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Current and planned neutrino oscillation experiments operate in the 0.1-10 GeV energy regime.
At these energies, the neutrino cross section is not well understood: a variety of interaction pro-
cesses are possible and nuclear effects play a significant role. Here, the conceptual problems
that affect measuring and understanding neutrino cross sections are introduced, and the status of
neutrino cross section measurements for CCO and CC17 channels are discussed.
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1. Introduction

Neutrino oscillations are a well-established phenomenon, which depend on the neutrino en-
ergy, Ey, and distance travelled. A number of current and planned accelerator neutrino experiments
aim to make precise measurements of the underlying parameters which govern the oscillation prob-
ability. These all operate in the few-GeV energy region, in the so-called “transition region”, where
multiple neutrino interaction modes contribute, as shown in Figure 1.
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The basic method for conducting an accelerator neutrino oscillation analysis is to compare the
rates at a near detector, located close to the production point before oscillations can occur, and at
a far detector, located near the oscillation maximum. The rate in each detector, R(X), as a function
of reconstructed final-state particle kinematic quantities, X, can be expressed as:

Near detector

Emax
R(X) = - P(Ey) X 0(Ey,X) X €(X) XP(Va — Vp), (1.1)
min I

Far detector

where ®(Ey) is the neutrino flux as a function of E,, 6(Ey,X) is the cross section, €(X) is the
detector efficiency, and P(v4 — V) is the oscillation probability. It is clear that a good understand-
ing of the neutrino cross section, ¢ (Ey,X), is critical for carrying out an oscillation analysis, as it
relates the neutrino energy with the variables that can be measured in the detector. Although the
near detector is able to make in situ measurements of the flux, cross section and detector efficiency,
which constrain uncertainties before convolving the oscillation probability at the far detector, sim-
ply taking a near/far ratio does not fully cancel systematics because there is a dramatic change in
the neutrino energy and flavor distribution over which the integral runs between the detectors.

2. Neutrino cross section concepts

A breakdown of the different major contributions to the neutrino-nucleus cross-section in the
few-GeV region is indicated in Figure 1. The contributions, or modes, can be conceptually sepa-
rated in terms of the energy transfer to the struck nucleus. At low energy transfers, the interaction
is with the nucleus as a whole, either elastically, or through the excitation of a giant nuclear res-
onance. At intermediate energy transfers, the interaction is with the nucleon, first as quasi-elastic
scattering, or single nucleon knock-out (1p1h), V) +n(p) — [ ~(+) 4+ p(n), and then at higher energy
transfers, through the excitation of a nucleon resonance (RES), which decays to produce a pion and
anucleon'. At large energy transfers, the interaction is with a constituent parton inside the nucleon,

'Note that in rare cases, nucleon resonances can decay to final states which include multiple pions, or heavier
mesons, such as kaons [7].
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in deep inelastic scattering (DIS). Because the nucleons are bound within the nucleus, when the in-
teraction is with a nucleon (1plh, RES), the response depends on the details of the initial nuclear
state, in particular the initial state nucleon momentum distribution, and the energy required to liber-
ate a bound nucleon. Additionally, interactions with more than one nucleon are possible, generally
referred to as multinucleon knock-out (2p2h). The transition between interactions with an entire
nucleus, to interactions with a nucleon, to interactions with a parton, is a significant challenge to
building a consistent cross-section model.

Critically, because the neutrino energy and energy transfer to the nucleus cannot be recon-
structed on an event-by-event basis, it is necessary to have a good understanding of the entire
nuclear response, as experiments have to implicitly integrate over the energy transfer when mea-
suring an event rate (Equation 1.1). Worse, because neutrinos can interact anywhere inside the
nucleus, hadrons are produced deep inside the nuclear medium, and have a high probability of in-
teracting before they escape, and are visible in the detector. These interactions, which modify the
final-state particle content, are referred to as final state interactions (FSI). As a result, we cannot
measure interaction modes such as 1plh, 2p2h or RES interactions unambiguously. Instead, we
measure final state fopologies, which are defined by the observable final-state particle content. For
example, CCO7x, where a single muon is observed, and no pions (or, generally, any other mesons).
CCOr may be dominated by 1plh and 2p2h processes, but RES processes may also contribute if
the pion produced at the vertex is absorbed through FSI.

Measurements of interaction fopologies do not correct for FSI, and are therefore more model-
independent than measurements of interaction modes where the experiment has imposed assump-
tions about FSI. However, it is a significant challenge to use measurements of interaction topologies
to constrain the underlying cross-section model parameters and reduce the systematic uncertainties
for oscillation experiments [8]. Different components of the full neutrino-nucleus scattering model
can be constrained through other sources to make the problem more tractable. Electron-nucleus
scattering data can be used to constrain nuclear model uncertainties, as the nucleus is the same in
both cases, and pion-nucleus scattering data can be used to constrain the effects of FSI to some
extent (see, for example, Ref. [9]).

3. CCOr status

Much of the theoretical work on neutrino-nucleus cross-section models over the last 10 years
has been motivated by observed discrepancies between old models and MiniBooNE CCOx data [10,
11]. The introduction of nuclear effects such as 2p2h, and a more sophisticated treatment of the
initial nuclear state has been successful in qualitatively describing that data, and agrees with elec-
tron scattering data. However, attempts to confront the models with all available data have shown
that some issues remain [12, 13, 14].

There have been a number of recent measurements of CCOx which aim to test the new theoret-
ical models, and offer new data to help refine them. Both T2K [15, 16] and MINERVA [17, 18, 19]
have made measurements as a function of outgoing muon kinematics which show broad agreement
with the available CCOz models, but are not very sensitive to nuclear effects, and lack power to
differentiate between competing models, although certain tricks can be used to improve the sen-
sitivity [20]. Additional variables, based on momentum imbalances have been proposed [21], and
measured, again by both T2K [22] and MINERVA [23]. These measurements also require the re-
construction of a proton in the final state, and appear to be a powerful new tool for differentiating
between models [24]. However, it is likely that more theoretical work will be needed to take full
advantage of these new datasets.

Additionally, CC-inclusive datasets from MINERVA [25, 26] which focus on low-momentum
transfer kinematics offer a new probe of the region where multi-nucleon, and other nuclear effects,
have a strong effect.

4. CCl1r status

CClx cross sections are more difficult to model than CCOx cross sections as they contain
significant contributions from different energy transfer regimes: coherent pion production, RES,



Neutrino-nucleus scattering C. Wilkinson

and DIS can all produce a muon and a single pion in the final state>. They are also more difficult
to measure, as they contain higher multiplicity events, making a model-independent cross section
more difficult to extract [6]. Attempts to compare cross-section models to CC17x neutrino-nucleon
data have shown that a consistent nucleon-level model is possible [32, 33, 34], but tension has been
observed between the neutrino-nucleon data and neutrino-nucleus data [35].

A comparison between all recent neutrino-nucleus CClx data is given in Ref. [6], which
shows that the measured muon kinematic variables broadly agree with a reference GENIE v2.12.8
model [5], but that the measured pion kinematic variables do not, although there is some consis-
tency between diverse datasets. This lack of overall agreement is representative of all generator
models currently available. The currently available neutrino-nucleus pion-production models lack
predictive power, a potentially serious issue for oscillation measurements.

5. Concluding remarks

Measuring neutrino cross sections, and then using those measurements to constrain a full cross
section model suitable for accelerator neutrino oscillation experiments, are both significant chal-
lenges. There has been a theoretical focus on CCO7 cross section modelling over the last 10 years,
which has been complemented with an experimental program to test those models. Recent, more
stringent probes from the experimental community (measurements of transverse imbalances) will
motivate further work to refine the theoretical models. Overall, the relationship between experi-
ment and theory is good news for the T2K and Hyper-K experiments, which use CCOx as a signal
process. CClzm and higher invariant mass process, are in general less well understood theoreti-
cally, without the same level of recent theory engagement as CCOx. Similarly, the measurements
of CClx do not agree well, and indicate tension between channels and between experiments. This
is a less positive picture for NOvA and DUNE, for which CCl7 is a signal process, particularly
because the improvements in CCOx modelling and measurements took many years to achieve. A
final comment, relevant for DUNE, is that much of the experimental data is on hydrocarbon, or
water targets, and as such, the atomic number dependence of the cross section models we have is
not well tested. This will be partially mitigated by the SBN program at Fermilab, but not for the
broad range of energy transfer which will be relevant for DUNE.
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