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 I. EXECUTIVE SUMMARY
 The precise measurement of neutrino properties and interactions is among the highest priorities infundamental particle physics. The discovery of nonzero neutrino masses at the end of the twentiethcentury remains one of the very few hints regarding the nature of physics beyond the standard modelof particle physics and the ability to fully explore this new physics points to high-statistics, high-precision, neutrino oscillation experiments. Indeed, pursuing the physics responsible for neutrinomasses was identified as one of the science drivers for particle physics by the 2014 Strategic Planfor U.S. Particle Physics (P5) and a beam-based, long-baseline, neutrino oscillation experiment wasidentified as the highest priority intermediate-future effort by the U.S. community. This effort hastaken the form of the Deep Underground Neutrino Experiment (DUNE), an international projectto be hosted by Fermilab. Similar sentiments were expressed in the European Strategy for ParticlePhysics in 2013, while the particle physics community in Japan has identified the Tokai-to-Hyper-Kamiokande project (T2HK) as one of its highest particle physics priorities for the next decade.
 Qualitative improvement on the measurement of neutrino properties in oscillation experiments,including the thorough exploration of CP-invariance violation in the lepton sector and nontrivialtests of the three-massive-neutrinos paradigm, requires percent-level control of systematic uncer-tainties. This unprecedented level of precision translates into novel challenges and opportunities forour understanding of the scattering of neutrinos with a variety of complex nuclei, including argonand oxygen.
 The exploitation of the physics capabilities of the neutrino facilities currently being plannedfor the next decade, with both near and far detectors, requires improving our ability to describeneutrino–nucleus scattering. The current state of the art for interaction systematic uncertainties isin the neighborhood of (5-10)%, and even a modest improvement could, for example, dramaticallyshorten the required running time for five-sigma coverage of at least half of the allowed values ofthe Dirac CP-odd phase in the leptonic mixing matrix (a useful benchmark for experimental reach).These current systematic uncertainties associated with neutrino–nucleus interactions already playa significant role even after taking into account essential information from the near detectors. It isimportant to appreciate that while near-detector facilities play a useful role in understanding theneutrino flux, they are not sufficient to solve the problem of neutrino-nucleus interaction uncertain-ties. To address them, strengthening investments are required in both theoretical and experimentalaspects of this complex phenomenon.
 A defining challenge for neutrino experiments is that neither the incoming neutrino energy nor theparticle configuration and kinematics of the interaction within the nucleus are known. This meansone must work with ensembles of events and rely on Monte Carlo simulation (event generators)to produce probability-weighted maps that connect observations in the detector to distributionsof possible true kinematics. Inaccuracies or biases in the construction of these maps can lead toproblems in neutrino energy reconstruction that distort the spectrum to an unacceptable degree,even in a near-detector complex. Therefore, measurements of neutrino oscillation probabilitiesas a function of the incoming neutrino energy, often using a specific reaction channel, are highlydependent on fundamentally accurate models of neutrino-nucleus interactions that must also beextensive. That is, one must know the energy-dependent cross section of every initial interactionthat, through nuclear effects, could contribute to an observed final state in the detector. And thisfor multiple nuclei, should there be a suite of diverse nuclear targets in the detector. To properlyinform these theoretical models and the state-of-the-art event generators that employ them, it iscrucial that there exist a diversity of experiments covering a variety of targets and beam energies,along with excellent communication between theorists, experimentalists and Monte Carlo simulationexperts
 Neutrino–nucleus scattering is a multi-scale problem, especially at the energy region of inter-est to long-baseline neutrino-oscillation experiments (hundreds to thousands of MeV). At theseenergy scales, it is convenient to describe neutrino interactions as the scattering of neutrinos offnucleons that are bound inside nuclei. The physics of neutrino–nucleon scattering is in the realmof theoretical particle physics: precision calculations are required in order to meet the stringentrequirements of next-generation experiments. Contributions from lattice QCD, for example, arenecessary to fill important gaps in the understanding of nucleon structure. Moreover, the propertreatment of radiative corrections is also a requirement, especially for experiments that plan to use
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 the more numerous νµ events in their near detector complex to constrain features of the νe crosssection. On the other hand, further computations in the realm of theoretical nuclear physics arenecessary in order to properly characterize the target bound nucleons, allow for different multi-component initial and final states, take into account final state interactions, and properly describethe propagation of the products of the bound-nucleon level scattering inside the nuclear medium.This necessary close cooperation of nuclear physics (NP) and high-energy physics (HEP) highlightsa problem facing neutrino-nucleus scattering that is rooted in the boundaries erected between thesesubjects by important overseeing agencies. This separation results in more difficult collaborationand cooperation between groups that are natural stakeholders in a CP-violation measurement at along-baseline experiment, or in a sterile neutrino search at short baselines. Nature does not respectthis division of knowledge and we need to be flexible enough to utilize the organizing structures inour field to make tasks easier.
 Finally, it is important to emphasize that neutrino-nucleus scattering is also interesting in itsown right. Neutrinos provide very useful and complementary information on nuclear and bound-nucleon structure that is not easily available in charged-lepton- or photon-nucleus scattering. Thelarge data samples expected at different near detector facilities will also allow for the search of newneutrino–matter interactions and may provide invaluable information concerning new fundamentalparticles and interactions.
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 II. INTRODUCTION AND OVERVIEW OF THE CURRENT CHALLENGES
 A. Introduction: General Challenges
 The recent increased interest in neutrino-nucleus interactions is mostly due to its importance inneutrino oscillation studies. The next generation of oscillation experiments with a goal to measureCP violation phase (DUNE in the United States and Hyper-Kamiokande in Japan) are costly enter-prises requiring international level coordination and cooperation. It must be recognized that theirsuccess may depend on a significant effort in understanding, quantifying and reducing the system-atic error coming from modeling neutrino-nucleus interactions. Apart from a critical importancein neutrino oscillation studies, neutrino interaction research supplements electron- and photon-scattering studies of hadronic physics, by including the axial-vector interactions. Both perspectivesare discussed in this paper.
 The basic setup of a lepton-nucleus scattering experiment is shown in Fig. 1. A neutrino of un-known energy enters the detector made of heavier nuclei and interacts. In charged-current neutrinoscattering, the final-state lepton is the charged partner of the incoming flavor while in neutral-current scattering the final state lepton is a neutrino of the same flavor as the incoming neutrino.Typically, the exchanged W or Z boson interacts with a bound nucleon, moving with Fermi mo-mentum pF within the nucleus, producing an outgoing nucleon of four-momentum p1 and, if theneutrino energy is high enough, additional hadrons, mostly pions. Occasionally the exchangedboson interacts with a pair of correlated nucleons and a second nucleon is released in the initialinteraction: these “two-particle-two-hole” events are fascinating from the perspective of nuclearphysics and, it turns out, of quantitative importance in measuring neutrino-oscillation parameters.These nuclear effects of the initial interaction; including the Fermi momentum of the bound nucleonand the existence of correlated multi-nucleon ensembles, affect the initial kinematic distribution ofboth the outgoing lepton and hadronic shower.
 The final state lepton escapes the nucleus, however the initially produced hadronic shower under-goes significant further nuclear effects as it proceeds through the dense nuclear matter within thenucleus. As illustrated in Fig. 2 these final state interactions (FSI) can change the energy, angle andeven charge state of the originally produced hadrons with the pions having reasonable probabilityof even being totally absorbed within the nucleus and not emerging in the detector. The abovepicture of course assumes that processes can be factorized (interactions occur on individual boundnucleons), though it seems to be justified only for large enough values of momentum transfer.
 p
 pX
 p1p2
 kφl(Eν)
 kʹl
 q = k – kʹ = (ω, q)
 FIG. 1. In neutrino-nucleus scattering a neutrino of energy Eν and flavor l within a beam with energyspectrum φl(Eν), strikes a nucleus of atomic number A. In charged (neutral) current interaction theassociated charged lepton l (neutrino of same flavor) emerges. Hadrons emerge from the initial interactionvertex as well that include one or more nucleons and, typically, pions (black dashed lines).
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 Final State Interactions (FSI)
 9
 Final state interactions [FSI]
 PlanMC in experiment
 Neutrino interactions
 Nuclear effectsFermi gasSpectral functionFinal state interactionsIntranuclear cascadeFSI in GENIE
 Generating splines
 Generating events
 Analyzing an output
 Tomasz Golan MINERvA101 GENIE 14 / 45
 Two models available: hA and hN
 ν
 µ
 FIG. 2. The hadronic shower produced in the initial interaction must still traverse the dense nuclear matterand is then subject to Final State Interactions (FSI) before appearing in the detector. These FSI includenucleon-nucleon interactions as well as pion-nucleon interactions as illustrated. Figure from Tomasz Golan.
 It cannot be stressed enough that the incident neutrino energy is not a priori known. Thissituation differs dramatically from electron or muon scattering studies where the amounts of energyand momentum that are transfered to the nucleus is known precisely on event-by-event basis. Forneutrino nucleus scattering the incoming neutrino energy and initially produced hadronic particles,which have been subject to the above mentioned nuclear effects, can only be estimated from whatis observed in the detector.
 Since it is the initial neutrino energy spectrum as well as signal and background topologiesthat have to be used in the extraction of oscillation parameters, the strong dependence of theunbiased extraction of neutrino-oscillation parameters on neutrino-interaction physics can best besummarized by noting that the energy and configuration of interactions observed in experimentaldetectors are, aside from detector effects, the convolution of the energy-dependent neutrino flux,the energy-dependent neutrino-nucleon cross section, and these significant energy-dependent nucleareffects.
 Practically, experimenters combine information about the energy dependence of all exclusivecross sections as well as nuclear effects into a nuclear model. This model along with the bestestimate of the spectrum of incoming neutrino energies then enters the Monte Carlo predictionsof target nucleus response and topology of final states and is a critical component of oscillationanalyses.
 To illustrate how oscillation experiments depend on this nuclear model, consider the followingillustrative conceptual outline of a two-detector, long-baseline oscillation analysis:
 1. Reconstruct the observed event topology and energy (final state particles identification andtheir momenta) in the near detector (ND).
 2. Use the nuclear model to take the reconstructed event topology and energy back through the
 nucleus to infer the neutrino interaction energy Endν .
 3. Using information on geometric differences between near and far detector fluxes and perturbedvia an oscillation hypothesis, project the resulting initial interaction neutrino energy spectrum
 φ(Endν ), into the predicted spectrum φ′(Efd
 ν ) at the far detector.
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 4. Following an interaction in the far detector, use the nuclear model to take the initial Efdν
 through the nucleus to an estimate of the reconstructed neutrino energy and topology in thefar detector.
 5. Compare this estimated far neutrino energy spectrum (flux) in the far detector with thereconstructed neutrino energy spectrum to test the assumed oscillation parameters.
 Contrary to what is sometimes assumed, the use of a near detector although extremely useful doesnot reduce the oscillation analysis to a simple rescaling. Differences, both geometric and oscillation-induced, between near and far fluxes make the precise modeling of neutrino-nucleus interactions anecessary and critical element of an experimental setup. A large and growing body of work overthe past several years highlights how mis-modeling of the nucleus (the nuclear model) could lead tounacceptably large systematic uncertainties or, worse, biased measurements in current and futureoscillation experiments [1–4]. This suggests that since, for example, the discovery of CP violationat DUNE/LBNF will require as-yet unachieved percent-level control over the appearance signals,the understanding of the nuclear model has to be critically examined refined, and quantified.
 It is important to realize that the neutrino-nucleus interaction is the least understood componentof a detector’s response to neutrinos. Understanding the subtleties of the nuclear model and its ef-fects on what neutrino experimentalists measure in their detectors can only be accurately performedwith the input of theorists specializing in this topic.
 To be more specific, the following is a list of general challenges facing the community. For some ofthem a strategy of how to address them seems already clear, while others require a wider discussionamong experts in the field.
 • Significant improvements of nuclear models by theorists are essential and should include:
 1. The development of a unified model of nuclear structure giving the initial kinematicsand dynamics of nucleons bound in the nucleus.
 2. Modeling neutrino–bound-nucleon cross sections not only at the lepton semi-inclusivecross section level, but also in the full phase space for all the exclusive channels that arekinematically allowed.
 3. Improving our understanding of the role played by nucleon-nucleon correlations in inter-actions and implementing this understanding in MC generators, in order to avoid doublecounting.
 4. Improving models of final state interactions, which may call for further experimentalinput from other communities such as pion-nucleus scattering.
 5. Expressing these improvements of the nuclear model in terms that can be successfullyincorporated in the simulation of neutrino events by neutrino event generators.
 These steps can most efficiently be accomplished with additional support of theorists workingin this area in a well-coordinated international program. It is then vital to have an estab-lished procedure that promotes nuclear and high energy theorists joining neutrino interactiongenerator experts and neutrino experimentalists in working toward this goal. The aim of thisprogram should be to provide more robust models to meet the requirements of the oscillationexperiments, and to deepen the engagement between theorists and generator builders so asto speed the implementation of improved models in generators.
 • To establish priorities for necessary improvements to the nuclear model requires identifying inan unambiguous quantitative way which ingredients of nuclear model currently implementedin Monte Carlo generators are most critical for the success of future neutrino oscillation exper-iments. Rapidly incorporating these improvements in event generators is equally importantand requires a collaborative effort of the HEP and NP communities.
 • The critical role of neutrino nucleus event generators needs to be emphasized and more com-munity resources devoted to keeping them widely available, accurate, transparent, and cur-rent. Involvement of the dedicated resources of leading laboratories like Fermilab and CERNis essential.
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 • It is critical to benchmark improved nuclear models and the generators that employ themagainst both accelerator-based precision neutrino-nucleus interaction measurements and, viaa collaborative HEP and NP effort, electron-nucleus interaction measurements. For example,expanded use of the existing Jefferson Laboratory data could bring significant insight.
 • The current experimental neutrino interaction program (MINERνA, NOvA Near Detector,MicroBooNE, T2K Near Detector) continues to provide important data and should be sup-ported to its conclusion. This should include efforts to improve the precision with which theneutrino flux is known and an agreement on guidelines for a community-wide data format toenable more effective and efficient comparisons between experiments.
 • Future high-precision neutrino interaction experiments are needed to extend the current pro-gram of GeV-scale neutrino interactions and should include:
 1. A feasibility study of a high-statistics hydrogen or deuterium scattering experiment tosupplement the currently poorly known (anti)neutrino-nucleon cross sections.
 2. The need for (anti)neutrino Ar scattering data in the energy range relevant for the DUNEexperiment.
 3. The possibility of muon-based neutrino beams providing extremely accurate knowledgeof the neutrino flux and an intense electron neutrino beam.
 • Current and future long- and short-baseline neutrino oscillation programs should evaluateand articulate what additional neutrino-nucleus interaction data is required to meet theirambitious goals and support experiments that provide this data.
 In addition to these general challenges facing the community, there are more specific concerns forparticular topics and interaction channels. These are summarized below in the form of observations,problem description or recommendations. For a deeper insight, the reader is encouraged to consultthe subsequent sections of this paper.
 B. Challenges: The Determination of Neutrino Oscillation Parameters andNeutrino-Nucleus Interaction Physics (Section III)
 Several initial processes can contribute to each observable topology in our detectors due to nucleareffects and the significant energy spread of neutrino and antineutrino beams. It is clear that nucleareffects are a major issue for current and future experiments. To achieve the future program, weneed to tackle the following challenges:
 • Current and future long- and short-baseline neutrino oscillation programs should evaluateand articulate what additional neutrino-nucleus interaction data or support measurementsare required to meet their ambitious goals. This can be done with a combination of phe-nomenological and direct theoretical estimations.
 • Near detectors are powerful in oscillation analyses, but do have fundamental and practicallimitations in the near-to-far extrapolation of event rates. New experimental methods suchas NuPRISM [5], which enables variable neutrino energy fluxes to enter the near detector,could circumvent the problem of different fluxes at the near and far detector.
 • Of specific interest is precise knowledge of electron/muon neutrino cross section differenceswhich historically have been difficult to measure in near detectors. Increased theoretical effortis necessary to determine if there are any unexpected differences. It is important to understandthe level at which this quantity will be known by the proposed future experimental programs.
 • Neutrino energy estimators are sensitive to threshold effects and model-based particle com-position and kinematics. As neutrino-antineutrino event-rate comparisons are important forδCP measurements, the relative neutron composition of final hadronic states is significant.It is important to understand the prospects for semi-inclusive theoretical models that canpredict this neutron composition. Experimentally, programs to detect neutrons are essential.Electron scattering data may also provide insights to the hadronic state.
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 • The calculated detector efficiency often depends on the nuclear model. Whether or not currentuncertainties cover this issue needs to be studied. If this is an important effect for currentand future experiments, systematic errors must reflect the range of nuclear models used incalculating this efficiency. It may be that experimental and computational approaches will benecessary.
 C. Challenges: Generators (Section IV)
 Monte Carlo (MC) generators serve as a bridge between theoretical models and experimentalmeasurements. For future neutrino oscillation experiments it is of critical importance that theycontain the best knowledge of neutrino-bound-nucleus cross sections and nuclear effects.
 Because of practical importance, many MC related challenges are listed above, as particularinteraction modes are discussed. Here we present more general MC problems:
 • The design and implementation of event generators must fully engage the relevant theorycommunity. Indeed, superior, more modern theory and models are available, but the currentmechanisms for improving MC generators have not led to rapid deployment in the codes.Direct collaboration of nuclear theorists in generator development, for example, via standard-ized code interfaces, would hasten implementation.
 • Individual channels neutrino cross sections are known with a precision not exceeding 20–30%. There is a hope, however, that a joint global fit to the existing data could reduce theuncertainties. When tuning generators in this kind of global fits, a mechanism for examining“tensions” in datasets should be established. A useful goal would be a universal or globaltune as achieved by QCD global fits of parton distribution functions.
 • It will be beneficial to coordinate among generator groups to minimize duplication of effort,while preserving the advantages of independent approaches and ideas. For example, withsupport from a suitable source of funding, a universal MC generator framework, allowing usersto unify the strengths of the existing tools, should be created. Similar efforts were supportedfor LHC experiments and proved very successful.
 D. Challenges: Electron-nucleus Scattering (Section V)
 Any nuclear model used to describe neutrino-nucleus scattering should first be validated againstthese data. Since the vector part of the weak response is related to the electro-magnetic responsethrough CVC, such a test is necessary, but not sufficient, to ensure the validity of a model for givenkinematics, namely given values of the transferred energy ω(= ν for neutrinos) and momentum q.The main challenges in connecting electron and neutrino reactions:
 • matching models used to predict neutrino-nucleus observables to electron scattering data
 • expanding theory to include more semi-inclusive predictions
 • provide semi-inclusive neutron, proton and pion data sets with as broad an angular range aspossible
 E. Challenges: Quasielastic Peak Region (Section VI)
 The charged current quasielastic (CCQE) reactions
 νµn→ µ−p, νµp→ µ+n
 are the most important when the neutrino flux is predominantly sub-GeV, such as in the T2K orMicroBooNE experiments. However CCQE remains significant even at higher neutrino energies,
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 such as in the NOvA and DUNE experiments. While the CCQE reaction is uniquely defined inthe case of a free nucleon target, in the case of neutrino-nucleus scattering it usually refers to aneutrino bound-nucleon interaction in which the intermediate vector boson is absorbed by only onenucleon.
 Its experimental identification can be ambiguous due to hadronic final-state interaction effects.Even so, unbiased reconstruction of the interacting neutrino energy is simpler for CCQE than forany other reaction channel, so its systematic error should be the smallest and most robust. Apartfrom the significant nuclear effects, the theory of CCQE scattering is straightforward and is reducedto a knowledge of several vector and axial form factors of the nucleon.
 The major challenges for this reaction channel are
 • improving our knowledge of the axial part of the nucleon-nucleon transition matrix elementsvia
 1. a new high-statistics hydrogen and/or deuterium cross section experiment; or
 2. lattice-QCD calculations of the nucleon form factors at the same level of quality andprecision as for meson form factors used in quark-flavor physics;
 • The inclusion of radiative corrections is critical for required precision cross sections. Radiativecorrections impact theoretical predictions for absolute cross section normalizations, kinematicdistributions, and νµ/νe cross section ratios.
 • refining the theoretical description of correlated nucleon effects, especially in view of largedifferences in predictions, and then implement the best description(s) in Monte Carlo gener-ators;
 • extending the reach of ab initio computations of nuclear structure beyond nonrelativistickinematics in light nuclei and to a greater portion of phase space.
 • The interest in final-state proton studies is increasing, raising the profile of final-state-interaction models and their implementation in generators.
 • Superscaling—i.e., the empirical observation that electron-scattering experimental results canbe brought into a form relying on a single kinematic variable—should be extended to andtested in neutrino scattering.
 F. Challenges: The Resonance Region (Section VII)
 The resonance region is characterized by transfers of energy larger than in QE peak regioncorresponding to larger hadronic invariant mass. The most important contribution is from the∆(1232) resonance:
 νµp→ µ−∆++, ∆++ → pπ+
 and
 νµn→ µ+∆−, ∆− → nπ−,
 However better knowledge of contributions from heavier resonances is also important for higherenergy experiments like NOvA and DUNE and seriously lacking.
 The most important challenges are
 • improving our knowledge of the axial part of nucleon-∆ transition matrix elements, either viaa new hydrogen and/or deuterium experiment or via lattice-QCD calculations;
 • describing nonresonant contributions to pion production channels. Understanding the rangeof applicability of models based on chiral perturbation theory particularly for higher massstates where no calculations currently exist;
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 • incorporating more modern models of pion production in the ∆ region and 2-pion productionchannels in current neutrino event generators;
 • evaluating the importance of nucleon-nucleon correlated pairs in pion production;
 • understanding the origin of the tensions between MiniBooNE and MINERνA pion productionmeasurements on (mostly) carbon targets in the ∆(1232) region.
 G. Challenges: Shallow and Deep-Inelastic Scattering Region (Section VIII)
 The description of inclusive lepton scattering in the transition region between resonance excitationand deep-inelastic scattering (DIS) is a subject of continuing study. This region, sometimes referredto as shallow inelastic scattering (SIS), can contribute significantly to the determination of neutrinooscillation parameters through feed-down via nuclear effect into both signal and background esti-mates. In electro-production experiments Quark-hadron (QH) duality has been shown to providea connection between the average value of interaction strengths in the quark-gluon description ofthe DIS formalism and the average value of interaction strengths in the pion-nucleon description inthe region of resonance excitation . However, the application of QH duality in neutrino scatteringis still being investigated.
 At even higher hadronic mass and four-momentum transfer the reaction is described by theinteraction with partons and perturbative QCD successfully describes this reqion.
 νl/νl +N → µ∓ +X
 In the studies of charged lepton nucleus DIS there is evidence from experimental measurementsas well as theoretical studies that the quark parton distribution function for the nucleons boundin nuclei (nPDF) differs from the quark PDFs in the free nucleon. These partonic nuclear effectsdemonstrate themselves even down into the SIS region. In addition, non-perturbative High Twist(HT) effects also play a significant role in the SIS/DIS region for the typical kinematics of modern(anti)neutrino experiments. Both the HT and nuclear corrections in (anti)neutrino scattering arestill characterized by large uncertainties which require more experimental and theoretical efforts. Itis worth noting that the existing data from (anti)neutrino SIS/DIS indicate some discrepancies andhave limited precision. Various analyses of the nuclear effects in (anti)neutrino-nucleus scatteringsuggest possible differences in the behavior of nuclear effects observed in the case of the chargedlepton-nucleus scattering. These differences may have implications while doing a combined analysesusing neutrino and charged-lepton data sets for the extraction of nuclear and proton PDFs
 Further study of these kinematic regions require
 • optimization of the description of the transition region from DIS to resonance production anddefinition of the kinematic limits of applicability of the DIS formalism for structure functionsand cross sections;
 • study of the interplay of various nuclear effects (Fermi motion, nuclear binding, meson ex-
 change currents, nuclear shadowing, off-shell effects, etc.) in different regions of xBj and Q2
 for neutrino and anti-neutrino interactions with bound nucleons;
 • study of the impact on cross sections of higher-twist contributions, the FL structure function,and radiative corrections;
 • carrying out new precise measurements with neutrinos and antineutrinos of differential andtotal cross sections on a variety of nuclear targets in the same experiment with wide xBj and
 Q2 coverage to compare nucleus-dependent extracted structure functions and their ratios.
 • making model independent measurements of nuclear effects on structure functions with neu-trinos and antineutrinos by comparing measurements on nuclear targets to new precise mea-surements on free proton and deuteron targets in the same experiment across xBj and Q2;
 • understanding the differences in the nuclear effects for electromagnetic and weak DIS structurefunctions and cross sections and consequent extraction of nuclear parton distributions;
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 • clarifying existing discrepancies among existing measurements and between (anti) neutrinosand charged leptons across xBj;
 • Improve hadronization models in modern generators in order to describe exclusive hadronproduction at all W values;
 • obtaining a consistent description of SIS/DIS (anti)neutrino cross sections with respect torecent models and other developments.
 H. Challenges: Coherent Meson Production (Section IX)
 A proper understanding of the coherent and diffractive processes is very important in the analysisof neutrino νµ oscillation experiments. These processes take the form
 νl +A→ l− +m+ +A, νl +A→ l+ +m− +A
 with m± = π±,K±, ρ±, . . ., while in the NC case, one has
 νl +A→ νl +m0 +A, νl +A→ νl +m0 +A
 with m0 = γ, π0, ρ0, . . .. In particular, neutral-current production of π0 or γ can mimic final-state electrons. Thus, their production results in important backgrounds to νµ → νe oscillations.Furthermore, in many experiments, coherent photon events can hardly be distinguished from thosecoming from the reference process of ν-e elastic scattering.
 Specific challenges are
 • Ambiguities in the predictions of coherent pion production models implemented in differentneutrino event generators should be resolved. A validation criterion could be the ability todescribe pion nucleus scattering.
 • For pion and kaon coherent production, it is important to understand if the accuracy goalsjustify the need for models better than the simple and fast coherent production models.
 • Microscopic models must be more efficiently implemented and extended beyond the ∆(1232)region.
 • Microscopic models must be validated with other reactions such as coherent meson photo-and-electro-production, meson-nucleus scattering.
 • Address coherent gamma production both theoretically and experimentally in the neutrinoenergy range of interest for DUNE, HK, and short-baseline (SBN) experiments.
 • Other coherent meson production channels such as Coherent ρ production should be studiedboth theoretically and experimentally.
 • Address theoretically (isolate from inclusive pion production) neutrino-nucleon diffractive pionproduction at low hadronic mass.
 • Measure the nucleus A dependence of coherent scattering off a range of nuclei and comparedata to theoretical predictions.
 • Perform new measurements of coherent and diffractive scattering to complement MINERvAmeasurements.
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 III. THE IMPACT OF NEUTRINO NUCLEUS INTERACTION PHYSICS ONOSCILLATION PHYSICS ANALYSES
 A. Neutrino oscillations and the extraction of oscillation parameters
 The basic phenomenology of any oscillation experiment can be understood from the two-flavorlimit. For two families in vacuum, the probability that a neutrino of flavor α oscillates into flavorβ, after propagating through a distance L, can be written as
 P (να → νβ) ' sin2 2θ sin2
 (∆m2L
 4E
 ), (3.1)
 where ∆m2 is the mass-squared splitting between the two mass eigenstates of the system, θ is themixing angle which changes between the flavor and mass bases, and E is the neutrino energy. Ascan be seen from Eq. (3.1), the oscillation probability is maximized for values of L and E such that
 ∆m2L/4E ∼ (n + 12 )π, n being an integer. The neutrino energy at which the maximum of the
 oscillation takes place tells us the value of the mass splitting (i.e., the frequency of the oscillation),
 while the amplitude of the oscillation tells us the value of sin2 2θ.A unitary mixing matrix, U , for three Dirac neutrinos can be parametrized with three mixing
 angles, θ12, θ23, and θ13, plus a CP-violating phase, δCP .1 The customary way the angles andphase parametrize U is the same as in the quark-mixing matrix [6].2 With three flavors, theoscillation pattern is governed by two different oscillation frequencies: these are given by the twomass-squared differences ∆m2
 21 and ∆m231, usually referred to as the solar and the atmospheric
 mass-squared splittings, from the observations that first established them as nonzero. The mostrecently updated values for the neutrino mixing parameters obtained from a global fit to neutrinooscillation data can be found, for instance, in Refs. [7–9], and are summarized in Table I.
 As can be seen from Table I, the first hints for CP violation and the octant of θ23 are slowlyemerging at 1σ. However, this preference takes place at low statistical significance and completelydisappears at 3σ; see Refs. [7, 9] for details. Furthermore, current neutrino data show only a very
 mild preference for normal ordering. For instance, in Ref. [7] the authors find ∆χ2 = 0.83 for theinverted ordering hypothesis. The current and future generation of oscillation experiments will aimfor the following three main goals:
 1. establish whether nature violates CP in the lepton sector and, if so, measure δCP ;
 2. improve the accuracy on θ23 and, if not maximal, a determination of the octant it belongs to:θ23 < π/4 vs. θ23 > π/4;
 3. determine the neutrino mass ordering at high confidence level: m1 < m2 < m3 vs. m3 <m1 < m2.
 θ12 θ13 θ23 ∆m221/10
 −5∆m
 23j/10
 −3δCP
 Normal Ordering 33.56+0.77−0.75 8.46
 +0.15−0.15 41.6
 +1.5−1.2 7.50
 +0.19−0.17 2.524
 +0.039−0.040 261
 +51−59
 Inverted Ordering 33.56+0.77−0.75 8.49
 +0.15−0.15 50.0
 +1.1−1.4 7.50
 +0.19−0.17 −2.514
 +0.038−0.041 277
 +40−46
 TABLE I. Experimentally allowed ranges for the oscillation parameters from a global fit to neutrino oscil-lation data, taken from Ref. [7]. All mixing angles and the CP-phase are given in degrees, while the ∆m
 2ij
 are given in eV2. The values in the table indicate the current best-fit and the edges of the allowed confi-
 dence regions at 1σ, for the two possible neutrino mass orderings, normal (ma < m2 < m3) and inverted
 (m3 < m1 < m2). The value given for ∆m23j corresponds to ∆m
 231 for normal ordering and ∆m
 232 for
 inverted ordering.
 1In the case of Majorana neutrinos, two additional CP-violating phases enter the mixing matrix; oscillation exper-iments are, however, insensitive to these phases.
 2The elements of U are denoted U`i, ` = e, µ, τ , i = 1, 2, 3.
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 These goals will all require an unprecedented level of accuracy in oscillation experiments, in orderto pin down subleading effects. A reliable and accurate estimation of the incoming neutrino energy,discussed in Sec. III D, will also be crucial to lift parametric degeneracies. In the following, wewill focus on the determination of θ23 and δCP , as these are especially subject to the impact ofsystematic uncertainties and reconstruction effects.
 The possibility of CP violation in neutrino oscillations relies on the interference between the twocontributions to the oscillation amplitude from ∆m2
 21 and ∆m231: it is a genuine three-flavor effect.
 At the first atmospheric oscillation maximum, L/E ∼ 500 km/GeV, the interference is alreadyobservable. Under the well-justified assumption of CPT conservation, CP violation can only beobserved if the initial and final neutrino flavors are different. It is very difficult to create ντ beamsor efficiently detect ντ . Therefore, searches for CP violation at long-baseline experiments measureoscillations in the appearance channels νµ → νe and νµ → νe.
 3
 For long-baseline experiments, analytical expressions for the oscillation probabilities in this chan-nel can be obtained by expanding in the small quantities θ13, ∆21/∆32, ∆21/A, where ∆ij ≡∆m2
 ijL/2E. Here, A ≡√
 2GFNe is the matter potential felt by the neutrinos as they travelthrough the Earth, with the Fermi constant GF and the density of electrons Ne. At second order,the oscillation probability νµ → νe reads4 [12]:
 Pµe = s223 sin2 2θ13
 (∆31
 B∓
 )2
 sin2
 (B∓L
 2
 )+ c223 sin2 2θ12
 (∆21
 A
 )2
 sin2
 (AL
 2
 )
 + J∆21
 A
 ∆31
 B∓sin
 (AL
 2
 )sin
 (B∓L
 2
 )cos
 (∓δCP −
 ∆31L
 2
 ), (3.2)
 where sij ≡ sin θij , cij ≡ cos θij , J ≡ c13 sin2 2θ13 sin2 2θ12 sin2 2θ23, and B∓ ≡ |A ∓ ∆31|. Theupper (lower) sign correspond to the neutrino (antineutrino, νµ → νe) channel. Thus, CP-violationsearches can be performed by combining measurements of P (νµ → νe) and P (νµ → νe), trying toobserve a different behavior for particles and antiparticles. The information gathered at differentneutrino energies also generally helps to reduce the size of the allowed confidence regions, whichoverall results in a better determination of the value of δCP .
 As can be seen from Eq. (3.2), however, every term entering the oscillation probability is sup-pressed either with the value of θ13, the value of ∆21, or the product of the two (in the case of theinterference term), making this measurement very challenging from the start. Moreover, mattereffects also violate CP, because the matter potential takes a different sign for neutrinos and an-tineutrinos, thereby hindering a signal of intrinsic CP violation. To measure the P (νµ → νe) and itsL/E dependence, it is necessary to identify the neutrino flavor and reconstruct the neutrino energy.The reconstruction requires a solid knowledge of the interaction rate of a νe of given energy onthe target nucleus, as well as the reconstruction efficiency. Furthermore, as both P (νµ → νe) andP (νµ → νe) are key to CP violation searches, the separate interaction and reconstruction behaviorof both neutrinos and antineutrinos must be understood.
 It is important to appreciate that measurements of neutrino oscillation probabilities typicallysuffer from parametric degeneracies. These are classified into different categories: sign degeneraciesin the appearance channels involving δCP and the sign of ∆m2
 31 [13], octant degeneracies in thedisappearance channels involving θ23 [14], and intrinsic degeneracies in the appearance channelsinvolving θ13, δCP and θ23 [15] (see also Refs. [16, 17]). On general grounds, these give rise tothe so-called eightfold degeneracy problem in neutrino oscillations [18]. In the literature, severalways have been proposed to lift the degenerate solutions. In particular, it has been shown thatthe intrinsic degeneracies involving θ13, θ23 and δCP can be alleviated (or completely lifted) bycombining information at different neutrino energies, or at different baselines [15]. An exampleillustrating this point is shown in Fig. 3. The true input values assumed for the mixing angles aresin2 θ13 = 0.02, sin2 θ23 = 0.45 and δCP = 30, which is indicated by the black dot. The other
 3From a purely physical point of view, the time-reversed channels νe → νµ and νe → νµ, thanks to CPT invariance,contain the same information. However, νe/νe beams are technically more difficult to obtain than νµ/νµ beams.
 4Because θ13 is not small, additional terms should be included in the expansion to increase its level of accuracy.More accurate expressions of the oscillation probabilities can be found in Refs. [10, 11].
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 FIG. 3. Illustration of the interplay between information obtained at different neutrino energies to resolvethe generalized intrinsic degeneracy. Each curve shows the set of values of the mixing angles which areable to reproduce the same values of the appearance probabilities simultaneously in the neutrino andantineutrino channels, in vacuum, and for L = 295 km. The curves are obtained for different values of theneutrino energy, as indicated in the legend. Each point is obtained by varying continuously the CP phaseaway from its true value, which has been set in this example to δCP = 30
 . The true values of θ13 and θ23
 are indicated by the black dot. Figure adapted from Ref. [16], see text for details.
 points in each line are obtained varying δCP continuously and requiring P and P to be constantand equal to their values dictated by the true oscillation parameters. As can be seen from Fig. 3,many values of (θ13, θ23, δCP ) recover the same oscillation probabilities, for fixed energy. Thus, ameasurement of the oscillation probabilities P (νµ → νe) and P (νµ → νe) for a single value of theneutrino energy would not suffice to determine the value of δCP , unless all mixing angles are knownvery precisely. However, this degeneracy is efficiently broken when the probability is measured atdifferent neutrino energies: as can be seen from the figure, the different lines only overlap for thepoint corresponding to the assumed true values for the oscillation parameters. For a recent detaileddiscussion of this degeneracy at long-baseline experiments, see Ref. [16].
 On the other hand, the determination of the value of θ23 comes from a combination of disappear-ance and appearance data. Due to the low statistics in the appearance channels, its value is typicallyinferred from the observation of the νµ → νµ probability, which for long-baseline experiments iswell-approximated by [19]:
 Pµµ = 1− sin2 2θµµ sin2
 (∆m2
 µµL
 4E
 ), (3.3)
 where ∆m2µµ is the muon neutrino weighted average of ∆m2
 31 and ∆m232 [20], and
 sin2 2θµµ ≡ 4|Uµ3|2(1− |Uµ3|
 2) = 4 cos2 θ13 sin2 θ23(1− cos2 θ13 sin2 θ23). (3.4)
 Due to the large value of the atmospheric mixing angle, which is very close to maximal mixing,this probability is characterized by a strong dip in the event rate at the oscillation maximum. Themeasurement of the energy at which the oscillation maximum takes place determines the value of∆m2
 µµ, while the size of the dip itself will determine the magnitude of sin2 2θµµ. The latter is directly
 related (and approximately equal) to sin2 2θ23 up to small corrections which are proportional to
 sin2 θ13 [19].Thus, as can be seen from Eqs. (3.3) and (3.4), disappearance experiments are mainly sensitive to
 the value of sin2 2θ23 and are unable to identify its octant. The octant determination has to come
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 TABLE II. List of currently operating and future long-baseline neutrino experiments, compiled fromRefs. [21–24]. The flux energy range corresponds to 68% of the total flux. Note that most experimentsreceive a non-negligible flux of neutrinos with energies as high as 30 GeV.
 Experiment Baseline Peak energy Energy range Target Detector Fiducial Mass
 Current:
 T2K 295 km 0.6 GeV 0.3–0.8 GeV H2O WC 22.5 kton
 NOvA 810 km 2 GeV 1.5–2.7 GeV CH2 Tracking+Calorimetry 13 kton
 Future:
 T2HK 295 km 0.6 GeV 0.3–0.8 GeV H2O WC 520 kton
 DUNE 1300 km 2 GeV 0.6–3.3 GeV Ar Tracking+Calorimetry 40 kton
 from the combination of disappearance and appearance data: as the leading order term in the Pµeoscillation probability depends on sin2 θ23 [see Eq. (3.2)], it can potentially break this degeneracy
 after combination with the constraints on sin2 2θ23 coming from the disappearance channels.5
 A plethora of long-baseline neutrino experiments have been proposed to measure the νµ → νe andνµ → νµ oscillation channels, together with their CP conjugates, and are summarized in Table II.Long-baseline experiments use intense neutrino (or antineutrino) beams sent through hundreds ofkilometers to massive (“far”) detectors and measure the rate of νe and νµ interactions to inferoscillation. The current experiments in operation are T2K and NOvA. The Tokai-to-Kamioka(T2K) experiment has a peak energy of 0.6 GeV and baseline of 295 km to the Super-Kamiokandewater Cherenkov (WC) detector. T2K also has a suite of near detectors located less than a kilometerfrom the neutrino source. The role of near detectors is described in more detail in Section III B,but in the case of T2K it is notable that the near detector technology differs from the far detector,having WC and scintillator targets. The NOvA experiment will measure the same four oscillationchannels as T2K but has a longer baseline, 810 km, and a higher peak energy, 2 GeV. NOvA’sdetector technology combines tracking and calorimetric measurements. The detector is filled withmineral oil and uses scintillation light to reconstruct the particles produced in each event. TheNOvA experiment also has a near detector, which is identical to the far detector in design andtarget material, but is smaller in size: while the fiducial mass of the far detector is 14 kton, thenear detector is 290 ton [21]. Both place the detectors at a small angle with respect to the beamdirection (2.5 for T2K and 0.8 for NOvA). This technique, known as “off axis”, yields a narrowerenergy spread than in a detector on the beam’s axis. Due to its longer baseline, NOvA is moresensitive to matter effects, and therefore the mass ordering than T2K. That said, the experimentsprovide complementary information needed to lift degeneracies in parameter space, as discussedabove and in, e.g., Ref. [25].
 Two future long-baseline experiments are being developed: the Deep Underground NeutrinoExperiment (DUNE) in the US and the Tokai-To-Hyper-Kamiokande (T2HK) experiment in Japan.Both plan to begin operation in or around 2026. The T2HK experiment will be very similar toT2K, operating with a similar energy spectrum and with the same detector technology, albeit witha much larger detector of 520 kton fiducial mass [24]. DUNE will take a different approach: it willoperate on-axis at higher energies, peaking around 3 GeV, and a baseline of L = 1300 km. DUNEplans to use a 40 kton liquid Argon (LAr) far detector, which combines tracking and calorimeterdetector, akin to NOvA’s approach. Being on axis makes it possible to study a much broader rangeof energies than at off-axis experiments, although at the price of higher backgrounds.
 The rest of this section explores how neutrino interactions affect the determination of neutrinooscillation parameters. Experiments depend upon a model of the neutrino-nucleus interaction todisentangle neutrino event rates in their detectors. The main ways in which this modeling affectsthe oscillation physics program are are organized as follows:
 5Note that, for values of θ23 very close to maximal mixing, the most precise measurements may come from theappearance channels instead, depending eventually on the level of systematic errors affecting this measurementand the statistics of the experiment; see Ref. [16].
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 • Section III B, Event topology and experimental observables: Many nucleon-level processes maycontribute to any observed topology, due to the significant spread in energy of neutrino andantineutrino beams, such that signal processes are difficult to isolate. Furthermore, for eachprocess, initial state and final state nuclear effects both play a role in the observed topology.In addition, candidate selections may include processes on material other than the desiredtarget.
 • Section III C, Benefits and challenges of near detectors: The measured event rates at thenear and far detectors differ due to oscillations, even in the ideal case of identical near andfar detectors with perfect efficiency. In practice, near detectors may differ from far detectorsin incident source, acceptance, and/or target material. Near detectors may also lack precisemeasurements of relative difference between muon and electron (anti)neutrino interactions,due to the unavailability of electron (anti)neutrinos in the unoscillated beam.
 • Section III D, Estimation of neutrino energy : The reconstruction of the neutrino energy re-quires knowledge of all particles’ kinematic information. However, as detection thresholds arefinite and may not have the same response for all particle types, the neutrino energy maydepend on the nuclear model assumed.
 • Section III E, Calculation of detection efficiency : The efficiency used to convert the measuredto the true event rate depends on the cross-section model, because the event generator (cf.Sec. III A) needed to determine the efficiency relies on one.
 To conclude our discussion, Secs. III F and III G discuss in more detail how the points raised inSecs. III B–III E impact the extraction of oscillation parameters at current and future experiments,respectively.
 B. Event Topology and Experimental Observables
 Oscillation experiments measure event rates in their far, post-oscillation detectors, which theyuse to extract the oscillation probabilities discussed in Sec. III A. For να → νβ oscillations, theevent rates with a given observable topology can be naively computed as
 Nα→βFD (preco) =
 ∑i
 φα(Etrue)× Pαβ(Etrue)× σiβ(ptrue)× εβ(ptrue)×Ri(ptrue;preco), (3.5)
 where NFD(preco) represents the event rate as a function of the reconstructed kinematic variablespreco ≡ (Ereco, ~preco), and Pαβ(Etrue) is the oscillation probability as a function of the true neu-
 trino energy Etrue. Here, φα is the neutrino flux of flavor α, σiβ is the neutrino cross section forinteraction i and flavor β, and εβ is the detector efficiency for flavor β as a function of its truefour-momentum ptrue. Finally, the function Ri(ptrue;preco) encodes the probability for the kine-matic variables ptrue to be reconstructed as preco due to detector smearing and nuclear effects anddepends on the type of neutrino interaction i.
 As can be seen from Eq. (3.5), the event sample for a given topology contains a sum overseveral interactions. This is the first way that the cross section model affects oscillation analyses.Table III shows the expected event rate predicted at the T2K and NOvA experiments respectively.Both experiments aim to select charged-current (CC) νe events. Their most relevant backgroundsinclude neutral current (NC) νµ or CC νµ processes, which mimic νe events. For example, photonsfrom NC neutral-pion production can produce electromagnetic showers that are reconstructed asan electron from a CC νe interaction. As a consequence, oscillation experiments must considernot only processes which contribute to the signal events, but also significant (or small, but poorlyunderstood) backgrounds which are relevant for oscillation analyses.
 Another example is NOvA’s CC νe selection. Table IV shows the selection purity separatedby process, according to their simulation. At NOvA the event selection is inclusive, taking allCC events with a charged lepton in the final state. Inclusive selections such as NOvA’s includesignificant contributions from CC quasi-elastic (QE), resonant pion production (RES), and multi-π
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 TABLE III. T2K and NOvA CC νe selection event rates at the far detector. The numbers of expected MonteCarlo (MC) events divided into four categories are shown after each selection criterion is applied. For T2K,
 the MC expectation is based upon three-neutrino oscillations for sin2θ23 = 0.5, ∆m
 232 = 2.4× 10
 −3eV
 2/c
 4,
 sin2
 2θ13 = 0.1, δCP = 0 and normal mass ordering (parameters chosen without reference to the T2K data).
 The values are reproduced from Ref. [26] which correspond to a data set with an exposure of 6.60 × 1020
 protons on target (POT). For NOvA, the expectation is taken from Ref. [27] and corresponds to the NOvA
 best-fit values of sin2θ23 = 0.404, ∆m
 232 = 2.44×10
 −3eV
 2/c
 4, sin
 22θ13 = 0.085, δCP = 1.48π, normal mass
 ordering, for full detector equivalent POT of 6.05× 1020
 .
 νµ +νµ νe +νe ν + ν ντ νµ → νe
 MC Events CC CC NC CC
 T2K νe selection 21.59 0.3% 15.0% 4.4% – 80.2%
 NOvA νe selection 32.86 2.2% 9.5% 11.3% 0.4% 76.7%
 TABLE IV. Separation of NOvA νe CC candidate selection according to process type: quasi-elastic (QE),two-particle-two-hole (2p2h), resonant pion production (RES), coherent pion production (COH) and deep-
 inelastic scattering (DIS). These correspond to the NOvA best-fit values of sin2θ23 = 0.404, ∆m
 232 =
 2.44× 10−3
 eV2/c
 4, sin
 22θ13 = 0.085, δCP = 1.48π, normal mass ordering, and for full detector equivalent
 POT of 6.05× 1020
 . Taken from Ref. [27].
 νµ +νµ νe +νe ν + ν ντ νµ → νe
 % of MC Events CC CC NC CC CC
 QE 28.2% 0.1% 10.5% 0.1% 0.7% 88.5%
 2p2h 11.0% 0.0% 9.2% 0.0% 0.4% 90.4%
 RES 39.2% 1.0% 10.0% 6.4% 0.3% 82.3%
 COH 1.6% 0.1% 6.3% 43.1% 0.0% 50.5%
 DIS 19.8% 8.9% 7.4% 40.0% 0.1% 43.7%
 deep-inelastic (DIS) processes. For T2K, the selected interactions at the far detector are charged-current event with no pions observed in the final state, denoted CC0π. A selection of CC0π-like interactions at the near detector contains predominantly (72.4%) events which are CC νµinteractions, with no pions exiting the nucleus and any number of nucleons in the final state.However, achieving a pure sample according to a given process is difficult. For example, the CC0πtopology contains contributions from CC quasi-elastic (CCQE) events, as well as from CC eventswith pion production (CC1π), where the pion produced is absorbed in the nuclear medium beforeit can exit the nucleus. A similar issue is present for two-particle-two-hole (2p2h) processes, wherethe neutrino interacts with a correlated nucleon-nucleon pair inside the nucleus.
 There are two further complications to predicting the event rate. First, detectors are not nec-essarily homogeneous, so neutrino interactions on a variety of target materials may need to besimulated in the event sample. If the surrounding material is rock, other inactive detector material,or a magnet, the struck material may not match the inner detector. For example, in the T2Knear detector approximately 5% of the event samples comes from interactions outside the detector,falsely reconstructed to have happened on target material in the center of the detector. Second,we note that Table III is only complete assuming all relevant processes are included. Any missingprocess alters the estimation of the expected event rate after oscillation.
 C. Benefits and Challenges of Near detectors
 Neutrino oscillation experiments often employ additional (near) detectors to measure the unoscil-lated rate of interactions
 NαND(preco) =
 ∑i
 φα(Etrue)× σiα(ptrue)× εα(ptrue)×Ri(ptrue;preco), (3.6)
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 FIG. 4. Muon neutrino event distributions (for arbitrary exposure) as a function of the reconstructedneutrino energy for CCQE and non-CCQE interactions, for a T2K-like experimental setup. The left (right)panel show the event distributions at the near (far) detector, assuming a maximal atmospheric mixing angle.In this example, the non-CCQE events shown includes 2p2h and charged-current events with ∆-productionwhere no pion is observed in the final state. Figure adapted from Ref. [4].
 with the same notation as in Eq. (3.5). Now, however, the oscillation probability does not affect therate. In this way, near detectors put a powerful constraint on quantities influencing the far-detectorrate. Variations in the flux, cross section, and detection efficiency are highly correlated betweenthe near and far detector rates. However, even when near detector data are used in long-baselineexperiments, they do not remove all dependence on the cross-section model. Because event ratescorrespond to a convolution of the flux and cross section, determinations of oscillation parametersrely on the model to relate near and far measurements to each other.
 Despite the ideal case of identical near and far detectors, in long-baseline experiments the near andfar detectors typically sit differently in the beam and will not be identical. First, the near detectorsits in a beam from an extended source: pion decays take place along the decay pipe, which typicallyhas a length of a few hundred meters. On the other hand, the far detector essentially sees a pointsource. Consequently, the acceptance of particles is different at the near and far detector. Second,since the near detector sits close to the neutrino source, it experiences a very large number of eventsper beam pulse. This may restrict the detector technology, so as to ensure that data taking canbe performed in a fast and efficient manner, and that all events taking place within a given beampulse are properly identified and recorded inside the pulse time window. Third, the near and fardetector may have different overburdens. In NOvA’s case, the near detector’s size and particlesfrom interactions outside the center of the detector affect acceptance relative to the far detector;conversely, the far detector resides on the surface, and has significant backgrounds from cosmic raysbut minimal backgrounds from surrounding material. In T2K’s case, in addition to acceptance, thenear and far detectors have different nuclear targets, so extrapolation between targets is required.
 Even with differences between the near and far detectors, the cancellation of systematic un-certainty has proven to be extremely effective for oscillation experiments. At reactor oscillationexperiments, the near-far cancellation achieved impressive accuracy for the measurement of θ13 atDaya Bay and RENO. Note, however, that, instead of neutrino-nucleus scattering, these analyseshinge on the inverse beta decay cross section being typically known at the 1% level or better.For long-baseline experiments, the flux uncertainties affecting neutrino beams produced from piondecays are generally large, at the level of 10–20%, and present-day cross-section modeling hascomparable uncertainties. Even in this case, a partial cancellation of systematic uncertainties issubstantial. (See Table V in Sec. III F for an example.)
 Despite the critical role of the near detectors, the near-far cancellation can never be completebecause of the (unknown) oscillation probability Pαβ in Eq. (3.5). The oscillated flux at the fardetector is not the same as the unoscillated flux measured at the near detector and, thus, theconvolution of the flux and cross section will always differ among the two [28]. This holds evenin the case of identical detector technology in a disappearance oscillation experiment (α = β);overall normalization factors can cancel, but as Pαβ , φ and σ all depend on energy, the cancellationis not complete (
 ∫φ × σdE 6=
 ∫φ × σ × PdE). Figure 4 illustrates the difficulty in resolving a
 single cross section process using near detector data, for a νµ → νµ disappearance experiment. The
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 event distributions are shown as a function of the reconstructed neutrino energy for CCQE andnon-CCQE interactions (2p2h and events with ∆-resonance production with no observed pions inthe final state), for a T2K-like experimental setup, and for the near and far detectors separately. Asshown in the figure, the spectrum at the near detector is quite similar for CCQE and non-CCQE.In principle, if the flux was perfectly known the peaks of the two distributions could be resolved,but the flux uncertainties are comparable to the cross section theoretical uncertainties, making thisvery challenging. After oscillation, the two contributions have markedly different spectra and, inparticular, the contribution coming from non-CCQE events does not show an oscillating patternwith the reconstructed neutrino energy, possibly leading to a bias in the determination of theoscillation parameters.
 The situation is even more challenging at appearance experiments because the final neutrinoflavor is unavailable at the near detector. Direct flux measurements are required in order to breakthese correlations. New methods which may help address this problem are being explored. Oneproposal, known as “NuPRISM” [5], places a near detector at several different off-axis angles, whichmodulates the observed spectrum in a way designed to reproduce the oscillated far-detector flux [5].This option is being further investigated and might provide an additional handle to break the flux–cross-section correlation at experiments with narrow-band beams. Another novel approach is toidentify neutrino interactions on hydrogen, which would leverage a better known cross section toconstrain the flux [29].
 D. Estimation of neutrino energy
 The second challenge for oscillation experiments is the energy estimator, which is partly basedon a cross section model. While the oscillation probability depends on the true neutrino energy,Etrue, oscillation experiments must instead determine the neutrino energy from the lepton’s kine-matic information and/or hadronic information from CC neutrino interactions. This reconstructedEreco must account for unobserved energy deposition, including particles below detection threshold,inactive material, and escaping neutral particles. In practice, assumptions about these effects arebased on the cross-section model. In principle, data from modern experiments on nuclear targets iscertainly valuable to validate the reliability of the Eν-Ereco association; however, the uncertaintiesinduced by nuclear effects and the fact that the neutrino energy is not known on an event-by-eventbasis make the interpretation of such data very challenging. Neutrino beams have a energy distri-bution broader than the nuclear effects of interest, so it is not possible to isolate nuclear effects.It is generally not possible to measure the entire outgoing state (especially the struck nucleus)so momentum transfer in neutrino scattering is essentially unknown. Also, the strong-interactionphysics in play alters final state particle compositions and kinematics, determination of the incidentneutrino energy, and neutrino versus antineutrino scattering. In addition, if neutrinos and antineu-trinos experience different nuclear effects (as might be the case in, e.g., 38Ar due to the presenceof four extra neutrons), this will directly impact our ability to definitively test for the presence ofCP-violating effects in the data.
 The determination of Ereco depends on the detector technology used. For example, WC detectorsare only sensitive to radiation from particles above Cherenkov threshold. Thus, protons exiting thenucleus with energy below ∼ 1 GeV are invisible. Low-energy mesons also may not be detectedexcept through visible decay products, e.g., via electrons from pion or muon decay. In the case ofa single-nucleon knockout, the neutrino energy can be estimated as
 Ekinν =
 2(M − ε)E` +M2 − (M − ε)2 −m2`
 2(M − ε− E` + |k`| cos θ), (3.7)
 where M is the mass of the nucleon, and ε is known as the single-nucleon separation energy. Here,m` is the mass of the outgoing charged lepton, E` and k` are its energy and momentum, and θis the angle between the outgoing lepton and the direction of the neutrino beam. Application ofthe above formulas requires (i) neglecting the unmeasured recoil momentum of the system and(ii) approximating the energy of the residual nuclear system by a constant.
 This reconstruction method (dubbed “kinematic method” hereafter) works well if the true natureof the event was indeed a CCQE process, but is subject to two main limitations. First, as discussed
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 in Sec. III B, many processes contribute to a selected topology. For non-CCQE processes – suchas CC1π production where the pion has been absorbed in the nuclear medium, or two-nucleonknockout, with an extra neutron – the energy estimator in Eq. (3.7) is very far off [30–33]. The sameholds for processes in the event sample where extra mesons have been produced in the final state,but are below detection threshold or not identified by tracking software. Second, the kinematicmethod assumes a fixed separation energy ε, while in reality the struck nucleon’s momentum isdrawn from a distribution characteristic of the target nucleus.
 Alternatively, neutrino detectors may be able to collect the majority of the calorimetric depo-sition in a neutrino event and be sensitive to the hadronic part of the interaction. Examples ofdetectors of this sort are liquid scintillator, magnetized iron detectors, or Liquid Argon Time Pro-jection Chambers (LAr TPC). Consider CC neutrino scattering off a nuclear target, resulting inthe knockout of n nucleons and production of m mesons. Conservation of total energy implies
 Eν +MA = E` +MA − nM + E + TA−n +
 n∑i=1
 Ep′i
 +
 m∑j=1
 Eh′j, (3.8)
 where Eν (E`) is the neutrino (charged lepton) energy, Ep′i
 denotes the energy of the i-th knocked-
 out nucleon (of momentum p′j , 1 ≤ i ≤ n), Eh′j
 stands for the energy of the j-th produced meson
 (of momentum h′j , 1 ≤ j ≤ m). Here, the energy of the residual (A−n) nucleon system is expressedin terms of the nucleon (target-nucleus) mass M (MA), the recoil kinetic energy TA−n, and theexcitation energy E.
 Assuming that multinucleon effects do not introduce strong energy dependence to the crosssections, the binding energy for the nucleons (εn = E + TA−n) can be treated as a constant. Thissimplification leads to
 Ecalν = E` + εn +
 n∑i=1
 (Ep′i−M) +
 m∑j=1
 Eh′j. (3.9)
 Note that while for mesons the total energies enter the sum, for nucleons only the kinetic ener-gies contribute. This difference arises because mesons are produced during the scattering process,whereas nucleons pre-exist and are knocked out of the target nucleus.
 This energy reconstruction procedure (dubbed “calorimetric method” hereafter) can in princi-ple be applied to non-QE events as well as to CCQE events; comparisons of the kinematic andcalorimetric method are discussed in Ref [34]. However, this procedure is not free from systematicuncertainties affecting the determination of the incident neutrino energy. Each particle in the in-teraction must be properly identified and reconstructed, but the accurate reconstruction of hadronsposes a formidable experimental challenge. In particular, neutrons typically escape detection, andany undetected meson results in energy underestimation by at least the value of the pion mass,140 MeV. This makes low detection and tracking thresholds a key requirement for a calorimet-ric detector. Technologies are being explored to tag neutrons (water in ANNIE [35], and LAr inCAPTAIN [36, 37]). Further, gaseous TPC detectors have a lower threshold for detection thanliquid detectors. Detection alone, however, is not a panacea, because the disparate sizes of the twodetectors makes their neutron acceptance significantly different. In summary, all published litera-ture which studies these questions in details point to the same conclusion: with the current limitedunderstanding of the microphysics of neutrino-nucleus interactions the neutrino energy scale cannotbe determined reliably in experiments like DUNE. The adverse consequences for the physics reachare profound and wide-ranging.
 E. Calculation of Detection Efficiency
 The third and final way the cross section model affects an oscillation analysis is subtle: throughthe assumed efficiencies εα(ptrue) in Eqs. (3.5) and (3.6), for the the far and near detectors. Inprinciple, the detection efficiency should be independent of any underlying model – it is merely theresponse of the detector to a particular charged particle. In practice, however, detection efficiencies
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 are calculated by taking simulated particles from an event generator (cf. Sec. IV), distributedaccording to a neutrino-interaction model. Uncertainties in the ptrue dependence in each modelpropagate, via Eqs. (3.5) and (3.6), through the whole analysis of a neutrino experiment. Differentmodels predict different ptrue and particle-multiplicity distributions, so uncertainty certainly ariseshere. And, again, any difference between the near and far detectors leads to uncertainties that donot cancel exactly. This concern is of particular interest in global fits to neutrino-cross-section data,which must cope with disagreements between measurements on the same target of the same processor topology.6 The disagreements between cross section measurements underpin the necessity of amore satisfactory neutrino-nucleus modeling for future experiments for use in efficiency calculations.
 F. Current Experimental Program
 The impact of cross section uncertainties on the extraction of neutrino oscillation parametersgenerally depends on several factors, namely (1) the type of detector being considered (whichdetermines the reconstruction method applied for the neutrino energy), (2) the beam energy spec-trum, and (3) the particular oscillation parameter that is being extracted from the data. As weshall see below, these factors lead to very different problems depending on the experimental setupsconsidered. The conclusions will also depend on the oscillation channel being observed, extend-ing the discussion given above in Sec. III A. Therefore, in the following we will make an explicitdistinction between long-baseline experiments measuring standard neutrino oscillation parameters,short-baseline experiments, and searches for new physics effects using neutrino oscillation experi-ments.
 1. Long-Baseline measurements
 At long-baseline experiments, the amplitude of the oscillation essentially determines the size ofthe mixing angles θ13 and θ23. Thus, any uncertainty affecting the size of the cross section wouldpotentially impact these measurements. A straightforward example of relevant uncertainties forthese measurements is given by the axial form factor of the nucleon, as the value of the effectiveaxial mass7 is directly correlated with the magnitude of the interaction cross section. Cross sectionuncertainties may affect the determination of other oscillation parameters in a less obvious manner,as follows. For example, the current hint that δCP ∼ −π/2 comes from the combination of reactorand long-baseline data, where the latter is currently dominated by data taken in neutrino mode.As θ13 is essentially fixed from reactor data, and long-baseline experiments measure a slightlylarger number of neutrino events than expected for δCP = 0, the hint for δCP ∼ −π/2 followsautomatically. A larger value of the axial mass would imply, however a larger cross section and,hence, more events than assumed. In that case, the current hint might evaporate. Thus, animproved determination of the axial form factor may affect the statistical significance of the currenthint for CP violation in the neutrino sector.
 Several experimental techniques are used to reduce the impact of systematic errors like thosedescribed above on the determination of CP violation. At narrow-band beams, the combination ofantineutrino data with neutrino data is crucial: in this case, the value of the CP-violating phasecan be inferred from the observation of different effects in the oscillation probabilities for particlesand antiparticles. These measurements will be much less sensitive to those systematic uncertaintiesaffecting both neutrino and antineutrino cross sections in the same manner, as in the example ofthe axial form factor mentioned above. Instead, they will be sensitive to systematic uncertaintiesinducing an asymmetric behavior in neutrino vs. antineutrino event rates. For example, multi-nucleon contributions to the cross section might be different for neutrinos and antineutrinos [38],leading to an apparent asymmetry that could be confused with CP violation; see, e.g., Ref. [39]. Asecond possibility to reduce these uncertainties is exploited in wide-band beams. In this case, the
 6Another important concern is the ill-determined beam flux.
 7See Eq. (6.10) in Sec. VI for a definition of the axial mass. Here, it is just a proxy for the axial form factor shape.
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 TABLE V. Relative uncertainty (1σ) on the predicted rate of νµ CC and νe CC candidate events in acombined analysis of νe and νµ samples by T2K [26].
 Source of uncertainty νµ CC νe CC
 Flux and common cross sections
 (w/o near detector constraint) 21.7% 26.0%
 (w near detector constraint) 2.7% 3.2%
 Independent cross sections 5.0% 4.7%
 SK 4.0% 2.7%
 FSI+SI(+PN) 3.0% 2.5%
 Total
 (w/o near detector constraint) 23.5% 26.8%
 (w near detector constraint) 7.7% 6.8%
 wide energy spectrum at the far detector enables a determination of the shape of the oscillationprobability, which is sensitive to the value of δCP . In this case, systematic errors affecting thedetermination of neutrino energy are more relevant, as they could cause an apparent distortion inthe shape of the probability and, hence, induce a bias in the determination of δCP [40, 41].
 In the case of θ23, the strongest constraints come from νµ → νµ and νµ → νµ disappearance datain atmospheric and long-baseline neutrino oscillation experiments. In fact, the main quantity thatis determined from the data is the value of sin2 2θ23, which is extracted from the size of the dip inthe oscillation probability at the oscillation maximum (see Sec. III A). For maximal mixing, thereshould be practically no neutrino events observed in the dip region, while for nonmaximal mixingthe conversion is not complete. However, a misreconstruction of the neutrino energy can mimicthe same effect: events taking place at high energies, outside the dip region, may end up beingreconstructed in the region of the oscillation [4, 31, 33]. An example of this is shown graphically inFigure 4 for the T2K configuration. References [1, 3, 4, 26, 31, 33, 42–44] have studied this effectfor various models of 2p2h and observe significant effects in the determination of the mixing angle.The opposite can also hold – if the near detector sees an excess of high-energy interactions (e.g.,
 2p2h), the determination of sin2 2θ23 would be biased to maximal or unphysical values. Note thatthe description of the cross-section uncertainties is crucial; previous efforts using an effective axialmass parameter could yield reasonable-quality fits to excess events seen in near-detector data, butwithout the physics of 2p2h processes, the meaning of these fits is unclear.
 If θ23 is not maximal, cross-section uncertainties might also affect the determination of the octantto which it belongs, θ23 < π/4 vs. θ23 > π/4. As explained in Sec. III A, this measurement hasto come from the combination of disappearance and appearance data. However, cross sectionuncertainties affecting the νµ → νe oscillation channel could affect our ability to determine the
 value of sin2 θ23: a larger value of θ23 translates into a larger appearance oscillation probability andthus a larger number of events; however the same effect can be mimicked by a larger-than-expectedinteraction cross section. Finally, it should also be kept in mind that the appearance channel willbe used at the same time to determine the value of δCP , the octant of θ23, and the neutrino massordering. Thus, these determinations are subject to parametric degeneracies.
 Table V summarizes the uncertainties in a combined analysis of νe and νµ samples by T2K [26].Uncertainties on both appearance and disappearance channels have significant components fromcross section systematic uncertainties which did not cancel in the near/far extrapolation (5.0%for νµ and 4.7% for νe). In addition to the issues raised in Section III A, T2K’s near-detectorselection predominantly includes interactions on scintillator (carbon) which must be extrapolatedvia nuclear models to the far-detector water (oxygen) target. Subsequent T2K analyses have usedwater target cross sections in the oscillation analysis, but the uncertainties [45] due to the crosssection model remain important. There are also important theoretical uncertainties included inthis table, notably uncertainties on the ratio of the νe to νµ cross section, as the near detectorsmeasure a yield of predominantly νµ interactions but need to infer the rate for νe appearance. See,e.g., Refs. [28, 46–49] for more information.
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 TABLE VI. Composition for the expected event rate at MicroBooNE for 1 × 1020
 Protons on Target(POT) according to the final state topology. This roughly corresponds to the expected event rate fromMicroBooNE’s 2015 run. No acceptance or efficiency corrections are included. From Ref. [62].
 Final State Events
 CC inclusive 26500
 CC 0π 17000
 NC elastic 2600
 NC 1π0
 1700
 NC 1 γ 20
 Cross section model uncertainties will continue to be relevant until the end game of the T2K andNOvA experiments. A study from T2K positing a very high statistical sample – 7.8 × 1021 POT,approximately an order of magnitude larger than their data set as of early 2017 – notes that “forthe measurement of θ23 and |∆m2
 32|, the systematic error sizes are significant compared to thestatistical error” [25]. Furthermore, the combined νe appearance sample from NOvA and T2K willbe ∼ 1, 000 events by the time the next generation of experiments comes online. Consequently, theultimate measurements from T2K+NOvA must confront systematics at the 3%-level [50].
 2. New physics searches
 Current and future neutrino oscillation experiments can also be used to constrain new physicsmodels. Like the oscillation physics program, these constraints can be severely affected by system-atic uncertainties associated with cross sections. A relevant example is given by the measurementsof neutral-current (NC) rates at the far detector in MINOS or NOvA, which can be used to putbounds on the mixing between active and sterile neutrinos [51, 52]. Recent results from the NOvAexperiment [52] show a shift in the observed event distributions towards lower values of the calori-metric energy with respect to the Monte Carlo prediction. Moreover, the largest contributor tothe overall normalization systematic error in this channel was the NC mis-modeling uncertainties.Future searches using NC events will also require microscopic models for NC multinucleon interac-tions and their implementation into Monte Carlo event generators, which are currently unavailable.(The only microscopic models currently implemented into Monte Carlo event generators corre-spond to CC cross sections.) NC modeling will help to reduce the overall uncertainties affectingthese channels and improve the derived bounds from the data.
 A second example is given by light dark-matter searches using oscillation experiments; see, e.g.,Refs. [53–58]. In certain models of new physics with new vector bosons, dark matter particlescould be produced at the target in neutrino oscillation experiments, either via meson decays orvia direct production in proton-nucleus collisions. The produced particles could then lead to anobservable excess of NC-like events in neutrino detectors. The experimental signature in thesemodels would consist of a nuclear or an electron recoil and, thus, neutrino NC interactions constitutea sizable and irreducible background for these searches. Therefore, a precise knowledge of neutrinoNC cross sections is crucial in this case to get a strong experimental sensitivity. Recently, theMiniBooNE collaboration performed a special run in beam-dump mode to conduct a search for sub-GeV dark matter particles produced in this way [59]. The initial systematic uncertainty on the NCneutrino background was determined to be at the 34% [59]. Moreover, the Monte Carlo simulationsignificantly overpredicted the NC elastic event rates at high nucleon energies; see Refs. [60, 61] formore details.
 3. Short-baseline measurements
 A host of short-baseline measurements have been planned for the near future, which use the sameneutrino interactions of interest to long-baseline experiments. Here we include a short discussion
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 TABLE VII. The expected number of νe and νe candidate events for the T2HK experiment. Normal massordering with sin
 22θ13 = 0.1 and δCP = 0 are assumed. Background is categorized by the flavor before
 oscillation. Taken from Ref. [66].
 Signal BackgroundTotal
 νµ → νe νµ → νe νµ CC νµ CC νe CC νe CC NC BG Total
 ν mode 2300 21 10 0 347 15 188 560 2881
 ν mode 289 1656 3 3 142 302 247 724 2669
 of issues shared by both programs. The MicroBooNE experiment [63] will look for non-standardappearance and disappearance to search for sterile neutrinos with a 89 ton LAr TPC. Additionaldetectors are being added to the same beamline at different distances from the target [64] toquantify the dependence of the oscillation with the distance to the source, should it be observed,and further reduce the impact of systematics. In addition to the issues raised for long-baselineexperiments, MicroBooNE faces the use of a target material, argon, that is significantly differentfrom previous oscillation results using steel, carbon, or water targets. Nuclear effects are expectedto be significant for argon: for example, pion absorption is roughly twice as large in argon as it isin carbon or oxygen [65]. Moreover, the extrapolation from lighter nuclei to argon is difficult orimpossible in many nuclear modeling frameworks. Like long-baseline experiments, MicroBooNE willrequire an energy estimator based on calorimetric methods but, in principle, can also use energyestimators based on the kinematic method described in Sec. III D. It will have the benefit of arelatively low detection threshold but will, then, be sensitive to the kinematics and multiplicitiesof final state particles through threshold effects and new reconstruction algorithms. Unlike forlong-baseline experiments aiming to perform appearance measurements, the relative importance ofbackgrounds is amplified here as short-baseline appearance signals are much smaller relative to theexpected intrinsic νe and NC backgrounds. Table VI shows the expected breakdown of interactiontopologies at MicroBooNE for its first year of operation with no acceptance or efficiency correctionsincluded. As MicroBooNE’s peak energy is about 0.8 GeV, the bulk of the interactions are CC0πtopologically.
 G. Future Experimental Program
 To meet the physics goals of future CP-violation searches with neutrino beams, unprecedentedcontrol of neutrino interaction uncertainties is required. T2HK, with a design similar to T2K, willbe affected by systematic uncertainties similar to T2K. Table VII shows the number of νe andνe candidates expected at T2HK. Like T2K, the largest non-CC contribution is expected to befrom NC interactions mis-identified as CC. It should also be noted that, as the beams are notpure, the beam in the antineutrino beam configuration will also contain a significant componentof neutrinos. Given the much larger cross section for neutrinos with respect to antineutrinos, thecontamination in the final event sample will be much more severe in the antineutrino running modethan in the neutrino one. From the number of events in Table VII, it can be seen that the sta-tistical uncertainty of the νe sample, ∼ 2%, will be comparable to the expected total systematicuncertainty for νe (νe) appearance, 3.3% (6.2%). Thus, cross section systematic uncertainties willneed to be controlled at the 1–2% level for signal and background, and careful treatment is re-quired for the relative uncertainties between neutrinos and antineutrino interactions. As pointedout in Sec. III F 1, CP-violation searches with narrow-band beams (such as T2HK) will be espe-cially subject to cross-section uncertainties that affect the neutrino and antineutrino event ratesasymmetrically, for instance multinucleon interactions.
 The DUNE collaboration has set a goal for systematic errors at 5%⊕ 2%, where 5% correspondsto the normalization uncertainty on the νµ sample at the far detector, and 2% is the effective un-correlated normalization uncertainty on the νe sample at the far detector, after fits to both near-and far-detector data have been performed, and all external constraints have been included [23].Figure 5 shows the effect of larger uncertainties on the sensitivity to CP violation at DUNE, as afunction of its total exposure [23]. In this figure, the signal normalization uncertainties between neu-
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 FIG. 5. Effect of normalization uncertainties affecting νe and νe cross sections on the sensitivity to CPviolation at DUNE. The panels show minimum significance at which the CP-conservation hypothesis canbe rejected, for 75% of values of δCP , as a function of the total exposure in kt MW yr. (A priori, all possiblevalues of δCP in the range −π < δCP ≤ π are assumed to be equally likely.) The width of the bandshows the variation in sensitivity when the cross section uncertainties on the appearance sample are variedbetween 1% and 3%. The right-axis labels X%⊕Y% indicates that a X% (Y%) normalization uncertaintyis assumed for the νµ and νµ (νe and νe) samples at the far detector, see text for details. The hashed bandshows the results obtained with the CDR reference beam design, while the solid band shows the resultsobtained with the optimized beam design. From Ref. [23].
 trinos and antineutrinos are treated as completely uncorrelated; for additional details, see Ref. [23].As can be seen from the figure, for exposures above 1000 kt MW yr, the sensitivity to CP violationobtained for 75% of the values of δCP could be lowered below the 3σ bound, if the size of thesystematic errors is increased from 2% to 3%. The degradation increases for larger exposures, asthe experiment enters the systematic-dominated regime.
 For wide-band beams, such as the DUNE experiment, much of the information on the CP-violating phase comes from the observation of the energy dependence of the oscillation probabilityover a wide range of energies, as mentioned in Sec. III F 1. In this case, uncertainties affecting theneutrino reconstruction process could have a larger impact on the results. At DUNE, hadrons areexpected to contribute more than half of the total energy deposit for many νe and νµ interactionsin the far detector [23]. Thus, the impact of pion and nucleon production through higher-energyinelastic interactions could play a key role. For instance, particles produced in nuclear interactionsbelow detection threshold, or neutrons escaping detection, can lead to a large amount of missingenergy. These effects are difficult to quantify as they rely on the predictions of a given nuclearmodel. Unless they are kept under control, they will generate a bias in the determination ofneutrino energy towards lower energies, which in turn would translate into a wrong determinationof the value of δCP .
 The effect of missing energy on the measurement of δCP is explored quantitatively in Ref. [41]
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 for a setup similar to DUNE. The authors concluded that a sizable bias would be induced in thedetermination of the value of δCP if the missing energy is underestimated by 20% or more. Thestudy in Ref. [41] assumed, however, that the reconstruction bias would be the same for neutrinosand antineutrinos, something not expected a priori. The effect could be even worse once thisassumption is relaxed. A more detailed study is needed to determine the final impact, includinga detailed simulation of the LAr detector performance. A further detailed study is needed of theimpact of different pion absorption rates and neutron production in argon, which both depend on thenuclear model. Significant experience with simulation, reconstruction, and calibration of neutrinointeractions in LAr TPCs is expected from the Intermediate Neutrino Program [67]. In particular,Fermilab’s short-baseline neutrino program [64] consists of three experiments with a LAr TPC:ICARUS-T600, MicroBooNE, and SBND. Moreover, an active program of detector prototypes andtest-beam measurements is planned to study the reconstruction of charged and neutral particles inLAr TPC detectors, including LArIAT [68], CAPTAIN [36, 37], and the CERN neutrino platformsingle and dual phase prototypes, also known as ProtoDUNE [69]. Finally, one should appreciatethat electron scattering, with its fully defined kinematics, is an important testbed for any modelof neutrino-nucleus interactions, since they necessarily must reproduce electron scattering data.For discussions of the relevance of electron scattering to neutrino experiments, see Sec. V andRefs. [44, 70–73].
 H. Summary and challenges for oscillation experiments
 Several initial processes can contribute to each observable topology in our detectors due to nucleareffects and the significant energy spread of neutrino and antineutrino beams. It is clear that nucleareffects are a major issue for current and future experiments. To achieve the future program, weneed a clear understanding of:
 • Current and future long- and short-baseline neutrino oscillation programs should evaluateand articulate what additional neutrino-nucleus interaction data or support measurementsare required to meet their ambitious goals. This can be done with a combination of phe-nomenological and direct theoretical estimations.
 • Near detectors are powerful in oscillation analyses, but do have fundamental and practicallimitations in the near-to-far extrapolation of event rates. New experimental methods suchas NuPRISM [5], which enables variable neutrino energy fluxes to enter the near detector,could circumvent the problem of different fluxes at the near and far detector.
 • Of specific interest is precise knowledge of electron/muon neutrino cross section differences,which historically has been difficult to measure in near detectors. Are there any theoreticalindications of unexpected differences? What is the level that this quantity will be known bythe proposed future experimental program near detectors?
 • Neutrino energy estimators are sensitive to threshold effects and model-based particle com-position and kinematics. As neutrino-antineutrino event-rate comparisons are important forδCP measurements, the relative neutron composition of final hadronic states is key. Whatare the prospects for semi-inclusive theoretical models? Experimentally, programs to detectneutrons are essential. Electron scattering data may also provide insights to the hadronicstate.
 • The calculated detector efficiency often depends on the nuclear model. Whether or not currentuncertainties cover this issue needs to be studied. If this is an important effect for currentand future experiments, systematic errors must reflect the range of nuclear models used incalculating this efficiency. It may be that experimental and computational approaches will benecessary.
 Without these studies, the adverse consequences for neutrino-oscillation measurements are profoundand wide-ranging.
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 IV. NEUTRINO EVENT GENERATORS
 A. How do neutrino event generators work?
 Accelerator-based neutrino experiments generally feature a three-part software stack: a beamsimulation with important uncertainties from hadron production sculpting the output, an eventgenerator responsible for modeling the “hard scattering” process of a neutrino interacting with anuclear target and describing the wide variety of final state interaction (FSI) processes that maskthe initial process, and finally a simulation for detector response. Note that there are importantconstraints implied by this factorization—the event generator must be able to consume neutrinosof definite four-momentum from the beam simulation and it must provide the full set of particlesexiting the nucleus in a format compatible with the detector simulation.
 All three pieces are, of course, crucial to the success of an experiment, but event generators areparticularly crucial. Because neutrinos enter the detector unobserved and reactions may proceedthrough neutral current channels that take away an unknown amount of energy with the outgoingneutrino, or through charged current channels that still produce large numbers of neutrons and softparticles below detection threshold, experimenters can never measure the neutrino energy spectrumin an inference free fashion. Neutral and charged particles have very different detector responses,and their mix is poorly constrained by experiment. The best we can do is build probability-weightedmaps that connect the observed constellation of particles in a detector with the statistical distribu-tion of incident energies. Mistakes in the weights coming from failing to understand the differentialcross sections for neutrino reactions in detector observables and mistakes in the predictions fornumbers and distributions of different particles produced in reactions can both lead to deadly bi-ases. We accommodate those possibilities with large systematic uncertainties, but those, in turn,may wash out the small effects we are searching for.
 Event generators must simulate every particle that appears in the final state of an interaction onan event-by-event basis in order to accurately determine the beam energy. At the energy frontier,generators such as MadGraph [74] and Pythia [75] are high-quality tools connecting theoreticalpredictions to experimental observables. This is not generally true for neutrino event generatorsbecause we lack a complete theory that can describe from first principles the neutrino interactionwith a complex nuclear target and the full subsequent evolution of the reaction products. The idealinput theory would provide internally consistent, fully-differential neutrino-nucleus cross sectionsin the kinematics of every final-state particle, over all reaction mechanisms, over the full energyrange, for all combinations of neutrino flavor and helicity, and for every nucleus in the experiment.However, modern theory typically provides only final state lepton kinematics, usually covering afraction of the experimentally accessible phase space. Furthermore, calculations generally cover onlylow-multiplicity exclusive or semi-inclusive final states like quasi-elastic or single pion productionmodes. These models satisfy the requirements of the electron scattering community, but providingthe extensions required for neutrino physics is far from easy.
 Because we cannot wait for a complete theory to perform experiments, generators are crafted froman amalgamation of many models and prescriptions, and tuned to match data in as many kinematicvariables as possible. To construct a generator, we assemble a good theoretical understanding ofneutrino scattering from free nucleons together with measurements from charged lepton scatteringthat may help constrain the nuclear model, and with the best phenomenological models available.
 B. Cultural concerns
 There are several generator codes in use, and most of them remain actively supported as inde-pendent research projects. Some generators are closely aligned with particular experimental efforts,but other are developed separately. The most widely used generators today are GENIE [76], NEUT[77], GiBUU [78], NuWro [79, 80], and Nuance [81]. The composition of the groups behind thesegenerators varies wildly: some are composed almost entirely of experimentalists, while others arecomposed almost entirely of theorists. There are numerous advantages to the variety of approaches,but one significant problem with the current state is the lack of a universal output format as wellas intermediate interfaces.
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 The single largest problem facing event generators today is rooted in the divide between highenergy and nuclear physics. The most widely-used generators are written and maintained by highenergy physics (HEP) experimenters, while the most important theory work is done by nucleartheorists. However, it is difficult to bring these groups together in productive collaboration owingto historical issues, scientific focus, and, especially in the US, the structural funding divide betweenHEP and nuclear physics. Ultimately, for neutrino event generators to serve the world’s accelerator-based neutrino program, we must as a community find a way to bridge the HEP-nuclear gapsand involve the nuclear theory community in the production and maintenance of neutrino eventgenerators more directly.
 Manpower is traditionally a serious concern for generators. A good generator is required tosimultaneously contain high quality physics models and interface smoothly with modern experi-ments, for example, providing estimated errors for all outputs of each model. Although previousgenerations of experiment managed with the work of one or two dedicated collaborators, gettingsufficient accuracy in modern experiments requires larger efforts. Ideally, experienced theorists andexperimenters work together with a core of young researchers for the best product.
 To date, that manpower hasn’t been available despite significant effort because incentives to workon generators are not well-aligned with the research superstructure. Theorists are not rewardedfor implementation efforts, and experimentalists are not rewarded for efforts beyond the minimumrequired to publish a measurement. The tradition where PhD students and postdoctoral fellowscontribute to event generator development as part of their research must be significantly enhanced.
 Coordination of effort between generator groups is an important topic that has not receivedsufficient attention and thought. If the groups do not coordinate efforts, then scarce labor iswasted on duplication. On the other hand, if groups coordinate too tightly, then the advantagesof independent approaches to problem solving are lost. As long as we must work with a veryincomplete theory picture, this diversity of thought is very valuable.
 C. Theory developments
 Stitching together a global physics model is an important problem in a neutrino event generator.Given the patchwork of phenomenonological models available, and the differing ranges of valid-ity under which they might be reasonable approximations, it is impossible to fulfill a generator’srequired duty without the addition of ad-hoc extensions and blending of calculations, or withoutadjusting the strengths of different responses to ensure smooth, physical behavior. Currently, eachindependent generator group is responsible for extending theoretical calculations to cover the fullphase space seen by an experiments.
 Historically, a generator’s physics model was built under the assumption that everything couldbe decomposed as a set of free-nucleon scattering processes, with some additional modifications toaccount for nucleon-nucleon correlations and nuclear binding. There is now ample experimentalevidence that this approach is insufficient and a more complete model of the nucleus that includescorrelations and other in-medium effects as fundamental constituents is required.
 New ab initio calculations built with this more complete description of the nucleus offer thepotential to compute the fully inclusive cross section in lepton observables, although currently onlyfor light nuclei (in the range of carbon) and in non-relativistic regimes. We are making promisingprogress on extending computations to heavier nuclei and into the relativistic regime, but significanteffort and resources are required. Once available, these calculations will make it possible to tunethe overall rate in a generator, and will help break degeneracies that mix the observable effectsof FSI and initial state modeling. It is, of course, dangerous however to view the inclusive crosssection as a simple sum of various exclusive processes. This is a recipe for internal inconsistency,double-counting, biases inherent in the set of exclusive models available, and worse. We need moreeffort invested into the proper mechanisms for making use of the improvements coming in ab initiocalculations.
 Various approaches exist to propagation of the daughter products out of the nucleus, ranging fromsophisticated transport models (as in GiBUU) to simpler models very carefully tuned to hadronscattering data (as in GENIE and NEUT). Transport models likely contain better physics, but theyare often prohibitively slow and effort may be required to improve their performance.
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 In general, neutrino event generators need to do more to better position themselves to takeadvantage of improvements in parallel hardware. Because event generator groups tend to be small,and code may be old or based on unfashionable programming languages, it is difficult to organizethe effort to properly parallelize code, or make it thread safe in such a way that the generator istruly able to use multicore machines. As computational physicists continue to drive improvementsin Monte Carlo integration techniques that leverage multiple cores, the neutrino event generatorcommunity needs to find ways to take advantage of those efforts.
 D. Interplay with experiments
 Recent work focused on understanding the relationship between different experimental measure-ments of nominally comparable quantities has highlighted the need for very careful presentationof experimental results. Recall that the cross sections measured by a neutrino experiment are in-tegrated over that experiment’s specific flux and carry the influence of the specific mix of nucleartargets in the detector. As such, direct comparison of two results is often impossible and inter-pretation between the pair requires an event generator, which, itself carries many highly relevantmodel biases.
 As such, extreme care must be taken to minimize the impact of model dependence in experimentalresults. Cross sections should be presented in terms of experimental observables first and foremost.Cross sections in quantities that require the interpretation of a model (such as neutrino energyand four momentum transfer) should be accompanied whenever possible by the model-independentconstituent inputs (e.g., final state lepton variables). Quantities that are highly dependent on thedetector model, or on the generator inputs such as hadronic energy should be presented in termsof the nominal particle content whenever possible.
 Results should also be presented in observable phase space. If certain particle angles or energiesin the final state topology are not visible to an experiment, it is important to at least presentresults in that restricted phase space. When reporting full phase space results, experiments shouldbe careful to note the configuration of the generator used to integrate into the unobserved regionsof phase space. Numerous subtle traps await in this process. For example, when reporting onedimensional differential cross sections, care must be taken with all the input variables to producecross sections based on observables.
 In the end, of course, generators cannot be more accurate than the measurements that informand constrain them. Improvements in the input theory models is crucial, but it is equally crucialfor experiments to publish as many good cross section results as possible.
 E. Top challenges
 Further details about event generators are covered in the following sections, focusing on thespecifics at hand. While each aspect of neutrino physics brings specific challenges to event genera-tors, several general issues emerge:
 • How do we coordinate efforts between generator groups in such a way as to reduce duplicationof effort while still preserving the advantages of independent approaches and ideas?
 • How do we fully engage the nuclear theory community in the design and implementation ofevent generators?
 • How do we take best advantage of new and upcoming ab initio calculations of the nucleus?
 • When tuning generators, how do we reconcile tensions in existing datasets? How aggressivelyshould we pursue one model meant to work across all energies and targets, an idea known asa “universal tune?”
 • We may do well to follow the lead of the energy-frontier generator community, by organizingmeetings explicitly devoted to common data formats and interfaces between the various stagesof neutrino-nucleus event generation.
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 V. ELECTRON-NUCLEUS SCATTERING AS INPUT TO NEUTRINO SCATTERING
 A. Introduction
 Many high-quality electron-nucleus scattering data exist, covering a wide energy range corre-sponding to different reaction mechanisms: from quasi-elastic (QE) scattering to the region ofthe ∆ resonance and the complete inelastic spectrum – resonant, non-resonant and deep inelasticscattering (DIS). Any nuclear model used to describe neutrino-nucleus scattering should first bevalidated against these data. Since the vector part of the weak response is related to the electro-magnetic response through CVC, such a test is necessary, but not sufficient, to ensure the validityof a model for given kinematics, namely given values of the transferred energy ω (= ν for neutrinos)and momentum q. Valuable information on the axial response could in principle be extracted fromparity-violating (PV) electron scattering off complex nuclei [82, 83], where however few data existand are mostly limited to the elastic part of the spectrum. In particular, from measurements of thePV asymmetry at backward scattering angles in the QE regime good knowledge of the radiativecorrections entering in the isovector axial-vector sector could be gained [84].
 B. Experimental input
 The cross section for neutrino scattering from nuclei is sensitive to the same underlying structuredetermined by QCD, and as probed with pure electromagnetic processes, such as charged leptonscattering from nucleons and nuclei. As such, there are a number of ways that electron scatteringdata inform ν − A cross section modeling, as well as providing a test-bed for model validation. Incontrast to past and current neutrino beams, charged lepton scattering has the distinct advantageof nearly monochromatic beams with well determined energies, allowing for a significantly cleanerkinematic separation of the various production mechanisms in inclusive scattering, such as reso-nance production and nucleon elastic scattering. In addition to providing important experimentalinput such as nucleon isovector elastic form factors and resonance transition form factors, electronscattering data provide critical information on the distributions of initial state momentum and en-ergy for nucleons in nuclei, the importance of 2-body currents and final state interaction effects. Inthis section we will give a brief overview of the experimental input provided by electron scatteringdata.
 At beam energies of a few GeV and below the ν − A cross section is dominated by nucleonelastic scattering and resonance production, as well as contributions from 2-body currents. Inelastic scattering the cross section is sensitive to isovector, axial, and pseudoscalar nucleon formfactors, with the isovector form factors determined from the nucleon electromagnetic form factorsthrough Conservation of Vector Current (CVC) and the pseudoscaler determined from PartialConservation of Axial Current (PCAC). Therefore, extractions of the weak-axial form factor fromneutrino deuteron (and anti-neutrino hydrogen) data from spark and bubble chambers dependcritically on the values of the electric and magnetic form factors utilized to construct the isovectorform factors. This was highlighted in a re-extraction of the axial form factor and mass parameter,MA, utilizing an updated fit to the electromagnetic form factors [85], which included low Q2 data onthe proton electric to magnetic form factor ratio from Jefferson Lab and the BLAST experiment [86]as recent as 2007 (see [87] for a review of the experimental status of nucleon form factors prior to2008). This study showed a variation of several percent in MA relative to the original extractions.
 Since this study was published several new data sets on both proton and neutron elastic formfactor have been become available. These include measurements of the neutron electric to mag-netic form factor ratio (GnE/G
 nM ) from the BLAST [88] experiment in the Q2 range of 0.14 to 0.55
 (GeV/c)2 and from Jefferon Lab Hall A [89] in the range 1.72 to 3.41 (GeV/c)2 using double polar-
 ization observables with polarized deuteron and 3He targets, respectively, as well as measurementsof the neutron magnetic form factor by the CLAS collaboration in Hall B utilizing a deuteriumtarget in the range 1 < Q2 < 4.75 (GeV/c)2. In regards to modeling the neutrino quasielastic crosssection, vector form factor parameterizations should be utilized that include the most recent, highprecision, data.
 However, an open question remains in regards to the observed discrepancy in the ratio of the
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 FIG. 6. (Color online) [Note: want to replace figure] Inclusive reduced cross sections for electron scattering
 from12
 C from SLAC (Left Panel) and preliminary data from JLab Hall C experiment E04-001 (Right Panel)
 at a similarQ2 ≈ 0.3 (GeV/c)
 2. The bottom panels show the data residuals after subtracting the quasielastic
 and inelastic contributions from global fits with the dashed curve representing the 2-body contributionsdetermined from the fit.
 proton electric to magnetic form factors determined from polarization transfer measurements andRosenbluth separations of the cross section for Q2 > 1(GeV/c)2. While two photon exchangecontributions beyond the standard radiative corrections remains the most likely explanation for thedifference between the ratios extracted from the two techniques, the current experimental evidencefor such effects has not been definitive. This leaves open the question of which value for the electricform factor should be utilized for constructing the isovector form factors for input in neutrinoscattering.
 As noted above, many different reaction mechanisms contribute to the inclusive cross section forscattering of electrons from nuclei depending on the invariant hadronic mass W of the final state.In the energy and Q2 range of current oscillation experiments, an abundance of electron scatteringcross section data currently exists for a large array of target nuclei and with many data sets havingrelatively high precision. The quasielastic database of Benhar, Day, and Sick [90] provides a valuableresource for data covering the quasielastic and the delta resonance region. A number of these datasets were utilized for separation of the cross section for longitudinally and transversely polarizedphotons (so-called L/T separations), which typically require uncertainties point-to-point in thephoton polarization parameter ε of 2-3% or better. In addition, new high precision inclusive datahave, or will shortly become, available from Jefferson Lab on nucleons and nuclei which can be usedboth to determine the vector contributions to inclusive structure functions, as well as to test themodeling of the nuclear medium. These data include Jefferson Lab Hall C experiments E99-118(targets p, 2H) [91, 92], E94-110 (p) [93], E02-019 (p,2H) [94], E03-103 (2H, 3He, 4He, 9Be and12C) [95], E02-109 (p, 2H) , E06-009 (2H) [96], and E04-001 (12C, 27Al, 56Fe, 64Cu) [97] from theJUPITER collaboration.
 Figure 6 shows examples of reduced inclusive cross section data as a function of W from thequasielastic region through the ∆(1232) resonance region from SLAC (Barreau et.al [98]) and pre-
 liminary data from E04-001 at Q2 ≈ 0.3 (GeV/c)2. The data at all W have been centered to the
 common Q2 utilizing a global fit to the available cross sections as described in [99]. Also shownare the contributions from quasielastic scattering utilizing the superscaling formalism with updatedform factor parameterizations, as well as the inelastic contribution based on a gaussian smearingof fits to the proton [100] and neutron [101] cross sections and a medium modification factor. The
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 remaining strength is assumed to be due to 2-body currents in scattering from quasi-deuterons, suchas meson-exchange. This additional strength required beyond the independent nucleon impulse ap-proximation is consistent with previous observations that this enhancement is only in the transversecross section, as indicated by the independence of the enhancement on ε. The new JLab E04-001data further underscores this observation and is expected to have final point-to-point uncertaintiesof 2% or better, allowing for a separation of the longitudinal and transverse cross sections andstructure functions for a range of nuclei from the quasielastic region through the resonance regionto W ≈ 4.5 GeV2 and for 0.3 < Q2 < 4.5 (GeV/c)2. This experiment ran in parallel with experi-ments E02-109 and E06-009 on deuterium targets. First publications on the L/T separation results
 are in preparation and will feature the deuteron Rd (F dL) and the modification of R (FL) in thenuclear medium from RA −Rd.
 The latter is of interest to low energy neutrino scattering experiments as statistics and kinematiclimitations will not allow a separation of all three structure functions and R must be taken fromother data sets, such as electron scattering data. The problem here is that due to the Q2 behaviorof FL for neutrinos, Rν is different than Rem. However, while R from electron scattering on aproton target was well measured by E94-110, R on nuclear targets in this kinematic region has notpreviously been well measured prior to the Jupiter experiments with rough estimates of the impactof the uncertainty on the input R on the predicted neutrino cross section in this region in excess ofseveral percent [102]. The results from these soon to finalized Hall C experiments are expected toreduce the uncertainty of RA by at least a factor of four or better.
 In the quasielastic region, Hall A experiment E05-110 (4He, 12C, 56Fe, and 208Pb) is complet-ing precision L/T separations of response functions in the 3-momentum transfer range of 0.55 to0.9 GeV/c, which is expected to resolve long standing discrepancies in the integral of the longitu-dinal response function extracted from different experiments (for a review of inclusive quasielasticelectron-nucleus scattering and the Coulomb Sum Rule prior to 2009 see [103]).
 A critical component to modeling the quasielastic and resonance region inclusive cross sectionsfor electron scattering from nuclear targets is the distribution of momentum and binding energyfor the nucleon on which the scattering occurs, and which is encoded in the spectral functions.Electron scattering data over the last several decades or more have provided experimental access toproton spectral functions through the (e, e′p) reaction from light nuclei such as 3He through heavy
 nuclei such as 208Pb with energy resolutions of several hundred KeV or better, which is necessaryto isolate individual shell model states. For ν − A interactions the spectral function is importantfor the prediction of the energy and momenta of final state nucleons, which is often used as a cutparameter to isolate the quasielastic process from inelastic processes. Currently Argon, a nucleusimportant to the experimental neutrino oscillation community, is one of the nuclei for which thespectral function has not been well studied. An experiment to remedy this situation was recentlyapproved [104] and will soon be underway in Jefferson Lab Hall A.
 To further complicate the matter of isolating quasielastic events, the presence of final-state multi-nucleons in scattering from correlated nucleon pairs obfuscates the quasielastic experimental sig-nature. Significant experimental progress has been made in recent years to determine the fractionand type of correlated pairs (p − n versus p − p). One of the significant challenges in ν − A eventgenerators is properly sampling the momenta and energy distributions for both single nucleon andcorrelated initial states. The data discussed is critical for confronting ab initio calculations andtesting the adequacy of models utilized in generators.
 The identification of particular scattering processes in neutrino scattering experiments, such asresonance production, relies on the identification of one or more hadrons. Furthermore, recon-struction of the neutrino energy depends on the observed energies of these hadrons. It is thereforeimperative to model as accurately as possible the effects of hadron formation and propagationin the nucleus. Data from semi-inclusive electron scattering provides experimental observableswhich can directly confront models of hadronization and propagation utilized for neutrino scat-tering. Such studies with electron beams were first performed at SLAC [105] and subsequentlymeasured with muons by at CERN [106], and more recently with 27.6 GeV electron and positronsat HERMES[107, 108], and at significantly lower energies around 5 GeV with CLAS at JeffersonLab [109]. The data from both HERMES and CLAS provide the kinematic dependence of the ratio
 of hadron multiplicities on nuclei to those from the deuteron (RhA) for nuclei with different A and
 a range of hadrons (such as π+, π−, π0, K+, K−). This kinematic dependence of this ratio is
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 sensitive to hadronic formation times and mechanisms.
 C. Modeling
 An important distinction in studying various classes of lepton-nucleus reaction should be madeclear: one should distinguish inclusive reactions, where only the scattered lepton is presumed tobe detected, from more exclusive reactions where, in addition to the final-state lepton, additionalparticles are presumed to be detected. Examples of the former are (e, e′) and (νµ, µ
 −) reactions,
 while examples of the latter are the so-called semi-inclusive reactions (e, e′p) and (νµ, µ−p). This
 separation into inclusive and more exclusive reactions is of considerable importance for the nucleartheory being employed. For instance, ab initio non-relativistic approaches are designed to work forinclusive reactions: by suitable manipulation it becomes possible to insert a complete set of finalnuclear states and thereby implicitly include all classes of final-state interactions. However, thefinal states are not treated explicitly, and thus this approach is not directly applicable for the moreexclusive reactions. The result is that very sophisticated non-relativistic studies are possible forinclusive reactions, and that these must be extended (typically by making approximations such asfactorization, employing spectral functions, etc.) when the goals of the measurements require moreexclusive modeling. Note that one cannot obtain a semi-inclusive cross section from an inclusiveone, whereas the reverse is possible by integrating over all open channels.
 Different theoretical approaches used to model inclusive (e, e′) scattering in the quasielastic regimeand beyond have recently been extended to the study of neutrino reactions. In some cases, suchas the simple and commonly-used relativistic Fermi gas model (RFG), models fail to reproduceboth inclusive electron scattering in the quasielastic regime as well as recent measurements of QEneutrino and antineutrino scattering cross sections. In particular models based on the impulseapproximation (IA) usually fail to reproduce the existing L/T separated data, which point to atransverse (with respect to q) response larger that the longitudinal one. Furthermore, both theshape and size of the responses are different from the experimental ones, due to the simplifieddescription of the reaction mechanism and of the nuclear dynamics. Hence a proper evaluationof the effects introduced by final-state interactions (FSI) and mechanisms beyond the IA, such asnuclear correlations and two-particle two-hole excitations, are needed.
 Ab initio approaches describe electron-nucleus scattering processes starting from a realistic nu-clear Hamiltonians. Among these is the model based on the Green’s Function Monte Carlo (GFMC)algorithm, which has been used to calculate the inclusive electromagnetic QE response functionsof 4He and 12C in the regime of moderate momentum transfer, including nuclear correlations andconsistent 2-body meson-exchange currents [110, 111]. The main drawbacks of this method areits computational cost and the severe difficulties involved in its extension to include relativistickinematics and resonance production. The Pavia Relativistic Green’s Function (RGF) approachaccounts for final state interactions (FSI) in a relativistic framework using a technique which allowsone to conserve the total flux [112, 113]. The formalism based on spectral function (SF) and fac-torization of the nuclear transition matrix elements has been used by Benhar et al. [114] to modelthe QE peak [72] and has been recently extended to include two-particletwo-hole final states [115].The model accounts for the effects of FSI by means of a folding function which contains a real op-tical potential and a nuclear transparency factor extracted from (e, e′p) data. The Valencia groupused a local Fermi gas model with RPA correlations based on phenomenological Landau-Migdalparmeters [116]. The model, which accounts for medium effects through the use of particle andhole spectral functions, is used to describe the QE and ∆ peaks and includes 2p2h excitations. TheGhent HF-CRPA model starts from a Skyrme-based Hartree-Fock mean field and adds long-rangecorrelations through a continuum RPA approach using the same Skyrme residual interaction [71];the model is particuarly suited to study low-energy excitations. The approach of the Sofia groupis based on Coherent Density Fluctuation Model (CDFM) which accounts for the high-momentumtail of the nucleon momentum distribution arising from short-range NN correlations [117, 118]. TheGiessen group uses the GiBUU implementation of quantum-kinetic transport theory to describe theQE and ∆ regions [119]. The key ingredient of the model in the cross section computation is amomentum dependent potential translated into an effective nucleon mass. The model has beenrecently complemented with a phenomenological fit of the 2p2h response [120]. More details on the
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 different treatments of two-body currents are given in Section VI.C.In the SuperScaling approach [70] (denoted as SuSA), instead of starting from a microscopic
 Hamiltonian, the scaling and superscaling properties of electron-nucleus interactions [121–125] havebeen used to construct a semi-phenomenological model for lepton-nucleus scattering. A similar ap-proach is also taken in the Transverse Enhancement Model (TEM) of Ref. [126]. The SuSA modelassumes the existence of universal scaling functions for electromagnetic and weak interactions. Thegeneral procedure adopted in this analysis consists of dividing the inclusive (e, e′) experimentalcross section by an appropriate single-nucleon one to obtain a reduced cross section. When thisis plotted as a function of the “scaling variable”, itself a function of ω and q, some particularproperties emerge: at energy transfers below the QE peak, the reduced cross section is largelyindependent of the momentum transfer, which is called scaling of first kind, and of the nucleartarget, which is defined as scaling of second kind. The simultaneous occurrence of scaling of bothkinds is denoted as superscaling. At higher energies, above the QE peak, both kinds of scaling areshown to be violated as a consequence of the contributions introduced by effects beyond the IA,such as meson-exchange currents (MEC) and inelastic scattering. The scaling formalism, originallyintroduced to describe the QE domain, has been extended to the region of the ∆ resonance [127]and the complete inelastic spectrum [128]. Recently an improved version of the superscaling modelhas been developed, called SuSAv2 [129], that incorporates relativistic mean field (RMF) effects inthe longitudinal and transverse nuclear responses, as well as in the isovector and isoscalar channelsindependently. Within the RMF model the bound and scattered nucleon wave functions are solu-tions of the Dirac-Hartree equation in the presence of energy-independent real scalar (attractive)and vector (repulsive) potentials. Because the same relativistic potential is used to describe theinitial and final nucleon states, the model preserves the continuity equation. An important result isthat the model reproduces surprisingly well the magnitude and shape of the experimental longitu-dinal superscaling function. On the other hand, it predicts a larger transverse scaling function, aneffect due to the distortion of the lower components of the outgoing nucleon Dirac wave functionby the FSI which agrees with the available separated L/T data (see Refs.[130–134] for details ofthe model and its predictions on electron and neutrino reactions). 2p-2h MEC effects, which playan important role in the dip region between the QE and the ∆ peaks, are included in the SuSAv2model following the work of De Pace et al. [135, 136], who performed the first fully relativisticcalculation of the electromagnetic two-body currents contribution to inclusive electron scattering.Detailed comparison of the SuSAv2 predictions with electron scattering data on 12C at many dif-ferent kinematics can be found in Ref.[73], showing a very satisfactory agreement of the model withinclusive data. Two illustrative examples are shown in Fig. 7.
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 FIG. 7. Comparison of inclusive12
 C(e, e′) cross sections and predictions of the QE-SuSAv2 model (long-
 dashed red line), 2p-2h MEC model (dot-dashed brown line) and inelastic-SuSAv2 model (long dot-dashedorange line). The sum of the three contributions is represented with a solid blue line. The q-dependence
 upon ω is also shown (short-dashed black line). The y-axis on the left represents d2σ/dΩ/dω in nb/GeV/sr
 whereas the one on the right represents the q value in GeV/c. Figure from Ref.[73].
 It is important to notice that the regime of interest in present and future neutrino experiments ishigh-energy and relativistic aspects of the problem are critical. What exists in modeling this regime
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 is either very limited or requires making approximations. For instance, it is possible to treat thedeuteron relativistically with sophisticated treatment of both initial and final (NN) states. However,for heavy nuclei only the non-relativistic ab initio approach can claim a high level of consistencywhen treating the nuclear many-body problem for inclusive reactions. Making relativistic extensionsto this approach without also making approximations cannot be anticipated for the foreseeablefuture. Accordingly, it is essential to continue to pursue modeling where reasonable approximationsare made, but where relativistic quantum mechanics of one form or other is incorporated. For heavynuclei this means, for instance, employing simple models such as the RFG to get some insights intothe significance of relativistic effects, or more sophisticated approaches such as RMF to explorehow some aspects of relativistic dynamics play a role. One goal for the near future should be tointer-compare the results of the ab initio non-relativistic studies with those of the approximate, butrelativistic modeling. Additionally, it is important to make contact with SuperScaling Analyses ofelectron scattering data, which provide a stringent test of nuclear models. The continued validationof the last is important, since scaling analyses allow one to get some insight into the roles playedby the various contributions to the inclusive cross section (quasielastic, MEC, inelastic).
 In passing let us also comment on coherent scattering from nuclei. In elastic scattering of ei-ther electrons or neutrinos from nuclei one has all multipoles allowed by conservation of angularmomentum, parity and time reversal invariance. For instance, in elastic electron scattering from aspin-5/2 nucleus one has C0, C2, C4, M1, M3 and M5 multipoles. Of these, the monopole is coher-ent (involves all of the nucleons in the nuclear ground state), whereas the others, while contributingto elastic scattering, are not coherent. For electron scattering this implies that the C0 multipole isproportional to Z, which is large for a heavy nucleus, while the others are proportional to quantitiesof order unity and thus are typically much smaller. Accordingly, at modest momentum transfersone can expect that the coherent monopole contribution is dominant. In Section IX the problemof coherent neutral-current neutrino scattering at low energies is discussed. Here we only note thatthe ground-state neutral current matrix element can also be probed using parity-violating electronscattering. Indeed, the neutrino scattering cross section in leading-order is equal to the productof the parity-conserving electron scattering cross section times the square of the parity-violatingasymmetry: [
 dσ
 dΩ
 ]neutrinos
 =
 [dσ
 dΩ
 ]electrons,PC
 (APV )2. (5.1)
 Any deviation from equality can in principle be used to explore physics beyond the StandardModel. The projection of present experimental opportunities suggests that the right-hand side ofthis equation could be determined at the sub one percent level, although getting the left-hand sideto this level will be a challenge. For details on these issues and for a brief discussion of correctionsto this equation see [137].
 D. Challenges
 Summarizing, we list what we view as the main challenges in connecting electron and neutrinoreactions:
 • matching models used to predict neutrino-nucleus observables to electron scattering data
 • expanding theory to include more semi-inclusive predictions
 • provide semi-inclusive neutron, proton and pion data sets with as broad an angular range aspossible
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 VI. QUASI-ELASTIC, QUASI-ELASTIC-LIKE SCATTERING
 Quasi-elastic (QE) scattering is the main interaction mechanism for neutrinos with energies upto about 1 GeV. As this region is at the core of the neutrino energy distribution for many neutrinoexperiments, quasi-elastic scattering is key to the understanding of neutrinos and their interactionswith nuclei. In quasi-elastic scattering, the incoming neutrino scatters off a nucleon, bound bythe nuclear potential. Instead of a sharp peak in the excitation spectrum as found in true elasticscattering, the scattering off the nucleons moving in the nuclear medium, gives rise to a broad peak
 in the excitation spectrum, centered around the quasi-elastic value ω = Q2
 2M − S, with Q2 the four-momentum transfer, M the nucleon mass and S a shift correcting for the binding of the nucleonsin the potential. Central parameters in the dynamical behavior of the cross section are energyand momentum transfer ; incoming energy mainly affects kinematic aspects of the cross section.The influence of the nuclear medium and nuclear correlations on the scattering process and on theejectiles make this processes far more challenging to model than could naively be expected.
 It is noteworthy that different definitions of ’quasi-elastic’ are used. In general, the term might re-fer to events that are close to the quasi-elastic peak in lepton kinematics. In experimental situations,events are usually classified as being quasi-elastic when their final state obeys certain restrictions,’a lepton, no pions’ being the most common one. In a theoretical context, interactions are dubbedquasi-elastic when the scattering occurs elastically off a single bound nucleon. The confrontationwith the experimental practice then leads to the identification of ’QE-like’ events, involving morecomplicated scattering mechanisms such as short-range correlations or meson-exchange currents,but with a final state matching the experimental QE constraints. To avoid the confusion of thesignal definition, it becomes increasingly common to present the data in terms of the final-stateparticles, such as ’1 muon and 0 pions, with any number of protons’. This corresponds to thecharged-current CCQE-like data without subtracting any intrinsic backgrounds (except detectorrelated effects) and is dubbed CC0π.
 Experimental results are typically evaluated with strong biases from theoretical predictions.Improvement on accelerator intensities provide intense neutrino fluxes and systematic errors arebecoming relevant in oscillation neutrino experiments. Both experiment and theory must improvein parallel to help upcoming and future neutrino oscillation analyses. Quasi-elastic scattering is stillthe reference cross-section for low energy oscillation experiments like T2K/TH2K and the FermilabBooster neutrino beam experiments and it is still very relevant for higher energy neutrinos usedby the NOvA and DUNE experiments. Uncertainties in the modeling of the cross-section impactthe neutrino energy reconstruction used by these neutrino oscillation experiments. Running andfuture experiments require better sensitivities to improve on discerning between different modelsbut they also require more solid theoretical predictions for both quasi-elastic and background events.
 A. QE scattering on the nucleon
 Whereas the fundamental interaction at play in QE scattering is the neutrino communicatingwith quarks through the exchange of a Z-boson for neutral-current interactions or W-boson forcharged-current processes, at the energy scales at play in QE interactions, protons and neutronsare efficiently used as effective degrees of freedom. Cross sections are then calculated using formfactors for the nucleon, parameterizing our lack of knowledge about QCD at low energies andeffectively taking into account the internal structure of the baryons and their coupling to the leptoncurrent.
 At the nucleon level, (quasi)elastic νA scattering refers to the charged-current processes ν`n →`−p and ν`p → `+n, for lepton flavor `, as well as the neutral-current process νN → νN , whereN can be the neutron n or proton p, and ν can be a neutrino or antineutrino. The neutral-current process is actually elastic, but it is convenient to group them together. It is imperative tounderstand these relatively simple hadronic transitions, since uncertainties at the level of elementaryamplitudes limit the achievable precision of any nuclear cross section. This desire also holds formore complicated hadronic transitions, N → ∆ or N → Nπ, discussed below.
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 1. Invariant form factors
 Working at leading order in electroweak couplings, quark-level interactions with neutrinos aredescribed by the Lagrangian
 Leff = −GF√2
 [J+µJ−µ + J0µJ0
 µ
 ](6.1)
 after integrating out the W and Z bosons. Here J± and J0 are charged and neutral currents,
 J−µ = J+µ
 †,
 J+µ =
 ∑`
 ν`γµ(1− γ5)`+∑ij
 VijUiγµ(1− γ5)Dj , (6.2)
 J0µ =
 ∑f
 [gfLfγµ(1− γ5)f + gfRfγµ(1 + γ5)f
 ], (6.3)
 and gfL,R = I3(fL,R)−Q(f) sin2 θW , with I3 the third component of isospin, Q the electric chargein units of proton charge, and θW the weak mixing angle. Here Vij is the CKM matrix elementrelating the electroweak gauge eigenstate basis for quarks to the mass eigenstate basis.
 The hadronic matrix elements 〈p|J+µ |n〉, 〈n|J
 −µ |p〉, and 〈N |J0
 µ|N〉 of the currents (6.2) and (6.3)are decomposed into Lorentz-covariant forms of the nucleon four-momenta, multiplied by functionsof q2 known as “form factors.” For example,
 〈p(p′)|J+µ |n(p)〉 = u(p)(p′)
 γµF
 CC1 (q2) +
 i
 2mN
 σµνqνFCC
 2 (q2) + γµγ5FCCA (q2)
 +1
 mN
 qµγ5FCCP (q2)
 u(n)(p), (6.4)
 and corresponding expressions with form factors FNC, pi and FNC, n
 i for neutral-current scattering
 matrix elements 〈p|J0µ|p〉 and 〈n|J0
 µ|n〉. For the vector case, these are the Dirac and Pauli form
 factors, F1(q2) and F2(q2), respectively, which are often expressed in terms of the electric and
 magnetic form factors, GE(q2) = F1(q2) + q2F2(q2)/(4m2N ) and GM (q2) = F1(q2) + F2(q2). For
 the axial-vector case, one has two more form factors, FA(q2) and FP (q2), known as the axial andpseudoscalar form factors. In the cross section, the contribution of the pseudoscalar form factor,FP (q2), is suppressed by a factor m2
 ` (for free nucleons), so it is less important than FA(q2). Thediscrete symmetries C, P , T respected by QCD imply that the basis (6.4) is complete.
 The form factors are of two types: vector, and axial (the latter including pseudoscalar). Here wesummarize current knowledge of the two types of form factors from a range of experimental andtheoretical constraints. Constraints may be divided into three categories: form factor normalizationat q2 = 0, form factor slopes at q2 = 0; and general q2 dependence. As discussed below, for the q2
 range of interest, and with the appropriate choice of variable, the form factors become approximatelylinear. We describe here the experimental constraints on normalization, slope and residual shapeparameters.
 2. Electromagnetic form factors
 Form factor normalizations are defined by electric charges (in units of the positron charge) andmagnetic moments of the nucleons:
 GNE (0) = QN , GNM (0) = µN , (6.5)
 where Qp = 1, Qn = 0, µp = 2.79 and µn = −1.91. Form factor slopes are conventionally definedas charge and magnetic radii
 dGNE
 dq2
 ∣∣∣∣q2=0
 =1
 6(rNE )2,
 1
 GNM (0)
 dGNM
 dq2
 ∣∣∣∣q2=0
 =1
 6(rNM )2. (6.6)
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 The most precise determination of the neutron charge radius is from low energy neutron scat-tering on the electrons of heavy nuclei, (rnE)2 = −0.1161 ± 0.0022 fm2. For the proton chargeradius, the recent development of muonic hydrogen spectroscopy has provided the most precisedetermination, rpE = 0.84087(26)(29) fm [138] from the muonic hydrogen Lamb shift. There is a
 5.6σ discrepancy, representing a ∼ 8% discrepancy in the value of the slope (rpE)2 between thisvalue and previous determinations based on regular hydrogen spectroscopy and electron scattering,rpE = 0.8751(61) fm [139]. This discrepancy has become known as the proton radius puzzle andremains controversial. The magnetic radii are primarily determined by electron scattering mea-surements, rpM = 0.776(34)(17) fm [140] and rnM = 0.864+0.009
 −0.008 fm [6, 141, 142]. The general q2
 dependence of the vector form factors is constrained by electron-proton scattering, and from elec-tron scattering on light nuclear targets, interpreted as electron-neutron scattering after correctingfor nuclear effects.
 3. Charged current vector form factors
 The relevant hadronic matrix element for charged current process involves the isovector quarkcurrent. Neglecting isospin violations from up- and down-quark mass terms and higher-orderelectroweak effects, the isovector electroweak form factors are given by the difference of protonand neutron electromagnetic form factors. Many current neutrino scattering analyses employ theBBBA2005 parameterization [143] for the isovector nucleon form factors. The global data fornucleon electromagnetic form factors has been more recently analyzed using the z expansion inRefs. [140, 144].
 4. Neutral current vector form factors
 The neutral current vector form factors, restricting to 3-flavor QCD, consist of linear combinationsof u, d and s quark currents, and are thus not fully determined by the electromagnetic form factorsfor proton and neutron. Many current neutrino scattering analyses neglect strange- and otherheavy-quark contributions, and assume a common dipole Q2 dependence for the remaining isoscalarand isovector combinations [145, 146]. It may be necessary to revisit these approximations withfuture precision neutral-current neutrino data. A discussion and further references for the vectorform factor normalization and slopes within 3-flavor QCD is found in Sec. 4.1 and Appendix B ofRef. [147].
 5. Axial form factors: charged current
 Constraints may again be divided into three categories: form factor normalization at q2 = 0, formfactor slopes at q2 = 0; and general q2 dependence. Form factor normalizations are determined byneutron beta decay,
 FA(0) = gA , (6.7)
 with [6] gA = −1.2723(23). The axial radius is defined analogously to the vector radii,
 1
 FA(0)
 dFA
 dq2
 ∣∣∣∣q2=0
 =1
 6(rA)2 . (6.8)
 The axial radius, and general q2 dependence of FA, is constrained by several processes. Neutrino-deuteron scattering, interpreted as neutrino-neutron scattering after correcting for nuclear effects,provides the most direct access to FA over a broad q2 range. A recent analysis [148] using the
 z expansion obtains an axial radius r2A = 0.46(22) fm2 from existing bubble chamber data [149–
 154]. No future high-statistics measurements of neutrino scattering on hydrogen or deuterium
 are presently foreseen. Existing constraints on FA(q2) inferred from charged pion electroproduc-tion [155–165] have similar statistical power [166] but suffer from model-dependent corrections to
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 the chiral limit [167]. The muon capture process µ−p → νµn from the muonic hydrogen ground
 state probes a combination of FA(q20) and FP (q2
 0), where q20 = −0.88m2
 µ [168].
 6. Axial form factors: neutral current
 The neutral current axial-vector form factors, restricting to 3-flavor QCD, consist of linear com-binations of u, d and s quark currents. Many current neutrino scattering analyses account forstrange- and other heavy-quark contributions by rescaling the normalization at q2 = 0 that wouldbe obtained from the purely isovector case:
 FNCA (0) = FCC
 A (0)(1 + η
 ), (6.9)
 with default value η = 0.12, and assuming a common dipole Q2 dependence [145, 146]. It may benecessary to revisit these approximations with future precision neutral-current neutrino data. Adiscussion and further references for the axial-vector form factor normalization and slopes within3-flavor QCD is found in Sec. 4.2 and Appendix B of Ref. [147].
 7. Form factor parameterizations
 A range of parameterizations has been used for the form factors appearing in neutrino scatteringanalyses. Historical benchmarks include the dipole ansatz for the axial form factor [169],
 FA(q2) =gA
 (1 + q2/M2A)2 , (6.10)
 and ratios of polynomials for vector form factors [170]. A variety of other forms have been usedmore recently [171–174]. The so-called z expansion provides a model independent description ofform factor shape and quantification of shape uncertainty. The formalism for the z expansionand nucleon form factors is described in Refs. [166, 175], and several applications are found inRefs. [140, 142, 176, 177]. Related formalism and applications may be found in [178–194]. The
 underlying analytic structure of the form factor implies that a change of variable from q2 to z,
 z(q2) =
 √tcut − q
 2 −√tcut − t0√
 tcut − q2 +√tcut − t0
 , (6.11)
 maps the form factor shape onto a convergent Taylor expansion throughout the entire spacelikescattering region: (for generic form factor F )
 F (q2) =
 ∞∑k=0
 ak[z(q2)]k . (6.12)
 Here ak are dimensionless numbers encoding nucleon structure, tcut is the mass of the lightest statethat can be produced by the current under consideration, and t0 is a free parameter chosen forconvenience. The number of relevant parameters is determined a priori by the kinematic range andprecision of data. For example, in the case of the axial form factor, for 0 < −q2 < 1 GeV2, we canchoose t0 so that |z| < 0.23, and it can be readily seen that quadratic, cubic and quartic termsenter at the level of 5%, 1% and 0.3%.
 8. Practical prospects for lattice QCD
 The matrix elements in (6.2) and (6.3) can be computed directly from the QCD Lagrangian usinglattice gauge theory. It is worth noting that similar calculations of B-meson form factors are used,
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 together with the z expansion to determine the CKM matrix elements |Vub| [193, 195, 196] and|Vcb| [197, 198]. More recently, this approach has been extended to Λb decays, using Λb → p`νand Λb → Λc`ν to determine |Vub|/|Vcb| [194]. These are examples of a wide range of successfulcalculations over the past decade [199], including several predicitions of quantities that had notbeen measured well.
 Lattice-QCD calculations of nucleon properties suffer from a larger signal-to-noise ratio than thecorresponding meson quantities, for well-understood reasons [200]. In practice, there are ways tocircumvent this problem [201]. In the baryon sector, notable achievements are the mass spectrum(see, e.g., a summary plot in [199], papers cited therein, and newer work in [202]) and the neutron-proton mass difference [203, 204].
 The vector and axial form factors have been calculated by many groups interested in nucleonstructure. A special focus has been on gA, because it is precisely known from neutron β decay.This quantity seems to be susceptible to every technical challenge in lattice QCD: contaminationfrom excited states, finite-volume effects, and unphysically heavy up and down quarks. The mostrecent calculations [205] find agreement with experiment, with 3% errors. This work profited fromensembles of gauge-field configurations with essentially physical up and down quarks (isospin aver-aged), from [206]. A recent paper [207] similarly uses physical-quark-mass ensembles (from [208])
 to compute the q2 dependence of the nucleon electromagnetic form factors. This work uses dipolefits to extract the charge radii, which are found to be in agreement with experiment. In the future,as discussed above, it will be preferable to treat the shape in q2 with Ansatz-free functional forms,such as the z expansion [209].
 For the NC processes, an additional challenge arises for lattice QCD. The flavor-singlet partof the neutral current can be mediated through a virtual quark loop, which communicates vianonperturbative QCD interactions with the valence quarks. It is then necessary to compute thequark propagator for the loop for all lattice sites to all other lattice sites. The computationaldemand is prohibitive unless stochastic methods are employed to estimate these effects.
 In summary, lattice-QCD calculations of the axial and also electromagnetic (as a cross-check)form factors are a promising prospect. Even so, the situation is similar to that for meson formfactors 10–15 years ago: a lot of work has been carried out, and the main obstacles and theirworkarounds are understood. We should begin to see calculations with full error budgets, suitablefor incorporating into nuclear-physics calculations. With suitable support, several such calculationswill exist, and they can be scrutinized and (again as in meson physics) averaged.
 B. QE on the nucleus : 1p1h processes
 The usual analysis in the region of the quasielastic (QE) peak assumes that the dominant processis elastic scattering from nucleons in the nuclear ground state, followed by quasifree ejection of thenucleons from the nucleus. This is known as the Impulse Approximation (IA) and correspondsto one-particle-one-hole (1p1h) excitations. In spite of the simplicity of the elementary reactionmechanism, this is a complicated many-body problem, which involves the proper treatment ofnuclear correlations and of interactions of the knocked-out nucleon in both the initial and finalstate.
 The basic ingredients needed to describe this process are the vector and axial elastic form factorsof the nucleon, discussed in the previous section, and a model to describe the nuclear dynamics.The latter must take into account the nuclear mean field and nucleon-nucleon (NN) short- and long-range correlations in the ground state, as well as the final-state interactions (FSI) of the outgoingnucleon with the residual nucleus.
 Reliable theoretical models are required to describe charged-current (CC) reactions, where theincident neutrino (or antineutrino) is converted into a charged lepton, and neutral-current (NC)ones, where the outgoing lepton is an unobserved (anti)neutrino. The two processes imply differentkinematics and a model capable of describing one of them is not necessarily optimal for the other.In the former case one must also take into account the fact that the charged lepton in the finalstate is not a plane wave but is influenced by the Coulomb potential generated by the nucleus.
 The kinematics involved in ongoing and future neutrino experiments typically lie in a domain
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 where relativistic effects are important, with typical energies of the order of or larger than thenucleon mass; not only should the reaction mechanism incorporate relativity, but also the nucleardynamics must be described in a relativistic framework. Some models, such as the relativisticmean field (RMF) are fully relativistic in nature, most of the other descriptions are based on anon-relativistic reduction of the nuclear dynamics that is subsequently relativized by means of aneffective scheme.
 The simplest nuclear model used to describe the QE region is the Relativistic Fermi Gas (RFG),where nucleons in the nuclear ground state are free, moving (Fermi motion) particles, correlatedonly by the Pauli principle. The RFG, used in most MC generators, is clearly inadequate todescribe electron scattering data and therefore should not be expected to give reliable predictionsfor neutrino scattering observables. A wide variety of more sophisticated models, in most casesoriginally developed for electron-scattering studies, have been applied in recent years to the case ofcharged-current quasi elastic (CCQE) and neutral-current elastic (NCE) scattering. These modelsrely on quite different hypotheses and approximations and utilize different theoretical frameworks.
 The Giessen group uses the GiBUU transport model to describe various processes, including QEneutrino-scattering reactions [2]. The modeling by Benhar et al. is based on a spectral-functionapproach [72, 210, 211]. Amaro et al. considered the relativistic super-scaling approach (SuSA) [70]based on the super-scaling behavior exhibited by electron scattering data. It was extended tothe SuSAv2 model by Gonzalez-Jimenez et al. [129] in order to take into account the differentbehavior of the longitudinal and transverse nuclear responses due to relativistic mean field effects.It incorporates effects [129] stemming from an RMF description of the nucleus. These scalingideas were also explored within the Coherent Density Fluctuation Model (CDFM) [118], whichaccounts for NN correlations giving rise to high-momentum components of the nucleon momentumdistribution. The models used in [212, 213] are based on a relativistic Green’s function approach.Other authors have reported on models based on relativistic distorted wave impulse approximation(RDWIA) and relativistic multiple-scattering Glauber approach to describe final-state interactionsin QE scattering processes [214]. In the correlated-basis approaches as the one of Lovato et al. [110,215, 216], NN correlations are included in the description of the nuclear wave functions withina Green’s function Monte Carlo approach. The models of Nieves et al. and Martini et al. aresimilar : they start from a local Fermi gas picture of the nucleus and consider medium polarizationand collective effects through the random phase approximation (RPA) including ∆-hole degrees offreedom, π and ρ meson exchange and g′ Landau-Migdal parameters in the effective p−h interaction.The Ghent Hartree-Fock Continuum RPA model (HF-CRPA) [71] starts from a Skyrme-basedHartree-Fock description of the nuclear mean field and adds long-range correlations through acontinuum RPA approach using the same Skyrme parameterization as the residual interaction. Thelatter models are based on a non-relativistic description of the nucleon current and are relativizedusing an effective scheme. It is noteworthy that even with typical neutrino energies of the orderof 1 GeV, reactions with low energy transfers play a non-negligible role, especially for forwardlepton scattering [217, 218], making a detailed microscopic modeling of these processes that arevery sensitive to nuclear structure details not addressed in Fermi-gas based models, important inthese kinematic regions.
 Without entering into the details of each calculation, it is important to point out that, despite thesometimes very different approaches, all of these models seem to provide rather similar predictionsfor (νl, l) CCQE cross sections. However, comparison with neutrino scattering data is not sufficientto test the validity of the various models. First, the experimental error bars are too large todiscriminate between various calculations. Second, the specific experimental conditions, namelythe fact that the neutrino energy is not exactly known, do not allow to select true QE events, whichare usually mixed with different elementary processes. For this reason it is important to emphasizethe needed comparison of these model predictions to the much more accurate (e, e′) scattering datawith known incoming lepton kinematics. It is worth mentioning that two-body currents can alsoexcite 1p1h states [219–221]. This channel has often been disregarded in the literature.
 Most of the theoretical work performed up to now has been focusing on CCQE inclusive reactions,where only the outgoing lepton (muon or electron) is detected. When more exclusive reactions be-
 come the focus, the problem changes. For instance, if the semi-inclusive reaction (νµ, µ−p) must be
 modeled, the theoretical models need to be extended. First, the elementary reaction, even on singlenucleons, becomes more complicated : instead of the seven familiar ’standard’ nuclear responses,
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 eleven more response functions that cancel in the angular integration for inclusive reactions, en-ter for semi-inclusive reactions [222]. And as the responses become dependent on the direction
 and momentum of the final hadron, they are functions of four kinematical variables (e.g. Q2, ω,
 missing momentum pm and missing energy Em), rather than simply Q2 and ω as in the inclusivecase. Moreover, it is necessary to model the final state for the specific channel and kinematicsbeing considered. Clearly, given that experimental neutrino oscillation measurements require thetreatment of more exclusive processes, an important goal will be to explore the model dependencethat inevitably arises in this more complicated case.
 Further studies on this subject include the extension of the present models, mainly designed for12C and 16O nuclei, to heavier nuclei, in particular 40Ar, which will play a crucial role in futureexperiments. To this scope it is important to explore the density dependence of the various nucleareffects mentioned above.
 C. Multinucleon processes and 2-nucleon knockout
 In the discussion of CCQE-like cross sections, the MiniBooNE measurement played a centralrole in revealing the presence of additional nuclear processes impacting neutrino scattering. Thismeasurement was obtained using a high-statistics sample of νµ CCQE events on 12C and showedconsiderable discrepancies with simple RFG-based predictions [223, 224]. These discrepancies re-vealed the fact that experimental signatures measuring one lepton and no pion final states willinclude more involved reaction mechanisms than the pure 1p1h QE channel. At the time, alter-native solutions were adopted to fit the data, e.g. higher values of the axial mass, but it can nowbe appreciated that in fact the models were missing significant cross section contributions (NNcorrelations, MEC, large range correlations, etc).
 Prior to the release of the MiniBooNE data, larger possible neutrino scattering cross sections weresuggested by Martini et al. [225], drawing the attention to the existence of additional mechanismsbeyond the interaction of the neutrino with a single nucleon in the nucleus.
 In addition to the absorption of the W boson by a single nucleon which is knocked out leading toa 1p1h excitation, coupling to nucleons belonging to correlated pairs (short-range NN correlations)and to two-nucleon currents arising from meson exchange (MEC) must also be considered. Thisleads to the excitation of multinucleon or np-nh excitations. The addition of the np-nh excitationsto the genuine quasielastic (1p-1h) contribution leads to an agreement with the MiniBooNE datawithout any increase of the axial mass. It is noteworthy that multinucleon mechanisms also influenceprocesses with only one nucleon in the final state [219, 226].
 Models agree on the crucial role of multinucleon processes in the modeling of the MiniBooNE,T2K and MINERvA cross-section data. Nevertheless there are some differences in the resultsobtained for this np-nh channel by the different theoretical approaches. In the following, we willreview the current theoretical status on this subject.
 The np-nh channel is taken into account in a phenomenological approach by Lalakulich, Mosel etal. [33, 120, 227, 228] in GiBUU and by Bodek et al. [126] in the so called Transverse EnhancementModel (TEM). Other recent interesting calculations discussing the 2p-2h effects in connection withthe neutrino scattering include [110, 114, 115, 215, 219]. The most complete theoretical calculationsof np-nh excitations contributions to neutrino-nucleus cross sections have been performed by Mar-tini et al. [30, 31, 38, 39, 49, 225, 229–231], Nieves et al. [32, 232–235] and Amaro et al. [236–245];these authors include comparisons with flux-folded data.
 All models for multinucleon processes build on an underlying description of the pure QE process,and add additional mechanisms. It is important to realize that model-dependencies and a scheme-dependent separation between genuine 1p1h and np-nh effects are nearly impossible to avoid anddifficult to discern.
 In the np-nh sector, several contributions to two-body currents are active [135, 232, 243, 246].In the electromagnetic case, the pion-in-flight term Jµπ , the contact term Jµcontact and the ∆-intermediate state or ∆-MEC term Jµ∆ contribute. In the weak-interaction case, in addition thepion-pole term Jµpole appears. It has only an axial component and is therefore absent in the elec-tromagnetic case.
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 If in the 1p-1h sector a basis of uncorrelated independent nucleons is used, as in the Fermi-gas or, tosome extent, also in mean-field based models, one needs to consider the nucleon-nucleon (NN) corre-lation contributions since the protons and the neutrons in the nucleus are correlated, and correlatedpairs act as a unique entity in the nuclear response to an external field. In independent-particlemodels, NN correlations are included by considering an additional two-body current, the correlationcurrent JµNN-corr. Detailed calculations and results for these NN correlation current contributionsare given for example in Refs. [219, 246–248]. On the other hand, in approaches as in the one ofLovato et al. [110, 215] the NN correlations are included in the description of the nuclear wavefunctions. With the introduction of the NN correlation contributions, also the NN correlations-MEC interference contribution to the 2p-2h excitations naturally appears. In the correlated-basisapproach, these contributions are referred as one nucleon-two nucleon currents interference.
 It is important to stress that even in this simple model exact calculations are difficult, for severalreasons. The first difficulty is that one needs to perform 7-dimensional integrals for a huge numberof 2p-2h response Feynman diagrams. Second, divergences in the NN correlations sector and in theangular distribution of the ejected nucleons may appear and need to be regularized. Furthermore,the neutrino cross section calculations should be performed for all the kinematics compatible withthe experimental neutrino flux. For these reasons an exact calculation is computationally verydemanding, and as a consequence different approximation schemes are employed by the differentgroups. The selection of the subset of diagrams and terms that are calculated also presents impor-tant differences. In this connection Amaro et al. only explicitly add the MEC contributions but notthe NN correlations-MEC interference terms (these last terms were analyzed for electron scatteringin Ref.[248]) to the genuine quasi-elastic interaction. MEC contributions, NN correlations and NNcorrelations-MEC interference are present both in Martini et al. and Nieves et al. Martini et al.only consider the ∆-MEC as this constitutes the dominant contribution. The treatment of Amaro etal. is fully relativistic as well as the one of Nieves et al. (even if the non pionic ∆ decay contributionof ∆-MEC are taken from the non-relativistic work [249], as in the case of Martini et al.) while theresults of Martini et al. are based on a non-relativistic reduction of the two-body currents. Withthe recent results of Refs. [243, 245], one of the major differences between the results of Amaro etal. on one hand and Martini et al. and Nieves et al. on the other hand, related to the presenceof 2p-2h contributions in the axial and vector-axial interference term (and as a consequence, onthe relative role of 2p-2h contributions for neutrinos and antineutrinos) has disappeared. Themajor differences that still remain, are related to the treatment of NN correlations and variousinterferences as NN correlations-MEC interference terms and direct, exchange and direct-exchangeinterferences.
 D. Experimental situation: results on nucleon, MINERvA, MiniBooNE, T2K
 Neutrino interactions on free nucleons have been studied at the first bubble experiments in theseventies [150, 154]. To date, these experiments provide the only single-nucleon experimental dataavailable. The statistical power of these experiments is very limited and the data cannot easily bereanalyzed using modern techniques and interaction models. The difficulties to design and operatehydrogen and deuterium target detectors might compromise our understanding of neutrino CCQEscattering in the future. Recent studies [29] propose the use of transverse variables to isolate single-nucleon interactions in neutrino and antineutrino interactions on nuclei, but the ability to controlheavy-nucleus backgrounds needs to be addressed.
 Current CCQE experiments use heavy nuclei (usually hydrocarbonate, water or argon) as targetmaterial. First experimental analyses with heavy nuclei seemed to point to MA values that werelarger than the ones obtained with the hydrogen and deuterium interactions around the expectedvalue 1.0 GeV. Further comparison with more advanced theoretical models however showed thatthe addition of nuclear correlations was able to explain some of the higher MA results.
 Even the most recent experiments such as T2K, MINERνA and NOvA have difficulties to providedefinitive answers to the modeling issues for CCQE reactions. The data-simulation disagreementthat have been reported by a number of collaborations [60, 61, 224, 250–259] show three main
 features: data are suppressed at low Q2, data seem enhanced at high Q2, and the overall data
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 FIG. 8: Nominal model predictions for the MiniBooNE double-differential datasets with MA = 1.01 GeV/c2 and allother model parameters at their default values. The relativistic RPA calculation is shown. Normalization
 parameters are applied as given in Table III.
 FIG. 8. Neutrino charged current quasi-elastic double differential cross section as a function of muon angleand kinetic energy measured by MiniBooNE[254] Results are compared to several models with differentingredients [260]
 normalization tends to be higher than simulations. The community agrees that nuclear correlationsand meson-exchange currents are essential to explain the neutrino QE data, and state-of-the-arttheoretical models including correlations and multinucleon mechanisms can qualitatively explainlepton kinematics of QE-like data from MINERvA, MiniBooNE, and T2K.
 However, at this moment the community is not successful in verifying proposed models in aquantitative sense. Most notably, the global fit performed by T2K shows very poor results [260].This is mainly due to two reasons: MiniBooNE data do not come with a full covariant matrix,and there are no realistic systematic errors implemented in the proposed new models. A successfulglobal fit is essential for the validation of new models and understanding of the data, but it requiresagreement on more standardized procedures within the community, such as uniform data-reportingmethods by experimentalists, and inclusion of systematic errors in models by theorists.
 Modern experiments with high statistics have measured double differential cross sections; Mini-BooNE experiment measured for the first time neutrino charged current quasi-elastic double dif-ferential cross section as a function of muon angle and kinetic energy. Fig.8 shows the comparisonof MiniBooNE data and predictions that includes 2p2h and RPA, MiniBooNE data agrees withpredictions[260]. MINERvA has measured double differential cross section as a function of trans-verse pT and longitudinal pL muon momentum for neutrinos [261], where pT is correlated with
 four momentum transfer Q2 and pL is correlated with the neutrino energy Eν . Fig.9 shows thed2σ/dpT dpL cross section of neutrino charged current quasi-elastic for muons with a momenta of1.5 < pL < 20.0 GeV and 0 < pT < 2.5 GeV for muons with an angle less than 20 degrees. MIN-ERvA data agrees with simulations that include multinuclear process. T2K measures the doubledifferential cross-section as function of the muon momentum and angle (dσ/dpµd cos θµ) for chargecurrent events with no pions in the final state [257] and compare the data to Martini [225] andNieves [32] models.
 Near future data on the same distributions are unlikely to improve on the model selection, unlessnew data dramatically reduce systematic errors, which is unlikely with our current knowledge ofthe neutrino flux and background models. Therefore, there is a growing interest in kinematicsmeasurements of the hadronic system. In the past, muon-proton kinematics were used to select theQE sample in experiments, and details of the hadronic information were not published in a format
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 FIG. 9. Double differential cross section as a function of transverse pT and longitudinal pL muon mo-mentum for neutrinos measured by MINERvA [261]. The predictions from nominal GENIE MC (blue)without RPA and 2p2h and a modified version (red) with RPA and an enhanced 2p2h based on data fromthe MINERvA are shown.
 useful for comparison with models [250, 262]. T2K published CCQE total cross sections for the one-and two-track sample separately [256]. The disagreements between them may be key to the under-standing of the hadronic system. The majority of hadronic studies is provided by the MINERvAcollaboration. MINERvA utilized vertex activity to identify extra hadronic energy deposits, whichindicates the presence of extra protons stemming from multinucleon interactions [258, 259]. For the
 first time MINERvA also tested Q2 reconstruction using lepton versus hadron kinematics [263].
 Recently, MINERvA performed the once-thought-impossible energy-momentum transfer (ω and|q|) reconstruction by using the measurement of the hadronic energy deposit [264], which showsthat current 2p-2h models are not able to describe the MINERvA data. Figure 11 shows thedouble-differential cross section dσ/dEdq3 in six regions of q3 as a function of available energy. Theavailable energy quantity is a metric for the visible energy in the MINERvA detector and is thesum of kinetic energies of proton and charged pions, and total energy of photons and elections.ArgoNeuT performed the first two-proton final-state CC measurement [265]. This is analogous tothe triple coincidence measurement at JLab’s Hall A [266], which identifies short-range correlations(SRC) by reconstructing back-to-back protons in the initial state. ArgoNeuT’s low statistics donot make it possible to arrive at any final conclusions, but high statistics data from new LArTPCexperiments, such as Fermilab’s short baseline SBN program [64] are expected. These measurementsare all interesting because the hadron system provides such a rich source of information. However,extracting information of the primary weak interaction is complicated by the presence of final statinteractions (FSI), which also contribute significantly to observed final state particles and theirkinematics
 Another type of constraint is provided by electron kinematics from νeCC interactions. Thesemeasurements are essential to reduce uncertainties in the knowledge of νe/νµ ratio error, as mostcross-section model studies are done with muon neutrinos. Still, systematic errors on νeCC crosssections need to be reduced for δCP studies. At this moment, MINERvA is the only experiment thathas published νeCCQE-like cross section data [267]. QE-like interactions dominate νeCC inclusivesamples from T2K and agree with simulations including 2p-2h contributions [268]. However, theerrors on the data ares too large to make any conclusions.
 These new experimental approaches address the issues mentioned above from two independent
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 FIG. 10. Measured double differential crosssection Charge Current with no pions as a function of cos θµand longitudinal pµ muon momentum for neutrinos measured by T2K[257]. The predictions are from theMartini et al. citeMartini:2009uj and Nieves et al. models [32].
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 FIG. 11. Double-differential cross section dσ/dEavailabledq3 in six regions of q3 as a function of availableenergy measured by MINERvA [264].
 directions. On the one hand, the construction of experiments sensitive to the low-energy hadronsproduced in the interactions, this is done with high resolution tracker detectors or Time ProjectionChambers. Recent results from ArgoNeuT [269] show the potential of this detector concept. Onthe other hand, increasing the statistics and improving on the hermeticity of the detector [50] andthe particle detection acceptance, reduces our dependence on limited Monte Carlo models. Allthese developments will profit from improved models and more accurate Monte Carlo simulations.Using various target nuclei, including hydrogen and deuterium, will help to factorize nucleon cross-sections and nuclear uncertainties such as Fermi momentum or final state interactions. Adding thecapability to change the neutrino energy-distributions will help to reduce the degeneracies causedby the convolution of the neutrino flux with the cross-sections.
 E. Relation theory-experiment
 At this moment, the experimental and theoretical communities agree to meet at the ‘flux-integrated differential cross section’ [224].(
 dσ
 dX
 )i
 =
 ∑j Uij(dj − bj)
 Φ ·T · εi ·∆Xi
 . (6.13)
 Here dj is the data vector as a function of a direct observable X, bj represents the background tobe subtracted, Uij represents the unsmearing matrix, εi is the efficiency, Φ the total integrated flux,
 T the total target number, and ∆Xi the bin width of the ith bin. Eq. (6.13) is symbolic ratherthan exact, because there are several ways to remove backgrounds and unsmear the distributions,but it describes all elements we need to calculate the flux-integrated differential cross section. Inthe neutrino scattering community, experimentalists measure them, and theorists calculate themto allow for comparison [270].
 This constitutes a major difference with the situation in electron scattering, where the beamenergy is precisely known and all kinematics (ω and |q|) can be fixed for a given interaction. In theneutrino interaction physics community, these choices had to be made : in neutrino experimentswith their broad incoming neutrino-energy distribution, the incoming neutrino energy is not known,and this prevents full kinematics reconstruction. Most notably, neutrino energy reconstruction, andhence flux unfolding is possible only in model-dependent ways. Moreover, the primary neutrino-nucleon interaction can be determined only in a model-dependent way : data samples need to bedefined by topology, such as ’1 muon + 0 pion + N protons’ (CC0π), and not by the primaryneutrino interactions mechanism, as e.g. CCQE.
 This hampers theorists, because models for CCQE are not directly comparable with CC0π,unless they include all processes which contribute to the CC0π topology (2p2h, pion production
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 and reabsorption, ...). Second, the differential cross sections are function of direct observables, suchas muon kinematics, hadron energy, etc., and not inferred variables, such as neutrino energy, energyand momentum transfer, etc. This is a further complication for theoretical models, because directobservables need to be determined by integrating over the neutrino flux and including all relevantprocesses.
 F. What can be obtained from electron scattering ?
 Valuable information can be extracted from many high quality electron scattering data, whichshould be used to validate models before these are applied to the study of neutrino scattering.Experiments on inclusive electron scattering off a wide variety of nuclei, from 3He to 208Pb, wereperformed at several facilities, including Bates, JLab, Saclay and SLAC. Some data are also availableon the separated longitudinal and transverse response functions, RL and RT , obtained through theRosenbluth separation.
 In (e, e′) electron scattering experiments the beam energy, unlike in the case of neutrino scatter-ing, is precisely known. This allows one to determine the energy transferred to the nucleus from thekinematics of the outgoing electron, and hence helps to identify the corresponding reaction mech-
 anisms. In particular, ω =
 √q2 +m2
 N −mN corresponds roughly to the center of the quasielastic
 peak, ω =
 √q2 +m2
 ∆ −mN to the ∆-resonce peak, and the region between the two peaks to two
 body excitations. When the beam energy is not too high these regions are clearly separated in thedata, therefore allowing for a test of theoretical models for each specific process. At high energydifferent regions tend to overlap: in this case only the comparison with a complete model, includingall different mechanisms from QE to DIS, is meaningful.
 In the quasielastic regime, the scaling properties displayed by electron scattering data can beused to constrain nuclear models. Scaling consists in the fact that the reduced inclusive crosssection, which a priori is a function of two independent variables (e.g., q and ω), actually dependson a single variable y(q, ω) or, alternatively, ψ(q, ω). This property is known as scaling of the firstkind. A second kind of scaling concerns the independence of the scaling function on the specificnucleus. The simultaneous occurrence of both kinds of scaling is called Superscaling. At sufficientlyhigh energies good first-kind scaling is observed at excitation energies below the QE peak, namely,in the so-called scaling region. At energies above the peak, where nucleon resonances (especiallythe ∆) are important, scaling is broken for the total reduced cross section. On the other hand,from longitudinal/transverse separated data, it is known that these scaling violations reside inthe transverse response, but not in the longitudinal. The latter appears to superscale. Scalingviolations in the transverse channel are due in part to the contribution of reaction mechanismsdifferent from one-nucleon knockout, such as the excitation of nucleon resonances, as well as non-impulsive mechanisms, such as two-body excitation induced by two-body meson-exchange currents.Therefore, the scaling violations observed in (e, e′) data carry important information on how thedynamics go beyond the simple IA.
 The phenomenological longitudinal scaling function extracted from the data displays two mainfeatures, which represent strong constraints for theoretical calculations. First, its value at themaximum (∼0.6) is much lower than the one predicted by the RFG (0.75). Second, it exhibitsan asymmetric shape, with a sizeable high energy tail, not present in the RFG model nor in mostmodels based on the IA. This region has been shown to be particularly sensitive to the treatmentof FSI and to relativistic effects. A simple test against these two properties can give insight onthe reliability of theoretical models. Alternatively, the phenomenological scaling function can bemultiplied by the elementary weak vertex in order to predict neutrino-nucleus cross sections. Thisis the basic idea underlying the superscaling (SuSA) approach. Although it has been designed forthe QE region, the scaling analysis can be extended to the resonance region and to the full inelasticspectrum, provided the corresponding elementary form factors are sufficiently well known. It shouldbe stressed that scaling arguments hold for not too low momentum and energy transfer (roughly,q >400 MeV/c and ω >50 MeV). At lower energies the SuSA approach is bound to fail, as any othermodel based on the IA. In this region collective nuclear effects become important and alternativeapproaches, such as RPA, are expected to be more reliable.
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 Useful information can also be extracted from the analysis of the longitudinal/transverse sep-arated electromagnetic responses. Unfortunately not many data of this type exist and some ofthem are still controversial. However, they are crucially important for the present purposes, sincethe balance between longitudinal and transverse responses is different in electron and neutrinoscattering. The data indicate that the transverse scaling function is higher than the longitudinalone, a property not fulfilled by most IA models and certainly violated by the RFG, which predictsfL = fT . One of the few models able to reproduce this feature is the Relativistic Mean Field, wherethe enhancement of the transverse response emerges as a genuine relativistic effect.
 In Section V the issues of inclusive versus semi-inclusive electroweak processes is briefly addressed.Much remains to be done on the theoretical side in modeling the latter, especially at the highenergies where relativistic effects must be included. Initial studies indicate that detecting, forinstance, nucleons in the final state (in addition to detecting the final-state charged lepton) mighthelp in determining the energy of the incident neutrino in CCν reactions. In particular, detectinga muon and one proton (semi-inclusive), while placing new demands on theory beyond those thatare required in treating inclusive scattering (see Section V), holds promise in this regard. Detectingmore than two hadrons (i.e., being even more exclusive) may be too demanding for any detailedinterpretation beyond basic calorimetry. In this vein, one possibility was discussed during the 2016INT neutrino workshop: namely, perhaps one could “mine” data from the CLAS detector at JLabto test how well one might reconstruct the beam energy using only the final-state charged lepton(an electron in that case) together with final-state nucleons, but not using the incident electron’senergy.
 Finally we note that unpolarized electron scattering data only provide information on the vectorresponse, although we remark in passing that the VA interference could in principle be testedthrough comparison with parity-violating electron scattering in the QE region and beyond.
 G. Generator Status
 The experiments’ need to simulate all particles involved in the neutrino-nucleus interaction hasdriven the implementation of different models in the Monte Carlo generators which are discussedin more detail in Sec. IV. The typical model starts from the impulse approximation and thenadds various nuclear effects. The neutrino-nucleon interaction follows a modified Lewellyn Smith[169] approximation with the usual banning of the scalar and tensor terms, the PCAC and CVCapproaches, and the use of dipole form factors [271]. More elaborate Monte Carlos models replacethe vector dipole by form factors extracted from electron scattering [143]. The new form factors
 alter the high Q2 region of the interaction. Under these assumptions, only the axial mass (MA)related to the axial form factor is kept as a free parameter of the model. There are potentialcontributions to the single-nucleon final state such as those induced by two-body currents that arenot taken into account in current models and Monte Carlos.
 The impulse approximation selects a target nucleon in the nuclear potential with a Fermi mo-mentum following some of the three traditional nuclear descriptions: Relativistic Fermi Gas (RFG),Local Fermi Gas (LFG) or Spectral Function (SF). These three models differ in the nucleon dis-persion relation and its variations depending on the position in the nucleus. Binding is consideredin two different ways : as a transition energy from initial to final nuclear states or as a change inthe dispersion relation by associating a modified nucleon energy. Both approaches are equivalent tothe level of precision that was needed until now, and is driven by the needs of the model: Spectralfunctions provide the dispersion relation, LFG requires nuclear mass and RFG is ’a priori’ inde-pendent of the chosen approach. In addition, all Monte Carlos include Pauli blocking by excludinginteractions with final-state nucleons below the Fermi momentum.
 Recent developments implement long-range nuclear correlations as a quenching factor dependingon q2, derived from the RPA implementation of [235, 272]. The q2 shape of the quenching factor hasbeen shown to be independent of the neutrino energy. The RPA model is based on a phenomeno-logical nuclear potential that is being validated for vanishing q2 values, but the model provides freeparameters to adjust it to neutrino-nucleus experimental results.
 Due to the complexity of two-particle models, there are several implementations at the nucleon
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 level:
 1. Modified 1p1h cross-section with modified Sachs magnetic form factor (GM ,p/n), to emphasizethe transverse nature of two-particle production. [126] .
 2. Generated (pµ, θµ, Eν) lookup tables from the Valencia model [233]
 3. Generated from the (q0, q3) hadron tensors pre-computed by the Nieves model [235]. Theadvantage of this model is the compactness and the possibility of adding any model providedits hadron tensors can be computed. This and the previous model have limited validity forvalues of q3 above 2 GeV/c which will limit their precision for neutrino beams with highenergy tails.
 The first of these models wrongly assumes the 1p1h kinematics. This assumption alters the energyreconstruction based on lepton kinematics, but it might be a good approximation for calorimetricenergy reconstruction. The second and third model do not have a prediction for the final statekinematics. This is normally circumvented by generating final states under certain reasonableassumptions [273]: back-to-back initial state nucleons with momentum generated up to the Fermilevel and no correlation between initial and final state hadron directions. In all cases, the Pauliblocking algorithm is applied to all final-state interactions. There are more effects, such as initialand final state bremsstrahlung and the Coulomb potential that might have a large impact on thecross-section modeling and are critical for νe scattering. These effects are currently ignored inavailable Monte Carlo models.
 Particles generated during the interaction are propagated through the nucleus following thedifferent generator implementations of final-state interactions. Many of these models have been de-rived from electron scattering data, but the implementation departed from the original theoreticalmodels. The need of a MC implementation able to describe both electron and neutrino scatteringhas been acknowledged by the various Monte Carlo generator teams, but we are still far from beingable to perform detailed comparisons.
 H. Challenges and open questions
 After the acceptance of two-body currents as relevant contribution to the CCQE cross section,several issues still remain. The most urgent one is that of agreement between different models, andbetween models and experiments. Theoretical results need to be compared in a systematic wayto all available data, and validated against electron-scattering data. The various assumptions anddifferences in models that lead to discrepancies need to be understood. This would be of great helpin assessing the range of validity of each approach and facilitate the incorporation of more detailedmodels in generators.
 • The complete implementation of multinucleon phenomena in the generators is still pending.The adoption of the hadron-tensor approach simplifies both the numerical calculation and theadoption of several models in the same generator. These models integrate the hadron produc-tion that needs to be estimated later during the event generation, losing potential correlationsbetween the lepton and the hadron currents. This must be carried out in parallel with ex-periments able to resolve different final states and with the proper theoretical developments.These developments might be more critical for calorimetric experiments such as NOvA orDUNE but the understanding of the energy-scale biases between a pure calorimetric and akinematic reconstruction typical of Cerenkov detectors, needs to be worked out.
 • The multinucleon discussion has also uncovered several deficits in the description of 1p1hinteractions in the nucleus. Long-range correlations, Fermi momentum description, bindingenergy corrections, etc... need to be revisited in a manner free of parameters, and uncertaintiesneed to be identified. One of the main problems faced by experimentalists is the rigidity of thetheoretical models. The identification of parameter uncertainties and the errors they bringalong, might help to improve our understanding of CCQE interactions.
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 • There is an ongoing discussion about the superposition of microscopic two-body models andthe presence of initial nucleon correlations that appear in spectral functions.
 • The validity of the Smith-Moniz parameterization for the single-nucleon interaction and themodeling of the axial vector form factor as a simple dipole needs to be revisited both theo-retically and experimentally.
 • The development of a ’universal’ model able to cover all experimental needs from 200 MeVto 10s of GeVs is an open issue. None of the theories currently in use cover this vast energyregion, models to match and fill the gaps between different predictions need to be developed.
 • A better quantitative evaluation of the differences in cross-section between muon and electronneutrinos will be very relevant for CP violation measurements in future experiments. Someinitial studies are available but are just starting. Experimentalists need to identify facilitiesand techniques to measure these cross-sections over a broad energy range.
 • Experiments need to identify measurements able to identify and reduce theoretical uncer-tainties. Several examples based on transverse variables have been proposed, but other mea-surements based on very forward scattering (q2 ≈ 0) might better control certain nuclearuncertainties.
 • From a purely theoretical view, the modeling of outgoing hadrons and hadronic final-stateinteractions is an issue that needs increased efforts.
 • Moreover, the understanding of theoretical predictions and discrepancies among them wouldbenefit from a more careful treatment of interferences between various nuclear effects and ameticulous study of double counting hazards. It is important to identify model-dependencesand basis-dependent separations between different approaches.
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 VII. RESONANCE MODEL
 A. Introduction and Motivation
 The resonance(RES) region is typically characterized by invariant masses W < 2 GeV with broadnucleon excitations on a smooth background. Here, the effective degrees of freedom are chosen tobe baryons and mesons; a nucleon has a transition to an excited state (N* or ∆) and its main
 decay mode is emission of one or more pions. At higher W and momentum transfers Q2 > 1(GeV/c)2, the reaction is described by the interaction with partons described in the next sectionon SIS and DIS interactions. Data from all probes at low W has a strong contribution from thelowest resonant state ∆33(1232) with a smaller contribution from nonresonant processes; these dataare widely described as a resonance dominant process. For the single pion production, nonresonantBorn terms remain important up to W ≈1.6 GeV.
 Resonance excitation is a large part of the response for neutrinos of energy in the range 0.5-3 GeV.For neutrinos in the lower part of this range, pions are mainly produced through the ∆33(1232)
 resonance, especially for CC π+; this process is an important background to the QE process whenthe pion is not detected. At higher neutrino energies, higher mass resonances P11(1440), S11(1535)and D13(1520) in the second resonance region become important and resonance production is thedominant process. Although decay to single pion is most important, resonances also decay withemission of multiple pions, kaons, and photons. Resonances are excited by many probes - electro-magnetic, hadronic, and weak. Since data for weak probes contain larger error bars, progress todate has leaned heavily on electromagnetic and hadronic work.
 Lack of quality data for pion production by weak probes from nucleon targets remains a criticalhindrance for development. Two older experiments (BNL [274] and ANL [275]) from 1980’s bubblechambers have generated a lot of controversy due to normalization differences of ∼ 30% and a newexperiment is the most proper way to settle this controversy. The results of all these experiments arebased on hundreds of events. This makes any separation into individual resonances and nonresonantamplitudes problematic.
 Two neutrino experiments (MiniBooNE [276] and MINERνA [277, 278]) have published highquality data for pion production from light nuclear targets - CH2 and CH, respectively. Althoughthe best theoretical calculations have been unable to reproduce the MiniBooNE data, the models inevent generators have more success. All calculations are based on nucleon pion production and pionfinal state interaction (FSI) models based on previous data. Newer MINERνA data have featuressimilar to the MiniBooNE data, but event generators are unable to reproduce simultaneously themagnitude of both data sets.
 All these issues with pion production must be handled in any oscillation experiment. Typically,systematic errors are increased to account for any discrepancies and the problems cited above willhave significant contributions. Complications are magnified because oscillation experiments mustuse nuclei as detector materials, e.g CH, H2O, and Ar, and nuclear models are then required.
 Data sets for kaon production are much smaller than for pion production and theoretical modelsare less well developed. Kaon production is important for proton decay experiments. There isno data for single photon production from nucleon or nuclear targets. Calculations are based ondiagrammatic approaches [279]. This turns out to be a major source of uncertainty for (νµ → νe)oscillation experiments .
 B. Resonance production from the nucleon - Theory
 Resonance processes are characterized by form factors which describe internal dynamics. Bothvector (related by isospin symmetry to the electromagnetic interaction) and axial vector form factorsare important. As a probe of the nucleon axial vector response, the neutrino reaction is unique inhadron physics. In RES interactions, the interesting quantities are the nucleon to resonance axialtransition form factors, e.g. N → N∗,∆. The dominant axial transition couplings at low Q2 can bereliably estimated thanks to the PCAC symmetry. Deviations from PCAC predictions [280, 281], arestudied using chiral perturbation theory (ChPT). While the original theory was a low energy Taylorexpansion, modern calculations extend it into the resonance region and are applied to the vector
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 and axial vector excitations of ∆33(1232). The axial N∆ transition form factors are calculated withrelativistic ChPT at one-loop using the δ expansion scheme[282] and heavy baryon ChPT[283]. Thetheoretical challenge is to describe the weak pion production amplitude within ChPT going beyondthe transition form factor approach.
 1. reaction models of pion production for nucleons
 a. Diagrammatic approaches To describe the meson production reaction, the original workof Rein and Sehgal [284] guides the field. It defines the amplitudes in a helicity basis and theresonances have the Breit-Wigner form. Event generators typically use it with updated parametersto get reasonable agreement with most data sets. In [285], the Breit-Wigner resonance amplitudeuses the MAID analysis of pion electroproduction [286] (vector) and a modified dipole form (axial
 vector) for the Q2 dependence of transition form factors. Other reaction models have been recentlydeveloped [287, 288]. Tree diagrams based on the chiral Lagrangian are included as non-resonantmechanisms in Refs. [119, 289, 290]. Models must account for resonant and nonresonant processeswhich interfere. These approaches provide a good description of existing data within a robusttheoretical approach.
 Another scheme is the dynamical approach, where the hadronic rescattering processes are takeninto account by solving a coupled channel equation for the ∆33(1232) and higher resonances [291,292]. In this approach, a unified treatment of all resonance production processes satisfying unitarityis provided. Another method partially restores unitarity via Watson’s theorem [293], fitting data inthe ∆33(1232) region. With a detailed comparison between the dynamical approach and Olsson’simplementation of unitarity it will be interesting to see the consequences of unitarity on the axialvector coupling constant. In the resonance region above the ∆33(1232), it becomes non-trivial tosatisfy unitarity because new two-body and three-body meson-baryon channels are open.
 Implementing three-body ππN unitarity is technically difficult. This is achieved in Ref. [292]by solving coupled channel equations. Since this is the only model describing neutrino reactions inthe higher resonance region, other approaches (e.g. Julich-Bonn model [294, 295]) should also beapplied. Since the dynamical model is numerically demanding, the work must now be transferredto the larger community for further development.
 b. Lattice calculations Lattice calculations are performed in the Euclidean space, which naivelymight suggest that the calculation of scattering amplitudes is precluded. However, lattice calcula-tions are also performed in boxes of finite volume, thereby constraining particles to interact andindeed infinite-volume momentum-dependent scattering amplitudes can be directly computed inlattice QCD calculations performed at finite volume. The earliest formulation was applicable toelastic scattering [296], but recently the formalism has been extended both to inelastic channels,and to three-body final states [297–300], both relevant for pion production. Thus far, most of theapplications have been to the meson sector, or in an idealized regime where the ∆33(1232) and Nπare comparable in mass [301], but the first application of the method to pion production in thepositive-parity Roper channel has now appeared [302]. With the availability of increasingly power-ful computational resources, and our increasing refinements of the method, further applications tomeson production are within reach.
 Calculations of the N∆ transition form factors in lattice QCD, and of the axial and vector formfactors of the ∆33(1232) have been an important theme of lattice calculations. However, all theexisting calculations treat the ∆33(1232) as a stable, single-hadron state. Recently, the formalismto rigorously compute the single to two-particle transition amplitudes has been developed wherethe transition is mediated through an external current, and in particular the electromagnetic andaxial vector current. For example, the implementation to Nπ production is illustrated[303]. Themethod has been demonstrated in the meson sector, notably for the P -wave ππ → πγ∗ transitionrevealing the enhancement due to the ρ resonance, and the application to pion production from thenucleon is now computationally within reach.
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 FIG. 12. (left) Various data with generator fits as of 2015 (P. Rodrigues, private communication). In
 general, νµp→ µ−π+p is red, νµn→ µ
 −π+n is green, and νµp→ µ
 +π0n is blue. Data are shown as open
 squares for BNL [274], closed circles for ANL [275], and open triangle for SKAT [306]. Calculations areshown as solid lines (GENIE), dashed lines (NEUT), and dotted lines (NuWRO). (right) Comparison of the-oretical calculations for νµn CC 1π [292]. RS is Rein-Sehgal [284]; LPP is an isobar-model calculation [285],and DCC is full coupled channel calculation [292].
 2. testing reaction models
 Theoretical reaction models have to be confronted with data. A large data set for electronand pion induced reactions for resonance production is available. Most theoretical work is basedon analyses of these data giving a description of the vector current induced meson productionamplitudes. At the limit of zero momentum transfer, one can relate the axial vector inducedmeson production and the elastic pion cross sections. For neutrino reactions, most analyses usethe ANL [275] and BNL [274] deuterium bubble chamber data with large accompanying systematicerrors for Eν < 8 GeV. Fig. 12 shows cross section data for three of the pion production channelsfor nucleon targets. Updated differential cross section data. e.g. dσ/dW or dσ/dQ2, for proton andneutron targets are strongly desired. At the same time, theoretical work to extract pion productioncross sections on the nucleon from the deuterium data by including nuclear effects [304, 305] isunderway.
 C. Resonance production from the nucleus - Theory
 Pion production in nuclei depends on models for the initial nuclear state, the production of pionson a bound nucleon, and the interaction of the pions and nucleons in the residual nucleus. Theinitial nuclear state is usually approximated by a Fermi gas (FG) of non-interacting nucleons, inits global [307] and local [308] versions. More precise descriptions based on realistic spectral func-tions [309], bound-state wave functions [310], or RPA calculations [225] have been also developed. Itis noteworthy that the integrated cross sections obtained with FG models are very similar to thosefrom sophisticated approaches. This is because at the higher energy transfers present in resonanceproduction, the details of nuclear structure can be less relevant.
 Models for meson production in nuclei need a model for the free nucleon from Sect. VII B. Sinceall those models are based on the same bubble chamber data, there is some natural deviationamong them given the choices made. At energy transfers above approximately 200 MeV, inelasticexcitations of the nucleon connected with pion production become possible. Most of the nucleonresonances have spin 1/2 or spin 3/2. Pion production is through the weak excitation of the ∆(1232)resonance and its subsequent decay into Nπ is dominant. Thus, the in-medium modification of the
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 ∆(1232) properties represents the most important nuclear effect, as already stressed in the earlywork of Refs. [307, 308]. Current assumptions are that higher energy resonances have small excita-tion cross sections and don’t play a strong role in the interpretation of any existing measurement.However, this is indeed only an assumption and needs confirmation for higher energy experimentssuch as DUNE.
 On the other hand, FSI takes into account that pions can be absorbed in their way out of thenucleus, and can also suffer different quasielastic collisions that modify their energy, angle, andcharge when they come off the nucleus. For instance, in the case of NC π0 production, signal eventsoriginate mostly from a NC1π0 primary interaction with a π0 not being affected by FSI, but alsofrom a NC1π+ primary interaction with the π+ being transformed into π0 in a charge exchangeFSI reaction. In this particular case, an additional difficulty in interpreting the NCπ0 productioncomes from the presence of a coherent contribution. FSI definitely alters the signature of the eventand thus the correct simulation of pion production requires a model not only able to describe theelementary reactions, but also the final state interactions.
 To compute the incoherent pion production on a nucleus, one should sum the nucleon crosssection over all nucleons in the nucleus. For instance within the local density approximation (LDA)and for a neutrino CC process one gets for initial pion production (prior to any pion FSI)
 dσ
 d|~k |4πr2 dr d cos θπ dEπ=
 Φ(|~k|)∑N=n,p
 2
 ∫d3pN
 (2π)3 θ (ENF (r)− EN ) θ(EN + q0 − Eπ − EN′
 F (r))dσ(νN → l−N ′π)
 d cos θπdEπ(7.1)
 with ENF (r) =
 √M2 + (pNF (r))2, given in terms of the local Fermi momentum pn,pF (r) = [3π2ρn,p(r)]
 13 .
 The step functions implement Pauli blocking and Φ(|~k|) is the neutrino flux with incoming-neutrino
 energy Eν ≡ |~k|. In addition, σ(νN → l−N ′π) is the cross section at the nucleon level modifiedby medium effects, where the modification of the ∆(1232) spectral function is the most relevantone. The ∆ properties are strongly modified in the nuclear medium [249], and since the direct∆-mechanism is dominant, a correct treatment is needed for π production inside a nucleus. Thisis achieved by using a realistic spreading potential (∆−selfenergy). In the nuclear medium, on onehand, the width is reduced due to Pauli blocking, but on the other hand, it is increased by thecollisions inside the nucleus. For example, via the processes ∆N → NN and ∆NN → NNN , the∆ can disappear without producing a pion. Secondary pion production is also possible, namely viathe process ∆N → πNN . These processes contribute to the in medium ∆ width that generallybecomes larger than in the free space.
 FSI effects must use effective models because of the difficulty of describing the interaction ofhadrons in the nuclear environment. Often, FSI effects are implemented by means of a semiclassicalintranuclear cascade, including different nuclear corrections. There is a long history of success forthese models in describing hadron beam data. The in medium differential cross section of Eq. (7.1)is used in the simulation code to generate, at a given point ~r inside the nucleus and by neutrinosof a given energy, on-shell pions with a certain momentum. These pions are followed through theirpath across the nucleus. One should bear in mind that the πN interaction is also dominated bythe ∆ resonance excitation, modified in the nuclear medium in the same way as it was modified inσ(νN → l−N ′π). The different contributions to the imaginary part of its self-energy account forpion, two- and three-nucleon absorption and quasielastic processes. One solution to this problemwas given by Salcedo and Oset [311] which uses the ∆−selfenergy calculated in [249]. This approachis used in the Valencia calculation [311].
 A different approach to account for FSI effects is based on the Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) model [78]. It is a transport model where FSI are implemented by solvingthe semi-classical Boltzmann-Uehling-Uhlenbeck equation. It describes the dynamical evolution ofthe phase space density for each particle species under the influence of the mean field potential,introduced in the description of the initial nucleus state. Equations for various particle species arecoupled through this mean field and also through the collision term. GiBUU provides a unifiedframework for nucleon–, nucleus–, pion–, electron– and neutrino interactions with nuclei, fromaround a hundred MeV to tens of GeV, where medium effects like the ∆−spreading potential can
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 be taken into account.Coherent contributions, when relevant, need also to be evaluated. In the coherent processes,
 the final nucleus is left in its ground state. Here, FSI can be described with multiple iterations ofan optical potential between the outgoing pion and the nucleus in the ground state, giving a newview of the problem. For example, the coherent channel can provide a clear insight into the detailson modifications of the ∆-propagation in a nuclear environment. This is because non-resonantbackground contributions are suppressed [290, 312].
 D. Generator status
 As discussed elsewhere in this document, event generators are at the interface between experimentand theory. There are several Monte Carlo codes in use, GENIE [76], NuWro [273], Neut [313],Nuance [81]. Each must make choices similar to the theoretical calculations described above. Al-though they try to include modern theoretical treatments, their first responsibility is to provide afast model that has robust tools for interfacing to experiments and predicts experimental results ina large variety of circumstances. Unfortunately, these needs are sometimes in conflict. Althoughevent generators can only include partial versions of most theoretical models, they are able to makecalculations for any observable measured in an experiment.
 Event generator builders make different decisions about the very definition of the resonant region.On one extreme side one can define it as W < 1.6 GeV (i.e. mostly ∆(1232) region) while others usean upper limit of up to 2.0 GeV. If W is extended to large values generators rely on a Rein-Sehgalmodel [284] which is easily implemented and covers a large fraction of the phase space. By adjustinga value of the axial mass parameter Mres
 A one can reproduce typical data sets [274, 275, 306].In the original Rein-Sehgal model [284] non-resonant contributions are approximated by an ar-
 tificial extra resonance. This approach can be improved using computations done by Rein [314]who proposed a model based on three Born diagrams. The Rein-Sehgal model included interferenceterms; unfortunately all generators disregard them. Furthermore there are no models for non-resonant multi-pion production employed in any generators. Similarly, one can include informationabout angular distribution of pions resulting from resonance decays. In the simplest approach thedistribution is uniform. More realistic implementations include e.g. density matrix measurementsdone in ANL and BNL experiments.
 Event generators include explicit contributions from heavier resonances (the focus is on thesecond resonance region) using expressions for resonance excitation matrix elements. This allowscalculation of events at all kinematics. Often, the outdated Rein-Sehgal parameterizations areupdated to modern values. While the vector part of those elements are known [286], there ispractically no information on the axial part from data and one must rely on educated guesses.Similarly, ad hoc ansatze are presently used for the non resonant background. A possible procedureis to extrapolate fits done to electron pion production data or to use ChPT models.
 As for nuclear effects, generators typically describe target nucleons in terms of the local Fermi gasmodel. Medium corrections to pion production are sometimes included as the ∆ self-energy, but onvery different levels of sophistication. The GiBUU cross section formula includes both nucleon and∆ spectral functions. NEUT assumes a fixed fraction of pionless ∆ decays, using results of Singhat al. NuWro takes the fraction to be neutrino energy dependent. GENIE presently has none ofthese effects.
 For final state interactions the event generators NEUT and NuWro use the cascade code developedin [311], while GENIE uses an effective model assuming pion absorption cross section to be a fixedfraction of the pion reaction cross section. The recent GENIE release v2.12.0 has a variety of FSImodels that can be substituted for the default model, allowing interesting comparisons.
 Event generators performance cannot exceed the data precision. In the resonance region it israther difficult to take decisions how to improve their performance. Typically, the generatorsreproduce either MiniBooNE or MINERνA carbon target pion production data quite well. Oldbubble chamber ANL and BNL deuterium pion production data are not very difficult to reproducewith reasonable precision. Thus generators need more precise experimental data to justify moreambitious upgrades.
 Electro- and photoproduction data provide an important test of nuclear models and FSI used in
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 the description of resonance excitations. Unfortunately, options for these processes are presentlyonly included in GENIE.
 E. Existing Experimental Results
 1. pion production from the nucleon with neutrinos
 These data all come from bubble chamber experiments from the 1980’s. At neutrino energiesless than about 2 GeV, the ANL [275] and BNL [274] experiments are the primary source. Eachhas low statistics (few hundred events per energy), excellent reconstruction, and uncertain normal-ization. Estimated uncertainties are dominated by statistical and absolute normalization errors.Nevertheless, there are systematical differences between the 2 measurements well outside estimateduncertainties (30-40%). A recent paper [315] suggests that the QE measurements be used as abenchmark. They base the normalization on the ratio of QE to pion production data and QE the-oretical calculations and reevaluate systematic errors of each experiment. The result is that bothexperiments are in better agreement at approximately the cross section level of the published ANLdata.
 Two pion production data [316] are of very low quality. At higher energies, the SKAT data [306,317] are very important for 3-10 GeV beam energy.
 For antineutrinos, the data is of considerable lower quality. For example, the only data for π0
 production with νµ beam was at a single average energy (7 GeV) for a freon (CF3Br) target [306].Confidence (misplaced) in their nuclear model led them to quote results for a free proton.
 2. pion production from nuclei with neutrinos
 Recent publications from MiniBooNE (νµCH2 CC) [276] and MINERνA (νµCH CC) [277] haveprovided two separate pictures of the low energy Eν ∼ 1 GeV and Eν ∼ 4 GeV regions. Thereare both consistencies and at the same time confusing features. The MiniBooNE data was first,providing muon and pion cross sections in a comprehensive data set. Primary focus has been on thepion kinetic energy distribution where sensitivity depends strongly on the pion production model forthe free nucleon and FSI. For a variety of nucleon production models, calculations have had troublematching the pion kinetic energy distribution, see Fig. 13 from Ref. [318]. The best theoretical
 calculations [319, 320] have a dip in both π+ and π0 spectra at the energy where the pion interactsmost strongly with nuclei (Tπ ∼ 160 MeV). At the same time, the event generator model predictionssee a much more shallow dip using a variety of FSI models (including a FSI model identical to oneof the theoretical calculations).
 MINERνA pion production data was first published in 2014 and they see no dip for bothνµπ
 + [277] and νµπ0 [321] production. Shapes for MINERνA and MiniBooNE are similar but
 not identical. Generator simulations [322] find almost identical shape for π+ independent of beam
 energy, perhaps because the pion kinetic energy distributions for the primary π+ process are verysimilar. No theoretical calculations are yet available for these data.
 The magnitude of these two data sets has proved more problematic. NuWro and GENIE sim-ulations both find the ratio between the average cross section ratio (MINERνA/ MiniBooNE)
 about 30% larger than seen in the data; the energy dependence is determined by the π+ primaryproduction process. The first MINERνA π+ paper attempted to reproduce the conditions of theMiniBooNE experiment. That wasn’t totally possible because both experiments used W cuts indifferent ways. MiniBooNE cut out events with W >1.35 GeV because the signal process was am-biguous, then added the higher W response back in (∼ 25% effect) using the NUANCE generator.MINERνA used a cut W <1.4 GeV to eliminate the contribution of higher energy resonances, butused a model dependent definition of W . They also provided a separate analysis with W < 1.8GeV and found very similar results and conclusions.
 More recent MINERνA data [278] has broadened the discussion significantly. Both νµπ+ and
 νµπ0 data are presented in parallel analyses. They use a cut of W < 1.8 GeV, thereby including
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 FIG. 14. Comparisons of event generator calculations with MINERνA νµCH CC π+
 data [278] (left) Q2
 and (right) kinetic energy. Both results include resonances at W < 1.8 GeV.
 higher energy resonances. They also use a definition of W based on experimental observables,removing much of the model dependence in the first result. A major change from earlier papersis due to an updated flux calculation [323]; the result is an average 13% (12%) increase in theνµ (νµ) cross sections. The focus of this paper is on the muon and other associated variables,
 i.e. Eµ, Eν , and Q2, where the latter two quantities involve model dependent reconstruction.
 Sample π+ kinetic energy and Q2 distributions are shown in Fig. 14, the Q2 distribution is largelydependent on nuclear structure models. Both MiniBooNE and MINERνA data have rapid falloffsabove Q2 > 0.5(GeV/c)2. At lower values, each data set has a hint of suppression that would be
 due to long range NN correlations. At low Q2, differences in the coherent cross section modelsused cause large disagreements. Otherwise, the generator simulations are similar despite differentnuclear structure conditions.
 Most recently, T2K data (νµ CC π+) has been shown in preliminary form. This will be animportant check of the MiniBooNE data since the ν energy range is very similar.
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 3. pion production with electromagnetic beams
 Using electromagnetic beams numerous inclusive pion production measurements are availablefor proton and deuteron targets and fits for inclusive response [324] and resonance couplings [286]are available. These results have been the basis for the vector response of each theoretical model.However, there are very few experiments with nuclear targets. The pion photoproduction data fromMainz [325] are notable. Reanalysis of older JLab data [326] for single charged pion productionwith 5 GeV electrons and C, Fe, and Pb targets has appeared in preliminary form. The publishedresults are anxiously awaited as they will have important repercussions on all calculations.
 F. Challenges and Open Questions
 1. Theory
 Full calculations of any of the observables discussed here must involve approximations becausethe many body problem has no well-established solution. Correct descriptions of experiments needaccurate descriptions of nuclear structure (momentum distributions and effects of NN correlations)and medium corrections. This work has greatly advanced in the last decade as theorists extendsuccessful descriptions of electromagnetic and hadronic interactions into weak interactions [78, 293].The models use effective interactions with form factors, including amplitudes for both resonant andnonresonant meson production. One example is Valencia [319] which is sophisticated but simpleenough to use in event generators. GiBUU [78] is a more sophisticated model but more difficult toinclude in event generators. At present, neither GiBUU nor the Valencia nonresonant model is inany of the event generators.
 Problems in developing a rigorous model for QE interactions are further amplified for mesonproduction interactions. Unlike electromagnetic experiments, a complete picture of the final stateis required to properly simulate the event in experiments. This means solving two difficult problems,nuclear structure above pion production threshold and final state interactions. To date, the effectsof NN correlations are seldom included in pion production models. Pauli blocking is sometimesincluded in simple ways. Final state interactions are even more complicated because many channelsare open.
 The basis for every model for the nucleus is meson production on a single nucleon. Excellentmodels for nucleon targets are available, but lack of quality data prevents additional progress.Medium effects should be compatible with the FSI model used.
 The problems are then many-sided. Descriptions of neutrino interactions experiments need moresophisticated models than those that have been used previously for electromagnetic or hadronicinteractions. Although we surely will end up with reasonable descriptions using effective degrees offreedom, we have a variety of models which are likely incomplete. Furthermore, the most sophis-ticated models are not always useful in event generators which depend on simple algorithms forsimulation speed and an efficient evaluation of systematic errors. What is the optimal compromisebetween best theory and best applicability to experiments?
 2. Experiment
 The ability to do quality experiments has also grown dramatically in the last decade. Oscillationexperiments have realized that programs to understand the models describing neutrino interactionscouple into their systematic errors in important ways. Advances in theory and applications to eventgenerators will lead to corresponding advances in oscillation results.
 Neutrino experiments with nuclei are complex. Separate models are needed to calculate the neu-trino flux (can’t be measured yet) over a broad energy range. These models also require nuclearcalculations of pion and kaon production. One consequence is that the signal definition is compli-cated and experiment-dependent. Better and more uniform signal definitions are required to enabledirect comparisons of experimental results.
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 New measurements addressing some of the issues discussed here have been reported at confer-ences. The first T2K pion production measurement (CC π+) will be at neutrino energies similarto MiniBooNE. The π electroproduction results from CLAS [326] will provide the vector responsefor a range of kinematics and a variety of targets. Both MINERνA and T2K are still taking dataand new results are in progress. MINERνA π+ data for C, Fe, and Pb will be especially interestingfor exploring the FSI medium dependence. Finally, new results from the NOMAD experiment areexpected for Eν > 5 GeV.
 Liquid Ar detectors promise a new generation of experiments with heightened ability to measurelow energy particles. These techniques must be perfected in experiments now running. A liquidAr cross section experiment with a neutrino flux similar to DUNE would be valuable as there areminimal pion production measurements for nuclei with A >20. For the future, new experimentalresults on H or deuterium targets are essential. This will require new technological solutions.However, these experiments will produce results which decrease systematic errors in oscillationexperiments. DUNE plans propose new measurements with a hydrogen target.
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 VIII. SHALLOW AND DEEP INELASTIC SCATTERING
 A. Introduction
 The definition of deep-inelastic scattering (DIS) is based upon the kinematics of the interactionproducts and there is no precise way to distinguish the onset of the DIS region from the resonanceregion. Usually, the region W ≥ 2.0 GeV and Q2 ≥ 1.0 GeV2 is considered to be the safe DISregion, beyond the resonance contributions.
 In the (anti)neutrino-nucleon DIS process, the (anti)neutrino interacts with a quark in a nucleon(N), producing a lepton (l) and a jet of hadrons (X) in the final state:
 νl/νl(k) +N(p)→ l∓(k′) +X(p′), l = e, µ, (8.1)
 where the quantities in parenthesis represent the four momenta of the corresponding particles.If the nucleon N is bound inside a nucleus A its structure is influenced by a number of nucleareffects including Fermi motion, binding energy, off mass shell, nucleon-nucleon correlations, as wellas by non-nucleonic degrees of freedom like meson exchange currents, quark clusters and nuclearshadowing. Experimental and theoretical studies of DIS using charged leptons and (anti)neutrinosoff various nuclear targets show ample evidence that these nuclear effects result in a modificationof the bound nucleon.
 The general expression of the double differential cross section for the (anti)neutrino induced DISoff a nucleon/nucleus can be written as:
 d2σAν,ν
 dΩ′dE′=
 G2F
 (2π)2
 |~k′||~k|
 (m2W
 q2 −m2W
 )2
 Lαβν,ν Wiαβ , (8.2)
 where q = k − k′ is the four momentum transferred, mW is the mass of the W -boson, and Lαβν,ν is
 the leptonic tensor. The quantity W iαβ represents the nucleonic tensor for i = N and the nuclear
 hadronic tensor for i = A, respectively. The leptonic tensor Lαβν,ν is given by:
 Lαβν,ν = kαk′β + kβk′α − k.k′gαβ ± iεαβρσkρk′σ , (8.3)
 where the plus sign is for antineutrino and the minus sign for neutrino. In the limit ml → 0, the
 hadronic tensor W iαβ in Eq. (8.2) can be expressed in terms of structure functions W i
 1−3(x,Q2) as:
 W iαβ =
 (qαqβ
 q2 − gαβ)W i
 1 +1
 M2i
 (pα −
 p.q
 q2 qα
 )(pβ −
 p.q
 q2 qβ
 )W i
 2
 − i
 2M iA
 εαβρσpρqσW i
 3, (8.4)
 where Mi = MN is the mass of the nucleon and Mi = MA is the mass of the nucleus. Usually the
 functions W i1−3(x,Q2) are redefined in terms of the dimensionless structure functions F i1−3(x,Q2)
 through the relations:
 MiWi1(ν,Q2) = F i1(x,Q2), νW i
 2(ν,Q2) = F i2(x,Q2), νW i3(ν,Q2) = F i3(x,Q2), (8.5)
 where Q2 = −q2, ν = p · q/MN is the energy transfer to the nucleon, x = Q2/(p · q) is the momen-
 tum fraction carried by the partons in the nucleon, and x = Q2/(pA · q) is the momentum fractioncarried by the partons in the nucleus. These structure functions can be associated in quantum chro-modynamics (QCD) to the partonic structure of nucleons and can be expressed in terms of partondistribution functions (PDFs), representing the momentum distribution of the partons within thehadron target.
 For electromagnetic interactions, the DIS cross section depends only on the two structure func-tions F i1,2(x,Q2). However, for the charged current (CC) (anti)neutrino-nucleus DIS process, three
 structure functions F i1,2,3(x,Q2) are required. While the first two can be measured both in chargedlepton and (anti)neutrino scattering, the third one, F3, can only be accessed by parity-violating
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 processes like weak interactions. The goal of future DIS experiments is to independently determinethese structure functions in neutrino and antineutrino scattering from nuclear targets. At leadingorder (LO) in perturbative QCD and assuming four parton flavors (up, down, strange, and charmquarks), they can be defined as:
 F νp2 = 2x[d(x) + s(x) + u(x) + c(x)], F νp2 = 2x[u(x) + c(x) + d(x) + s(x)],
 F νn2 = 2x[u(x) + s(x) + d(x) + c(x)], F νn2 = 2x[d(x) + c(x) + u(x) + s(x)],
 xF νp3 = 2x[d(x) + s(x)− u(x)− c(x)], xF νp3 = 2x[u(x) + c(x)− d(x)− s(x)],
 xF νn3 = 2x[u(x) + s(x)− d(x)− c(x)], xF νn3 = 2x[d(x) + c(x)− u(x)− s(x)]. (8.6)
 where q(x) is the probability of finding a quark or an anti-quark carrying a fraction x of the nucleonmomentum. These structure functions are related by the Callan-Gross relation 2xF1(x) = F2(x).
 Alternatively, the DIS cross-section can be also described in terms of transverse FT and longitu-dinal FL structure functions defined as
 FT (x,Q2) = 2xF1(x,Q2), FL(x,Q2) = γ2F2(x,Q2)− FT (x,Q2), (8.7)
 where γ = 1 + 4x2M2N/Q
 2. Due to the different behavior of the transverse and longitudinalcomponents, the ratio R = FL/FT provides an interesting observable in (anti)neutrino DIS.
 B. Inelastic Scattering off Nucleons
 1. Quark-Hadron Duality
 At low energy, the inclusive cross sections describing the scattering processes induced by chargedleptons and (anti)neutrinos on nucleons and nuclei can be expressed in terms of structure functions(form factors) corresponding to the excitation of various discrete resonances like ∆, N∗, etc.,
 characterized by increasing values of the CM energy W of the final hadrons. At high energy and Q2,the inclusive cross sections are usually expressed in terms of the structure functions correspondingto the continuum DIS processes. The description of inclusive lepton scattering in the transitionbetween the resonance excitation and the DIS, occurring in the intermediate energy region, is stilla subject of continuing study. This region is also known as shallow inelastic scattering (SIS). Thequark-hadron (QH) duality, first introduced by Bloom and Gilman [327, 328] to explain electron-
 proton scattering, states that the resonance structure functions in the low Q2 region, suitablyaveraged over an energy interval, provides the same result as the corresponding DIS structurefunctions at high Q2, in the same energy interval. This phenomenon can thus provide a connectionbetween quark-gluon description of the DIS formalism at high Q2, and the pion-nucleon descriptionin the region of resonance excitation at low Q2. The QH duality seems to be valid individuallyin each resonance region, as well as over the entire resonance region, if the structure functions aresummed over the higher resonances. This phenomenon is called local duality. When the local QHduality is observed for higher moments of structure functions, it is called global duality.
 In the weak sector, the QH duality has been shown to work in neutral current (NC) interactionsfor polarized electron-nucleon scattering, as observed from the parity violation (PV) asymmetry ofelectrons from proton and deuteron targets. From isospin symmetry arguments, it can be arguedthat in the case of (anti)neutrino scattering the QH duality does not hold for proton and neutrontargets separately, but rather, with a limited accuracy, for an average isoscalar target. A similarpicture is expected in (anti)neutrino interactions with bound nucleons in nuclear targets [329]. Averification of the validity of QH duality in the charged current (CC) and NC sectors of weakinteractions can provide a way to describe the (anti)neutrino-nucleon and (anti)neutrino-nucleusscattering cross sections in the transition region, in which the use of either the effective Lagrangianor the quark-parton description is not adequate. Further studies are necessary to understand theconcept of QH duality in weak interactions on non-isoscalar nuclei.
 Different approaches to the modeling of the SIS region are used in modern event generators.While NuWro [330] has a smooth transition from resonance to DIS region attempting to imitatethe QH duality, both GENIE [76] and NEUT [313] have discontinuities of cross sections in the SIS
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 FIG. 15. Example of parton distribution functions for the proton and their uncertainties at Q2
 = 4 GeV2.
 Figure adapted from Ref. [338].
 region as a function of W . The transition from the resonance to the DIS formalism occurs abruptlyat W = 1.7 GeV in GENIE and at W = 2.0 GeV in NEUT. In all generators the DIS models are alsoextended into the resonance region in order to simulate non-resonant pion-production backgrounds.
 2. Perturbative and Electroweak Corrections
 At high momentum transfer Q the lepton-nucleon cross sections are well described in terms ofPDFs, whose Q2 evolution is well-understood in perturbative quantum chromodynamics (QCD).The PDF content of the nucleon is extracted from global fits [331–337] to experimental data atlarge momentum transfer, including lepton DIS, lepton-pair production (Drell-Yan process), jetproduction, and W and Z boson production in hadron collisions. As an example, Fig. 15 illustratesthe PDFs obtained by various groups as a function of x for Q2 = 4 GeV 2.
 The Wilson coefficients entering the massless DIS structure functions are known at the NNLO(next-to-next-to-leading-order) [339–345] or at the N3LO (next-to-next-to-next-to-leading-order) [345,346]. The heavy quark Wilson coefficients entering the DIS structure functions for charm produc-tion are known exactly only to the next-to-leading-order (NLO) [347, 348]. It is worth noting thatexclusive charm production in CC (anti)neutrino DIS provides a direct probe of the strange quarkcontent of the nucleon and of the charm quark mass [349].
 In the analysis of experimental data, and in comparisons between measurements and theoreti-cal models, electroweak radiative corrections beyond the Born approximation must be applied tostructure functions and cross-sections. One-loop calculations for the elementary partonic processesare available [350, 351] including virtual corrections, hard and soft photon radiation, quark andmuon mass singularities. The dominant correction in CC interactions is related to hard photonradiation. It is worth noting that electroweak corrections depend upon the inelasticity y(= ν
 E ), andare significant in the low-x and large-x regions, where they can be of comparable size with respectto the nuclear corrections.
 In the very low-x region, one needs to take into account saturation [352, 353], which may berelevant for the detection of ultrahigh-energy astrophysical neutrinos with Eν ' 1 EeV.
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 DIS data. Figure adapted from Ref. [354].
 3. High Twist Contributions
 For lower values of Q, a few GeV or less, non-perturbative phenomena become important for aprecise modeling of cross sections, in addition to high-order QCD corrections [354]. In the formalismof the operator product expansion (OPE), unpolarized structure functions can be expressed in terms
 of powers of 1/Q2 (power corrections):
 Fi(x,Q2) = F τ=2
 i (x,Q2) +Hτ=4i (x)
 Q2 +Hτ=6i (x)
 Q4 + ..... i = 1, 2, 3, (8.8)
 where the first term (τ = 2) is known as the twist-two or leading twist (LT) term, and correspondsto the scattering off a free quark. This term is expressed in terms of PDFs and is responsible forthe evolution of structure functions via perturbative QCD αs(Q
 2) corrections. The higher twist(HT) terms with τ = 4, 6,. . . reflect the strength of multi-parton correlations (qq and qg). TheHT corrections spoil the QCD factorization, so one has to consider their impact on the PDFsextracted in the analysis of low-Q data. Due to their nonperturbative origin, current models canonly provide a qualitative description for such contributions, which are usually determined viareasonable assumptions from data [332, 355].
 In addition to the dynamical HT terms defined in Eq. (8.8), we also have kinematic HT contri-butions associated with the finite mass of the target nucleon MN , which are mostly relevant whenx2M2
 N/Q2 is large. The corresponding target mass corrections (TMC) involving powers of 1/Q2 are
 usually incorporated into the LT term following the prescription of Refs. [356, 357]. For a discussionof the impact of TMC see also Ref. [358].
 Existing information about dynamical HT terms in lepton-nucleon structure functions is scarceand somewhat controversial. Early analyses [359, 360] suggested a significant HT contribution to thelongitudinal SF FL. The subsequent studies with both charged leptons [361–363] and neutrinos [364]raised the question of a possible dependence on the order of QCD calculation used for the leadingtwist. More recent HT studies [354] including both charged lepton and neutrino/antineutrino DIS
 data indicated that dynamic HT corrections affect the region of Q2 < 10 GeV2 and are largelyindependent from the order of the QCD calculation. Most notably, as shown in Fig. 16, the HTcorrections to the F2 and FT structure functions in neutrino/antineutrino DIS are consistent withthe ones extracted from charged lepton DIS after a charge rescaling [354].
 An empirical approach to take into account the effects of both kinematic and dynamical HTcorrections on structure functions [365] is often implemented in MC generators. This method isbased upon LO structure functions (using GRV98 PDFs) in which the Bjorken variable x is replacedby an adhoc scaling variable ξw and all PDFs are modified by Q-dependent K factors. The freeparameters in the ξw variable and in the K factors are fitted to existing data.
 An extrapolation of the HT terms on DIS structure functions to the transition and resonanceregion results in sizable corrections at low invariant masses W < 1.9 GeV. However, the verification
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 of QH duality (Sec. VIII B 1) at JLab implies a suppression of additional HTs with respect to the
 average DIS behavior, down to low Q2 ∼ 1 GeV2 [366].
 It is worth noting that the transition from the high Q2 behavior of structure functions, welldescribed in terms of perturbative QCD at leading twist, to the asymptotic limit for Q2 → 0defined by current conservation arguments, is largely controlled by the HT contributions. In thisrespect (anti)neutrino interactions are different with respect to charged leptons, due to the presence
 of an axial-vector current dominating the cross sections at low Q2. The effect of the PartiallyConserved Axial Current (PCAC) [367, 368] in this transition region can be formally consideredas an additional HT contribution and can be described with phenomenological form factors [369].
 In the limit Q2 → 0 for both charged leptons and neutrino scattering FT ∝ Q2, while FL ∝ Q4 inthe electromagnetic current and is dominated by the finite PCAC contribution in the weak current.As a result, the ratio R = FL/FT has a very different behavior in neutrino scattering at small Q2
 values [369] and this fact must be considered in the extraction of (anti)neutrino structure functionsfrom the measured differential cross-sections.
 4. Hadronization
 The formation of hadrons in inelastic interactions is characterized by nonperturbative fragmen-tation functions (FF), which in an infinite momentum frame can be interpreted as probabilitydistributions to produce a specific hadron of type h with a fraction z of the longitudinal momentumof the scattered parton. These universal fragmentation functions can not be easily calculated butcan be determined phenomenologically from the analysis of high-energy scattering data. A recentstudy of π and K FF in e+e− collisions can be found in Ref. [370]. The FF for charmed hadrons(D,Ds,Λc) in neutrino DIS interactions was studied in Ref. [371].
 Modern event generators often use the LUND string fragmentation model, as implemented in thePYTHIA/JETSET packages, to describe the hadronization process. This model results in a chainlike production of hadrons with local compensation of quantum numbers. The original partons areassociated with the endpoints of a massless relativistic string to approximate a linearly confiningcolor flux tube, while gluons are associated with energy and momentum carrying kinks on thestring. The production rate of the created qq pairs leads to a Gaussian spectrum of the transversemomentum p2
 ⊥ for the produced hadron, while an associated FF provides the probability that agiven ratio z between the hadron energy and the energy transfer is selected. The PYTHIA/JETSETimplementation of this model is controlled by many free parameters, which can be tuned to describethe data. A detailed study of the PYTHIA fragmentation parameters with neutrino data [372] fromproton and deuterium targets was performed in Ref. [373]. In particular, the various parameter setsdetermined by the HERMES experiment were used within the GENIE event generator obtainingpredictions in agreement with the measured hadron multiplicities. An independent tuning of theJETSET fragmentation parameters was performed in Ref. [374] with NOMAD data from exclusivestrange hadron production and inclusive momentum and angular distributions in neutrino-carbonDIS interactions. It must be noted that in neutrino-nucleus interactions the hadrons originated fromthe primary vertex can re-interact inside the nucleus. Final state interactions must be thereforetaken into account in the determination of the effective fragmentation parameters from the observedfinal state hadrons.
 At lower values of the invariant mass W < 3 GeV the LUND hadronization model deterio-rates. A better description of the data can be achieved with a phenomenological description ofthe hadronization process in which the average hadron multiplicities are parameterized as linearfunctions of logW for each channel. The Koba-Nielsen-Olesen (KNO) scaling law [375] can thenbe used to relate the dispersion of the hadron multiplicities at different invariant masses with auniversal scaling function parameterized in terms of the Levy function. Both the averaged hadronmultiplicities and the KNO functions are usually tuned from neutrino bubble chamber data.
 The GENIE [76] generator uses the hybrid AGKY approach [376], which has a gradual transitionfrom the KNO hadronization model to PYTHIA in the region 2.3 ≤ W ≤ 3.0 GeV and allows theaverage multiplicities to be continuous as a function of W . However, since PYTHIA underestimatesthe dispersions at low W with respect to bubble chamber data, the AGKY model is characterizedby some discontinuities of the topological cross-sections in the hadronization transition region. The
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 NuWro [79] generator tuned both the average multiplicities and the corresponding dispersions tothe available bubble chamber data in order to achieve continuous topological cross-sections. TheNEUT [313] generator has a more abrupt transition for the hadronization process, using KNO forW < 2 GeV and PYTHIA for W > 2 GeV. Similarly to GENIE and NuWro, the average hadronmultiplicities and dispersions are tuned from bubble chamber data.
 It must be noted that all generators effectively use the hadronization models within the DISformalism to produce non-resonant mesons in the resonance region. This mechanism provides themain contribution for multi-meson production in the resonance region, while resonance models focuson single meson production.
 C. Inelastic Scattering off Nuclei
 1. Nuclear Modifications of Structure Functions
 In order to collect high statistics samples, neutrino experiments typically use massive nucleartargets, which are particularly critical in long-baseline oscillation experiments because of the reducedflux at the far detector. This fact requires an understanding of the structure and interactionsof hadrons inside the nuclear targets, in which nuclear medium effects like Fermi motion, Pauliblocking, strong nucleon-nucleon interactions, meson cloud contributions, final state interactions,etc. play important roles in different regions of the Bjorken scaling variable x and momentumtransfer square Q2.
 While several microscopic models for the dynamics of nucleons in the nuclear medium have beenapplied to electromagnetic interactions, only a few studies are available for weak interactions. TheKulagin-Petti (KP) model [369, 377–381] incorporates several mechanisms of nuclear modificationsof structure functions and parton distributions functions, including smearing with the spectral func-tion describing the energy-momentum distribution of bound nucleons (Fermi motion and binding),an off-shell correction for bound nucleons, contributions from meson exchange currents and thecoherent propagation of the hadronic component of the virtual intermediate boson in the nuclearenvironment (nuclear shadowing). The model of Refs. [382–387] includes the nuclear effects re-lated to the Fermi motion and binding, the meson exchange currents, and the coherent processesresponsible of the nuclear shadowing.
 A phenomenological approach is often used to parameterize the nuclear modifications of structurefunctions in terms of nuclear parton distributions functions (NPDFs), which are conventionallyextracted from global QCD fits to nuclear data including DIS, Drell-Yan (DY) production, andheavy ion collisions at colliders. To this end, two different procedures are available in literature. Thefirst one assumes a given set of free proton PDFs as input and introduces separate nuclear correction
 factors RAi (x,Q0) for each proton PDF of flavor i = u, d, s, c, .. in the nucleus A. These factors areparameterized and determined from the global QCD fits. This approach is followed by groups likeHKN [388], EPS [389], DSSZ[390], KA [391], etc. A second approach is followed by the nCTEQgroup [392], which is performing a native QCD fit for nPDFs without assuming fixed proton PDFsas input. Figure 17 illustrates the nuclear modification factors and their uncertainties obtainedby different groups. It must be noted that the nuclear structure functions for the (anti)neutrino-nucleus DIS are not simply a combination of NPDFs, as discussed in the following. Furthermore,the unresolved discrepancies reported between charged lepton and (anti)neutrino scattering datalimit the applicability of NPDFs to the latter.
 As a result of the higher complexity of weak interactions with respect to electromagnetic ones,mainly due to the presence of the axial-vector current, significant differences are expected in nucleareffects for charged lepton and (anti)neutrino DIS. In general, nuclear modifications of structurefunctions depend on the isospin of the target and on the C-parity and can therefore differ for neutrinoand antineutrino interactions. It is also worth noting that at the typical Q2 values accessible in(anti)neutrino inelastic scattering, high twist contributions play an important role, both at thenucleon and at the nuclear level. The kinematic regions mostly affected are low x < 0.1 with thenuclear shadowing and large x > 0.5 with the combination of TMC with the nuclear binding andoff-shell effects. Further theoretical and experimental studies are needed for both HT contributions(Sec. VIII B 3 ) and nuclear effects.
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 FIG. 17. Nuclear modification factors defined as the ratios of NPDFs with respect to the correspondingproton PDFs. The uncertainty bands obtained from different global analyses are shown for lead at Q
 2= 4
 GeV2. Figure adapted from Ref. [392].
 2. Final State Interactions
 In experiments with nuclear targets the hadrons originated from the primary interaction vertexmay rescatter inside the target nucleus producing additional hadrons, knocking-out other nucleons,or even be absorbed inside the nucleus. These final state interactions (FSI) can occur uniformlythroughout the nuclear volume and can mask the primary neutrino interaction, smearing the visiblehadron multiplicities and neutrino energy. This makes the determination of fragmentation functionsfrom neutrino-nucleus interactions challenging and dependent on the nuclear models.
 A few different approaches are available to describe the effect of FSI in neutrino interactions [393].They typically use a intranuclear cascade (INC) model based upon the assumption that the interac-tions in the nuclear medium can be described by the corresponding hadron-nucleon cross sections.Hadron interactions are located inside the nuclear volume according to probability distributionsand the outgoing particles produced in each interactions are then propagated through the nucleuswithin the same framework. An alternative approach available in GENIE [76] uses hadron-nucleuscross sections with selected final state particles, like taking meson formation lengths into account,thus avoiding a complete nuclear cascade. The FLUKA [394] and DPMJET [395, 396] generatorsuse a sophisticated INC model taking into account quantum mechanical effects like the coherencetime, the effects of the nuclear potential between scatterings, etc. The development of the intranu-clear cascade is usually controlled by a formation zone for the hadrons inside the nucleus, whichcan be determined from neutrino data of different types of interactions.
 The GiBUU framework [78] takes into account FSI by solving the Boltzmann-Uehling-Uhlenbeck(BUU) equation, which provides a semiclassical description of the particle propagation through thenuclear medium. It describes the dynamical evolution of the phase space density for each particlespecies under the influence of the mean field potential for the initial nucleus state. The GiBUUtransport model has similar assumptions for the hadron-nucleon cross sections as the INC modelsbut takes into account nuclear medium effects.
 D. Experimental Measurements
 Experimental measurements in the DIS kinematic region require (anti)neutrino beams of rela-tively high energies, several GeV and higher. Although historically the study of this region wasone of the primary goals of early experiments, the focus on the measure of neutrino-oscillationparameters in modern experiments tends to emphasize lower neutrino energies. For this reason,the opportunities to explore the DIS region in current and planned experiments are somewhat lim-
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 ited. It is worth noting that the understanding of the inelastic region is important for long-baselineoscillation experiments. For instance, in the future DUNE experiment [23] more than 30% of theinteractions will be in the DIS region and more than 40% in the resonance and transition region.
 The use of proton and deuterium targets in combination with both neutrino and antineutrinobeams offers an ideal tool to probe electroweak interactions and the structure of the nucleon. Theflavor separation offered by the weak charged current allows a direct access to different struc-ture functions and parton distributions inside the nucleon. However, the only available data from(anti)neutrino DIS off proton and deuterium still comes from the early bubble chamber experimentsANL [397], BNL [398], BEBC [399, 400], and FNAL. In spite of the excellent experimental reso-lution of these bubble chamber measurements, the overall statistics is rather limited and totallyinsufficient for modern needs (e.g. only about 9,000 ν and 5,000 ν events were collected by BEBCon hydrogen [400]). There is a growing voice for new high-statistics measurements of (anti)neutrinointeractions off hydrogen and deuterium within the community.
 Measurements from heavy nuclear targets are more abundant but are often limited by the experi-mental granularity and resolution. Some of the existing higher statistics measurements also providesomewhat conflicting results. Early bubble chamber measurements (ANL, BNL, BEBC, and FNAL)also took data with heavy nuclei like neon, propane and freon. The first high statistics measure-ments (O(107) events) were performed by relatively coarse detectors like CDHS (iron) [401, 402] andCHARM/CHARM II (marble/glass) [403] mostly based upon large passive nuclear targets. TheCCFR [404, 405] and NuTeV [406, 407] experiments (iron) are based upon the same technique andcan be considered the first modern experiments. The E531 [408] and CHORUS [409] experimentsperformed high resolution measurements of neutrino interactions (most notably charm produc-tion) in nuclear emulsions with 〈A〉 ∼ 80. The CHORUS experiment also performed cross sectionmeasurements using the lead calorimeter as a target [410]. The NOMAD experiment provideshigh resolution measurements from carbon and iron targets [371, 411]. The MINOS experimentperformed cross section measurements in iron [412], albeit with somewhat limited experimentalresolution. More recently, the MINERνA experiment has measured CC induced ν-A DIS crosssections on polystyrene, graphite, iron and lead targets[413, 414].
 Most of the experimental measurements from heavy targets are related to inclusive ν and νcross sections or to exclusive studies of particle production and multiplicities. Very limited infor-mation is currently available on nuclear modifications of cross sections and structure functions in(anti)neutrino inelastic interactions. The first measurement of nuclear effects was performed byBEBC from the ratio of neon and deuterium targets [415], providing evidence of nuclear shadowing
 at small Q2 values. The MINERνA experiment has recently presented the results of the differential
 scattering cross section in the form of ratios dσi
 dx /dσCH
 dx , i=C, Fe, and Pb [414].
 E. Comparisons between Models and Measurements
 Experimental measurements of inelastic cross sections are limited and somewhat contradictory.The total cross section σ(E) was measured with good accuracy by CDHS [401], CCFR [404], andNuTeV [406] at high energies, resulting in a combined normalization uncertainty of 2.1% on σ(E)/Efor E > 40 GeV. The recent measurements by NOMAD [411], MINOS [412] and MINERνA [413]achieved good precisions down to E ∼ 4 GeV. However, for E < 4 GeV large uncertainties are stillpresent, especially for anti-neutrino scattering, which has being plagued by scarce measurements.Available models tend to describe well the total cross sections. We note that partial cancellationsof nuclear effects on the total cross sections are expected as a result of DIS sum rules.
 The current understanding of the double differential cross sections dσ/dxdy is less clear. Themost recent measurements from CCFR (Fe) [405], NuTeV (Fe) [406] and CHORUS (Pb) [410]indicate tensions among different data sets, albeit the latter experiment uses a different nucleartarget. In particular, while the NuTeV and CCFR measurements agree for x ≤ 0.4, for x > 0.5the NuTeV data show an excess up to 20% above the CCFR results (Fig. 18 ). Available modelsare roughly in agreement with CCFR and CHORUS at large x values, but can not fully explain theexcess observed in NuTeV data [369, 383]. In addition, the data sets from all available experimentsconsistently suggest that in the small x < 0.05 region (anti)neutrino cross sections are significantlyhigher than predictions obtained by a simple re-scaling of the charged lepton cross sections. The
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 FIG. 18. Left panel: Ratio between the NuTeV and CCFR measurements of the (anti)neutrino differentialcross-sections on Fe target. Each x point is averaged over all available measurements in different bins of Eand y. Figure from Ref. [406]. Right panel: Comparison between the values of the structure function F2
 determined from (anti)neutrino and charged lepton DIS on an Fe target. The neutrino data are scaled by5/18 to account for the quark charges. Figure from Ref. [416].
 analysis by the nCTEQ [417] group showed that the existing νA and l±A DIS data prefer differentnuclear correction factors. Possible explanations include unexpectedly large HT effects, or even non-universal nuclear effects [417]. This result has implications for the extraction of both nuclear andproton PDFs using combined (anti)neutrino and charged-lepton data. The HKN [288] group alsofinds some inconsistencies between (anti)neutrino and charged-lepton data. The analysis performed
 by the EPS group [418] using different statistical methods suggest that the νA and l±ADIS data canbe statistically consistent and relates the discrepancies to possible energy-dependent fluctuations.Similar results are obtained by the DSSZ group [390]. The available measurements of the F2 andxF3 structure functions from CCFR, NuTeV, and CHORUS are characterized by the same issuesobserved in the differential cross sections. However, since only cross-sections are directly observableexperimentally, the structure function measurements require some model-dependent assumptions.Figure 18 illustrate the differences observed between (anti)neutrino and charged lepton scatteringfor the structure function F2 in an Fe target [416].
 The direct measurements of nuclear effects in neutrino inelastic scattering from the BEBC andMINERνA experiments provide inconsistent results. The BEBC data show evidence [415] for thepresence of nuclear shadowing at small x values, which is roughly in accord with the expectations.However, the excess observed at small x in the differential cross sections measured by NuTeV [406]and CHORUS [410] may indicate a somewhat reduced shadowing correction with respect to chargedleptons (Fig. 18). The MINERνA measurements [414] of cross section ratios off different nucleartargets instead suggest a more pronounced shadowing in the lead target (Fig. 19). The resultsfrom MINERνA are not consistent with the GENIE MC generator, based upon the Bodek-Yangmodel, but are consistent with the hypothesis that the coherence length of the axial-vector current isdifferent than the vector current [419]. In order to clarify the existing discrepancies higher precisionmeasurements are needed.
 In general, inelastic cross sections are much better understood at high Q2 than at relatively lowQ2 and W . This latter region is characterized by an interplay between HT and nuclear corrections.Existing data are scarce and, if available, contradictory. Since current and future neutrino oscillationexperiments are predominately in this low Q2 and W region, more experimental and theoreticalstudies of this region are needed.
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 F. Challenges
 1. Modeling Issues
 • Optimize the description of the transition region from DIS to resonance production and definethe kinematic limits of applicability of the DIS formalism for structure functions and cross-sections.
 • Study the QH duality for neutrino and antineutrino interactions as a function of the isospinof the target.
 • Study the impact of radiative corrections and their applicability in the transition region closeto the kinematic limits of the parton treatment.
 • Study outgoing charged-lepton mass terms and cross-section for ντ CC interactions.
 • Study the impact of the structure functions FL and R = FL/FT on (anti)neutrino cross-sections and violations of the Callan-Gross relation.
 • Study the role of the PCAC contributions to structure functions and cross-sections at low andmoderate Q2.
 • Quantify the HT contributions to the different structure functions F2, xF3, FT , FL and com-parisons with the corresponding HT terms in electromagnetic interactions.
 • Improve hadronization models in modern generators in order to describe exclusive hadronproduction at all W values.
 • Study the interplay of the various nuclear effects (Fermi motion and nuclear binding, mesonexchange currents, nuclear shadowing, off-shell effect, etc.) in different regions of the Bjorken
 x and Q2 for neutrino and antineutrino interactions off bound protons and neutrons in nucleartargets.
 • Understand the differences in the nuclear effects for electromagnetic and weak DIS structurefunctions and cross-sections (e.g. for coherent nuclear effects at small x).
 • Study nuclear effects for different structure functions F2, xF3, FT , FL and the role of nuclearHT contributions.
 • Understand the role of the nuclear medium on structure functions and parton distributions(e.g., collective mode effects due to mesons and other particles, off-shell modifications of boundnucleons, etc.).
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 • Improve the description of the FSI and nuclear transport in nuclei.
 • Study of DIS sum rules and normalization constraints for different nuclear targets.
 • Update SIS/DIS description in generators following the recent parton distributions and modelsavailable.
 2. Experimental Issues
 • Need measurements of cross-sections (both total and differential) with neutrino and antineu-trino beams on free proton and deuteron targets, since the earlier results from bubble chambersare limited by statistics.
 • Need new precise measurements of both neutrino and anti-neutrino differential and totalcross-sections off various nuclear targets. These measurements should have a wide x andQ2 coverage, like the ones performed at Jefferson Laboratory using charged lepton beams,
 in order to compare the structure functions F2 and xF3, as well as the weak Fν(ν)2 and the
 electromagnetic F l±
 2 .
 • Need model-independent measurements of nuclear effects on (anti)neutrino structure functionsand cross-sections by comparing, within the same experiment, results from heavy nucleartargets with proton and deuteron targets in different regions x and Q2.
 • Need to perform detailed measurements in the transition region from DIS to resonance pro-duction (1.5 ≤ W ≤ 2GeV) at moderate and low Q2 to clarify QH duality and the role ofHT contributions.
 • Need to perform detailed exclusive measurements of hadron production, multiplicities, angularand momentum distributions in order to constrain hadronization and FSI models.
 • Need to clarify the inconsistent results from existing measurements (BEBC, MINERνA,NuTeV, CHORUS) of nuclear effects at small x values and in particular differences between(anti)neutrinos and charged leptons for the nuclear shadowing effect.
 • Need to clarify the discrepancies among existing measurements and between (anti)neutrinosand charged leptons at large Bjorken x values (e.g. NuTeV cross-sections).
 • Measure νe CC vs. νµ CC vs. ντ CC and test of lepton universality.
 Since precise DIS measurements typically require medium to high energy (anti)neutrino beams,it is worth noting that the only opportunity to study experimentally this region in the near futureis offered by the Fermilab neutrino program using the Main Injector. The MINERνA experimentis expected to perform measurements in the DIS and transition region off various nuclear targetsaddressing several topics listed above. The planned DUNE Near Detector complex can poten-tially cover most of the required measurements with unprecedented precision [23]. In particular,measurements of neutrino and anti-neutrino scattering off free protons are planned.
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 IX. COHERENT AND DIFFRACTIVE SCATTERING
 Coherent scattering refers to processes in which the final-state nucleus is left in its ground state,rather than in an excited one. The simplest example is coherent elastic neutrino-nucleus scattering(CEνNS), νA → νA, which could be sensitive to non-standard neutrino interactions and is anirreducible background for many direct dark matter searches. Several experiments [420–422] havebeen proposed to observe for the first time and study this reaction. Lacking any direct impact onoscillation measurements, we do not consider this process any further.
 As discussed below, we focus on coherent production of mesons and photons, because they canmimic signal events for neutrino oscillations. The same applies to diffractive scattering, whichhas similar kinematics as the coherent one, but arise from forward scattering off a nucleon, withassociated meson or photon emission.
 A. Basics of Coherent and Diffractive Processes
 In CC interactions, charged mesons can be coherently produced
 νlA→ l−m+A, (9.1)
 νlA→ l+m−A, (9.2)
 with m± = π±, K±, ρ±, . . ., while in the NC case, one has
 νlA→ νlm0A, (9.3)
 νlA→ νlm0A, (9.4)
 with m0 = γ, π0, ρ0, . . .. The absence of tree-level flavor-changing NC suppresses production ofneutral (anti)kaons or any other strange particles below any observable rate. These processes andthe kinematic variables associates with them are shown in Fig. 20. The 4-momentum transferred bythe leptons is denoted q = k−k′ as usual, while the one transfered to the nucleus is p′−p = q−pm,so that t = (p′ − p)2 = (q − pm)2 = −2MATA, where MA is the mass of the nucleus and TA itsfinal-state kinetic energy in the laboratory frame.
 Coherent reactions have smaller cross sections and are clearly more forwardly peaked than cor-responding incoherent ones, where the final nucleus goes to any allowed excited state. Indeed,at large absolute values of t, the cross section is significantly reduced by the nuclear form factor.
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 μ
 ( )_
 π+_
 FIG. 20. Left panel: generic diagram for coherent particle production by neutrino-nucleus scattering.Four-momenta of the incoming neutrino (k) and nucleus (p), outgoing lepton (k
 ′) and nucleus (p
 ′), coher-
 ently produced particle (pm), and the four-momentum transferred by the lepton (q) are indicated. Right
 panel: diagram for coherent CC pion production highlighting t= (p′ − p)2 as the square of the 4-momentum
 transferred to the nucleus.

Page 75
                        
                        

75
 Because small |t| corresponds to negligible TA, the energy of the outgoing particle, p0m, nearly coin-
 cides with the lepton transferred energy q0. Therefore, t ≈ −(q − pm)2. Taking into account that
 |pm| ≈√q20 −m
 2, one finds that small |t| occur when (i) q and pm are nearly parallel, (ii) q0 ≈ |q|,implying forward scattering with q2 ≈ 0, and (iii) the produced particle mass m is small. In fact,at low energies the ratio of coherent to incoherent kaon production cross sections is much smallerthan the corresponding one for pions because of the relatively larger kaon mass [423]. The oppositeholds for photon emission where the mass is zero. However, in this case, the amplitude squaredcancels exactly at q2 = 0 because of symmetry reasons, so that the largest differential cross sectionare found away from this optimal kinematics [279].
 Particle production in the kinematic conditions described above can also take place in neutrino-nucleon scattering. Since t = (p′ − p)2 = −2mNTN , with mN denoting the nucleon mass, lowt implies small kinetic energies for the outgoing nucleon, TN . Nevertheless, these TN are largerthan the corresponding ones in coherent particle production in nuclei due to the target mass dif-ference. For this reason, outgoing protons can be experimentally detected. This scenario is oftencalled diffractive scattering. In targets containing both hydrogen and heavier nuclei, such as wateror scintillator materials, particle production by coherent scattering on nuclei and by diffractivescattering on protons coexist in the same kinematic regime.
 B. Relevance for oscillation experiments
 A proper understanding of the coherent and diffractive processes is very important to the analysisof neutrino oscillation experiments. In particular, such NC π0 and γ production can be importantνµ-induced backgrounds to νµ → νe oscillations because for some detection techniques, the electro-
 magnetic shower of γ or π0 events can mimic the final-state electron in νe signal events.In the case of π0 production, the misidentification can occur when the two photons from the
 π0 → γγ decay are collinear or one of them is not detected. This might happen when the missedphoton exits the detector before showering or does not have enough energy to initiate a shower.
 The π0 background to νµ → νe can be significantly reduced with dedicated reconstruction al-gorithms [424], While the smaller single-γ background can also be greatly reduced in scintillatorand LAr detectors (see, for example, Ref. [267]) it remains irreducible in Cherenkov detectors. Thenumber and distributions of coherent NCγ events at the Super Kamiokande detector in the T2Kexperiment was calculated in Ref. [425]. Coherent photon production driven by axial-anomaly-induced Zγω interactions was also suggested as an explanation for the MiniBooNE excess of eventsat low reconstructed neutrino energies, although subsequent theoretical work showed that it is notreally so [426–428].
 Furthermore, in many experiments, single showers induced by coherent NC γ emission can hardlybe distinguished from those coming from neutrino-electron elastic scattering, which is a referenceprocess in neutrino physics. On the other hand, in view of its relative simplicity, the use of coher-ent pion production (Cohπ) as a standard candle has been considered to help constrain neutrinofluxes and neutrino-energy reconstruction for oscillation analyses. However, such an ambitious goalrequires consensus on the correct theoretical description of coherent scattering with an acceptablefit to experimental data. We are not there yet.
 Finally, the misidentification of CC coherent π+s as protons distorts the reconstructed Eν dis-tribution in νµ disappearance searches. For laboratory pion energies 100 MeV <∼ Eπ <∼ 500 MeV,
 coherent CC π± production is largely dominated by ∆(1232) excitation. Accurate data may then
 provide better constraints in the leading N -∆ axial transition coupling [known as CA5 (0) in thenotation of Ref. [429]] and in-medium effects in ∆(1232) production which are crucial ingredientsof pion production models as described in Sec. VII.
 C. Theoretical status
 Models for weak coherent scattering are usually labeled as either PCAC or microscopic. Moredetails are given below.
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 1. PCAC models of coherent particle production
 Models of Cohπ based on the partial conservation of the axial current (PCAC) take advantage
 of the fact that, at q2 = 0, the Cohπ cross section can be related to pion-nucleus elastic scatteringby a soft-pion theorem [367]:
 dσ
 dq2dydt
 ∣∣∣∣q2=0
 = rG2F f
 2π
 2π2
 1− yy
 dσ
 dt(πA→ πA)
 ∣∣∣∣q2=0, ωπ=q
 0, (9.5)
 where y = q0/Eν , r = 2 |Vud|2 (1) for CC (NC) and fπ = 92.4 MeV is the pion decay constant. The
 above result in the CC case also neglects the final lepton mass, which is important at Eν <∼ 1 GeV.Corrections to Eq. (9.5) for nonzero lepton mass have been derived [430–432].
 Using this equation, Rein and Sehgal (RS) built a simple and elegant Cohπ0 model using empiricalinformation about pion-nucleon elastic and inelastic scattering [433]. A common issue of PCAC
 models is that the q2 = 0 approximation neglects terms in the cross section that vanish in thislimit but not at finite q2. This leads to pion angular distributions that are too wide [312, 434].Nevertheless, the main problem of the RS model resides in its poor description of pion-nucleuselastic scattering (see Fig. 2 of Ref. [434]). The work of Refs. [435, 436] offers a remedy by directlyusing experimental pion-nucleus elastic cross sections. Then, however, the off-shell dependence ofthe pion-nucleus amplitude is neglected: in Cohπ q2 <∼ 0, unlike m2
 π for real pions. The impact ofthis correction is not yet understood.
 PCAC has also been applied to relate the axial-vector contribution to coherent NCγ at q2 = 0to the π0A → γ A differential cross section [437]. This however amounts only to the rather smalllongitudinal contribution (see Fig. 2 of Ref. [437]). The majority of the cross section has to becalculated using model assumptions that are critically reviewed in Ref. [426].
 2. Microscopic models of coherent particle production
 Microscopic models have been extensively developed for pion production [312, 427, 434, 438–443]and have recently become also available for photon [279, 427] and (anti)kaon emission [423]. Theseapproaches start from particle production models on nucleons and perform a coherent sum overall nucleonic currents. Modifications of the elementary amplitudes in the nuclear medium are alsotaken into account when pertinent. They are very important for the ∆(1232) resonance in pionand photon emission. In addition, pion and (anti)kaon outgoing wave functions are distorted insidethe nuclei. This distortion is particularly strong in the case of few-hundred MeV pions, owing tothe ∆(1232) presence in the pion-nucleus optical potential, and rather mild for kaons due to theabsence of KN resonances. A quantum treatment of the meson distortion is usually applied viathe Klein-Gordon [312, 440] or the Lippmann-Schwinger [443] equations although the semiclassicaleikonal approximation has also been employed [427, 439]. The nonlocality in the ∆ propagation isneglected in most models although it might have a sizable impact on the cross section [442]. It hasbeen partially implemented in Ref. [443] for the ∆ kinetic term. Although the mismatch betweenthe non-local recoil effects and the local approximation might be minimized if the ∆ selfenergyparameters are adjusted to describe pion-nucleus scattering data, the problem of nonlocality callsfor further investigation.
 These models comply with PCAC but do not critically rely on it. This feature makes validationwith coherent pion photo and electroproduction data possible [443]. The main challenge for mi-croscopic models developed so far is that they are restricted to low energy transfers (where weakparticle production models and meson optical potentials are mostly available). In the case of π
 and γ, this is the region where the excitation of the ∆(1232) is dominant. In the case of K±, the
 validity is in principle restricted to the threshold region, although for K+, the absence of baryonresonances makes the extrapolation of the threshold model more reliable.
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 Figure 4.5: The 90% CL limits set for CC coherent pion production on 12C by the
 K2K and SciBooNE experiments. Compared with Rein-Sehgal from NEUT and
 GENIE. The width of the SciBooNE limits is the RMS of the interacting neutrinos
 in the respective sample. The energy range of the K2K result is unpublished.
 reported were a substantial reduction on the values expected from the Rein-
 Sehgal implementations in NEUT and NUANCE.
 Table 4.1 lists all experimental data on neutrino induced coherent pion
 production. With measurements in multiple beamlines, on multiple targets,
 and across a range of neutrino energies, the experimental evidence for the
 existence of coherent pion production is clear and undeniable. But below
 neutrino energies of ∼2 GeV the previously successful Rein-Sehgal model over-
 predicts the NC cross-section, and there is no experimental evidence for CC
 coherent production at all.
 4.2. Rein-Sehgal Model
 As mentioned above, the majority of data on coherent pion production, taken
 at high neutrino-energies, is satisfactorily described by the model published by
 Deiter Rein and Lalit Sehgal [36] and updated to account for a non-zero Önal-
 state lepton mass [49].
 60
 FIG. 21. Differences in the cross section predictions of the Cohπ RS model within the NEUT and GENIEsimulation programs as a function of the neutrino energy (figure from Ref. [450]). The predictions are
 compared to the 90% CL upper limits set for CC coherent pion production on12
 C by the K2K [445–447]and SciBooNE [448, 449] experiments.
 3. Diffractive contribution to meson production
 When small momentum is transferred to the nucleon in a neutrino-nucleon collision, the wave-length is large enough to see the nucleon as a whole. Such a kinematic scenario, which closelyresembles coherent pion production on nuclei, is called diffractive or peripheral meson production.Unlike the Cohπ case, the relatively small nucleon mass makes the outgoing nucleon experimentallydetectable as it has been the case in MINERνA (see Sec. IX F). Diffractive meson production ispresent for all available invariant masses of the final meson-nucleon system, WπN . Actually, forpion production at threshold WπN = mN + mπ, the amplitude is fully determined by chiral sym-metry (see Sec. VII). However, for WπN < 2 GeV, the diffractive contribution will be masked by
 the dominant resonance excitation so it is more easily identifiable at high WπN . In the q2 → 0limit, the nucleon version of the soft-pion theorem [Eq. (9.5)] can be used to relate diffractive mesonproduction to meson-nucleon elastic scattering [444].
 D. Coherent and diffractive scattering in event generators
 At present, neutrino event generators simulate only coherent pion production but not othercoherent and diffractive processes. Owing to its simplicity, generators have implemented the RSmodel. Comparisons reveal, however, that the RS model has been interpreted differently within theparticular neutrino event generators used by different experiments. Figure 21 shows results from theGENIE and NEUT generators, together with upper limits from K2K [445–447] and SciBooNE [448,449]. As a way to remove this ambiguity, the model of Berger-Sehgal [435] using pion-nucleuselastic scattering data has been implemented in GENIE and NuWRO. However, such data are notavailable for all the targets of interest, particularly argon. The nuclear target dependence of theCohπ cross section is presently not well understood. Albeit slow, a version of the microscopic modelof Ref. [440] has recently become available in GENIE.8 Such implementation has been used by T2Kto compare to their Cohπ data [451]. A more complete comparison of experimental results withvarious theoretical descriptions of Cohπ is presented below in Sec. IX G.
 8For simplicity, the pion wave function is obtained in the eikonal approximation rather than by solving the Klein-Gordon equation as in the original paper.
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 E. Experimental Status: Coherent and Diffractive Meson Production
 1. Early experiments on CC and NC coherent pion production
 Coherent pion production was first observed in early 1983 by the Aachen-Padova spark-chamberexperiment [452] while studying isolated π0s produced in their νµ and νµ exposures. This discoverywas confirmed with a study performed by the Aachen Gargamelle group [453] that isolated a sample
 of coherent NC π0 events in the Gargamelle heavy Freon exposure.Following these early discoveries, there were several νµ and νµ experiments, CHARM [454, 455]
 and SKAT [456, 457], that observed NC Cohπ across a wide-range of neutrino energies, nucleartargets and detection techniques. The first observation of CC Cohπ was with 〈Eν〉 ≈ 7 GeV by theSKAT experiment, followed by a series of measurements studying CC Cohπ including BEBC [458,459], CHARM II [455] and FNAL-E632 [460, 461], all of them with neutrino beams of 〈Eν〉 ≥ 7 GeV.
 2. More Recent Coherent Pion Production Experimental Results
 The experimental search for νµ and νµ Cohπ then lapsed for over a decade until the discoveryof neutrino oscillations revitalized neutrino physics. It is important to note that recent and cur-rent accelerator-based neutrino oscillation experiments require a low-energy neutrino beam withEν <∼ 2.5 GeV; it has been with these low-energy beams that the experimental study of Cohπ hascontinued.
 This new generation of experiments started with the K2K [445–447] search for CC Cohπ at〈Eν〉 of ' 1.3 GeV. K2K found no evidence for CC Cohπ and could only set an upper limiton the cross section. This surprising lack of CC Cohπ was later confirmed by the SciBooNEexperiment [448, 449], which also set upper cross-section limits with two different 〈Eν〉 ≈ 1.1 GeVand 2.2 GeV; see Fig. 21.
 Searches for NC coherent pion production in the same energy range at SciBooNE [462] andMiniBooNE [463] experiments found evidence for this process. In addition, the NOMAD collabo-ration [464] provided a higher-energy (25 GeV) measurement of the NC Cohπ cross section.
 There have been three more recent studies of CC Cohπ by MINERvA [465], ArgoNeut [466],and T2K [451]. As opposed to the earlier K2K and SciBooNE analyses, these three experimentsattempted to employ kinematical constraints coming directly from the dynamics of coherent pionproduction. The ArgoNeut result in the NuMI beam at Fermilab, although with limited statisticsof the order of 10 events each for νµ (〈Eν〉 ' 9.6 GeV) and νµ (〈Eν〉 ' 3.6 GeV) was the firstexperiment to detect Cohπ in a LAr TPC. The T2K experiment using a neutrino beam with 〈Eν〉' 1.5 GeV is the first experiment to yield a signal for this process at low Eν , in contrast to thenull result previously obtained by T2K and SciBooNE. The MINERvA experiment used the NuMIwide-band neutrino beam and measured the energy dependent cross section from Eν = 1.5–20 GeV,as well as the π energy and angular distributions for both νµ and νµ. The MINERvA experimentwill be used to further illustrate the experimental technique for isolating the coherent signal.
 3. Experimental Isolation of the Coherent Pion Production Signal
 It is important to note that coherent pion production is only a small fraction of the total νµand νµ pion production cross section, which is dominated by resonant production (Sec. VII). Toisolate the coherent signal, the two main kinematic characteristics that distinguish coherent fromother pion production processe are used. The nucleus remains intact so that there is no indicationof nuclear breakup measured at the interaction point. To further ensure that the nucleus does notbreak up, the 4-momentum transfer to the nucleus |t| must be small, |t| <∼ h2/R2, where R is the
 nuclear radius. In terms of experimentally measured variables |t| is given by (q0 ≈ Eπ)
 | t |= −(q − pπ)2 = −q2 + 2(E2π − Eν |pπ| cos θπ + |k′||pπ| cos θπµ)−m2
 π, (9.6)
 where θπ is the pion angle with respect to the neutrino beam direction and θπµ is the opening anglebetween the muon and the pion track.

Page 79
                        
                        

79
 2 (GeV/c)2)π
 Reconstructed |t| = (q-p0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 2E
 ven
 ts /
 0.02
 5 (G
 eV/c
 )0
 0.2
 0.4
 0.6
 0.8
 1
 310×DATACOHQERES W<1.41.4<W<2.0W> 2.0Other
 All Background Tuned
 + A+π + -µ → + A µν
 FIG. 22. An example of an experimental |t| distribution from Ref. [465] showing the signal distributionpeaking near zero and the relative size of the (GENIE) predicted background.
 The MINERνA experiment identified coherent π± candidates from νµ and νµ beams on a scintilla-
 tor (primarily CH) target by reconstructing the final state µ∓ and π±, requiring minimal additionalenergy near the neutrino interaction vertex and small |t| as a signature of the coherent reaction.As an example of the strength these criteria, the reconstructed |t| distribution presented in Fig. 22displays a significant excess of low |t| events over the background after employing the vertex en-
 ergy constrain. A further cut of |t| ≤ 0.12 (GeV/c)2 provided an enriched sample of coherent pionproduction candidates.
 4. Charged-Current Coherent Kaon Production
 Neutrino-induced CC coherent kaon production, νµA → µ−K+A, is a process yielding a µ−
 with a single K+ and no other (observable) detector activity around the interaction vertex. Incomparison to coherent pion production, this process has a much lower rate due to both Cabibbosuppression and a kinematic suppression caused by the larger kaon mass.
 The MINERvA experiment isolated this rare channel [467] by using the minimal vertex energy
 requirement and the kinematics of the µ− and K+ to reconstruct |t| that was required to be small.After background subtraction, the the evidence for this signal is of 3.0σ significance.
 5. Coherent Photon Production
 As mentioned in Sec. IX B, this process is a background for νe appearance experiments. It hasalso been mentioned that this process can become a background for the study of νµe→ νµe. Sinceνµe scattering is being proposed to constrain the energy-dependent neutrino flux, neglecting thisbackground could result in a false flux constraint. The current study of νµe scattering in the mediumenergy configuration of the MINERvA experiment is addressing this coherent reaction. Althoughthere has been no explicit search for coherent gamma production in recent experiments, it is worthnoting that the high energy, 〈Eν〉 ≈ 25 GeV, NOMAD experiment found no significant single-γsignal in the forward direction, setting an upper limit of
 σ(NCγ, forward)
 σ(νµA→ µ−X)< 1.6× 10−4 (9.7)
 at 90% confidence level [468].
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 F. Diffractive Pion Production off a Nucleon
 During the extraction of the MINERvA CC coherent pion signal, it was noted that the scintillatortarget (CH) has as many free protons as 12C nuclei. Diffractive production of pions from theseprotons could then also produce events at low |t|. The theoretical treatment of neutrino-induceddiffractive pion production off nucleons, for example [444], does not apply in the lower WπN regionmainly covered by the MINERvA coherent pion study; there was no process in GENIE for thischannel. Following discussions with Boris Kopeliovich [469] and recognizing that for a nucleontarget the recoiling proton could cause the event to be rejected by a vertex energy cut, a roughestimate of the event rate of diffractive pion production off protons in the MINERvA data wasfound to be equivalent to order 5% of the GENIE prediction for the Cohπ cross section on 12C.
 Subsequently, the MINERvA experiment detected a signal that could be interpreted as diffractivepion production [470] while extracting the signal for charged current quasi-elastic scattering of νein the NuMI beam [267]. Indeed, an unexpectedly large number of events with electromagneticshowers likely caused by photon conversions was observed. The features of the excess events wereconsistent with those expected from NC diffractive π0 production from hydrogen in the CH target.The measured cross section for this process for Eπ ≥ 3 GeV, and integrated over the MINERνA flux,is 0.26± 0.02(stat)± 0.08(sys)× 10−39cm2/CH, comparable to that for NC coherent π0 productionfrom carbon. This process can be important for the background studies of oscillation experiments,which emphasizes the need for models of diffractive pion production covering also the lower WπN
 kinematic region.
 G. Comparisons between theory and experiment: Open questions
 As noted, the renewed attention to CC Cohπ was initiated by the K2K experiment’s surprisingresult of no extractable signal, which was then confirmed by SciBooNE. To put these upper limitsin perspective, one should recall that, as stated in Sec. IX D, there are different implementations ofthe RS model. K2K and SciBooNE both used the NEUT [77] simulation program; their resultingexperimental limits were well below the level predicted by the version of the RS model implementedin NEUT, as shown in Fig. 21.
 The negative K2K result spurred a careful re-examination of both the experimental results andthe original RS model. As described in the theoretical summary above, Sec. IX C, this model didnot include the outgoing finite lepton (in this case, muon) mass in the calculations. This effect wassmall for the Eν ≥ 7 GeV neutrino beams employed in the successful early searches for CC coherentpion production. However, it is particularly significant for the low neutrino energies employed byboth K2K and SciBooNE. It was further established that the approximation for the pion-nucleuscross sections employed in the PCAC expression, Eq. (9.5), for coherent pion production in theoriginal RS model was not consistent with current experimental results.
 From the MINERvA experiment, we now have detailed information about the energy (Fig. 23)and angular distributions (Fig. 4 of [465] ) of pions produced in (anti)neutrino interactions on nuclei,where the target remains in the ground state [465]. Although the data fit the indicated versionof the GENIE prediction better than the version of NEUT there are still significant disagreementsbetween data and GENIE. A proper understanding of these coherent pion production data is a newchallenge for reaction model builders.
 In Fig. 23 (right) we compare the implementation by the authors of Ref. [471] of the RS [433]and the Berger-Sehgal (BS) [435] approaches to the MINERvA data. Within the RS model, theπN parametrizations as implemented in GENIE [472] are considered, as well as the state-of-the-artones from SAID [473]. The plot shows that the RS cross section is very sensitive to this input.An improvement in the parametrizations does actually cause a worse agreement with data. Fromthis perspective, the good agreement obtained by the GENIE implementation, particularly aboveEπ = 500 MeV, can be regarded as accidental; see also Fig. 4 of Ref. [465]. The prediction fromthe BS model is better but not entirely satisfactory as it underestimates both the low-energy peakand the region of Eπ = 0.6–1 GeV.
 In the left panel of Fig 23, the prediction of the model of Ref. [440] for the differential crosssection as a function of the pion energy averaged over the MINERvA flux is compared to the data
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 FIG. 23. Cohπ+
 MINERvA data [465] confronted with different theoretical models (also in Ref. [471]).Left: microscopic model of Ref. [440]. Right: implementations of Rein-Sehgal [433] and Berger-Sehgal [435]models. For the Rein-Sehgal model, input as in GENIE [472] and from SAID [473] have been used.
 of Ref. [465]. A good description is found at low pion energies, where the model is applicable, while
 the high energy tail is missed. Cohπ is dominated by low q2. In this limit the predicted cross section
 strongly depends on the value of the leading N∆ axial coupling, denoted CA5 (0). The results in
 Fig. 23 (left) are obtained using CA5 (0) = 1.2, which is consistent with pion-nucleon scattering viathe off-diagonal Goldberger-Treiman relation; see, for instance, Sec. 2.1 of Ref. [471].
 Other comparisons have been performed by the T2K collaboration in Ref. [451]. Using theGENIE 2.6.4 implementations of the RS model and the one of Alvarez-Ruso et al. [440] for selection
 efficiency and to extrapolate to the full phase space, T2K finds a Cohπ+ flux averaged cross sectionof 3.9±1.0(stat)+1.5
 −1.4(sys)×10−40 cm2 and 3.3±0.8(stat)+1.3−1.2(sys)×10−40 cm2, respectively. These
 results should be compared to the predictions of 6.4 × 10−40 cm2 and 5.3 × 10−40 cm2 by thecorrespondent model implementations [451]. In addition it is worth stressing that the standard
 untuned NEUT predicts a much larger value of 15.3× 10−40 cm2 [451].Although coherent and diffractive meson production have been addressed by several recent exper-
 iments, there are still several outstanding open experimental questions that need to be addressedby the community. The most inclusive recent experimental investigation of this topic has been per-formed by MINERvA in the so-called “low-energy” configuration of the NuMI beam. MINERvAis addressing these channels again in the current “medium-energy” NuMI configuration that willallow a study with significantly increased statistics over a wider range of neutrino energies. Mostimportantly, this new configuration will also provide sufficient statistics to study the variety ofMINERvA nuclear targets (C, CH, Fe and Pb) and provide a measurement of the A-dependence ofCC Cohπ. Such data will permit tests of the different theoretical predictions available in the liter-ature for the A dependence. To reliably predict a possible background to upcoming LAr oscillationexperiments, we need an experimental measurement of the A dependence of these processes in orderto extrapolate to 40Ar. Finally, it is always preferable to have a second experimental method tocheck the available results. However, there is currently no second experiment to check MINERvAmeasurements over a comparable neutrino energy range.
 From the theoretical perspective, microscopic models, which can and should be validated withother coherent reactions, need to be extended to higher energies to cover the kinematic rangeprobed by MINERvA. Although the microscopic model of Ref. [440] is available in GENIE, moreefficient implementations of this and other microscopic models are needed. Regarding PCAC pionproduction models, in spite of the limitations spelled out in Sec. IX C 1, their simplicity makes themvaluable. Indeed, in the case of meson production, it is important to understand if the accuracygoals justify the need for models better than the simple and fast PCAC based ones. The presenceof multiple and inconsistent implementations of a given model is however harmful and should beavoided: pion-nucleus elastic scattering data might be used for validation purposes. From thisperspective, the more phenomenological approach of Refs. [435, 436] that rely on pion-nucleusscattering data may be preferable but it should be understood how to reliably estimate its errorsand extrapolate results to different nuclear targets.
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