arXiv:1204.2269v1 [nucl-th] 10 Apr 2012

Neutrino-Long-Baseline Experiments and Nuclear Physics

Ulrich Mosel^∗ and Olga Lalakulich^† Institut fuer Theoretische Physik, Universitaet Giessen, D-35392 Giessen, Germany E-mail: mosel@physik.uni-giessen.de

Neutrino long-baseline experiments nowadays all use nuclear targets. The extraction of neutrino oscillation parameters from such experiments requires a good understanding of the interaction of neutrinos with nuclei. In this talk we discuss results on quasielastic scattering and pion production which are the relevant processes in the neutrino energy regime around 1 GeV. We also discuss implications of the reaction mechanisms for the reconstruction of the neutrino energy which is not known a priori.

50th International Winter Meeting on Nuclear Physics - Bormio2012, 23-27 January 2012 Bormio, Italy

∗Speaker.

†Work supported by DFG

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

This is the write-up of a talk that one of the authors (U.M.) gave on the occasion of the 50th Winter Workshop on Nuclear Dynamics in Bormio^1. Since this meeting is attended mainly by scientists working in very different fields, mostly high-energy heavy-ion physics and hadron physics, this talk tries to give an impression of what nuclear physics can contribute to neutrino physics, in particular with long baseline (LBL) beams. This article thus tries to review some of our work in this field for non-experts; as such it draws heavily on our former publications [1 – 10].

Neutrinos are the secondary decay products of pions or kaons produced usually in a highenergy proton-nucleus collision. (K2K: 12.9 GeV p on Al and MiniBooNE: 8.9 GeV p on Be) The energy-distributions of LBL neutrino beams are thus quite broad (several hundred MeV to several GeV). Dedicated experiments, such as HARP [11] and NA61/SHINE [12], measure the pion and kaon production rates and thus provide crucial input for the neutrino beam simulations. For a typical nuclear physicist LBL experiments are quite unbelievable: the beam at its source is already about 0.5 m wide, at the target it can reach out over several hundred meters. The ’beamlines’ are long, up to several hundred kilometers, the composition of the beam is known only up to a certain extent and, most important, the energy of the beam is distributed in a wide range and is not really well determined. Taken all of this together with the fact that typical cross sections for interaction with matter are of the order 10^{−38} cm^2 it is even more remarkable that these experiments have actually given us the first look into physics beyond the Standard model. Since neutrino oscillations have been verified in different experiments [13, 14] there is now no longer any doubt that neutrinos have a non-zero, although quite small, rest mass. At present there are several so-called longbaseline (LBL) experiments running with neutrino energies of a few hundred MeV up to several GeV [15 – 19]. All these experiments aim for a more refined determination of the neutrino massdifferences and the oscillation parameters. They also look for fundamental effects such as CPviolation in electroweak interactions, the possible existence of so-called sterile neutrinos and cross section measurements [20 – 22].

For the determination of the mass-differences the neutrino energy has to be known as is evident from the simplified (two flavors only) neutrino oscillation formula

P(ν_μ → ν_e) = sin^2(2θ)sin^2 ( Δm^2L 4E_ν ) (1.1)

which gives the probability that a muon neutrino ν_μ converts into an electron neutrino ν_e over the flight path L. Here Δm^2 is the difference of the squared masses of the two neutrino flavors and θ is the mixing angle. It is seen that with known distance L between source and detector the difference of the squared masses is directly proportional to the neutrino energy E_ν . The neutrino energy is thus a crucial quantity which has to be known on an event-by-event basis. Due to the production mechanism, however, only its distribution in the neutrino beam is known. The neutrino energy thus has to be reconstructed from the measured energies of the outgoing lepton (for chargedcurrent (CC) experiments) and/or the hadrons in the final state of the reaction. For a quasielastic

1The author dedicates this talk to Ileana Iori who played the central role in bringing this Bormio meeting together year after year. She also supported many generations of my graduate students and made it possible for them to experience the unique atmosphere at Bormio. In her memory this talk was given.

scattering (QE) reaction on a free nucleon at rest the incoming neutrino energy is directly linked to the kinematics of the outgoing lepton and is thus known when lepton angle and energy are measured.

Due to practical considerations (difficulties in handling hydrogen targets and to increase the count rates) all of these new experiments use nuclear targets (e.g. O, C or Fe). Nuclear effects on the measured inclusive cross sections have been analyzed with the help of Fermi gas models that contain the Fermi motion of the nucleons inside the nuclear targets, Pauli-blocking and also – roughly – the nuclear binding [23 – 28]. In addition, nucleons inside nuclei can be collisionbroadened. For example, Benhar [29 – 31] calculates their spectral function within a state-of-the-art nuclear many-body theory. Finally, using RPA also corrections of the nucleonic vertex have been calculated [32 – 37]. Other approaches go beyond the Fermi gas model and in particular a plane-wave approximation and calculate QE scattering using more realistic wave functions [27, 28, 38 – 43]. Also the so-called scaling analysis of inclusive electron scattering has been used for a prediction of neutrino scattering [44 – 46]. Common to all of these theoretical attempts is that they concentrate on QE alone. At energies of a few hundred MeV (as in the MiniBooNE and K2K experiments) QE indeed dominates the reaction process. However, even then there are higher-energy tails in the energy distributions of the neutrinos so that pion-production events are always entangled with QE. All the calculations mentioned are thus not directly comparable with ’raw’ experimental data which always contain some admixture of pion production events. Free QE kinematics are then not directly applicable.

Semi-inclusive processes, in which a nucleon is knocked out from the nucleus, seem to offer direct access to QE events. For these processes one needs obviously a very good description of FSI. Often, these FSI are completely neglected [25, 26, 41] or they are being treated only as absorptive interactions, in the framework of an optical model or the Glauber approximation [27, 28, 39, 40, 42, 47]. In doing so one neglects that collisions of the initially knocked-on nucleons with other nucleons in the nuclear target can lead to energy loss, change of direction, charge transfer or to multiple nucleon knock-out. These processes can only be described by Monte Carlo models [48, 49]. Contributions to nucleon knock-out come also from resonance excitations. For example, a Δ resonance can first be excited which then decays by a collision with another nucleon thus leading to two outgoing nucleons which resemble a QE knock-out event. These ’fake QE’ events are very important for the experiments since they have a big influence on the energy reconstruction as will be demonstrated later on in this article. A quantitative understanding of these events is only possible within coupled channel models that contain all the various interaction mechanisms.

Pion production can not only influence the energy reconstruction, but is essential also for the correct interpretation of neutrino oscillation experiments. In particular neutral pions play an essential role in the flavor identification which is essential since every neutrino beam always contains admixtures of less dominant flavors. For example, a ν_μ -produced π^0, which may be produced by FSI, can decay to 2γ and thus simulate a ν_e event in the detector. Up to neutrino energies of about 1.5 GeV pion production proceeds mainly through the excitation and subsequent decay of the Δ resonance. With increasing energy also higher resonances and non-resonant background can contribute [50, 51, 6]. Singh et al. [52] have shown that beside medium effects such as Fermi-motion, Pauli-blocking and the binding of the nucleons in their potential also more complex in-medium effects such as the collisional broadening of nucleons may influence the width of the Δ and through it the absorption cross section. Before we started our own work in this field, semi-inclusive observables such as pion spectra had been treated only within the old ANP model [53].

At high neutrino energies finally deep inelastic scattering (DIS) dominates. Even though nuclear effects have been discussed in this energy region for the NuTeV Experiment [54] (sin^2 θ_W - anomaly) most analyses assume that here the nucleus just acts as an ensemble of free nucleons [55]. However, just as there is an EMC effect for electron- and mu-induced reactions on nuclei a similar effect should be present for neutrinos as well. This is still a field of ongoing research; very recent analyzes do not seem to be compatible with the electron-data [56, 57].

For a reliable interpretation of the ongoing neutrino experiments one needs a model that describes both the initial neutrino-nucleus interaction and the final state interaction of the produced particles. Since, because of the always present broad energy distributions in neutrino beams, any experiment inherently averages over different reaction types, the model has to be reliable and well tested in all three mentioned energy regimes (QE, pion production, DIS). Since none of the works mentioned earlier could achieve this goal, special event generators were – quite independently from other nuclear physics events generators – developed for the simulation of the various neutrino experiments (e.g. NUANCE [58], NEUGEN [59], NEUT [60]) and GENIE [61]). Although these different generators are quite different from each other, common to all of them is that they all rely on Monte Carlo simulations of the reaction process. These codes contain contributions from quasielastic scattering as well as from inelastic processes; for the resonance excitations the model of Rein and Sehgal [62] is widely used. They all use a Fermi-gas model for the nucleons in the target nucleus, usually with constant Fermi-momentum and constant binding energy. Final state interactions are then described by an intranuclear cascade, where the scattering and absorption cross sections are adjusted to the special targets used. Very few predictions of these models have been compared to data for other reaction types. This is particularly disturbing since there exist extensive data for photonuclear and electronuclear experiments on nuclear targets in the relevant energy regime. Only recently, tests of selected aspects of FSI, i.e. pion absorption, have been started [63]. Furthermore, the nuclear physics input of these model is often quite doubtful. For example, the Rein-Sehgal formfactors fail when applied to electroproduction experiments [64] and in the analysis of the MiniBooNE data even the strength of the Pauli-principle was adjusted to QE data [65].

2. The GiBUU model

Over the last 25 years we have gained experience in the development of theories, numerical methods and codes for the simulation of complete events in nuclear reactions. These methods all are based on the Boltzmann-Uehling-Uhlenbeck (BUU) equation, which differs from the mentioned neutrino event generators by a consistent treatment of self-energies of all participating particles. Fermi-motion in the target nucleus is described by a local Thomas-Fermi approximation and is thus closer to empirical distributions than this is normally the case in event generators; the occupation in coordinate space follows empirical density distributions. A recent review summarizes some of our work with the GiBUU implementation of this method [49] and gives many more details. GiBUU essentially factorizes a reaction on a nuclear target into a first, initial interaction (sufficient for inclusive cross sections) and a detailed treatment of FSI (needed for a reliable description of semi-inclusive processes). The latter is the particular strength of GiBUU.

With this method we have initially described the production of quite different particles (photons, dileptons, pions, kaons, vector mesons etc.) in heavy ion reactions [66, 67]. Later on, we have generalized these model studies to more elementary projectiles and have investigated protoninduced [68], pion-induced [69, 70], photon-induced [71 – 75] and electron-induced [76, 77] particle production on nuclei over a wide energy range, using the same theoretical methods and code for all these different reactions. In particular, the electron-induced reactions are directly relevant for neutrino-induced reactions as they provide a necessary testing ground for the neutrino event generators since the initial kinematics is similar and the primary reaction amplitudes are closely related. In addition, the hadronic FSI are obviously the same. The electron-induced reactions with their large data base are thus ideally suited for a test of the treatment of FSI.

Indeed, our studies of photon-induced reactions [78, 79] have shown that a detailed, quantitatively reliable description of the experimental data is possible only if the FSI of the produced hadrons is described realistically. In particular, the effects of coupled channels must be taken into account which can lead to sidefeeding of the channel under study. In other words, the particle that the detector finally – after its traverse through the nucleus – sees must not necessarily be the same as the one originally produced in the first interaction. We have shown in studies of electroproduction [76] that the importance of such secondary production processes increases with the squared momentum transfer Q^2. We have also performed extended studies of pion mean free paths and their absorption in nuclear targets [79]. Very sensitive to details of the πN interaction are charge exchange processes. Their reliable description is thus an important test of the reliability of our model for the FSI [74].

The correct description of the imaginary part of the self-energies of the produced particles, i.e. their absorption through interactions with the nucleus, is very important in all these calculations. Particles can get ’collision-broadened’ in the nuclear medium, i.e. the imaginary parts of their self-energies can become large [80, 81]. It is then a challenge to describe the transport of these particles so that they attain their free self-energies when they reach the nuclear surface. This is one of the major developments of transport theories in the last decade. We are now in a position to transport collision-broadened hadrons consistently and theoretically well founded (so-called offshell transport) [73, 82, 83, 49]. In this point we thus go beyond the simpler approaches in which e.g. nucleon resonances are not transported at all, but instead decay immediately; this corresponds to a local approximation for the resonance propagators. This point is essential in particular in light and medium-heavy nuclei where the change of the density-profile of the target nucleus over the propagation-length of the resonance plays an important role.

At invariant masses higher than about 2 GeV the discrete resonance structure disappears and here the region of quark-hadron duality sets in. We, therefore, employ in this regime well-tested methods of pQCD in which the total inclusive cross section is described with the help of parton distribution functions and the non-perturbative formation of hadrons is encoded in fragmentation functions. The latter we obtain from the JETSET (Lund) model which is implemented in the code PYTHIA [84]. Also this high-energy part we have tested extensively. In particular, we have investigated the hadron formation and attenuation in lepton-induced reactions as measured in the HERMES and EMC experiments [85]. Data from both experiments range from 12 GeV (HERMES) up to 280 GeV (EMC) and can be described simultaneously by our model. These descriptions also offer access to the so-called formation time of hadrons during which FSI are suppressed; for details see our discussions in [85].

Based on all these developments we have extended the GiBUU model over the last few years also to neutrino-induced reactions [1, 2]. The GiBUU model differs from the standard neutrino event generators not only by its theoretical foundation. It is, furthermore, the only available method that has been tested in comparisons with broad data bases from quite different experiments [86]. Nuclear many-body physics is complex and a realistic treatment of FSI requires correspondingly a complex model. This is reflected in the quite sizeable GiBUU code which is available for download from [86]. There also a description of the numerical implementation can be found; further details of the GiBUU model are contained in the review [49].

3. Results

As we have discussed already in the introduction one of the essential ingredients for any extraction of the neutrino masses from oscillation experiments is the neutrino energy. This energy is not known a priori in present-days experiments, because neutrino beams are quite broad in energy due to their production mechanisms. While at higher energies calorimetric methods may play a role, at lower energies (a few hundred MeV to a few GeV) quasielastic (QE) scattering has been used to determine the incoming neutrino energy on an event-by-event basis. This method relies on an identification of the reaction mechanism (interaction of the neutrino with a single nucleon). It also relies on the use of quasifree kinematics that describes neutrino scattering on a single free nucleon at rest, thus neglecting any Fermi-motion effects; binding is taken into account only by a constant removal energy.

3.1 The QE-Pion entanglement

The experimental identification of a special reaction type, in this case QE, is, however, anything but trivial in an experiment with a broad energy distribution in the incoming beam. There is necessarily a mixture of different reaction mechanisms. Up to energies of about 1.5 GeV these are mainly QE and pion production. The experiments have thus developed strategies to isolate the QE process. In Cerenkov detectors this is done by requiring only the outgoing lepton and the absence of any pions. In so-called tracking detectors 1 muon, 1 proton and 0 pions are required for a QE event. We call these events ’QE-like’.

Fig. 1 shows the cross sections for scattering on^{12}C as a function of neutrino energy both for the Cherenkov (μ, 0π) and the tracking detector (μ, 1p,0π) identification methods [8] for QE-like events. The solid curve in both cases shows the true CCQE cross section whereas the dashed line gives the QE-like cross section. It is seen that the Cherenkov detector identification method leads to a cross section that is about 20% higher than the true value; the surplus is due to primary resonance or pion production and subsequent FSI leading to pionless final states. For determination of the axial mass or for the reconstruction of the incoming neutrino energy this artificial surplus has to be removed with the help of an event generator. The opposite is the case for the tracking detector. Here the QE-like cross section is about 20% lower than the true value; this is because, first, more than one proton may be knocked-out of the nucleus and these events are then not counted as QE-like

Figure 1: (Color online) Total QE cross section on^{12}C (solid lines) compared to different methods on how to identify CCQE-like events in experiments (dashed lines). The left panel shows the method commonly applied in Cherenkov detectors; the right panel shows the tracking-detector method as described in the text. The contributions to the CCQE-like events are also classified [CCQE-like from initial QE (dash-dotted) and from initial Δ (dotted lines)]. Experimental detection thresholds are not taken into account ( from [8]).

and, second, secondary neutrons are not detectable. However, the QE-like sample is very ’clean’ in that it contains nearly only original QE events.

A further complication arises because detectors are not perfect but have acceptance thresholds. Their effect has been discussed in detail in [7]. There it was shown that for realistic detector thresholds only about 50 - 70% of all events are observed and that this deficit also affects the energy reconstruction.

3.2 The QE puzzle

In theoretical calculations the QE cross section is determined by an interplay of vector and axial couplings with their corresponding form factors. The vector couplings can be rather well determined from electron scattering experiments on the nucleon that work at a fixed energy and permit to determine the relevant kinematic parameters, i.e. energy- and momentum-transfer, in each event. The corresponding form factors have been shown to have a complicated, non-dipole form [87]. For the axial couplings the situation is less well determined. Here the data come from electropion production and older neutrino data on the nucleon or deuterium with large uncertainties. They have been analyzed by making a dipole ansatz and then extracting the axial mass from a fit to data. The world average for the axial mass parameter is found to be M_A = 1.026 GeV [88].

It came, therefore, as a surprise when the Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab [20], which uses a big container filled with oil as a Cherenkov counter, published its results on QE scattering. The analyses of both charged current (CC) and neutral current (NC) highstatistics QE events showed a clear excess of cross section over that expected for QE scattering from a Fermi-gas model [89, 65, 90]; see Fig. 2. A similar result had been obtained by the K2K experiment [93] that worked with a neutrino flux peaked at a slightly higher neutrino energy (≈ 1 GeV) than the MiniBooNE experiment (≈ 0.7 GeV). In both cases the flux distributions are rather broad and have a considerable overlap. On the contrary, the NOMAD experiment working at significantly higher energies (between about 5 and 100 GeV) observed no such excess of measured over expected quasielastic cross section [92]. Both the MiniBooNE and the K2K experiments could

Figure 2: (Color online) Flux-unfolded MiniBooNE CCQE cross section per neutron as a function of reconstructed neutrino energy. The cross sections are shown along with results from the LSND [91] and NOMAD [92] experiments. Also shown are predictions from the NUANCE simulation for a relativistic Fermi gas model with two different parameter variations and for scattering from free nucleons with the world average M_A value (κ is a parameter influencing the strength of the Pauli-principle). Figure from [65].

obtain good fits to their data^2 in the Fermi-gas model only when the axial mass was considerably increased to M_A = 1.23 GeV [89] or even M_A = 1.35 GeV [65]. The sizeable increase in the axial mass needed to describe the data cannot be ascribed to deficiencies in the Fermi gas model alone. Indeed, Benhar et al. showed that a model based on state-of-the-art nucleon spectral functions required an even larger axial mass (M_A = 1.6 GeV) for a fit of the differential data [31].

3.3 The pion puzzle

Recently the MiniBooNE and K2K collaborations have published data on charged [94] and neutral [95] pion production in CC neutrino scattering. Generally, these experiments report cross sections which are noticeably higher than those expected from any conventional theoretical approach [96, 5].

As an illustration we present our calculations on a CH_2 target and compare the results with the data from the MiniBooNE experiment [94, 95]. Integrated cross sections versus neutrino energy for the charged current 1π^+ and 1π^0 production are shown in Fig. 3. As in the MiniBooNE experiment, the one pion events are defined as “observable one pion production”, i.e. events with one pion of a given charge and no other pions in the final state, regardless of which particles were produced in the initial neutrino vertex.

The left upper panel in Fig. 3 shows the results for π^+ production. Comparison of the curves with and without FSI shows that the FSI do not change the energy-dependence of the curves. The curve with FSI (solid line) lies 20% below the curve without FSI (dash-dotted line). This reduction is mainly caused by the Δ absorption through NΔ → NN scattering. Charge exchange π^+n → π^0 p also depletes the dominant 1π^+ channel. The side feeding from the reverse process gives minor relative contribution because the initial π^0 production cross section is around 5 times lower. For the 1π^0 cross section in the left lower panel the same side feeding processes increase the cross section. This is, however, compensated by absorption, charge exchange to the π^− channel through

2It must be noted that neither the cross section nor the energy in Fig. 2 have been directly measured; both involve some model dependence.

Figure 3: (Color online) Integrated cross section for MiniBooNE 1π^+(upper panel) and 1π^0(lower panel) CC production versus reconstructed neutrino energy. Data are from [94, 95]. The panels on the right show the composition of the calculated cross sections. Figure from [9]

π^0n → π^− p and other channels such as πN → ΣK,ΛK. The overall effect is nearly the same cross section with and without FSI.

The right upper panel shows the origin of the 1π^+ events. Most of them (dash-dotted line) come from initial Δ resonance production and its following decay. Some events (dotted line) are background ones. A minor amount comes from the initial QE vertex (long-dashed line), which is only possible due to FSI, when the outgoing proton is rescattered. Here the main contribution is from the pN → N^′Δ → N^′N^{′′} π reaction. The right lower panel shows the origin of the 1π^0 events. Here the background processes and the FSI play an even bigger role.

We now turn to a discussion of a comparison with experiment. Already the curves without any FSI lie considerably (≈ 25%) below the data, those with FSI included (solid line) are nearly by a factor of about 1.5 (at 1 GeV) below the experimental data; at higher neutrino energies these discrepancies become even larger since the experimental cross sections rise more steeply with energy than the calculated pion cross sections. At 2 GeV the discrepancy between the results with FSI and the data amounts to a factor of ≈ 2. For 1π^0 production one observes the similar result: the data are considerably higher than our calculated values.

Fig. 4 shows our calculations for the kinetic energy distribution of the outgoing pions. As for the other distributions, our calculations with FSI are lower than the experimental data by a factor of 1.6 − 2.

A distinctive feature of our calculations is the result that FSI significantly change the pion spectra. The lowering of the cross section for T_π > 0.12 GeV is a direct consequence of the pion absorption through πN → Δ with the following ΔN → NN. Pion elastic scattering in the FSI also decreases the pion energy, thus depleting spectra at high energies and accumulating strength at low

Figure 4: Distribution of (left panel) the outgoing π^+ in their kinetic energy; (right panel) the outgoing π^0 in their absolute value of the 3-momentum for the MiniBooNE CC neutrino scattering. Data are from [94, 95], figure from [9].

energies. For π^0 production an additional increase of the cross section at lower energies comes from the side feeding from the dominant π^+ channel as discussed above. The change of the shape of the spectra is similar to that calculated for neutral current 1π^0 production in [3].

The predicted shape of the pion spectra is due to well-known π − N − Δ dynamics in the medium is the same as that observed experimentally in (γ,π^0) production on nuclear targets [78, 97]. Its absence in the neutrino data is, therefore, hard to understand [5, 98].

A source of uncertainties in these comparisons is the determination of the neutrino energy which is done using quasi-free kinematics for on-shell Delta production on a nucleon at rest. One more point is that the experimental data are presented after being corrected for the finite detection thresholds for muons, pions and nucleons. This may introduce an additional dependence on a particular neutrino event generator used in a given experiment [8].

3.4 Energy Reconstruction

We now discuss the quality of the energy reconstruction which is based on applying quasifree kinematics of true QE scattering to QE-like events and neglecting Fermi motion [99]. Fig. 5 shows the distribution of reconstructed energies, obtained in a GiBUU simulation, for a fixed incoming neutrino energy of 1 GeV. The distribution is clearly affected by the two effects discussed above: Fermi motion leads to a broadening of the neutrino energy around the incoming energy; this accounts for the broadened peak at 1 GeV. Its width of about 16% is determined by Fermi motion alone and is thus always present; this defines the lower limit for any energy reconstruction via QE scattering. In addition the reconstructed energy distribution exhibits a clear bump at lower energies; this is caused by an initial pion production. The bump does depend on the pion detection threshold and amounts to about 15% of the true QE peak height at a realistic detection threshold of about 100 MeV pion kinetic energy. Taking this lower-energy bump into account raises the rms energy-width to about 22 % (for a more detailed discussion see [8]). A qualitatively similar result has also been obtained by Tanaka (see Fig. 3 in [100]) using the GENIE event generator; there the lower-energy bump is even more pronounced.

The T2K experiment has recently reported the first experimental observation of electron neutrino appearance from a muon neutrino beam [99]. At the flux maximum the energy of is ≈ 600

Figure 5: (Color online) Distribution of the reconstructed neutrino energy using quasifree kinematics on a nucleon at rest for QE and for static Δ excitation for E^{real}_ν = 1 GeV. Shown is the reconstruction based on the CCQE-like sample (before and after fsi and Cherenkov assumptions) and based on the CC1π^+ sample (before and after fsi). Notice that the dash-dotted and dotted curves partially overlap (from [8]).

Figure 6: (Color online) NC induced single-π^0 production cross sections on^{16}O averaged over the T2K flux and multiplied by the misidentification probability (dashed line, taken from Ref. [101]) as a function of the pion momentum (from [7]).

MeV. At this energy the error in the reconstructed energy, according to Table I in [8], amounts to about 21% for the Cherenkov detector. Fig. 1 shows that at 600 MeV the QE events are fairly clean, but that the admixture of pion production events rises significantly, already up to 1 GeV, reflecting the pion production threshold.

A crucial problem in any such experiment with Cherenkov counters is that the decay photons of neutral pions can be misidentified as electrons. We therefore, investigate in Fig. 6 the probability that a misidentified π^0 is counted as a ν_e appearance event. The probability that a π^0 cannot be distinguished from e^± is given by the dashed line (taken from Fig. 2 of Ref. [101]). The solid line shows the weighted cross section averaged over the T2K flux and calculated using the elementary ANL data as input. The total cross section for misidentified events is now 0.09 · 10^{−38} cm^2 and thus 26% of the true pion events.

3.5 Many-body interactions

All the results discussed so far rely on the impulse approximation. It has, however, recently been pointed out that the identification method of the MiniBooNE experiment allows for a significant amount of non-QE many-body excitations in the QE-like cross section [35, 102, 37, 103]. These excitations are connected with more than one outgoing nucleon in the initial, primary interaction and can be caused by the interaction of the incoming neutrino with more than one nucleon. That such reactions contribute to the inclusive electron scattering cross sections on nuclei is quite well known since about 20 years when it was shown that such events contribute significantly in the so-called dip region between the QE peak and the Δ resonance. For a more extended discussion of the literature see [10].

These so-called 2 particle - 2 hole (2p-2h) effects can indeed account for the disagreement between the data in Fig. 2 and the calculations using the world average value of about 1 GeV for the axial mass and are not incorporated in the energy reconstruction discussed in the last section. Since for the 2p-2h excitations the quasifree kinematics formulas used by experiment for the energy reconstruction do not apply, the actual energy uncertainty may even be larger than discussed before. There are two features of of these 2p-2h contributions that affect the energy reconstruction. First, at forward angles, where the cross section is largest, the 2p-2h contributions are largest at small T_μ , below the QE peak. When analyzing such events with the help of the one-body expression this leads to a lower reconstructed neutrino energy than the true one. Second, while QE scattering is strongly forward peaked, the 2p-2h events are fairly flat (within a factor of 2) in lepton angle (see [10]). The relatively strong yield at backward angles will lead to a larger neutrino energy, in particular for intermediate muon energies. Since both effects are present we expect a fairly flat behavior of the 2p-2h contribution to the energy reconstruction.

Figure 7: (color online) Cross section per energy per nucleon for QE-like processes as defined by the MiniBooNE experiment (0 pions and any number of nucleons in the final states) versus the reconstructed neutrino energy for the true energy of the incoming neutrino of 0.5, 0.7, 1.0 and 1.5 GeV. Figure from [10].

We have recently implemented the 2p-2h excitations into GiBUU [10]. In Fig. 7 we plot the distribution of the reconstructed neutrino energy obtained using the MiniBooNE reconstruction method with E_B = −8 MeV (which is a typical binding energy in the GiBUU code, as opposed to the value −34 MeV used by the MiniBooNE) for the fixed true neutrino energies E^{true}_ν = 0.5, 0.7, 1.0 and 1.5 GeV. The main contribution to all QE-like events is given by the true QE events, which shows a prominent peak around the real energy. The peak is approximately symmetric and has a width of about 0.1 GeV: this broadening is caused by Fermi motion. For Δ−induced events (as already discussed in [8] and in the previous section) the distribution is not symmetric, with a broad peak at lower energies. For a more detailed discussion of these effects see [7, 8].

For all energies the broad 2p-2h contribution is peaked below the true energy. For the lower neutrino energies of 0.5 and 0.7 GeV most of the total distortion is caused by 2p-2h processes because at this low energy there is only little Δ excitation. For the true neutrino energies of 1.0 and 1.5 GeV, on the other hand, the contributions of 2p-2h events are comparably small because here Δ excitation plays a major role and because their strength is distributed over the whole energy range from 0.2 to 1.8 GeV, with a flat maximum around 1/2 of the true energy. Both the 2p-2h effects as well as the Δ excitation lead to a shift of the reconstructed energy towards smaller values, or, vice versa, for a given reconstructed energy the true energy always lies higher than the reconstructed one. The effect is most pronounced at lower true energies and becomes smaller at higher energies. Both of these results agree with a recent analysis by Martini et al. [104].

Figure 8: (color online) Event distribution (i.e. the cross section multiplied by the neutrino flux) for QElike processes as defined by the MiniBooNE experiment versus the real (left picture) and reconstructed (right picture) neutrino energy. The thin solid and dot-dashed curves repeat the distributions for true and reconstructed energy in both figures. Figure from [10].

This is also seen in Fig. 8 which shows the event distribution (that is the cross section multiplied by the neutrino flux) for QE-like processes that would be observed by the MiniBooNE experiment. All events with zero pions in the final state are identified as QE-like ones. Since in the numerical simulation we know the true neutrino energy and the original interaction vertex, we can predict the origin of each event and its energy distribution for a given true neutrino energy. Only parts of these events are genuine QE events. The same QE-like events can originate from initial Δ production, higher resonance production (not shown in the figure), pion-background events (not shown in the figure) or 2p-2h processes. The event distribution versus the true energy is shown by the curve labeled ’true E_ν ’. Comparing it to the one versus the reconstructed energy (rec E_ν ) one sees that there is a systematic distortion in energy reconstruction: the peak of the event distribution is shifted now by about 100 MeV to lower energies with this shift becoming smaller for the larger energies above the peak. Qualitatively this same behavior was already observed and discussed for the K2K and the MiniBooNE flux in [8] as a consequence of pionic excitations. Here, now also the 2p-2h contribution is included in this analysis; it leads to the noticeable downward shift of the reconstructed energy curve on the low-energy side of the maximum where the pion production is still small.

4. Summary

In summary, understanding the reaction mechanism of neutrinos with nuclei is mandatory for a determination of neutrino oscillation parameters. Many of the relevant cross sections are experimentally not determined and have to be provided by theory. Here neutrino physics can only benefit from a close contact with photonuclear physics. This is true for the elementary cross sections, but it is also true for the all-important final state interactions. The latter are independent of the primary interaction process and can – and must – be checked with a multitude of other nuclear reactions. Among nuclear physicists working in heavy-ion physics and electron-, photon- or hadron-induced reactions on nuclei, there exists lots of experience and knowledge that still has to find its way into the neutrino community [105]. In particular the all-important neutrino event-generators can only benefit from checks with the help of relevant photonuclear data which are readily available.

One important example for the influence of nuclear effects can be found in the determination of the neutrino energy which has to be known for the extraction of the neutrino mass- and mixingparameters. Using quasielastic scattering as the main method to determine this energy requires a good identification of this reaction process. This involves the separation of ’clean’ QE processes from resonance-excitations and many-particle interactions. This is illustrated very nicely in the results of the MiniBooNE experiment that have found widespread interest in the community over the last few years. The large excess of QE-like events observed by MiniBooNE over those calculated by commonly used event generators with the world-average value for the axial mass of around 1.0 GeV has led to a multitude of partly contradictory models that all aim to describe the same data starting from quite different initial 1p-1h or 2p-2h interaction mechanisms. Since broad energy-band neutrino experiments necessarily contain an averaging over quite different reaction mechanisms the inclusive data alone do not allow for an unambiguous experimental verification of any particular model. We have discussed that the energy reconstruction is affected by the presence of 2p-2h interactions mainly at the lower neutrino energies while the Δ excitations become more essential at the higher energies. 2p-2h interactions lead – as the Δ excitations do – to a downward shift of the reconstructed energy. Their contribution to the reconstructed energy distribution is fairly flat over a wide reconstructed energy range for the higher true energies.

In this talk we have given a short discussion of the relevant ingredients for an understanding of neutrino-nucleus data. Quasielastic scattering, pion production and many-particle interactions all have to be well controlled. The presently available inclusive data all rely for their understanding on event generators. A closer check can, however, probably come only from more exclusive data, like those on pion production and nucleon knock-out spectra. Nuclear physics can contribute a lot to understanding these data.

5. Acknowledgements

This talk and the article is based on material that was obtained in collaboration with Tina Leitner and Kai Gallmeister. We are grateful to them for a very productive, fruitful collaboration. We are also grateful to Alexei Larionov for many helpful detailed discussions.

References

[1] T. Leitner, L. Alvarez-Ruso, and U. Mosel, “Neutral current neutrino nucleus interactions at intermediate energies,” Phys. Rev. C74 (2006) 065502, arXiv:nucl-th/0606058.

[2] T. Leitner, L. Alvarez-Ruso, and U. Mosel, “Charged current neutrino nucleus interactions at intermediate energies,” Phys. Rev. C73 (2006) 065502, arXiv:nucl-th/0601103.

[3] T. Leitner, O. Buss, U. Mosel, and L. Alvarez-Ruso, “Neutrino induced pion production at MiniBooNE and K2K,” Phys. Rev. C79 (2009) 038501, arXiv:0812.1787 [nucl-th].

[4] T. Leitner, O. Buss, U. Mosel, and L. Alvarez-Ruso, “Neutrino induced pion production at MiniBooNE and K2K energies,” AIP Conf. Proc. 1189 (2009) 207–212, arXiv:0909.0838

[nucl-th].

[5] T. Leitner, O. Lalakulich, O. Buss, U. Mosel, and L. Alvarez-Ruso, “Pion production in neutrino interactions with nuclei,” AIP Conf.Proc. 1222 (2010) 212–221, arXiv:0910.2835

[nucl-th].

[6] O. Lalakulich, T. Leitner, O. Buss, and U. Mosel, “One pion production in neutrino reactions:

including non-resonant background,” Phys.Rev. D82 (2010) 093001, arXiv:1007.0925

[hep-ph].

[7] T. Leitner and U. Mosel, “Neutrino-nucleus interactions in the T2K experiment,” Phys.Rev.C 82 (2010) 035503, arXiv:1006.2714 [nucl-th].

[8] T. Leitner and U. Mosel, “Neutrino-nucleus scattering reexamined: Quasielastic scattering and pion production entanglement and implications for neutrino energy reconstruction,” Phys.Rev.C 81 (2010) 064614, arXiv:1004.4433 [nucl-th].

[9] O. Lalakulich, K. Gallmeister, T. Leitner, and U. Mosel, “Pion production in the MiniBooNE,” AIP Conf.Proc. 1405 (2011) 127–133, arXiv:1107.5947 [nucl-th].

[10] O. Lalakulich, K. Gallmeister, and U. Mosel, “Many-Body Interactions of Neutrinos with Nuclei - Observables,” arXiv:1203.2935 [nucl-th].

[11] HARP Collaboration. http:http://harp.web.cern.ch/harp/.

[12] NA61/SHINE Collaboration. http://na61.web.cern.ch/na61/xc/index.html.

[13] Super-Kamiokande Collaboration Collaboration, Y. Fukuda et al., “Evidence for oscillation of atmospheric neutrinos,” Phys.Rev.Lett. 81 (1998) 1562–1567, arXiv:hep-ex/9807003

[hep-ex].

[14] SNO Collaboration Collaboration, Q. Ahmad et al., “Measurement of the rate of nu/e + d –> p + p + e- interactions produced by B-8 solar neutrinos at the Sudbury Neutrino Observatory,” Phys.Rev.Lett. 87 (2001) 071301, arXiv:nucl-ex/0106015 [nucl-ex].

[15] MINOS Collaboration. http://www-numi.fnal.gov/.

[16] NOVA Collaboration. http://www-nova.fnal.gov/. [17] K2K Collaboration. http://neutrino.kek.jp/. [18] T2K Collaboration. http://jnusrv01.kek.jp/public/t2k/. [19] Opera Collaboration. http://operaweb.web.cern.ch/operaweb/index.shtml. [20] MiniBooNE Collaboration. http://www-boone.fnal.gov/. [21] SciBooNE Collaboration. http://www-sciboone.fnal.gov/.

[22] Minerva Collaboration Collaboration, D. Drakoulakos et al., “Proposal to perform a high-statistics neutrino scattering experiment using a fine-grained detector in the NuMI beam,” arXiv:hep-ex/0405002 [hep-ex]. Spokespersons: J.G. Morfin, Kevin Scott McFarland.

[23] R. Smith and E. Moniz, “Neutrino reactions on nuclear targets,” Nucl.Phys. B43 (1972) 605. [24] T. Donnelly and R. Peccei, “Neutral current effects in nuclei,” Phys.Rept. 50 (1979) 1. [25] C. Horowitz, H.-c. Kim, D. Murdock, and S. Pollock, “Neutrino nucleus quasifree neutral current reactions and the nucleon strange quark content,” Phys.Rev. C48 (1993) 3078–3087.

[26] M. Barbaro, A. De Pace, T. Donnelly, A. Molinari, and M. Musolf, “Probing nucleon strangeness with neutrinos: Nuclear model dependences,” Phys.Rev. C54 (1996) 1954–1969,

arXiv:nucl-th/9605020 [nucl-th].

[27] W. Alberico, M. Barbaro, S. M. Bilenky, J. Caballero, C. Giunti, et al., “Inelastic neutrino and anti-neutrino scattering on nuclei and ‘strangeness’ of the nucleon,” Nucl.Phys. A623 (1997) 471–497, arXiv:hep-ph/9703415 [hep-ph].

[28] W. Alberico, M. Barbaro, S. M. Bilenky, J. Caballero, C. Giunti, et al., “The ratio of p and n yields in NC neutrino (anti-neutrino) nucleus scattering and strange form-factors of the nucleon,” Phys.Lett. B438 (1998) 9–13, arXiv:hep-ph/9712441 [hep-ph].

[29] O. Benhar, N. Farina, H. Nakamura, M. Sakuda, and R. Seki, “Electron and neutrino nucleus scattering in the impulse approximation regime,” Phys. Rev. D72 (2005) 053005,

hep-ph/0506116.

[30] O. Benhar and D. Meloni, “Total neutrino and antineutrino nuclear cross sections around 1-gev,” Nucl. Phys. A789 (2007) 379–402, hep-ph/0610403.

[31] O. Benhar, P. Coletti, and D. Meloni, “Electroweak nuclear response in quasi-elastic regime,” Phys.Rev.Lett. 105 (2010) 132301, arXiv:1006.4783 [nucl-th].

[32] S. Singh and E. Oset, “Quasielastic neutrino (anti-neutrino) reactions in nuclei and the axial vector form-factor of the nucleon,” Nucl.Phys. A542 (1992) 587–615.

[33] J. Marteau, “Effects of the nuclear correlations on the neutrino oxygen interactions,” Eur.Phys.J.A 5 (1999) 183–190, arXiv:hep-ph/9902210 [hep-ph].

[34] J. Nieves, J. E. Amaro, and M. Valverde, “Inclusive quasi-elastic neutrino reactions,” Phys.Rev.C 70 (2004) 055503, arXiv:nucl-th/0408005 [nucl-th].

[35] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, “A Unified approach for nucleon knock-out, coherent and incoherent pion production in neutrino interactions with nuclei,” Phys.Rev.C 80 (2009) 065501, arXiv:0910.2622 [nucl-th].

[36] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, “Neutrino and antineutrino quasielastic interactions with nuclei,” Phys.Rev.C 81 (2010) 045502, arXiv:1002.4538 [hep-ph].

[37] J. Nieves, I. Ruiz Simo, and M. Vicente Vacas, “Inclusive Charged–Current Neutrino–Nucleus Reactions,” Phys.Rev.C 83 (2011) 045501, arXiv:1102.2777 [hep-ph].

[38] ISOLDE Collaboration Collaboration, N. Jachowicz, S. Rombouts, K. Heyde, and J. Ryckebusch, “Cross-sections for neutral current neutrino nucleus interactions: Applications for C-12 and O-16,” Phys.Rev. C59 (1999) 3246–3255.

[39] A. Meucci, C. Giusti, and F. D. Pacati, “Neutral-current neutrino-nucleus quasielastic scattering,” Nucl.Phys. A744 (2004) 307–322, arXiv:nucl-th/0405004 [nucl-th].

[40] M. C. Martinez et al., “Relativistic models for quasi-elastic neutrino scattering,” Phys. Rev. C73 (2006) 024607, nucl-th/0505008.

[41] B. I. S. van der Ventel and J. Piekarewicz, “Strange-quark contribution to the ratio of neutral- to charged-current cross sections in neutrino nucleus scattering,” Phys. Rev. C73 (2006) 025501,

nucl-th/0506071.

[42] A. Meucci, C. Giusti, and F. D. Pacati, “Neutrino-nucleus quasi-elastic scattering and strange quark effects,” Nucl.Phys. A773 (2006) 250–262, arXiv:nucl-th/0601052 [nucl-th].

[43] A. Meucci, M. Barbaro, J. Caballero, C. Giusti, and J. Udias, “Relativistic descriptions of final-state interactions in charged-current quasielastic neutrino-nucleus scattering at MiniBooNE kinematics,” Phys.Rev.Lett. 107 (2011) 172501, arXiv:1107.5145 [nucl-th].

[44] J. E. Amaro, M. Barbaro, J. Caballero, T. Donnelly, A. Molinari, et al., “Using electron scattering superscaling to predict charge-changing neutrino cross sections in nuclei,” Phys.Rev. C71 (2005) 015501, arXiv:nucl-th/0409078 [nucl-th].

[45] J. Amaro, M. Barbaro, J. Caballero, T. Donnelly, and C. Williamson, “Meson-exchange currents and quasielastic neutrino cross sections in the SuperScaling Approximation model,” Phys.Lett.B 696 (2011) 151–155, arXiv:1010.1708 [nucl-th].

[46] J. Amaro, M. Barbaro, J. Caballero, T. Donnelly, and J. Udias, “Relativistic analyses of quasielastic neutrino cross sections at MiniBooNE kinematics,” Phys.Rev.D 84 (2011) 033004,

arXiv:1104.5446 [nucl-th].

[47] B. Van Der Ventel and J. Piekarewicz, “Quasielastic neutrino nucleus scattering,” Phys.Rev. C69 (2004) 035501, arXiv:nucl-th/0310047 [nucl-th].

[48] J. Nieves, M. Valverde, and M. Vicente Vacas, “Inclusive nucleon emission induced by quasi-elastic neutrino-nucleus interactions,” Phys.Rev.C 73 (2006) 025504, arXiv:hep-ph/0511204

[hep-ph].

[49] O. Buss, T. Gaitanos, K. Gallmeister, H. van Hees, M. Kaskulov, et al., “Transport-theoretical Description of Nuclear Reactions,” Phys.Rept. 512 (2012) 1–124, arXiv:1106.1344

[hep-ph].

[50] G. L. Fogli and G. Nardulli, “A new approach to the charged current induced weak one pion production,” Nucl.Phys. B160 (1979) 116.

[51] E. A. Paschos, J.-Y. Yu, and M. Sakuda, “Neutrino production of resonances,” Phys.Rev. D69 (2004) 014013, arXiv:hep-ph/0308130 [hep-ph].

[52] S. Singh, M. Vicente-Vacas, and E. Oset, “Nuclear effects in neutrinoproduction of Delta at intermediate energies,” Phys.Lett. B416 (1998) 23–28.

[53] E. Paschos, L. Pasquali, and J. Yu, “Single pion production in neutrino reactions and estimates for charge exchange effects,” Nucl.Phys. B588 (2000) 263–280, arXiv:hep-ph/0005255

[hep-ph].

[54] NuTeV Collaboration Collaboration, G. Zeller et al., “A Precise determination of electroweak parameters in neutrino nucleon scattering,” Phys.Rev.Lett. 88 (2002) 091802,

arXiv:hep-ex/0110059 [hep-ex].

href=http://www.fnal.gov/pub/presspass/pressreleases/NuTeV.html>.

[55] J. M. Conrad, M. H. Shaevitz, and T. Bolton, “Precision measurements with high-energy neutrino beams,” Rev. Mod. Phys. 70 (1998) 1341–1392, arXiv:hep-ex/9707015.

[56] I. Schienbein et al., “Nuclear PDFs from neutrino deep inelastic scattering,” Phys. Rev. D77 (2008) 054013, arXiv:0710.4897 [hep-ph].

[57] K. Kovarik et al., “Nuclear corrections in neutrino-nucleus DIS and their compatibility with global NPDF analyses,” Phys. Rev. Lett. 106 (2011) 122301, arXiv:1012.0286 [hep-ph].

[58] D. Casper, “The Nuance neutrino physics simulation, and the future,” Nucl.Phys.Proc.Suppl. 112 (2002) 161–170, arXiv:hep-ph/0208030 [hep-ph]. To be published in Proceedings of the First International Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region (NUINT’01).

[59] H. Gallagher, “The NEUGEN neutrino event generator,” Nucl.Phys.Proc.Suppl. 112 (2002) 188–194.

[60] Y. Hayato, “NEUT,” Nucl.Phys.Proc.Suppl. 112 (2002) 171–176.

[61] GENIE Collaboration. http://www.genie-mc.org/.

[62] D. Rein and L. M. Sehgal, “Neutrino Excitation of Baryon Resonances and Single Pion Production,” Annals Phys. 133 (1981) 79–153.

[63] S. Dytman and A. Meyer, “Final state interactions in GENIE,” AIP Conf.Proc. 1405 (2011) 213–218.

[64] T. Leitner, O. Buss, U. Mosel, and L. Alvarez-Ruso, “Neutrino scattering with nuclei: Theory of low energy nuclear effects and its applications,” PoS NUFACT08 (2008) 009, arXiv:0809.3986

[nucl-th].

[65] MiniBooNE Collaboration, A. A. Aguilar-Arevalo et al., “First Measurement of the Muon Neutrino Charged Current Quasielastic Double Differential Cross Section,” Phys. Rev. D81 (2010) 092005,

arXiv:1002.2680 [hep-ex].

[66] B. Blaettel, V. Koch, and U. Mosel, “Transport theoretical analysis of relativistic heavy ion collisions,” Rept.Prog.Phys. 56 (1993) 1–62.

[67] W. Cassing, V. Metag, U. Mosel, and K. Niita, “Production of energetic particles in heavy ion collisions,” Phys.Rept. 188 (1990) 363–449.

[68] E. Bratkovskaya, W. Cassing, and U. Mosel, “Perspectives of e+ e- production in p p, p d and p Be reactions at SIS energies,” Nucl.Phys. A686 (2001) 568–588, arXiv:nucl-th/0008037

[nucl-th].

[69] T. Weidmann, E. Bratkovskaya, W. Cassing, and U. Mosel, “e+ e- pairs from pi- A reactions,” Phys.Rev. C59 (1999) 919–927, arXiv:nucl-th/9711004 [nucl-th].

[70] M. Effenberger, E. Bratkovskaya, W. Cassing, and U. Mosel, “e+ e- pairs from pi- A reactions:

Comment,” Phys.Rev. C60 (1999) 027601, arXiv:nucl-th/9901039 [nucl-th].

[71] A. Hombach, A. Engel, S. Teis, and U. Mosel, “Pion and eta photoproduction in nuclei,” Z.Phys.

A352 (1995) 223–230, arXiv:nucl-th/9411025 [nucl-th].

[72] M. Effenberger, A. Hombach, S. Teis, and U. Mosel, “Photoproduction of pions and etas in nuclei,” Nucl.Phys. A614 (1997) 501–520, arXiv:nucl-th/9610022 [nucl-th].

[73] M. Effenberger, E. Bratkovskaya, and U. Mosel, “e+ e- pair production from gamma A reactions,” Phys.Rev. C60 (1999) 044614, arXiv:nucl-th/9903026 [nucl-th]. Part of Ph.D. Thesis of M. Effenberger.

[74] O. Buss, L. Alvarez-Ruso, A. B. Larionov, and U. Mosel, “Pion induced double charge exchange reactions in the delta resonance region,” Phys. Rev. C 74 (2006) 044610,

arXiv:nucl-th/0607016.

[75] P. Muhlich, L. Alvarez-Ruso, O. Buss, and U. Mosel, “Low-energy pi pi photoproduction off nuclei,” Phys. Lett. B595 (2004) 216–222, arXiv:nucl-th/0401042.

[76] J. Lehr, M. Effenberger, and U. Mosel, “Electron and photon induced reactions on nuclei in the nucleon resonance region,” Nucl.Phys. A671 (2000) 503–531, arXiv:nucl-th/9907091

[nucl-th].

[77] O. Buss, Photon- and Pion-induced Nuclear Reactions in a Transport Approach. PhD thesis, Giessen University, Germany.

[78] B. Krusche, J. Lehr, J. Ahrens, J. Annand, R. Beck, et al., “Photoproduction of pi0 mesons from nuclei,” Eur.Phys.J. A22 (2004) 277–291, arXiv:nucl-ex/0406002 [nucl-ex].

[79] O. Buss, L. Alvarez-Ruso, P. Muehlich, and U. Mosel, “Low-energy pions in nuclear matter and 2π photoproduction within a BUU transport model,” Eur. Phys. J. A29 (2) (2006) 189–207,

nucl-th/0603003.

[80] J. Lehr, H. Lenske, S. Leupold, and U. Mosel, “Nuclear matter spectral functions by transport theory,” Nucl.Phys. A703 (2002) 393–408, arXiv:nucl-th/0108008 [nucl-th].

[81] O. Benhar, D. day, and I. Sick, “Inclusive quasi-elastic electron-nucleus scattering,” Rev. Mod. Phys.

80 (2008) 189–224, arXiv:nucl-ex/0603029.

[82] S. Leupold, “Lifetime of resonances in transport simulations,” Nucl.Phys. A695 (2001) 377–394,

arXiv:nucl-th/0008036 [nucl-th].

[83] W. Cassing and S. Juchem, “Semiclassical transport of particles with dynamical spectral functions,” Nucl.Phys. A665 (2000) 377–400, arXiv:nucl-th/9903070 [nucl-th].

[84] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,” JHEP 05 (2006) 026,

arXiv:hep-ph/0603175.

[85] K. Gallmeister and U. Mosel, “Time dependent hadronization via HERMES and EMC data consistency,” Nucl. Phys. A801 (2008) 68–79, arXiv:nucl-th/0701064.

[86] GiBUU Collaboration. http://gibuu.physik.uni-giessen.de/GiBUU.

[87] J. Arrington, C. Roberts, and J. Zanotti, “Nucleon electromagnetic form-factors,” J.Phys.G G34 (2007) S23–S52, arXiv:nucl-th/0611050 [nucl-th].

[88] V. Bernard, L. Elouadrhiri, and U. Meissner, “Axial structure of the nucleon: Topical Review,” J.Phys.G G28 (2002) R1–R35, arXiv:hep-ph/0107088 [hep-ph].

[89] MiniBooNE Collaboration Collaboration, A. Aguilar-Arevalo et al., “Measurement of muon neutrino quasi-elastic scattering on carbon,” Phys.Rev.Lett. 100 (2008) 032301,

arXiv:0706.0926 [hep-ex].

[90] MiniBooNE Collaboration Collaboration, A. Aguilar-Arevalo et al., “Measurement of the Neutrino Neutral-Current Elastic Differential Cross Section on Mineral Oil at E_ν ∼ 1 GeV,” Phys.Rev.D 82 (2010) 092005, arXiv:1007.4730 [hep-ex].

[91] LSND Collaboration Collaboration, L. Auerbach et al., “Measurements of charged current reactions of muon neutrinos on C-12,” Phys.Rev. C66 (2002) 015501,

arXiv:nucl-ex/0203011 [nucl-ex].

[92] NOMAD Collaboration, V. Lyubushkin et al., “A study of quasi-elastic muon neutrino and antineutrino scattering in the NOMAD experiment,” Eur. Phys. J. C63 (2009) 355–381,

arXiv:0812.4543 [hep-ex].

[93] K2K Collaboration, R. Gran et al., “Measurement of the quasi-elastic axial vector mass in neutrino oxygen interactions,” Phys. Rev. D74 (2006) 052002, arXiv:hep-ex/0603034.

[94] MiniBooNE Collaboration Collaboration, A. Aguilar-Arevalo et al., “Measurement of Neutrino-Induced Charged-Current Charged Pion Production Cross Sections on Mineral Oil at E_ν ∼ 1 GeV,” Phys.Rev.D 83 (2011) 052007, arXiv:1011.3572 [hep-ex].

[95] MiniBooNE Collaboration Collaboration, A. Aguilar-Arevalo et al., “Measurement of ν_μ -induced charged-current neutral pion production cross sections on mineral oil at E_ν ∈ 0.5 − 2.0 GeV,” Phys.Rev.D 83 (2011) 052009, arXiv:1010.3264 [hep-ex].

[96] S. Dytman, T. Leitner, G. Smirnov, J. T. Sobczyk, and R. Tacik, “The path forward: Final state effects discussion,” AIP Conf. Proc. 1189 (2009) 305–311.

[97] CBELSA Collaboration, T. Mertens et al., “Photoproduction of eta-mesons off nuclei for Eg < 2.2 GeV,” Eur. Phys. J. A38 (2008) 195–207, arXiv:0810.2678 [nucl-ex].

[98] L. Alvarez-Ruso, “Neutrino interactions: challenges in the current theoretical picture,”

arXiv:1012.3871 [nucl-th].

[99] T2K Collaboration Collaboration, K. Abe et al., “Indication of Electron Neutrino Appearance from an Accelerator-produced Off-axis Muon Neutrino Beam,” Phys.Rev.Lett. 107 (2011) 041801,

arXiv:1106.2822 [hep-ex].

[100] H. Tanaka, “Prospects for upcoming accelerator-based neutrino oscillation experiments,” AIP Conf.Proc. 1189 (2009) 3–10.

[101] T. Okamura, N. Kimura, H. Ohhata, Y. Makida, T. Ogitsu, et al., “Cryogenic performance of a superconducting magnet system for the J-PARC neutrino beam line,” AIP Conf.Proc. 1218 (2010) 539–549.

[102] M. Martini, M. Ericson, and G. Chanfray, “Neutrino quasielastic interaction and nuclear dynamics,” Phys.Rev.C 84 (2011) 055502, arXiv:1110.0221 [nucl-th].

[103] J. Nieves, I. Simo, and M. Vacas, “The nucleon axial mass and the MiniBooNE Quasielastic Neutrino-Nucleus Scattering problem,” Phys.Lett. B707 (2012) 72–75, arXiv:1106.5374

[hep-ph].

[104] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, “Neutrino energy reconstruction problems and neutrino oscillations,” arXiv:1202.4745 [hep-ph].

[105] U. Mosel, “Nuclear Effects in Generators: the Path Forward,” AIP Conf.Proc. 1405 (2011) 368–373,

arXiv:1108.1692 [nucl-th].