ri = σi/σj , with
i = the RMF, the real potential, and the optical potential to the cross
section without the FSI, σj . The upper (lower) panel is the results
for the neutrino (the antineutrino). The detailed explanations of the
curves are given in the text.

for less FSI dependence, whose energy regions correspond to
the QE peak.

We show the FSI sensitivity on each response cross section,
the longitudinal (upper), the transverse (middle), and the
transverse interference (lower) cross sections in Fig. 7, whose
ratios are calculated in the same manner as Eq. (10). The
results are shown to be similar to those of whole cross sections
in Fig. 6.

Finally, we calculate the flux-averaged differential cross
section 〈dσ/dQ2〉 and compare our results with the Mini-
BooNE data [9] in Fig. 8 by using the predicted νμ flux [3].
We present three different classes. One is to exploit a fictitious
target proton H, another is 12C, and the other is to use real CH2
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FIG. 7. (Color online) Same as Fig. 6 but for each response
function.
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FIG. 8. (Color online) Flux-averaged differential cross sections
〈dσ/dQ2〉 per nucleon. The solid curve is the results for the No FSI,
the dotted curve is for the optical potental, the dashed curve is for
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the CH2 target including hydrogen. The experimental data are from
the MiniBooNE experiment [9]. For a reference, results for ν-N are
also presented as a dash-dotted (green) curve.

target, for which we use〈
dσ

dQ2

〉
= 1

7

〈
dσ νp→νp,H

dQ2

〉
+ 3

7

〈
dσ νp→νp,C

dQ2

〉

+ 3

7

〈
dσ νn→νn,C

dQ2

〉
, (11)

where we took the efficiency correction functions as unity.
Our results are presented for each FSI description, i.e., results
for RMF, Real, Opt., and No FSI are shown as short-dotted,
dashed, dotted, and solid curves. For a reference, we show
the cross section for ν-N scattering (dash-dotted curve) on the
same kinematics, in which the cross section in the high Q2

region is reduced strongly due to the inclusion of the 12C; that
is, it reflects the nuclear medium effect. The results for the
CH2 target (thick curves) in each FSI description are about
10% larger than those for the 12C target (thin curves) while the
result for ν-N shows the largest cross section. Because cross
sections are given per nucleon in each target, about a 10%
increase by the CH2 target and a greater increase by the proton
target means the in-medium effects of the neutrino scattering
off a nucleon inside the nuclear target.

If we compare our results to the experimental data, our
results are smaller than the data by about 20%∼30%, even if
we take the CH2 target, except the case of the optical potential
which includes the imaginary part. This deficiency appears
in any theoretical approaches. The effects of the FSI are of
the same order as the previous results in Fig. 1. Note that we
do not use new values of the axial mass (MA) and the axial

strange form factor (gs
A) obtained from the data [9], but use

conventional values.
In the following we argue possible reasons for under-

standing the difference between our results and the data. (1)
Multiparticle multihole contributions beyond 1p-1h turned out
to be important for the CC reaction even in the QE region [35].
But those contributions are easily elusive in the NC reaction
because of deficient knowledge of the kinematics by the
nondetection of final neutrinos. Moreover, those contributions
seem to be entangled with the FSI discussed here. (2) The
second one is the change of axial mass and strangeness
contents as done in the MiniBooNE analysis. In particular,
the axial mass is increased to reproduce the CC and NC
MiniBooNE data, even if we allow the strangeness content
on the nucleon. But the value of the increased axial mass is
not consistent with the value deduced from other experiments.
More intensive discussions are necessary for this problem.
(3) The third one is related to the neutrino flux deduced from
the simulation of hadron scattering and its decays without
considering oscillation by the presumed sterile neutrino.
Recent data for the νμ and ν̄μ disappearance in MiniBooNE
and SciBooNE data [36,37] would give lots of indications
for the discussion. (4) Final possible contributions are to
come from inelastic channels, which are not considered in our
calculation. More comprehensive coupled-channel approaches
including elastic and inelastic channels are to be developed.

IV. SUMMARY AND CONCLUSION

In this work, we investigate the FSI effects on the differ-
ential cross sections for the inclusive ν(ν̄)-12C scattering in
the QE region with all bound nucleons, only protons, and only
neutrons. Our numerical results show that the FSI effects in the
inclusive scattering via NC play a vital role in the cross sections
and the estimated FSI magnitudes are almost the same as the
inclusive electron 12C(e, e′) scattering. In particular, the resul-
tant FSI effects on the contribution to the knocked-out protons
are larger than those of the neutrons by 10% for the incident
neutrino and 1%∼3% for the antineutrino. But, they come
mainly from the nucleon isospin effect in the weak current.

The effects of the FSI are also examined separately for
each longitudinal, transverse, and transverse interference cross
section, which are integrated in terms of the scattering angle
and the polar angle of the knocked-out nucleons in Eq. (1).
For the longitudinal and the transverse cross sections, the FSI
by the RMF description appears in a different way from the
cross sections, while the FSI by the optical potential appears
similar to the cross sections. But in the transverse interference
cross sections, the FSI effect by the optical potential is reduced
by comparing with other cases while the RMF is almost the
same. The effects for the real part of the optical potential,
which are not large, are same for the all cases. The shape of
the transverse interference cross sections differs from that of
the differential cross sections while that of the longitudinal
and transverse cross sections resembles the differential cross
sections.

However, on the asymmetry between ν and ν̄ scattering, the
effects and their shapes of the FSI show behaviors different
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from those on the cross sections. The asymmetry is nearly inde-
pendent of the FSI description schemes because the FSI effects
are somewhat canceled out by each other between the denom-
inator and the numerator in Eq. (9). The ratios with the FSI to
those without the FSI for the cross section and each response
cross section are also presented for looking for the kinematical
regions relatively insensitive to the FSI descriptions. But the
ratios show that the difference coming from the different FSI
description is unavoidable, at least 50%, even in the selected
kinematical region, and all the FSI effects increase rapidly
with higher kinetic energies of the knocked-out nucleon. In
addition, we compare our results with the experimental data
measured from the MiniBooNE [9] but our results are smaller
than the data by 20%∼30%, which is consistent with other
calculations. Possible reasons for the underestimation, multi-
nucleon effects, change of axial mass, overestimated neutrino

flux, and contributions from inelastic channels, are argued
shortly.

In conclusion, the effect of the FSI on the neutrino-nucleus
scattering cross sections appears to be almost the same as
that on the inclusive electron (e, e′) scattering cross sections.
However the effects for the each response cross section and the
asymmetry behave differently from those on the cross sections.
In particular, the FSI effects on the asymmetry are shown to
be nearly independent of the FSI descriptions.
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