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Neutrino-nucleus modeling occupies an important place in the neutrino oscillation programme,
since it is essential for the precise reconstruction of neutrino energy. Due to nuclear effects,
theoretical uncertainties stemming from neutrino-nucleus cross sections largely contribute to the
overall systematic errors of oscillation experiments.

We present an overview of challenges which we encounter in this field, paying attention to the
ones which are motivated by the Monte Carlo (MC) generator studies. Next, we make a survey
of various theoretical models, sketching the main differences between them. We organize the dis-
cussion according to the physical mechanisms which give contributions to the total cross section
of the neutrino-nucleus scattering, starting from the giant resonances, through the QE excitation,
multinucleon knockout, pion production, up to the DIS region.
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1. Introduction

We are entering the era of high-precision neutrino oscillation experiments, which — in the
case of DUNE [1] and Tokai to Hyper-Kamiokande (T2HK) [2] — for the first time in history will
reach such a high rate of observed events that the statistical errors will diminish considerably and
they will no longer dominate in the overall experimental uncertainties. As a result, the control
over systematic errors will play a crucial role in the success of experimental programs. The two
experiment mentioned above will primarily aim at measuring the CP violating phase in the weak
sector. Moreover, they will allow for a much wider research program able to detect the signs of
New Physics.

One of the main sources of systematic uncertainties are neutrino-nucleus cross sections. Since
neutrinos are not detected directly, we are forced to reconstruct their energy (crucial to obtain
the oscillation probability pattern) by observing the outgoing particles in each event. Since the
processes take place on nuclei (not on free nucleons), the nuclear effects have to be taken into
account. In fact, they are mostly responsible for high theoretical uncertainties.
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Figure 1: Fluxes and oscillation probability patterns P(v,, — V,) in the far detector for various values of
the CP violating phase and mass hierarchy (either normal, NH, or inverted, IH). In the right panel we show
predictions for DUNE (distance to the detector 1300 km), on the left panel for T2ZHK (295 km) experiments.
Figure taken from Ref. [3].

The dependence of the neutrino oscillation pattern on the CP violating phase is shown in Fig. 1
for DUNE and T2HK experiments. Measuring with high resolution both the neutrino energy and
the total cross section is essential to precisely predict the shape of oscillation pattern curve and
subsequently the value of the CP phase. Depending on the technology and particular experimental
analysis, various strategies can be used to achieve this goal. In fact, DUNE and T2HK will use
complimentary methods (calorymetric and kinematical) [4]. In both cases, the analyses strongly
rely on the predictions given by the Monte Carlo (MC) event generators, which implement theoret-
ical nuclear models.

It is also worth mentioning that the exposure time needed to detect the CP violating phase
diminishes considerably when the systematic uncertainties are reduced. In Fig. 2 we show the
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predicted exposure time as a function of three different values of systematic errors (apart from the
flux uncertainty set here to 5%). Going from 3% to 1% systematic errors would lead to around
30% shorter time needed to detect the CP violation.
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Figure 2: DUNE sensitivity for the measurement of the CP violating phase as a function of exposure (see
the text for a more detailed description). Figure taken from Ref. [5].

One can hope to partially get rid of uncertainties — coming from the nuclear effects and the
neutrino flux — using the measurements obtained in the near detectors. The analysis is non trivial,
since it involves various sources of errors. Nevertheless, the information from the near detector can
constrain systematics in the far detector. Still, the information about neutrino-nucleus interactions
is needed for the analyses in both of them, since the flux of neutrinos is different due to oscillations,
and the detectors are usually built of different materials, so nuclear effects are not necessarily the
same.

In the view of these various motivations, we present a status of the models for neutrino-nucleus
interactions. In Sec. 2 we list the main practical challenges which emerge from the experimental
and the MC generators studies. The theoretical perspective on this problem is briefly sketched in
Sec. 3. Next, in Sec. 4, we present a survey comprised of the most important physical mechanisms
which contribute to the total cross section.

2. Challenges

Taking into account the challenges coming from the experimental studies and from Monte
Carlo event generators, one can propose a list of desired features required from the theoretical
models for neutrino-nucleus interactions implemented in the MCs.

e Since neutrino fluxes are not monochromatic, we need models which would give predictions
for neutrino-nucleus interactions in the whole range of energies comprised between tens of
MeV up to few GeV.
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e The models should work for a variety of nuclear species, since the detectors are made of
different nuclei (carbon, oxygen, argon, etc.).

e We are not only interested in the inclusive cross sections, but it is also important to know the
predictions for the distributions of outgoing hadrons (as an input to the MC cascade).

o We would like to control the theoretical uncertainties and — in the case of MC generators —
have some free parameters of the models to tune the predictions.

e For the practical purposes, the implemented models in the MC generators should allow for a
fast numerical computation.

e The validation of theoretical models is of primary importance. They should be compared
with available data (e.g. for electron scattering processes whose measurements are much
more exact than for the processes triggered by neutrinos).

3. Theoretical perspective

The modeling of neutrino-nucleus interactions is a challenging problem. Various reaction mech-
anisms (see Sec. 4) give contribution to the response of the nuclear system, depending on the
energy-momentum transferred to the nucleus. In the most general terms, this many-body problem
can be defined in terms of |i), | f) — initial and final nuclear states, and the transition operator (here
we will consider the charge-current transition):

JE = ay" (1 — ) (d cos B¢ + ssin O¢) (3.1)

with quark fields u, d, s and the Cabbibo angle 6c. The inclusive cross section is proportional to
the contraction of the leptonic and hadronic tensors, do /(dEpdSy) o< Ly WHY,

WHY oc (JM)TTYV, M =(fljli)y, MV e Te[k(1=7) K +m)y"(1-7)], (B2

where k, k' are incoming and outgoing lepton momenta and m; is the outgoing lepton mass. The
most accurate description of the nuclear system (and also of its responses) available nowadays, is
given by ab-initio calculations, which use the state-of-the-art nucleon-nucleon potentials to solve
numerically the many-body problem [6]. Still, these approaches are limited due to the huge com-
putational cost. Furthermore, they are not able to address the relativistic effects, since the dynamics
of the system is described in terms of a nonrelativistic Hamiltonian. Moreover, only the inclusive
cross sections can be obtained within these formalisms. With all these restrictions, certainly they
can serve as a benchmark for more approximated (but used in practical situations) methods.

In the neutrino-nucleus studies, various approximations were proposed by different theory
groups. The initial nuclear state can be reduced to a system of independent particles using a mean-
field picture in which each of them feels the same averaged field produced by the remaining par-
ticles of the system. This approach is followed by the Ghent group [7] which uses an effective
Skyrme potential with parameters fitted to reproduce low-energy excitations of spherical nuclei.

Another approach consists in calculating the hole spectral function, which gives the probability
distribution of finding an initial nucleon depending on its momentum and energy. In the formalism
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of Ref. [8], the hole spectral function is obtained as a sum of two contributions. The dominating
one comes from the shell-model (mean-field) calculations, while the other one, which corresponds
to the region of high energy-momentum, is obtained using the local density approximation (LDA)
and ab-initio Correlation Basis Function results for nuclear matter. The Valencia group also uses
the spectral function formalism [9]. However, in this case, the model is semi-phenomenological
and it starts from the elastic nucleon-nucleon scattering data as an input, with some in-medium
modifications. The calculations for a given nucleus are done assuming the LDA. The virtue of
this model is the fact that both the initial and final nucleons can be described by means of the
same formalism (this is true also in the case of the Ghent formalism). Another scheme, SuSAv2,
was derived from a phenomenological approach SuSA, which uses as an input the experimental
scaling function obtained from the analysis of electromagnetic responses and uses them to predict
the results for the electroweak processes. SuSAv2 combines these advocated scaling properties
with results computed for isovector and isoscalar response functions within the relativistic mean-
field approach in the region of medium and high energy transfers [10]. GiBUU [11] describes
the nuclear system using the LDA. The nucleons are submerged into a momentum and position
(density) dependent potential (obtained from the heavy-ion collision studies).

Even though various theoretical studies are available, the most widely used approach for the
nuclear effects of the initial state in the MC generators accounts only for Pauli-blocking and an
average binding energy (Fermi gas model). This oversimplified picture of the nuclear dynamics is
well-known for its poor performance [12].

The nuclear effects of the initial state are only the first step of the problem. Next, we have
to properly describe the dynamics of a particular process, and the nuclear effects affecting the
final particles. In the following section we will make a survey of various reaction mechanisms,
leaving apart, however, the details of how the particles produced in the weak vertex afterwards are
propagated through the nucleus (this is simulated by the Monte Carlo cascade implemented in the
event generators).

4. Physical mechanisms

In Fig. 3 we present a schematic picture of the neutrino-nucleus differential cross section as
a function of the energy transfer. Various physical mechanisms are shown to dominate at differ-
ent energies. The figure clearly shows how challenging it is to develop a consistent framework
which would account for such a variety of interaction channels. The resolution of the electroweak
probe ranges from very low energies, for which the structure of the nucleus cannot be described in
terms of independent nucleons, up to high values in which the scattering takes place on quarks. In
the following subsections we will describe the main challenges appearing in each region, and the
approaches developed by various theoretical groups.

4.1 Giant resonances

In this region of low energy-momentum transfers, the long-range correlations (RPA) play an
important role and collective modes of the nucleus are excited. The resolution of the gauge boson
is so low that it does not “see” separate nucleons. Therefore, this mechanism goes beyond the
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Figure 3: The spectrum of neutrino-nucleus scattering as a function of energy transfer. The most important
physical mechanisms contributing to the cross section are indicated.

capabilities of the mean-field description (and it cannot be addressed by e.g. spectral function
formalisms).

The Ghent group has developed a continuum RPA approach to describe this region [7]. They
use the same residual interaction as the one which is employed in their mean-field calculation. The
agreement with the available electron scattering inclusive data is quite good, as can be observed
in Fig. 5 of Ref. [7]. The Valencia group also accounts for the RPA effects. In their approach,
however, which is based on the LDA, only the inclusive cross section can be predicted, without
details of the spectrum of the resonances. The results have been compared against the data for
muon and pion radiative captures [9, 13]. This approach (based on an effective Landau-Migdal
potential) is very similar to the one which was proposed by the Lyon group [14].

4.2 Quasielastic mechanism

For momentum transfers of the order of Z 200 — 300 MeV, which correspond to the inter-
nucleon distances in the nucleus, the electroweak probe in a good approximation scatters off a
single nucleon. The quasielastic (QE) mechanism corresponds to a situation in which a single
nucleon is produced in the primary weak vertex. In the case of neutrino-nucleon scattering, this
would lead to a condition ¢° = —g?/2M (with the energy-momentum transfer ¢ = (¢°,§)). In the
nucleus, this relation is modified through nuclear effects affecting both the initial and final states,
and so the QE peak is shifted. It is also spread due to the nucleons motion.

Various models for the initial nuclear state introduced in the previous section (i.e. approxi-
mations based on the mean-field, spectral functions or in-medium potential) should also provide a
proper description of the outgoing nucleon which “feels” the nuclear medium. Within the Ghent
model, both (initial and final) nucleons are described in the same mean-field picture. This con-
sistent framework is, nevertheless, nonrelativistic. The authors of the spectral function formalism
of Ref. [15], propose to account for the final state interactions using a convolution scheme, intro-
ducing an optical potential and nuclear transparencies. The Valencia model uses the same spectral
functions for the particle state or — in the relativistic regime — treats it as a free particle. GiBUU’s
potential is relativistic, and as such can be safely used for the outgoing nucleons in the relativistic
regime.



Tensions in neutrino-nucleus modeling Joanna E. Sobczyk

All the above mentioned models were compared with a broad selection of inclusive electron
scattering data [12] and have proved to work fairly well for a variety of kinematic setups. This
conclusion cannot be drawn for the Fermi gas models, which are unable to properly predict the
shape and position of the QE peak.

4.3 Pion production

Pion production is an important channel from the point of view of neutrino oscillation studies
since a great part of the total cross section in many experiments is produced through this process.
In a good approximation, the interaction takes place on a single bound nucleon, and a pion-nucleon
pair is produced in the final state. The dynamics of this reaction is much more complicated than in
the case of the QE mechanism. Depending on the invariant mass of the hadron system of outgoing
particles and the isospin channel, the interaction is dominated by various resonances. Moreover,
the background terms are also present and might play an important role. At intermediate energies,
the bulk of the strength is driven by the A(1230) excitation. Still, a tower of heavier resonances
should be included to describe the higher energy transfer region. This, however, introduces further
complications. First of all, the axial form factors of the resonances are not known. Second of
all, the estimates of the non-resonant background at low energies derived from chiral perturbation
theory should be expanded to include further terms, and other degrees of freedom than pions also
need to be incorporated. Importantly, the theory should be unitarized.

At the single nucleon level, one of the most accurate descriptions of electroweak pion produc-
tion was obtained within the DCC (dynamical coupled channel) model [16]. It incorporates two-
and three-body unitarity and describes hadron states up to invariant mass W < 2 GeV. Another
widely used model of the pion production was proposed by the Valencia group, described in a se-
ries of publications [17, 18, 19]. It was designed to describe the vicinity of the A peak (invariant
mass W < 1.4 GeV) and incorporates a partial unitarization procedure through the inclusion of
Watson phases. Recently a detailed comparison between this model and the DCC approach has
been performed [20]. It shows quite a good agreement in the A region for various observables.
The model of Ref. [17] has also become a starting point for an approach presented in Ref. [21],
in which it was extended to high-energies using a Regge approach. In the case of the GiBUU ap-
proach, the pion production model for low invariant masses is based on the Valencia model, while
for high energies, a phenomenological background is included. Still, MC generators widely use the
Rein-Sehgal model that was proposed in Ref. [22], and that does not account for any non-resonant
background contributions.

4.4 Multinucleon knock-out

This is an additional dynamical mechanism that gives contribution to the nuclear response in
the energy range comprised between the QE and A peaks. It corresponds to the situation in which
the scattering takes place on two correlated nucleons, and as a result a pair of nucleons is created in
the final state (2p2h). Also a process with more than two correlated nucleons might occur, however
its contribution is much less significant. This 2p2h reaction mechanism is a many-body effect and
it requires a careful treatment of the nucleon-nucleon interaction in the nuclear medium. 5 Various
theoretical models have been proposed [14, 23, 24, 25]. They are predominantly based on the Fermi
gas distribution of the initial nucleons (with the exception of Ref. [25] in which the hole spectral
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function is used for their description). In Ref. [24] the correlations between nucleons is based on
only one pion exchange, while in Ref. [23] an effective in-medium potential is used which goes
beyond the latter mechanism, including both longitudinal and transverse channels of interaction.
GiBUU uses a phenomenological fit [26].

In some kinematical setups there might be a tension between various approaches. It is also
worth mentioning that it is challenging to draw conclusions about their compatibility with the ex-
perimental measurements. One has to include all the dynamical channels: QE, pion production and
2p2h, to compare with the available high-quality electron scattering data. Therefore, the theoretical
uncertainties of all the channels have to be taken into account.

4.5 SIS and DIS regions

When the invariant mass grows, the two pion production channel opens and starts dominating
over the reaction with just one pion in the final state. Eventually we enter a region in which the
gauge boson wavelength is so short that it probes the structure of nucleons. The scattering takes
place on the quarks bound in nucleons. This deep inelastic scattering (DIS) region will play an
important role in DUNE experiment due to its flux peaking around E, = 3 GeV. The transition
region between resonance excitations and DIS — also called as Shallow Inelastic Scattering (SIS) —
is particularly challenging to address since the degrees of freedom change from hadrons to (bound)
quarks (in the electron-nucleon scattering a so-called quark-hadron duality was seen [27]). Re-
cently, a dedicated workshop on SIS and DIS in neutrino scattering was organized [28], and we
refer the reader there for further developments in this topic.

5. Conclusions

Certainly, a lot of work has been done in the last years to address the problem of neutrino-
nucleus interactions. This interest was triggered by the experimental needs for theoretical models
able to describe a large spectrum of physical mechanisms which give raise to the total cross section,
for neutrino energies ranging from tens of MeV to few GeV.

Even though the theoretical studies are quite advanced — mostly drawing on experience from
the electron scattering processes — there are still open questions, tensions between some theoretical
predictions, and an ongoing discussion about various issues e.g. a role played by the multinucleon
knock-out mechanism. The theoretical predictions were confronted with a variety of experimental
data, although the emphasis has been put on the comparisons with inclusive cross sections, while in
the MC generators we are also interested in the outgoing hadrons distributions. These detailed com-
parisons serve as a much more demanding test which can give further insights into the limitations
of theoretical approaches.

A special care has to be taken to ensure the consistency of the models for various mechanisms
used in MC generators. Another challenge would be to fill the gap between theoretical develop-
ments and models — quite often phenomenological or oversimplified — which are actually adopted
in the experimental studies.
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