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Abstract

The achievement of the goals of the ongoing and future accelerator-based neutrino exper-
iments—notably the determination of CP violating phase in the lepton sector—will require
the development of advanced models of neutrino-nucleus interactions. In this review, we
summarise the present status of experimental studies of neutrino-nucleus scattering, and
discuss the developments and perspectives of the theoretical approach based on factori-
sation of the nuclear cross section, which has recently emerged as a promising frame-
work for the description of the variety of processes contributing to the detected signals.
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1 Introduction

Over the past two decades, theoretical and exper-
imental investigations of lepton interactions with
complex nuclei—such as carbon, oxygen and
argon—have emerged as a prominent area of
intersection between particle and nuclear physics.

A fully quantitative understanding of neutrino-
nucleus interactions at energies up to few GeV
is needed for the interpretation of the data col-
lected by accelerator-based studies of neutrino
oscillations. The achievement of this goal, how-
ever, involves non-trivial problems, and requires
the development of advanced cross section mod-
els, suitable to reliably describe the complexity
of nuclear dynamics. Such models should also be
computationally efficient, to satisfy the need of
neutrino interaction generators.

The main difficulty involved in the analysis
of the measured neutrino-nucleus cross sections
stems from the fact that the beam energy is

distributed over a broad spectrum. As a conse-
quence, the observed signals receive contributions
from a variety of competing reaction mecha-
nisms—ranging from quasi elastic scattering to
resonance production and deep inelastic scat-
tering—whose clear cut identification requires a
consistent description of all the underlying micro-
scopic processes.

The growing realisation that the relativistic
Fermi gas model (RFGM)—routinely employed
in Monte Carlo simulations of neutrino inter-
actions—fails to explain the available data has
triggered a great deal of effort to develop more
realistic models, some of which have arguably
reached the degree of maturity required for a
meaningful comparison between their predictions
and the measured cross sections [1–9].

In spite of the different nature of the beam-
target interaction, the large body of precise elec-
tron scattering data, and the theoretical methods
that have been successfully employed for their
analysis, provide much-needed guidance towards
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the development of an accurate treatment of
the neutrino-nucleus cross section. The ability to
describe electromagnetic processes is, in fact, an
obvious prerequisite to be met by any models of
the nuclear response to weak interactions.

The formalism based on factorisation of the
nuclear cross section, allowing to clearly sepa-
rate the lepton-nucleon interaction vertex from
the amplitudes involving the nuclear initial and
final states, appears to be ideally suited to high-
light and exploit the similarities between processes
involving electrons and neutrinos. A detailed dis-
cussion of the emergence of factorisation can be
found in, e.g., Refs. [1, 10].

Factorisation clearly emerges in the kinematic
region of high momentum transfer, in which the
beam particles predominantly interact with indi-
vidual nucleons—with the remaining target con-
stituents acting as spectators—and the impulse
approximation (IA) is applicable. Ample exper-
imental evidence of the onset of the IA regime
is provided by the observation of y-scaling in
inclusive electron-nucleus scattering [11, 12].

Within the IA, lepton-nucleus scattering
reduces to the incoherent sum of elementary pro-
cesses involving off-shell nucleons, whose momen-
tum and energy distribution is described by the
target spectral function [13, 14]. The key advan-
tage of the spectral function formalism is the
capability to combine an accurate description of
nuclear dynamics, that can be obtained from
non relativistic many-body theory, with a fully
relativistic treatment of the interaction vertex,
which is an absolute requirement when it comes
to describing interactions of accelerator or atmo-
spheric neutrinos. This scheme, has been remark-
ably successful in explaining electron-nucleus scat-
tering data spanning a broad kinematic range,
and its extension to the treatment of weak inter-
actions does not involve any conceptual diffi-
culties. Over the past decade, the factorisation
ansatz—extended to allow a consistent treatment
of processes in which the beam particle inter-
acts with two nucleons—has established itself as
a viable and promising scheme to analyse the
flux-averaged neutrino-nucleus cross section.

It should be pointed out that in the inde-
pendent particle model of the nucleus—the
simplest implementation of which is the
RFGM [15]—factorisation is realised by construc-
tion, regardless of momentum transfer. However,

a comparison to electron scattering data unam-
biguously shows that the spectral functions
derived within this scheme conspicuously fail to
capture important features of nuclear dynam-
ics. More advanced models, explicitly taking
into account the effects of correlations among
nucleons, have been developed by combining
results of theoretical calculations and experi-
mental information obtained from the measured
A(e, e′p) cross sections. This approach has been
successfully applied to the analysis of the elec-
tron scattering cross sections of medium-heavy
nuclei, ranging between carbon and iron [14],
and has been recently extended to argon and
titanium [16, 17]. The availability of the argon
and titanium spectral functions will be critical
to the description of neutrino and antineutrino
interactions in the liquid argon detectors that will
be employed by next-generation neutrino experi-
ments, notably the Deep Underground Neutrino
Experiment (DUNE) in the USA.

The primary goal of this review is providing
a summary of the current status of experimen-
tal studies of neutrino-nucleus interactions, and
a critical discussion of the theoretical framework
based on factorisation and the spectral func-
tion formalism. In this context, it is important
to realise that, besides the approach specifically
referred to as spectral function method, most
models employed to study neutrino-nucleus cross
sections—from RFGM [15] to superscaling [12]
and the recently proposed short-time approxima-
tion of Quantum Monte Carlo [18]—exploit some
degree of factorisation. A notable exception is the
approach based on the Green’s Function Monte
Carlo technique [19], which allows to carry out
very accurate calculations of the electromagnetic
and weak responses of nuclei as heavy as carbon.
Owing to its inherently non-factorisable nature,
however, the applicability of this approach is lim-
ited to the kinematic region in which the non
relativistic approximation is expected to be valid.

The review is organised as follows. In Section 2
we outline the main elements of the analysis lead-
ing to the experimental determination of neutrino
oscillations, while Section 3 provides a summary
of the available measurements of the neutrino-
nucleus cross sections. The theoretical treatment
of lepton-nucleus scattering in the IA regime,
based on factorisation and the spectral function
formalism, is discussed in Section 4. The issues
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associated with the identification of the differ-
ent reaction mechanism are analysed in Section 5.
Finally, in Section 6 we state the main conclu-
sions emerging from our discussion, and outline
the prospects for future work.

2 Experimental determination
of neutrino oscillations

Neutrino oscillation physics has become a precise
science thanks to the advent of new accelerators
and powerful beams. New oscillation experiments
require the systematic errors to be understood at
better than few percent level. Neutrino oscilla-
tion analyses are, in principle, quite simple: the
experiment has to count the number of neutrino
un-oscillated events at the source and then the
number of oscillated events at the far detector.
The ratio of these two quantities is directly related
to the probability of neutrino oscillation, which,
in the simplified two-neutrino framework, can be
written as

RFarα→β(X )

RNearα (X )
= Pα→β = sin2(2θ)sin2

(
∆m2L

4E

)
.(1)

In this formalism, the number of events at the
near and far detectors, R(X ), is described with
respect to a set of observables that depend on the
neutrino energy and, only in the case of the far
detector, from the oscillation probability

RNearα (X ) = N
∫
dEνΦα(Eν)

dσα
dX εα(X )

(2)

RFarα→β(X ) = N
∫
dEνΦα(Eν)P (να → νβ)

dσβ
dX εβ(X )

(3)

In the above equations, X indicates the kinematic
while the normalization N depends on the beam
power, detector fiducial mass etc. The neutrino
flux, Φα(Eν), and the neutrino oscillation prob-
ability P (να → νβ) are functions of the true
neutrino energy Eν . The differential cross section
dσ/dX describes the likelihood for a neutrino of
given flavor (α or β) and energy Eν to produce
an event of kinematics X , and depends on the
reconstructed neutrino energy. The last terms,
εα and εβ , represent the detection efficiency, and

are functions of reconstructed neutrino energy
and neutrino interaction types. Depending on the
interaction that occurs at the vertex, different
particles will be produced in final state, and the
detector efficiency can be very different depending
on the type of particle being detected; e.g. charged
or neutral.

Conventional accelerator neutrino and
antineutrino beams are produced using pion and
kaon decay in flight. This technique relies on a
magnetic horn to select the right pion and kaons
and reduce the wrong sign particles. Flipping the
polarity of the horn will change the beam from
neutrino to anti-neutrino and vice-versa. The
resulting flux is not monochromatic, its distri-
bution in energy being usually broad. The mean
energies of the neutrino and antineutrino beams
are also different, and depend on the polarity of
the horn. As a consequence, the neutrino and
antineutrino beams are essentially different and
correspond to independent experiments. Flux
uncertainties originating from meson production
data are a difficult issue to keep under con-
trol. In the most accurate studies—performed
by the MINOS [20] and MINERνA [21] experi-
ments—the level achieved is about 5%, and it is
based on a multitude of measurements, performed
using multiple magnetic horn configurations and
distances or varying the distances between horn
systems and the target.

Understanding the cross sections and the asso-
ciated nuclear models is also crucial for oscillation
analyses, and has a direct impact on systematics.
The required accuracy level should be based on the
ability to measure the CP violating phase, which
is obtained from the CP asymmetry

A =
〈P 〉 − 〈P̄ 〉
〈P 〉+ 〈P̄ 〉 , (4)

where 〈P 〉 is the energy averaged νµ → νe oscil-
lation probability and P̄ is the corresponding
quantity for antineutrinos.

Performing accurate measurements of neutrino
oscillation parameters in the presence of signif-
icant cross section and/or flux uncertainties is
a long standing problem, and various experi-
ments have used the ratio near to far detector
to effectively cancel out systematics. In the reac-
tor neutrino experiments, like the Daya Bay or
DoubleChooz experiments, for example, this ratio
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was used very effectively to measure the mixing
angle θ13 [22]. For the cancellation to be effec-
tive, however, it is critical that the near and the
far detectors have as close as possible responses
to neutrino interactions, and in case there are any
differences, they have to be understood to high
accuracy. Differences originate from many sources:
detector response functions, geometric acceptance
and/or different background levels. Recently, the
T2K [23] and Nova [24] Collaborations reported
oscillation results on the νe cross section in a pre-
dominantly νµ beam. The total systematic error
is about 5-7%, mostly coming from the beam flux
uncertainty and the detector response. There are
no obvious methods to improve this situation, and
it will be worse in the case of antineutrino beams.
In general, the contamination of wrong sign neu-
trino in a neutrino beam is of the order of few
percent, but for wrong sign neutrino in an antineu-
trino beam this figure can be as large as 10%.
In general, the ability to measure neutrino and
antineutrino cross section with much better accu-
racy than the one of the beam flux is known
appears a difficult task, although new techniques
like the T2K νPRISM concept [25] which uti-
lizes data taken at several near detector off-axis
locations, look quite promising.

3 Measurement of the
neutrino-nucleus cross
section

Neutrino cross sections are a fundamental ingredi-
ent in neutrino oscillation analysis, and, to these
days, they account for the bulk of the systematic
uncertainties of neutrino experiments. In the last
two decades neutrino scattering data have been
collected with a multitude of beams and targets.
Different analysis techniques have been developed
and used in neutrino experiments providing an
healthy data set, but it has not been always easy to
compare measured neutrino cross sections on the
same target from different experiments. This dif-
ficulty depends not only on flux or intrinsic beam
energy spreads, or on the experimental techniques
used, but also on the fact that neutrino scatter-
ing experiments do not always describe the cross
section in term of fundamental observables, like
momentum or energy. Sometimes, derived quanti-
ties like the squared four-momentum transfer Q2

are also used, which makes the interpretation of
the measurements difficult. Different experiments
use varying assumptions—especially on how to
subtract and evaluate backgrounds—and multi-
ple neutrino interaction generator configurations
to estimate backgrounds, detector efficiencies and
nuclear effects. Here, we provide a summary of the
results obtained in the last two decades by various
experiments, with an emphasis on inclusive cross
sections, the pion-less channel, also known as quasi
elastic, and the one-pion production channel. For
a more comprehensive review we refer the reader
to Ref. [26].

Table 3 provides a list of recent measurements,
organized by experiment, their measurements for
neutrino and anti-neutrino inclusive and differ-
ential cross section (Meas), cross section with
charged pion in final state (π±) for both CC and
NC reactions, cross section with neutral pion in
final state (π◦) for both CC and NC reactions,
nuclear targets and beam properties for both the
neutrino and antineutrino data. In Table 3, MA

refers to the axial mass that is a parameter in the
dipole parametrization of the nucleon axial form
factor:

FA(Q2) =
gA

[1 + (Q2/M2
A)]

2 . (5)

The cross sections of inclusive neutrino and
antineutrino reactions—involving the elementary
processes νµ → µ−X and ν̄µ → µ+X, respec-
tively—have been measured at different beam
energies using a variety of target.

Pion-less, that is, quasi elastic scattering, is
the dominant neutrino interaction in the low-
energy regime of Eν <1 GeV, where most of
the signal sample for current neutrino oscillation
experiments is found. For this reason, the pion-
less regime has been analyzed in detail and deeply
scrutinized in recent years. In the past, quasi elas-
tic scattering was associated with events in which
only one lepton is detected in the final state, and a
single nucleon is emitted by the target nucleus in
the primary neutrino interaction. These interac-
tions were very easy to identify in bubble chamber
experiments, where light nuclear targets, such as
hydrogen or deuterium, were used. In the case of
heavier targets, however, the picture complicates
substantially. Nuclear effects impact the cross
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Table 1 List of neutrino accelerator experiments (Exp) and their measurements for neutrino and anti-neutrino inclusive
and differential cross section (Meas), axial mass measured values (MA), cross section with charged pion in final state
(π±) for both CC and NC reactions, cross section with neutral pion in final state (π◦) for both CC and NC reactions,
nuclear targets and beam properties for both the neutrino and antineutrino data.

Exp. Meas. MA π± π◦ Target EAvgν -EAvgν̄

NOMAD νinc[27] 1.0[28] - NC [29] C 23.4-19.7

K2K - 1.2[30] CC[31, 32] CC[33] CH 1.3-
- NC[34] H2O

MiniBooNE d2σ
dTµdθµ

[35, 36] 1.2[37] CC[38, 39] CC[40] CH2 0.8-0.7

NC[41, 42] NC[43, 44]

MINOS νinc[20], ν̄inc[20] 1.2[45] - - Fe 3.5-6.1
NC[46]

SciBooNE νinc[47] CC [48] - CH 0.8-0.7
NC[49, 50]

MINERνA νinc[51–56], CC[21, 57–60] CC[61–63] He,C 3.5(LE)
ν̄inc[56] NC[64] CH,H2 5.5(ME)

νinc
ν̄inc

[65, 66] Fe
d2σ

dpT dp‖
[67–69], Pb

dσ
dδpTx

dσ
dδpTy

[70],
dσ
dpn

dσ
dδαT

[71],
dσ
dQ2 [72–74],

1p[75],
d2σ
dEdq3

[76],νe[77]

QE[78]

ArgoNeut νinc[79, 80] CC[81, 82] - Ar 4.3-3.6
ν̄inc[80] NC[83]
2p[84]

MicroBooNE νµ[85–87] CC[88] CC[89] Ar 0.8-0.7
νe[90, 91] NC[92]
ν̄e[93]

d2σ
dpµdpp

[94, 95]

NOνA νe[96] NC [97] - CH2 2.0-2.0
d2σ

dTµd cos θµ
[98]

T2K νµ[99–103] 1.26[104] CC[105–108] CH 0.6-0.6
νe[109–111] H2O
ν̄µ/νµ[112] Fe
d2σ

dTµd cos θµ
[113–117]

σ(Eν)[118]
NC[119]

dσ
dδpT

dσ
dδαT

[120]

O/C[113]
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section, both in absolute normalization and over-
all shape (bin-to-bin) distortions, and the number
of final state particles will change as well as the
kinematics. The simple assumptions that just one
particle and a single nucleon participate in the
scattering is not sufficient anymore to describe the
primary interaction. Due to intranuclear rescatter-
ing and long- and short-range correlations between
the nucleons, additional particles can be emit-
ted in the final state; therefore, the quasi-elastic
process no longer involves the emission of a sin-
gle lepton and a single nucleon only. For this
reason recent heavy target experiment, like Micro-
BooNE, started to refer to the quasi elastic reac-
tion as pion-less. Many of these measurements
are reported in Tab. 3 and nucleon-only cross
sections as a function of observed final state parti-
cle kinematics [35, 36, 67–69, 71, 94, 95, 113–117].
Those measurements are difficult to cross-compare
but could be less model-dependent, and provide
more constraints on theory than historical cross
section, if they were given as a function of Eν and
Q2. Some work has been done in this respect in
Ref. [121]. In the past quasi elastic double differen-
tial cross section measurements turned out to be
larger than expected, and this finding generated
a huge amount of theoretical and experimental
work. In many instances, angular distributions
and momentum distributions have been shown to
be in disagreement with expectation [87, 94, 95]
and once the predictions are refined and the
nuclear model used to describe neutrino-nucleus
scattering expanded, from just including single
nucleon knockout, the data/Monte Carlo agree-
ment greatly improves. The data/MC agreement
is not yet at the level of few percent as required
by the future precision oscillation experiments,
but it is improving, and the accuracy of nuclear
theory predictions are improving as well. Funda-
mental in this new development will be the use
of past and current electron scattering data that
will offer a framework where theory models could
be tested with quasi-mono-energetic electrons and
with different levels of final state interactions.

Neutrinos and anti-neutrinos can also interact
in-elastically, and produce in their interactions a
nucleon exited state, like a ∆ and other baryons.
This is the regime that current and future experi-
ments will use to collect neutrino events. Baryons
rapidly decay and generate one or more pions in
final state and a nucleon. Modern measurements,

also in regards to this channel, have been per-
formed on a variety of targets, including argon. In
pion production interactions, nuclear effects and
final state interactions play an even bigger role
than in quasi-elastic interactions. Many experi-
ments have reported measurements without care-
fully accounting for nuclear effects and the large
uncertainties that such measurements carry. The
experiment that provided the most comprehensive
cross section measurements has been MiniBooNE,
that reported a total of 16 single and double dif-
ferential cross sections with both final state muons
and pions [38–40, 43]. MINERνA has achieved
similar collections of measurements as MiniBooNE
but at higher neutrino energies [58, 59, 59, 62].
ArgoNeuT and MicroBooNE have been adding
new information on argon. Also in this case, dou-
ble differential cross section have been providing
information with less dependence on theoretical
models.

Both MINERνA and MicroBooNE have been
using tuning of neutrino interaction generator to
present their data. Such tuning, while correctly
including systematic errors due to nuclear models
and effects and detector efficiency and background
estimations, makes the comparison between exper-
iments very difficult. The tuning method folds
into cross section measurements fudge parame-
ters to tune the response of neutrino interaction
generators and makes the task of reaching a coher-
ent and accurate description of neutrino-nucleus
interactions very challenging. Also the interpreta-
tion of the tuning parameters is very complicated
due to the fact that there are overlaps between
the pion-less and pion interaction regions, where
interference and double counting play a major
role.

The MicroBooNE [94] experiment in the CC-
0π sample and the leading proton candidate (cosθ)
analysis noted a difference between the data and
the MC predictions, see Fig. 1. The T2K [120]
experiment also measured a difference between
data and MC predictions in the extracted dif-
ferential cross section as a function of the single
transverse variables δpT , see Fig. 2. These dif-
ferences could be easily attributed to the fact
that the neutrino-nucleus interactions are not well
modelled or that are not fully implemented in MC
generators due to computational requirements..
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Fig. 1 MicroBooNE track angle distribution of the muon
candidate in the CC-0π sample and the leading proton can-
didate (cosθ). MicroBooNE analysis is described in details
in Ref. [94]. Figure from Ref. [94].

Fig. 2 The T2K extracted differential cross section as a
function of the single transverse variables δpT compared to
various MC included in the T2K analysis as described in
Ref. [120]. Figure from Ref. [120]

4 Theoretical models of the
neutrino-nucleus
interactions

The difficulties involved in the interpretation of
the flux-integrated neutrino-nucleus cross section
are illustrated in Fig. 3, in which the electron-
carbon cross sections corresponding to the same
scattering angle and different beam energies are
displayed as a function of the energy of the
scattered electron, Te′ . It clearly appears that,
depending on beam energy, the cross section in
the highlighted bin, corresponding to 0.55 ≤
Te′ ≤ 0.65 GeV, receives contributions from dif-
ferent reaction mechanisms. At Ee = 730 MeV
quasi elastic single-nucleon knock out is largely
dominant, while as the beam energy increases
different processes, such as resonance production

and deep-inelastic scattering, also provide sizable
contributions.

Figure 3 clearly implies that the description of
the signal detected by neutrino experiments must
be based on a model capable to take into account
all relevant reaction mechanisms within a unified
and consistent framework.

4.1 The lepton-nucleus cross section

Fig. 3 Inclusive electron-carbon cross sections at electron
scattering angle θe = 37 deg and beam energies ranging
between 0.730 and 1.501 GeV [122, 123]. The dashed lines
represent the single nucleon knock out contribution, com-
puted within the factorisation approach using the spectral
function of Ref. [14]. From Ref. [124].

The differential cross section of the lepton-
nucleus scattering process

`+A→ `′ +X , (6)

where A and X denote the target nucleus of
mass number A and the hadronic final state,
respectively, can be schematically written in the
form

dσA ∝ LαβWαβ
A , (7)

where Lαβ is fully specified by the lepton kine-
matic variables, while the tensor describing the
target response

Wαβ
A =

∑
X

[
〈0|Jα†|X〉〈X|Jβ |0〉+ h.c.

]
(8)

× δ(4)(P0 + q − PX) ,

contains all the information on nuclear structure
and dynamics. The above equation shows that
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the description of the nuclear response involves
the target initial and final states, carrying four-
momenta P0 and PX , as well as the nuclear current
operator

JαA =
∑
i

jαi +
∑
j>i

jαij = Jα1 + Jα2 , (9)

comprising both one- and two-nucleon terms. The
sum in Eq. (8) includes contributions from all pos-
sible final states, excited through different reaction
mechanisms whose relative importance depends
on kinematics.

In neutrino-nucleus scattering, Charged Cur-
rent Quasi Elastic (CCQE) scattering off an indi-
vidual nucleon, that is, the process corresponding
to the final state

|X〉 = |p, (A− 1)〉 , (10)

is the dominant mechanism in the kinematic
region relevant to the analysis of, e.g., the Mini-
BooNE data, collected using a neutrino flux of
mean energy 〈Eν〉 = 880 MeV .

From the observational point of view, CCQE
processes are specified by the absence of pions
in the final state. They are collectively referred
to as 0π events, and are fully determined by the
measured kinetic energy and emission angle of
the muon, with the knocked out proton and the
recoiling nucleus being undetected. The spectator
(A − 1)-nucleon system is left either in a bound
state or in a state comprising a nucleon excited to
the continuum.

For example, for a carbon target the states
of the recoiling system are |11C∗〉, |p, 10B∗〉 or
|n, 10C∗〉, where the asterisk indicates that the
nucleus can be in its ground state or in any excited
bound states. The corresponding A-nucleon final
states are

|X〉 = |p, 11C∗〉 , (11)

or

|X〉 = |pp, 10B∗〉 , |pn, 10C∗〉 , (12)

The states appearing in the right-hand side
of Eqs. (11) and (12) are referred to as one-
particle–one-hole (1p1h) and two-particle–two-
hole (2p2h), respectively.

The occurrence of 2p2h final states in processes
in which the beam particle couples to an indi-
vidual nucleon originates from nucleon-nucleon
correlations in the target ground state or final
state interactions (FSI) between the struck parti-
cle and the spectator nucleons. These mechanisms
are not taken into account by models based on
the independent particle picture of the nucleus,
such as the RFGM, according to which single-
nucleon knock out can only lead to transitions to
1p1h final states. On the other hand, transitions
to 2p2h states are always allowed in processes
driven by two-nucleon meson-exchange currents
(MEC), see Eq.(9), such as those in which the
beam particle couples to a π-meson exchanged
between two interacting nucleons. A detailed dis-
cussion of the contributions of 1p1h and 2p2h
final states to the nuclear response can be found
in Refs. [4, 5, 7, 125, 126]. Obviously, the ampli-
tudes of processes involving one- and two-nucleon
currents and the same 2p2h final state contribute
to the nuclear cross section both individually and
through interference.

More complex final states, that can be written
as a superposition of 1p1h states according to

|X〉 =
∑
n

Cn|pnhn〉 , (13)

appear in processes in which the momentum trans-
fer is shared between many nucleons. The con-
tribution of these processes is often described in
perturbation theory within the Random Phase
Approximation (RPA)—which amounts to taking
into account the so-called ring diagrams to all
orders—using phenomenological effective interac-
tions to describe nuclear dynamics [127, 128].
On the basis of very general quantum-mechanical
considerations, long-range correlations associated
with the final states of Eq. (13) are expected
to become important in the kinematic region in
which the space resolution of the beam particle
is much larger than the average nucleon-nucleon
distance in the nuclear target, d, i.e. for typical
momentum transfers |q| � π/d ∼ 400 MeV.
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4.2 Impulse approximation,
factorisation and spectral
function

The application of the formalism outlined in the
previous section in the kinematic regime rele-
vant to accelerator-based neutrino experiments
requires a relativistic description of both the final
state |X〉, comprising a high-momentum nucleon,
and the current operator, which depends explic-
itly on momentum transfer. On the other hand,
the initial state of the target can be safely treated
using non relativistic many-body theory.

The IA, extensively employed to analyze
electron-nucleus scattering data [10], is based on
the tenet that, at momentum transfer |q| such that
|q| � π/d, neutrino-nucleus scattering reduces to
the incoherent sum of scattering processes involv-
ing individual nucleons. In addition, final state
interactions (FSI) between the outgoing hadrons
and the spectator nucleons are expected to be
small, and tractable as corrections.

Within the IA picture, the nuclear current of
Eq.(9) reduces to the sum of one-body operators,
while the final state simplifies to the direct prod-
uct of the hadronic state produced at the inter-
action vertex with momentum p, and the state
describing the (A − 1)-nucleon recoiling system,
carrying momentum p− q

|X〉 = |p〉 ⊗ |n(A−1)〉. (14)

As a consequence, the nuclear transition matrix
element can be written in the factorised form

〈X|Jα1 |0〉 =
∑
i

∫
d3k Mn(k)〈k + q|jαi |k〉 ,

(15)

with

Mn(k) =
{
〈n(A−1)| ⊗ 〈k||0〉

}
, (16)

where k = p − q is the momentum of the
struck nucleon. The resulting nuclear cross section
reduces to

dσA =

∫
d3kdE dσN P (k, E) . (17)

In the above equation, dσN is the differential
cross section of the elementary scattering pro-
cess involving a moving bound nucleon, while the
spectral function

P (k, E) =
∑
n

|Mn(k)|2 δ(E + E0 − En) , (18)

with E0 and En being, respectively, the ener-
gies of the states |0〉 and |n(A−1)〉, describes the
probability of removing a nucleon of momentum
k from the nuclear ground state leaving the resid-
ual system with excitation energy E. The effect of
binding can be taken into account following a pro-
cedure originally proposed in Ref. [129] and widely
employed in the analysis of electon scattering data
[10].

Fig. 4 Total cross section of the reaction νµ+12C → µ−+
X as a function of neutrino energy. The dashed, dot-dash
and dotted lines of panel (B) represent the contributions of
CCQE, RES and DIS processes. Panel (A) shows the Eν -
dependence of the ratio σ/Eν . The meaning of the dashed,
dot-dash and dotted lines is the same as in panel (B). The
full line corresponds to the sum of the three contributions.
Diamonds and squares represent the data of Refs. [27] and
[28], respectively. From Ref. [130].

.

Note that the spectral function describes
intrinsic properties of the target, independent of
the nature of the interaction vertex. Therefore,
depending on the form of dσN , Eq.(17) can be used
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to obtain the electron- and neutrino-nucleus cross
sections in any reaction channels. For example,
in CCQE neutrino interactions the nucleon cross
section involves the vector and axial form factors
of the nucleon, whereas the resonance production
(RES) and deep-inelastic scattering (DIS) cross
sections are written in terms of inelastic structure
functions [130, 131].

Figure 4 shows the energy dependence of the
results of a calculation of the total neutrino-
carbon cross section, carried out using Eq. (17)
with the spectral function of Ref. [14], the vec-
tor form factors of Ref. [132], and the dipole
parametrisation of the axial form factor [130]. For
comparison, the breakdown of the full result into
QE, RES, and DIS contributions is also displayed.

It is apparent that, while at beam energy Eν .
0.8 GeV QE interactions dominate, the inelas-
tic cross section rapidly increases with energy; at
Eν ≈ 1.3 GeV, the contributions arising from
the three active reaction channels turn out to be
about the same. For comparison, panel (B) also
reports, as diamonds and squares, the total νµ-
carbon cross section measured by the NOMAD
collaboration [27]. It turns out that, although the
energy-dependence of the data at Eν & 10 GeV
is well reproduced by the theoretical prediction
of the DIS cross section, the results of the full
calculation sizably exceed the data. In view of
the fact that the QE cross section reported by
the NOMAD Collaboration [28] turns out to be
in close agreement with the theoretical results,
this discrepancy is likely to be ascribed to dou-
ble counting of the RES and DIS contributions,
which are very hard to identify in a truly model
independent fashion.

4.3 Corrections to the impulse
approximation

Corrections to the IA, arising primarily from FSI
and MEC, can be consistently included in the
factorisation scheme.

4.3.1 Final State Interactions

In QE scattering, the occurrence of final state
interactions (FSI) between the outgoing nucleon
and the recoiling system can be taken into account
using a conceptually straightforward extension

of the formalism based on the nucleon spectral
function [136].

Within this scheme, referred to as convolu-
tion approach [137, 138] the lepton-nucleus cross
section is written in terms of the IA result accord-
ing to

dσA
dΩ`′dE`′

=

∫
dω′

(
dσA

dΩ`′dE`′

)
IA

Fq(ω − ω′) ,

(19)

where ω is the energy transfer and

Fq(ω) =
√
TAδ(ω) + (1−

√
TA)fq(ω) . (20)

The above definition of the folding function,
embodying all FSI effects, comprises the nuclear
transparency TA—that can be extracted from
the measured cross sections of the (e, e′p) reac-
tion [139]—and a finite-width function fq(ω)
sharply peaked at ω = 0, whose calculation
involves the nucleon density distributions and
the nucleon-nucleon (NN) scattering amplitude at
momentum |q| [136]. Note that both TA and fq(ω)
are strongly affected by short-range correlations
among nucleons in the target nucleus, because the
repulsive core of the NN potential reduces the
probability that the struck particle interact with
one of the spectators within a distance ∼ 1 fm
of the primary interaction vertex [140]. In the
absence of FSI, TA → 1, implying that the residual
nucleus is fully transparent to the outgoing struck
nucleon, fq(ω) → δ(ω), and the IA cross section
is recovered.

The most prominent effects of FSI on the
observed ω-dependence of the nuclear cross section
are: (i) a shift towards lower values of ω, account-
ing for the energy needed to remove the struck
nucleon from the target nucleus, and (ii) a broad-
ening of the cross section, arising from rescattering
of the outgoing particle against the spectators,
leading to a quenching of its peak and an enhance-
ment of the tails [6].

As an example, Fig. 5 shows the results of a
comprehensive analysis of the cross sections of the
process

e+ 12C→ e′ +X , (21)
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Fig. 5 Double differential electron-carbon cross sections in the QE channel, computed by the authors of Ref. [6] within
the spectral function approach, compared to the data of Ref. [133–135]. The solid lines correspond to the result of the full
calculation, whereas the long-dashed lines have been obtained neglecting FSI. The difference between the solid and short-
dashed lines illustrates the effect of using alternative treatments of Pauli blocking. For comparison, the prediction of the
RFGM are also shown, by the dotted lines. The panels are labeled according to beam energy, scattering angle, and values
of q and Q2 at the quasielastic peak, corresponding to ω = Q2/2m. Adapted from Ref. [6].

carried out by the authors of Ref. [6] using the
factorisation formalism, the carbon spectral func-
tion of Ref. [14], and the nucleon form factors
of Ref. [132]. The impact of FSI corrections in
a variety of kinematic conditions, correspond-
ing to squared four-momentum transfer 0.02 ≤
Q2 ≤ 0.49 GeV2, is illustrated by the differ-
ences between the dashed lines, representing the
IA results, and the solid lines, corresponding to the
full calculation. It is apparent that the approach
based on factorisation and the spectral func-
tion formalism provides a remarkably accurate
description of the full data set, spanning a broad
kinematic range. On the other hand, a compari-
son with the results obtained using the RFGM,

displayed by the dotted lines, clearly indicates
that, in most instances, this oversimplified model
conspicuously fails to explain the data.

4.3.2 Meson-Exchange Currents

The description of reactions involving meson-
exchange currents (MEC) requires an extension of
the factorisation scheme, needed to include pro-
cesses in which the beam particle interacts with
two nucleons. In this case, the final state appearing
in Eq. (6) is written in the form

|X〉 = |p,p′〉 ⊗ |n(A−2)〉 , (22)
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to be compared to Eq. (14), and the transition
amplitude reduces to

〈X|Jα2 |0〉 =

∫
d3kd3k′Mn(k,k′) (23)

× 〈pp′|jµij |kk′〉 δ(k + k′ + q− p− p′) .

In the above equation the nuclear ampli-
tude Mn(k,k′)—analogue to Mn(k) of
Eq. (16)—involves the overlap between the target
ground state and the state of the recoiling (A−2)-
particle spectator system, whose properties can
be reliably calculated in non relativistic approx-
imation [141]. The two-nucleon matrix element,
on the other hand, involves the fully relativistic
expression of the current and free-nucleon states.

The extended factorisation scheme allows to
take into account in a fully consistent fashion
the contributions of one- and two-nucleon cur-
rents, interference terms included, as well as the
occurrence of inelastic processes.

Fig. 6 (A) Double differential cross section of the process
e + 12C → e′ + X at beam energy Ee = 680 MeV and
scattering angle θe = 37.5 deg. The solid line shows the
results of calculations including MEC, while the dashed
line has been obtained including only the one-body current.
The effects of FSI corrections are not shown. The contribu-
tions arising from the two-nucleon current are illustrated
by the dot-dash and dotted lines, corresponding to the pure
two-body current transition probability and the interfer-
ence term, respectively. The experimental data are taken
from Ref. [133]; (B) same as (A) but for Ee = 1300 MeV
and θe = 37.5 deg. The experimental data are taken from
Ref. [123]. From Ref [7].

Fig. 7 (A): double differential electron-carbon cross
section at beam energy Ee = 680 MeV and scattering angle
θe = 36 deg. The dashed line corresponds to the result
obtained including MEC but neglecting FSI, while the solid
line represent the results of the full calculation, including
the combined effect of MEC and FSI. The experimental
data are taken from Ref. [133]. (B): same as (A) but for
Ee = 1300 MeV and θe = 37.5 deg. The experimental data
are taken from Ref. [123]. From Ref [7].

As an example, the results of the analysis of
electron-carbon scattering data carried out by the
authors of Ref [7] including both FSI and MEC
corrections to the IA cross section, are shown in
Figs. 6 and 7.

Figure 6 illustrates the contribution of MEC
alone, while the combined effect of MEC and FSI
can be appreciated from the cross sections dis-
played in Fig. 7. A comparison with the results of
the full theoretical calculations, represented by the
solid lines of Fig. 7, shows that the data are repro-
duced with remarkable accuracy in the region of
the quasi elastic peak, where single nucleon knock
out dominate, as well as in the dip region between
the quasi elastic and the ∆ production peak, in
which the contribution of MEC turns out to be sig-
nificant. As argued by the authors of Ref. [1, 131],
the discrepancy between theory and experiment in
the resonance production region is likely to orig-
inate from the uncertainty associated with the
description of the neutron structure functions.
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5 The issue of flux average

The difficulties implied in the theoretical descrip-
tion of the flux-averaged cross section are clearly
illustrated in Fig. 8. The left panel shows that the
theoretical approach based on factorisation and
the spectral function formalism provides a remark-
ably good description of electron scattering data
in the quasi elastic channel1; the results displayed
in the the right panel, on the other hand, show
that the same same approach fails to explain the
flux-averaged neutrino cross section in seemingly
comparable kinematic conditions.

Unlike the electron scattering cross section of
the left panel, the flux-averaged CCQE neutrino
cross section at fixed energy and scattering angle
of the outgoing lepton collects the contributions
of different kinematic regions, corresponding to a
broad range of energies of the beam particles, in
which different reaction mechanisms dominate. As
a consequence, it cannot be described according to
the scheme successfully applied to electron scat-
tering, which is based on the tenet that the energy
transfer to the target is fully determined by the
measured kinematic variables.

As argued by the authors of Refs. [3, 143], a
meaningful description of the flux-averaged cross
section requires the adoption of a new paradigm, in
which all relevant reaction mechanisms are accu-
rately taken into account within a unified and
consistent framework.

In the CCQE channel—which, from the obser-
vational point of view, is characterised by the
absence of π-mesons in the final state—single
nucleon knock-out is dominant, and the nuclear
cross section is largely determined by the target
spectral function and the nucleon form factors.

The proton (p) and neutron (n) vector form
factors, F p,n1 (Q2) and F p,n2 (Q2), have been pre-
cisely measured by electron-proton and electron-
deuteron scattering experiments up to large values
of Q2; see, e.g., Ref. [144].

The world average of the measured values of
the axial mass, mainly obtained from low statistics
experiments carried out using deuterium targets,
turns out to be MA = 1.03 ± 0.02 GeV
[28, 145, 146], while the analyses performed by

1The capability to explain the data of Ref. [142] using the
spectral function formalism has been confirmed by the results
of the improved and comprehensive analysis performed by
Ankowski et al. [6].

the K2K [30] and MiniBooNE [37] collaborations
using oxygen and carbon targets, respectively,
yield MA = 1.2 and 1.35 GeV, respectively. The
authors of Ref. [37] suggested that a large value
of MA should be interpreted as an effective axial
mass, meant to parametrise nuclear effects not
taken into account in the RFGM employed in data
analysis.

If the RFGM is replaced by a more realistic
description of the carbon ground state, comprising
the admixture of 2p2h excitations, the normali-
sation of single nucleon states is sizably reduced
from the unit value predicted by the mean-
field approximation. As a consequence, the cross
section obtained by the authors of Ref. [3] from
state-of-the-art spectral function model, turns out
to be lower that that predicted by the RFGM,
and to bring theory into agreement with the Mini-
BooNE data the value of the axial mass must be
increased to MA = 1.6 GeV.

This feature is illustrated in Fig. 9, showing a
comparison between the distributions of the Mini-
BooNE data as a function of kinetic energy (upper
panel) and emission angle (lower panel) of the
emitted muon and the corresponding theoretical
results obtained by the authors of Ref. [3] setting
he value of the axial mass to 1.03, 1.35, and 1.60
MeV. The results of the state-of-the-art study of
Ankowski [147] show that, for MA = 1.15 GeV,
the theoretical framework validated by the anal-
ysis of electron-carbon data of Ref. [6] provides
an accurate account of the Q2-distributions of the
neutrino and antineutrino-carbon events collected
by the MINERνA Collaboration [72, 73].

The difficulty to explain the MiniBooNE
data with the single-nucleon knock out reaction
triggered the development of theoretical models
including the contributions of more complex reac-
tion mechanisms. A prominent role in this context
is played by processes involving 2p2h final states.

Nuclear final states comprising two nucleons
excited to continuum states above the Fermi sur-
face appear in the aftermath of both one- and
two-nucleon knock out processes.

In the case of single-nucleon knock out, the
driving mechanisms are NN corrrelations in the
target initial state, or collisions involving the
outgoing nucleon and the spectators. Note that,
being obtained using a realistic spectral function,
the flux-integrated cross sections shown in the
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Fig. 8 Left: Inclusive electron-carbon cross section at beam energy Ee = 730 MeV and electron scattering angle θe = 37◦,
plotted as a function of energy loss ω [3]. The data are from Ref. [142]. Right: Flux averaged double differential CCQE
cross section measured by the MiniBooNE collaboration [38], shown as a function of kinetic energy of the outgoing muon.
The upper and lower panels correspond to to different values of the muon scattering angle. Theoretical results have been
obtained using the same spectral functions and vector form factors employed in the calculation of the electron scattering
cross section of the left panel and a dipole parametrisaition of the axial form factor with MA = 1.03 MeV. Adapted from
Ref. [3].

right-hand panel of Fig. 8 includes the contribu-
tion of 2p2h final state excited by ground-state
correlations.

Two-nucleon MEC, contribute to the cross
sections through processes in which momentum
and energy transfer are shared between two nucle-
ons. As a consequence, the description of these
reactions involves the two-nucleon spectral func-
tion, and is often obtained from the RFGM.

The role played by the reaction mechanisms
taken into account by two different models
of neutrino-nucleus interactions is illustrated in
Fig. 10, showing a comparison between the flux-
integrated double-differential CCQE cross section
measured by the MiniBooNE Collaboration [37]
and the theoretical results of Nieves et al. [5]
[Fig. 10, panel (A)], and Megias et al. [8] [Fig. 10,
panel (B)].

Within the approach of Ref. [5], interactions
leading to the appearance of 1p1h final states are
described within the local RFGM, in which the
Fermi momentum is obtained from the measured
charge-density distribution of the target nucleus

through the relation kF (r) = 3π2ρ
1/3
ch (r). The

1p1h contribution to the CCQE cross section is

supplemented with those arising from processes
involving both MEC and long-range RPA correla-
tions, obtained from the model originally proposed
in Ref. [148].

The hybrid model of Ref. [8] combines the
results of the phenomenological scaling analysis
of electron scattering data [12] with a theoreti-
cal calculation of MEC contributions, carried out
within the RFGM. Note that this scheme in inher-
ently inconsistent, and does not allow to take
into account the interference between one- and
two-body current contributions.

Overall, Fig. 10 shows that, up to a 10% nor-
malization uncertainty [5], the two models provide
comparable descriptions of the data. However,
their predictions are obtained from the combina-
tion of different reaction mechanisms.

The results reported in panel (A) indicate that,
according to the model of Ref. [5], the calcu-
lation including 1p1h final states only (dashed
line labelled 1p1h) yields a good approximation
to the full result, represented by the solid line.
The corrections arising from MEC (dot-dash line)
and long-range correlations (dotted line labelled
RPA) turn out to largely cancel one another.
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same target and comparable kinematical conditions (the
position of the QE peak in Fig. 1 corresponds to kinetic
energy of the scattered electron !610 MeV) cannot be
explained by using the same theoretical approach and the
value of the axial mass resulting from deuterium measure-
ments. In this instance, the paradigm of electron
scattering appears to conspicuously fail.

Note that the comparative analysis of electron and neu-
trino data, based on double-differential cross sections
depending on measured kinematical variables, is made
possible for the first time by the availability of the data
set of Ref. [1].

The results of a global comparison between the
MiniBooNE data and the calculated cross sections show
that theory sizably underestimates the measured cross
section for any values of muon energy and scattering angle.

It has to be emphasized that the above conclusion, while
being based on a calculation carried out within the scheme
of Refs. [11,12], is largely model-independent. Theoretical
approaches providing a quantitative description of the
electron-nucleus cross section in the QE channel are bound
to predict CCQE neutrino-nucleus cross sections signifi-
cantly below the MiniBooNE data if the value of the axial
mass is set to 1.03 GeV.

In spite of the fact that the large value ofMA reported by
the MiniBooNE Collaboration was first obtained from a
shape analysis of the Q2 distribution, the effect of the axial
mass on the CCQE cross section can be best analyzed by
studying the flux averaged muon kinetic energy spectrum
and angular distribution, obtained by integrating the
double-differential cross section over cos!" and T", res-

pectively. These quantities depend only on the measured
muon kinematical variables, thus being unaffected by the
assumptions associated with the reconstruction of the in-
coming neutrino energy E# [15,17], entering the definition
of the reconstructed Q2.

The upper panel in Fig. 3 shows a comparison between
the MiniBooNE flux averaged muon kinetic energy spec-
trum and the results of our calculations, corresponding to
three different values of MA. The behavior of the curve
corresponding to MA ¼ 1:03 GeV is consistent with that
shown in Fig. 2, as the data turn out to be largely under-
estimated. Increasing MA to 1.35 GeV, the value resulting
from the MiniBooNE analysis of Ref. [1], while improving
the agreement between theory and experiment, still does
not lead to reproduce the data at T" & 1 GeV. The dot-

dashed curve has been obtained by using the value MA ¼
1:6 GeV, yielding the best $2 fit to the MiniBooNE flux
averaged Q2 distribution within our approach.

The MA dependence of the flux averaged muon angular
distribution is shown in the bottom panel in Fig. 3, together
with the data of Ref. [1]. The overall picture is clearly the
same as in the upper panel.

In Fig. 4, we compare the results of our calculations to
the MiniBooNE flux unfolded total cross section. It is
apparent that in this case using MA ¼ 1:6 GeV leads to

overestimating the data in the region of high energy (E# >
800 MeV), where the choice MA ¼ 1:35 GeV provides a
better fit. The different pattern emerging from Fig. 4, com-
pared to Fig. 3, clearly points to the uncertainty associated
with the interpretation of flux averaged and flux unfolded
data.
The results of our work indicate that the theoretical

approach based on the IA and realistic spectral functions,
successfully applied to QE electron scattering, fails to
reproduce the CCQE neutrino-nucleus cross section, un-
less the value of the nucleon axial mass resulting from
deuteron measurements is significantly increased. In addi-
tion, the possibility of interpreting the large MA resulting
from the K2K and MiniBooNE analyses as an effective
axial mass, modified by nuclear effects beyond the Fermi
gas model, appears to be ruled out [17]. This statement
should be regarded as largely model-independent, as cal-
culations carried out by using different descriptions of
nuclear dynamics yield similar results [18].
A different scenario is suggested by the results of

Ref. [9], whose authors obtain a quantitative account of
the MiniBooNE flux unfolded total cross section without
increasing MA. Within the model of Ref. [9], the main
mechanism responsible for the enhancement that brings the
theoretical cross section into agreement with the data is
multinucleon knockout, leading to n particle-n hole
(np-nh) nuclear final states (n ¼ 2; 3; . . . ). Within the

FIG. 3 (color online). Upper panel: Flux averaged muon ki-
netic energy spectrum. The dot-dashed, solid, and dashed lines
have been obtained by setting the value of the axial mass to
MA ¼ 1:03, 1.35, and 1.6 GeV, respectively. The data are taken
from Ref. [1]. Bottom panel: The same as the upper panel, but
for the flux averaged muon angular distribution.
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Fig. 9 Upper panel: flux-averaged muon kinetic energy
spectrum of the νµ+12C → µ−+X reaction in the CCQE
channel. The dot-dash, solid and dashed lines have been
obtained setting the value of the axial mass to MA =
1.6, 1.35 and 1.03 GeV, respectively. The data are taken
from Ref.[37]. Bottom panel: same as the upper panel,
but for the flux-averaged muon angular distribution. From
Ref. [3].

On the other hand, panel (B) suggests that,
once single-nucleon knock out processes (dashed
line labelled QE) and MEC (dot-dash line) are
taken into account, the addition of long-range
correlations—whose contribution does not exhibit
scaling—is not needed to explain the data.

The picture emerging from Fig. 10 calls for a
deeper scrutiny. First and foremost, it is important
to realize that studying the role of mechanisms
other than the excitation of 1p1h final states is
only relevant to the extent to which the 1p1h sec-
tor, providing the dominant contribution to the
cross section, is understood at fully quantitative
level. In this context, the results shown in Fig. 10
appear to be somewhat misleading.

Detailed information on single nucleon knock
out processes leading to the excitation of 1p1h
final states has been obtained from experimental
studies of the exclusive electron scattering process

e+A→ e′ + p+ (A− 1)B , (24)

Fig. 10 Comparison between the double differential νµ-
carbon cross section in the CCQE channel measured by
the MiniBooNE Collaboration [37] and the results obtained
from the models of Nieves et al. [5] (A), and Megias et
al. [8] (B). The solid lines correspond to the full calcula-
tions. The meaning of the dashed, dot-dash and dotted lines
is explained in the text. Adapted from Refs. [5] and [8].

in which the scattered electron and the outgo-
ing proton are detected in coincidence, and the
recoiling nucleus is left in a bound state. Up to cal-
culable FSI corrections, the A(e, e′p) cross section
provides access to the target spectral function,
describing the energy and momentum distribution
of the struck nucleon. The peaks corresponding
to single nucleon emission can be identified in the
missing energy spectra obtained from the analy-
sis of (e, e′p) data, and the momentum-space wave
functions of the single-nucleon states are directly
related to the missing momentum distributions.
As pointed out above, the spectroscopic factors,
yielding the normalisation of single-nucleon states,
sizably deviate from the unit value predicted by
mean-field models. A fraction of the normalisation
of the ground-state wave function is, in fact, pro-
vided by the 2p2h component, arising from NN
correlations.

Figure 11 shows a comparison between the
momentum distribution obtained from a mea-
surement of the 12C(e, e′, p) cross section—in
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the kinematic region in which knock out of a
p-state proton is the dominant reaction mecha-
nism [149]—and the result of a theoretical cal-
culation preformed using the spectral fucntion of
Ref. [14]. The corresponding values of the spectro-
scopic factors, revealing a ∼ 40% missing strength,
are also reported.

Fig. 11 Comparison between the momentum distribu-
tion of the p-state of carbon obtained from the measured
12C(e, e′p) cross section [149] and the results of a theoret-
ical calculation performed using the spectral function of
Ref. [14]. The corresponding spectroscopic factors are also
reported.

The results of Fig. 11 clearly imply that the
approach based on factorisation and the spectral
function formalism is best suited to pin down the
1p1h contribution to the cross section of inclu-
sive reactions, in which only the outgoing lepton
is detected. Note that within the model of Ref. [5],
based on the mean-field description of the tar-
get ground state, this contribution is significantly
over-predicted.

In the superscaling approach of Ref. [8], in the
other hand, both the 1p1h contribution and the
2p2h contribution originating from ground-state
correlations are included in the QE cross section,
and cannot be unambiguously identified.

6 Summary and perspectives

The accurate description of neutrino-nucleus
interactions in the broad kinematic range relevant
to accelerator-based searches of neutrino oscilla-
tions will require a combination of the flexibility
offered by the factorisation scheme and a treat-
ment of nuclear dynamics beyond the mean-field

approximation. Such an approach can be system-
atically improved to take into account the con-
tribution of processes involving MEC, as well as
corrections arising from FSI. The development of
a fully consistent framework to perform accurate
calculations of neutrino-nucleus cross sections, will
help future neutrino experiments to achieve the
required precision in the determination of oscilla-
tion parameters.

The accuracy of a cross-section model can be
gauged comparing its prediction to the available
electron scattering data. The approach based on
factorisation and realistic spectral functions pro-
vides a remarkably good description of electron
scattering processes involving different nuclear
targets—ranging from the few-nucleon systems to
nuclei as heavy as iron—in a variety of kinematic
conditions. It has to be emphasised that the cal-
culation of electron-nucleus cross sections does not
involve any adjustable parameters. The spectral
function is obtained from a nuclear Hamilto-
nian—strongly constrained by the observed prop-
erties of two- and three-nucleon systems—and
the measured (e, e′p) cross sections, while the
description of the primary interaction vertex is
based on precisely measured electron-proton and
electron-deuteron cross sections. The extension
of this treatment to the case of neutrino inter-
actions, however, requires additional information
on the interaction vertices involving the axial
weak current, which have been mainly studied by
low-statistic experiments.

The MiniBooNE and K2K Collaborations
demonstrated that an increased nucleon axial
mass, entailing a modification of the Q2-
dependence of the axial form factor, can explain
the excess of the measured CCQE cross section
with respect to the prediction of the RFGM. On
the other hand, the results of theoretical cal-
culations carried out using the canonical value
Ma = 1.03 MeV led to a widespread consen-
sus that the excess cross section originates from
processes involving MEC. Using the SF formal-
ism in conjunction with the axial form factors
recently obtained from lattice calculations [150]
may greatly help to clarify the role of MEC
contributions at fully quantitative level.

The occurrence of processes with final states
involving collective nuclear excitations, defined in
Eq. (13), must be carefully analysed, since the
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corresponding cross section is inherently non fac-
torisable. The results of the exploratory analysis
of Ref. [151] suggest that the kinematic region
in which these processes provide important con-
tributions is limited to momentum transfer not
exceeding few tens of MeV. In this context, it
must be emphasised that, in order to achieve a
truly unified treatment of neutrino-nucleus inter-
actions, the regime of low momentum transfer
should be described using the same model of
nuclear dynamics employed for the description
of the IA regime. This point has been recently
highlighted by the results reported in Ref. [152],
showing that the RPA contribution predicted by
the model of Ref. [5] is significantly reduced when
dynamical effects not included in the the RFGM
are taken into account.

Approaches based on factorisation are ideally
suited for implementation in available and future
neutrino interaction generators. An important fac-
tor is that new models are correctly implemented
in neutrino event generators being those the key
to make cross-comparison between different data
sets and different nuclei used as the neutrino
and anti-neutrino targets. The theoretical frame-
work should allow even generator to be fast.
A large ensemble of MC is needed due to the
increase statistics available in oscillation experi-
ments, bigger detector and more powerful neutrino
beams. Independently from the approach used,
the theoretical framework and its computational
implementation should be tested and validated
on electron scattering data. The high resolution
beams and very accurate measurements of elec-
tron scattering makes it a key factor in assessing
and validating nuclear models that are used in
neutrino oscillation and scattering experiments.
Electron scattering data will also contribute to
determining the accuracy or systematic errors
of a particular theoretical model. Consistency
across theory models building - relativistic vs non-
relativistic, different assumptions on final states
and final state particles, overlap between reaction
mechanisms that dominate at different kinematic
regimes - and MC computational implementa-
tions are all ingredients and needs that should be
satisfied to satisfy the increasing demanding of
accuracy from neutrino oscillation experiments.
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