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The study of neutrino-nucleus interactions has recently seen rapid development with a
new generation of accelerator-based neutrino experiments employing medium and heavy
nuclear targets for the study of neutrino oscillations. A few unexpected results in the study
of quasi-elastic scattering and single photon production have spurred a revisiting of the
underlying nuclear physics and connections to electron-nucleus scattering. A thorough
understanding and resolution of these issues is essential for future progress in the study
of neutrino oscillations.

A recent workshop hosted by the Institute of Nuclear Theory at the University of
Washington (INT-13-54W) examined experimental and theoretical developments in neu-
trino-nucleus interactions and related measurements from electron and pion scattering.
We summarize the discussions at the workshop pertaining to the aforementioned issues
in quasi-elastic scattering and single photon production, particularly where there was con-
sensus on the highest priority issues to be resolved and the path towards resolving them.
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1. Introduction

In this report, we focus on two aspects of neutrino-nucleus scattering that have seen significant developments and
were discussed at the “Neutrino-Nucleus Interactions for Current and Next Generation Neutrino Oscillation Experiments”
workshop hosted by the Institute for Nuclear Theory in December 3-13, 2013':

e charged current quasi-elastic scattering and
e single photon production.

Both topics have seen intriguing experimental observations that have instigated a thorough re-investigation of the funda-
mental nuclear physics involved in understanding and modeling these processes. Furthermore, both processes are critical in
interpreting neutrino oscillation measurements, where the intrinsic properties of neutrinos are studied through interference
effects using neutrino-nucleus interactions. As rapid progress is made in neutrino oscillation measurements, commensurate
developments in understanding and improving the modeling of the underlying nuclear physics will need to keep pace.

We begin with a brief introduction to neutrino charged current quasi-elastic scattering, followed by a review of recent
experimental studies of this process, the intimately related issues in electron-nucleus scattering, and the theoretical
developments essential towards understanding both processes. We then discuss the progress in single photon production
in neutrino neutral current interactions, before summarizing the next steps towards resolving the remaining issues.

1.1. The role of neutrino charged current quasi-elastic scattering in neutrino oscillation experiments

Neutrino charged current quasi-elastic (CCQE) scattering, along with the corresponding anti-neutrino process:

ve+n—> £ +p (m
De+p— € +n

represent the simplest form of neutrino-nucleon interaction, with the weak charged current inducing a transition of the
incoming neutrino into its corresponding charged lepton ¢, and an analogous transition in the target nucleon. A detailed
discussion of the theoretical framework and history of the study of neutrino CCQE interactions can be found elsewhere (see
for instance Ref. [1]); here we review the formalism for CCQE interactions on a free nucleon to highlight the complications
that arise once we consider scattering off nuclei and to illustrate the fundamental connections to electron scattering,
which provides some of the essential nucleon form factors and an alternative probe of many of the same nuclear physics.
Considerations of Lorentz symmetry allow the differential cross section for the CCQE process to be written as [2]:
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where:

e G is the Fermi weak coupling constant and V4 is the Cabibbo-Kobayashi-Maskawa matrix element characterizing the
strength of the weak charged current coupling between the u and d quarks.

1 The workshop website with slides presented at the meeting can be found at http://www.int.washington.edu/talks/WorkShops/int_13_54W/.
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e E is the incident neutrino energy.
e M and m are the proton and outgoing lepton masses, respectively.

and A, B, and C are defined as the following function of various nucleon form factors that are functions of Q2, the square of
the four-momentum transferred from the incoming neutrino to the nucleon:
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Here,

e 7 = Q?/4M? and s, u are the standard two-body Mandelstam variables with s — u = 4ME — Q% — m?.
e F; and F, are the isovector form factors, related to the electric and magnetic form factors G and Gy by G = F; — tF,
Gy =F +F.
e G, and Gp are the axial vector and pseudoscalar form factors, respectively.
The conserved vector current (CVC) hypothesis equates the vector form factors F; and F, in electromagnetic interactions to
the corresponding form factors in the weak interaction. Note that the second term in Eq. (2) switches sign depending on
whether neutrino or antineutrino CCQE scattering is under consideration.
Since CVC allows vector form factors measured in electron scattering to be directly applied to the corresponding neutrino
scattering processes, the study of the CCQE process has historically focused on the axial structure of the nucleon encapsulated
in the axial form factor. To this end, the axial vector form factor is typically described by the “dipole” form:

8A
(1+Q2/M2)°

with two empirically determined parameters:

Ga(Q%) = (4)

e g4: a normalization factor that sets the form factor at Q2 = 0 determined by neutron § decay.
e M,: the so-called “axial mass” parameter that characterizes the Q2 dependence of the form factor.

Studies of the CCQE process were performed in deuterium bubble chambers [3-7] where the process:

v+d— £ +p+ps (5)

can be examined with minimal effects arising from nuclear physics, and all the outgoing particles, including the spectator
nucleon ps, can be identified and reconstructed, leading to high efficiency and high purity selections of CCQE events with
over-constrained kinematic reconstruction. These measurements focused on constraining the axial vector contributions
to the CCQE cross section using the dipole parametrization (Eq. (4)), leading to measurements of the axial mass with
M,y = 1.026 + 0.021 GeV [8].

1.2. Neutrino oscillations

In addition to its role in studying the axial structure of the nucleon, the CCQE process plays an essential role in many
accelerator-based studies of neutrino oscillations. A full discussion of neutrino oscillations is beyond the scope of this
discussion (see, for instance, the review in Ref. [9] for more details); here we discuss the most relevant points in connection
to our discussion of the CCQE interaction.

Neutrino oscillations arise from the non-trivial unitary relation between the flavor eigenstates of the neutrino, which
determine their weak interaction properties, in particular which charge lepton results from the interaction of a neutrino,
and their mass eigenstates. This gives rise to flavor change as the neutrino propagates in space-time, with the transition
probability determined by the elements of the unitary mixing matrix relating the flavor and mass eigenstates and a
sinusoidal dependence in L/E (distance L traveled by the neutrino divided by its energy E) with frequencies set by the mass
eigenvalue differences.

Following their discovery in atmospheric neutrino and solar neutrino data, neutrino oscillations have been studied in
experiments using accelerators and reactors as neutrino sources. Recently, with various oscillation modes well-established,
measurements of the detailed L/E dependence of the oscillation pattern have been performed with an aim towards precise
extraction of the oscillation parameters and to search for any deviations that may signal non-standard physics in the process.
In accelerator-based experiments, where neutrinos oscillations are typically studied with a well-defined baseline L between
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the production of the neutrinos and their detection, this requires the determination of the neutrino energy based on the
outgoing particles in the neutrino interaction.

CCQE interactions have played an essential role in both past and current neutrino oscillation experiments for several
reasons:

e At ~1 GeV, the CCQE process has the largest cross section of any neutrino interaction channel, and thus will represent a
large fraction of the interactions for experiments using neutrino beams in this energy range.

e It has a simple topology with a minimal predicted number of outgoing particles, simplifying identification and
reconstruction, including tagging the charged lepton to determine the flavor of the incident neutrino.

e Due to the quasi-two body kinematics of the interaction, the neutrino energy can be inferred from the lepton kinematics
alone. Thus, detectors can still determine the neutrino energy without fully reconstructing the recoiling nucleons if they
can identify the interaction as CCQE. For neutrino CCQE scattering, assuming the target neutron to be at rest:

O _ mj — (my — Ep)® — mg 4 2(m, — Ey)E, 6)
v 2(m, — Ep — EH —+ |p¢| cos ;)

where m,, my,, and m, are the mass of the proton, the neutron, and outgoing lepton, respectively, E; is the binding energy
of the target neutron, and E;, p¢, and cos 6, are the total energy, (3-)momentum and angle relative to the incident neutrino
of the outgoing lepton. The role of the neutron and proton are reversed in antineutrino CCQE scattering. The Q2 of the
interaction can be estimated under the same assumptions:

Qg = 2EF (E¢ — |pe| cos 6;) — mj. (7)

Due to these properties, CCQE has been the primary channel for neutrino oscillation experiments using accelerator-based
beams of ~1 GeV. Note that the binding of the target neutron is accounted only through an average binding energy and its
Fermi motion is ignored, and that Egs. (6) and (7) carry an inherent assumption that the interaction can be understood as a
two-body process. We will see that a number of nuclear effects greatly complicate the implications of employing this simple
prescription.

Current and future experiments will continue to use the CCQE channel for more precise measurements of neutrino
oscillation parameters and to look for new phenomena such as CP-violating effects and non-standard interactions. Thus, the
demands on our understanding of the CCQE process and its modeling will continue to grow as the goals of the accelerator-
based studies of neutrino oscillations become more ambitious.

1.3. Recent studies of CCQE scattering on medium and heavy nuclei

Over the past decade or so, CCQE interactions have been mainly studied on heavier nuclear targets such as those
used in detectors studying neutrino oscillations. These targets usually take the form of hydrocarbons (plastic or liquid
scintillator), water, or iron. The neutrino-nucleus CCQE interaction has typically been modeled using the Relativistic Fermi
Gas (RFG) model, which models the nucleons as a degenerate Fermi gas with Fermi momentum kr and a fixed average
binding/separation energy [ 12-15]. The impulse approximation is also usually employed, where the yield is treated as the
incoherent sum of the scattering off the individual nucleons.

With the accumulation of higher statistics CCQE samples, recent neutrino experiments first repeated the historical mea-
surements and examined the role of the axial-vector contribution in these interactions. Using the dipole parametrization for
the axial form factor, these experiments have measured axial masses values (~1.2-1.4 GeV) that are systematically higher
than those obtained from deuterium targets [10,11]. Examples of the do / dQéE distributions from the K2K and MiniBooNE
experiments leading to higher My values are shown in Figs. 1 and 2. The interpretation of this discrepancy was complicated
by the large nuclear effects present in these interactions and the perceived difficulties in predicting the neutrino flux. The
purities for these data samples are also lower due to the inability to reconstruct all the final state particles and topologi-
cally irreducible backgrounds arising from processes other than CCQE, such as pion production processes where the pion is
absorbed in the target nucleus and hence is unobservable.

Different values of M, result in different expected Q2 distributions for the CCQE interactions, with larger M, leading
to more events at higher Q2 and therefore a “harder” Q2 distribution. Larger M, values also result in higher overall cross
sections for the CCQE process. Due to the large uncertainties and difficulties in predicting neutrino fluxes from accelerator-
based beams, particularly in the absolute fluxes necessary for absolute cross sections, CCQE analyses have usually used the
observed Q? distribution rather than the absolute cross section in extracting M4, though attempts were made to check the
consistency between the two observables [4]. We refer to such measurements as “shape” fits or analyses to distinguish them
from those which measure absolute cross sections.

It was clear that the CCQE kinematic distributions observed in heavier nuclei did not agree with inferences based on
results from deuterium. These differing kinematic distributions could be accommodated by increasing the value of My
without regard for the consequences on the resulting cross section. It was noted in the K2K analysis that neither the
parameters of the RFG (the Fermi momentum and mean binding energy), nor a more accurate treatment of the vector form
factor, could accommodate the observed data without changing M.
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Fig. 1. The do /dQéE distributions of v, interactions in water observed in two data-taking periods (left/right) of the K2K SciFi detector on a water target.
The data are from a one-track sample with no recoil proton (top), a two-track non-CCQE control sample (middle), and a two-track CCQE-enhanced sample
(bottom). The open histogram represents the best fit to the shape of these distributions, leading to My = 1.20 & 0.12 GeV, where the hashed distribution
shows the expected CCQE contribution. The data to the left of the vertical line is excluded from the fit [10].

It was not until 2007 that CCQE interactions were revisited with an aim towards determining the absolute cross sec-
tions in addition to their differential behavior. Analysis of CCQE interactions at MiniBooNE with energies around ~1 GeV
on carbon indicated that the absolute differential cross sections were consistent not only with the harder Q2 distribution
implied by higher values of My ~ 1.35 GeV, but also with the absolute rate [11]. At around the same time, NOMAD re-
ported measurements of CCQE interactions on a carbon target at higher energies (>3 GeV) on carbon, which resulted in M,
values closer to those obtained on deuterium (1.06 & 0.06 GeV/c?) [16]. Details on these results, as well as other recent
experimental developments in CCQE measurements, are presented in Section 2. The nature of what appears to be tension
or disagreement between these two measurements on similar targets, but at different energies and very different detection
methods, remains under discussion.

The larger CCQE cross sections measured by led to the recollection of two past developments that identified potential
mechanisms for higher cross sections. First were calculations performed using the Random Phase Approximation (RPA)
framework which predicted additional interactions channels corresponding to multi-nucleon knockout (often referred to
as “np — nh”) [17]. These would give rise to pionless final states that would be classified as “CCQE” in the topological
classification used at MiniBooNE, thus leading to an excess of such events that could be interpreted as a higher absolute
cross section. The RPA-based calculations were revisited in response to the MiniBooNE CCQE results and found to predict an
additional np — nh contribution that could explain the excess of “CCQE” events observed at MiniBooNE.
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Fig.2. Thedo/ dQéE distribution for v, CCQE interactions on carbon observed at MiniBooNE. The data points are shown as red points, where the cyan bands
represent the systematic uncertainties excluding a 12% overall normalization uncertainty. The Monte Carlo predictions are shown based on an RFG model
with the My = 1.35 GeV) obtained from a shape fit scaled overall by a factor of 1.08% (solid), best fit M4 without scaling (dashed), and with My = 1.03 GeV
and no scaling (dotted) [ 11]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Second were large enhancements in the transverse electromagnetic response function extracted from inclusive
electron-nucleus quasi-elastic scattering data, particularly in light nuclei such as 3He, “He, and °Li, relative to the
longitudinal response [18]. Calculations of the response functions based on the Green’s Function Monte Carlo (GFMC)
technique reproduced the transverse response enhancement and attributed their source to nucleon-nucleon interactions
that directly produce two-body hadronic weak currents. These interactions are absent in the RFG and other models, leading
them to predict equal transverse and longitudinal responses.

Thus, two very different theoretical approaches to studying lepton-nucleus scattering predict nuclear effects in both
electron and neutrino scattering that could lead to significant enhancements in the observed cross sections for what is
identified as “CCQE” (in particular pionless final states). At NOMAD, where a more detailed analysis of the recoiling proton
is performed, the implications are less clear.

This interpretation of the excess of “CCQE” events at MiniBooNE has potentially significant implications for neutrino
oscillation experiments using the CCQE process. This extra contribution, particularly in the RPA-based np — nh model, would
differ kinematically in the relation between the incoming neutrino energy and the outgoing lepton distribution from Eq. (1).
Thus, the neutrino energy inferred from the observed lepton kinematics assuming Eq. (1) as the underlying process will be
incorrect for these events, and the measured L/E distribution of the observed oscillations will be incorrectly interpreted
(see, for example, [19-23]). A detailed understanding of this situation is needed to account for the presence of these events
and to constrain any systematic uncertainties that may result from uncertainties in modeling their effects.

In the following sections, we review recent experimental developments in the study of neutrino CCQE scattering
(Section 2) with particular attention to analysis methods and results that elucidate potential issues in modeling the CCQE
process and identify experimental signatures of the relevant nuclear effects. This is followed by experimental and theoretical
developments in electron-nucleus scattering (Section 3). The status of theoretical developments in CCQE interactions,
informed by both neutrino and electron scattering is presented in Section 4. Following a brief discussion on the important
issue of inferring the neutrino energy in CCQE interactions in light of these developments (Section 5) and final state
interactions (Section 6), we turn to the topic of single photon production in neutrino interactions (Section 7).

2. Neutrino-nucleus experiments: summary of current measurements

In this section, we review the experimental results on neutrino CCQE scattering presented at the workshop. We start
with a brief introduction to the important issue of predicting the neutrino flux before visiting each experiment in turn, and
conclude with some discussion and observations that were made at the workshop.

2.1. Neutrino flux

The prediction of the incoming neutrino flux is a critical element in the study of neutrino interactions, but has historically
been a challenging endeavor. The overall principle for the production of neutrinos in the experiments discussed here is the
same:
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Fig.3. Predicted neutrino fluxes from the Booster Neutrino Beam line at MiniBooNE [24] (left) and the T2K beam line at the ND280 near detector (right) [25].
Note that T2K uses an “off-axis” beam configuration in which the beam axis is directed 2.5° away from ND280.

e Primary protons extracted from an accelerator complex impinge on a target, typically consisting of a few interaction
lengths of low-A material. In the experiments discussed at the workshop, the primary proton energies range include 8
GeV (Booster Neutrino Beam at Fermilab), 30 GeV (T2K at J-PARC), 120 GeV (NuMI at Fermilab), and 450 GeV (CERN West
Area Neutrino Facility), with beryllium (Booster Neutrino Beam, WANF), carbon (NuMI, T2K), and aluminum (K2K) used
as a target material.

e Secondary particles, primarily pions, produced by the interactions are focused by one or more pulsed electromagnetic
devices into a decay region. These devices are usually “horns” that produce a toroidal magnetic field. This results in a
sign selection that focuses = and defocuses 7 ~, or vice versa.

e The focused secondary particles enter a decay region to produce neutrinos. The primary decay mode with positive
focusing is 7+ — pu* + v, resulting in a beam primarily composed of v,,. However, there are also contributions from
the decay of kaons produced in the target (K2, K, 3, Ke3) that give rise to higher energy neutrinos and v, in the beam.
Muons, resulting from the pion decay, themselves decay (u™ — et + ¥, + v,) to give an additional source of v, and
a “wrong-sign” contribution of v, along with the decay # = — u~ + v, arising from 7~ that reach the decay region.
Alternatively, by reversing the polarity of the electromagnets, a beam that is enhanced in v,, can be produced.

e A beam stop at the end of the decay region absorbs all remaining particles except for muons above a threshold and the
neutrinos. Gaps or alcoves within or behind the beam stop region can be instrumented to detect the muons produced in
the beam line for monitoring purposes. The muons are eventually absorbed in shielding (or earth) following the beam
stop.

The predicted neutrino flux is obtained through detailed Monte Carlo simulations that account for each stage of the pro-
cess, incorporating precise material and geometric descriptions of the beam line components, and the various electromag-
netic and hadronic interactions of the particles as they propagate through the beam line. The primary sources of uncertainty
relate to hadronic processes, starting with the particle production induced by proton interactions in the target. Dedicated
experiments [26-28] have been carried out to measure particle production at the chosen primary proton energy and tar-
get material. These measurements have taken the form of “thin target” measurements, where the underlying production
cross sections for the proton-nucleus interaction are measured with minimum secondary interaction effects, and “long” or
“replica” target measurements, where particle production from a replica of the target used in the neutrino beam or another
target with similar dimensions is measured. In the latter case, the outgoing particles are subject to the additional secondary
processes in the target as they are in the actual neutrino beam line. Additional hadronic uncertainties result from the inter-
action of these particles on other beam line components, such as the focusing horns, decay region walls, and beam stop.

The predicted neutrino fluxes for several recent neutrino beam lines are shown in Figs. 3 and 4 respectively. For NuMI,
the plot shows not the neutrino flux, but the expected number of v, CC interactions in the MINOS near detector, which
incorporates the neutrino interaction cross section. In the case of T2K, the experiment has an “off-axis” configuration where
the beam is directed 2.5° away from ND280 and the Super-Kamiokande detector, resulting in a higher yield of low energy
neutrinos peaked at 600 MeV, while the NuMI beam line incorporates a variable target-horn geometry system that allows
the neutrino spectrum to be varied by focusing different regions of the secondary pion phase space.

Next, we summarize recent studies of CCQE events at various neutrino experiments, including MiniBooNE, SciBooNE,
MINERVA, NOMAD, ArgoNeut, T2K, MINOS, and NOVA.

2.2. MiniBooNE

Geralyn Zeller summarized measurements of the CCQE process from MiniBooNE. MiniBooNE was built to study the “short
baseline” neutrino oscillations indicated by the LSND experiment [33]. The experiment utilized the Booster Neutrino Beam
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line with a 800 ton (445 ton fiducial volume) mineral oil-based Cherenkov detector. After 10 years of data taking, MiniBooNE
has published cross sections for neutrino and antineutrino CCQE scattering using the largest samples of CCQE interactions
ever reported to date. This includes the first measurement of the double differential cross section, d*o /dT,, dcos6,, and
measurement of the differential cross section, do /dQQZE for both neutrino and antineutrino CCQE scattering. For historical

comparisons, MiniBooNE also reported the CCQE cross section as a function of reconstructed neutrino energy, a(ESE ), and
a value of My, although these measurements are now known to be more model dependent and are hence less useful for
comparisons. The d?c /dT,, d cos 6, distribution obtained as MiniBooNE's main measurement is shown in Fig. 5.

MiniBooNE is a Cherenkov detector and hence makes use of ring imaging for event reconstruction and particle
identification. CCQE interactions are selected in the spherically symmetric detector by relying solely on particle decays
and the identification of a contained muon-like Cherenkov ring in the fiducial volume. There is no tracking of protons or
pions in the event, lessening some of the model dependence. CCQE events are identified as those containing exactly one
muon and one Michel decay electron arising from . — e decay. The requirement of one Michel decay electron eliminates
backgrounds from events containing a charged pion in the final state, since the charged pion decay will lead to a second
Michel electron in the event. With this selection, CCQE events are defined as CC events with no pions and any number of
nucleons in the final state. No attempt is made to reconstruct or count the final state proton(s) in these events. The dominant
non-QE background in the neutrino (antineutrino) sample are CC 7+ (CC 7 ~) events where the pion is absorbed in the target
nucleus. Such events have the same final state as CCQE interactions in the MiniBooNE detector and are part of the sample
often called “CCQE-like” events. The size of this background is partially constrained by the measured rate of CC events with
an observed pion in the final state in the MiniBooNE detector. The contribution from such pion absorption processes is
then subtracted before extracting the CCQE cross sections but is reported in the provided cross section tables so that model
builders can adjust and/or add back this contribution.
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The v,, CCQE sample contains 146,070 events with an estimated 26% efficiency (which includes a fiducial volume cut)
and purity of 77%. The v,, sample is selected in a similar way and includes 71,176 events with an estimated 29% efficiency
and purity of 61%. For the v, CCQE analysis, there is an additional added complication of having to subtract neutrino
backgrounds from the sample. Because the MiniBooNE detector is not magnetized, this required the development of several
novel techniques for measuring and removing “wrong sign” neutrino events from the antineutrino CCQE sample, which
compose roughly 20% of the events [34].

From these samples, measurements of d?c /dT, d cos 6, do /dQéE, o (E,), and M, over the kinematicrange 0.2 < E,, < 2
GeV,0 < 6, < 360°,0.4 < E, < 2 GeV were extracted. Note that the v, CCQE measurements are on C while the v,
CCQE measurements are on CHj, i.e. there is an additional free proton contribution in the antineutrino scattering case;
however, the carbon-only contribution is reported separately after subtracting off a hydrogen estimate. The MiniBooNE
CCQE cross section measurements are dominated by the uncertainty in the predicted fluxes. The integrated flux uncertainty
is ~ 10% in both cases after multiple years of work to incorporate improved hadro-production measurements (for example,
data taken using a replica of the MiniBooNE proton target at HARP) and beam modeling using a custom GEANT4-based
beam simulation [24]. The flux uncertainties grow to larger than 10% at both the low and high end of the predicted energy
spectrum. Note that no use is made of MiniBooNE neutrino data to determine the neutrino flux. This is in part due to the
insufficient statistics in “standard candle” processes with a priori well-known cross sections, such as inverse muon decay
(IMD) and deep inelastic scattering (DIS), to measure the flux and the desire to not use the same event samples to both
measure a flux and a cross section.

With the broader definition of CCQE scattering and expanded kinematic coverage, MiniBooNE observed a substantially
(~40%) larger cross section than impulse approximation-based predictions. The effect is larger for larger muon scattering
angles, hence revealing the benefit of having a detector with 47 coverage. These results are what initiated discussions
regarding the possible connections between the enhanced cross sections observed in neutrino and electron nucleus
scattering.

2.3. SciBooNE

Kendall Mahn presented measurements of v,, charged current interactions at SciBooNE, where the SciBar scintillating
tracking detector was placed in the same Booster Neutrino Beamline (BNB) used by MiniBooNE, affording an opportunity to
study neutrino interactions in the BNB with a detector with completely different capabilities. The SciBar detector consists
of 32 layers of 1.3 x 2.5 x 300 cm? plastic scintillator bars in alternating orientations to enable three dimensional tracking.
The scintillator bars are read out with wavelength shifting fibers coupled to 64 channel multianode photomultipliers. In
total, there are 14,336 bars with a total mass of 15 tons. A two plane electron “spaghetti” calorimeter (EC) consisting of
scintillating fibers and lead foil and a muon range detector (MRD) with 12 iron plates interspersed with 362 scintillating
counters are placed downstream of SciBar detector. The neutrino flux prediction was derived from the same Geant4-based
Monte Carlo simulation tuned to HARP and other hadron interaction data used at MiniBooNE.

Event identification at SciBooNE is based on tracks reconstructed in SciBar, with the track range (including the MRD) used
to measure momentum. dE /dx measurements based on the deposited charge and the range provide particle identification
between muon/pions and protons. Based on this information, single muon track (“1-track ") events and two track events
consistent with a muon and proton (“2-track p + p”) are selected to form a CCQE sample and the muon momentum and
angle distribution from each sub-sample fit to obtain absolute cross sections as a function of reconstructed neutrino energy.
The measured cross section versus E&E (Eq. (6)) is shown on the left in Fig. 6 [35], which agrees with the neut prediction
using a RFG-based CCQE model with M, = 1.2 GeV. It is also consistent with the MiniBooNE measurements described in
Section 2.2. A closer look at the data reveals some inconsistencies. The plots on the right of Fig. 6 show the QéE distributions
observed in the 1-track u (top) and 2-track i + p samples (bottom) [36]. The neut-based expectation from the Monte Carlo
simulation with the default parameters (red) and following the fit and a retuning of the final state interaction model in neut
(black) are also shown. While the fit and retuning improve the agreement significantly in some areas, particularly the low
QéE region of the 2-track i + p sample, the QéE distribution of the 1-track u sample exhibits a harder spectrum in data
relative to the simulation even after the fit.

2.4. MINERVA

The MINERVA experiment measures interactions using a totally active solid scintillator detector, segmented using nestled
triangular scintillator extrusions that measure 1.7 cm in height with a 3.3 cm base and are between 2 and 3 m in length [37].
The extrusions are oriented in three different views to allow stereoscopic reconstruction of particle tracks. The MINERVA
detector sits just upstream of the MINOS near detector so that muons from MINERVA that enter the magnetized MINOS near
detector can be charge- and momentum-analyzed. For MINERVA's first published quasi-elastic cross sections, only events
with muons matched to MINOS tracks were used. The fiducial mass of the MINERVA scintillator is 5.56 tons, although there
are also several passive nuclear targets that are in the upstream region of the detector which can be used to study neutrino
interactions on different nuclei. The MINERVA detector sits in the NuMI beam line, which in the low energy configuration
produced a broad band v,, and v,, beams which peak at 3.5 GeV [38]. MINERVA took data in both v, and a v, configurations,
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Fig. 6. Left: Measured cross section of CCQE events in SciBooNE as a function of E¥ using events with either zero and one proton tracks and no pion
tracks [35]. Right: Data/MC comparisons of QéE distribution in the 1- (top) and 2-track (top) samples, with the neut-based MC prediction shown before
and after a fit to the muon momentum and angle distribution [36].

and with the magnetic field of the MINOS near detector was able to measure both neutrino and antineutrino cross sections
with essentially no wrong-sign contamination.

Gabriel Perdue presented the analysis of neutrino and antineutrino CCQE events at MINERVA. The selection of CCQE
events starts by requiring that the muons have the correct sign (negative/positive muons in v, /v, beam data) depending
on the horn polarity. The muon momentum is determined based on the distance the muon travels in MINERVA plus the
momentum measured in the MINOS near detector. The muon angle at the vertex is determined using the MINERVA tracking.
From these two quantities the neutrino energy (ESE ) and momentum transfer squared (QéE) can be approximated using the
CCQE hypothesis (Egs. (6) and (7)), assuming E, = 34(30) MeV for neutrinos (antineutrinos).

To study any remaining hadronic energy in the event, MINERVA divides the energy deposited in the scintillator into two
categories. The recoil energy includes energy depositions not associated with the muon that occur at least 30 cm (10 cm)
away from the muon track vertex in neutrino (antineutrino) mode. The vertex energy includes energy depositions that are
less than that distance from the muon track vertex. In order to eliminate potential bias due to mismodeled nuclear effects
that could cause extra activity near the vertex, MINERVA makes no requirement on vertex energy, but selects CCQE events
by making a QéE—dependent cut on the recoil energy designed to maintain 95% efficiency in selecting CCQE event at each
QQZE. In order to subtract the non-CCQE backgrounds from the CCQE sample, a fit to the sideband regions is done in bins of
Q2. The fits reduces the non-CCQE backgrounds relative to the default predictions by 5% for QéE < 0.8 GeV?/c? and 15% for

2E = [0.8, 2.0] GeV?/c?. The dominant background is from resonance production. The selected sample contains 16,467
(29,620) events in antineutrino (neutrino) mode with an expected purity of CCQE events of 77%(49%).

The resulting sample is unfolded and corrected for detector efficiency, and the extracted cross sections as a function of
QéE are compared with several different models for both neutrino [39] and antineutrino [40] CCQE interactions in Fig. 7. The
largest systematic error is from the flux and is largely constant over the different QQZE regions. There is more discriminating
power in the measurement by comparing the assigned Q2 dependence of different models to the data. In particular, the
MINERVA data are compared to two models which can both describe the enhanced cross section observed in the MiniBooNE
CCQE data: one which includes an enhanced transverse cross section constrained by electron-nucleus data (red dashed line
in Fig. 7) and the RFG model with M4 = 1.35 GeV (green line in Fig. 7). Both of these models can describe the MiniBooNE
CCQE data in shape and rate, but MiniBooNE is unable to distinguish between the two choices given the incident neutrino
beam energy and detector technology. This issue is very important to resolve for neutrino oscillation experiments given that
the two effects (whether one changes the transverse response or axial form factor) have very different consequences on the
energy dependence of the CCQE cross section, the determination of E,, and the final state particle composition. With its
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higher beam energy and added detector capability, MINERVA is able to resolve this issue. The MINERVA data more strongly
favors an increase in the transverse response than an increased axial mass. This highlights the power of having data at
multiple beam energies: while enhancements in the transverse cross section and axial mass have similar effects at 1 GeV,
this is not the case at higher neutrino energies where the two effects can be differentiated. This has been nicely demonstrated
in the case of the MINERVA CCQE data and the conclusions seem to hold for both neutrino and antineutrino scattering.

An additional test of the models comes from examining the energy around the vertex for both neutrino and antineutrino
CCQE candidates. The neutrino data show additional energy around the vertex in neutrino mode, consistent with an extra
proton of momentum below 200 MeV being emitted, 29 + 9% of the time. In contrast, the antineutrino data show no such
excess, and a fit to that distribution would suggest a —9 % 9% deficit of energy around the vertex. This is in agreement with
a signature from correlated neutron-proton pairs in the nucleus: neutrino CCQE scattering would tend to eject two protons
from the nucleus, while antineutrino CCQE scattering would tend to eject two neutrons from the nucleus.

Since the time of the INT workshop, MINERVA has released an additional CCQE analysis, whose results have been
submitted for publication. This new analysis measures the hadronic side of the interaction by considering those events
that have an outgoing muon and an outgoing tracked proton. The muon in this case is not required to enter MINOS, since
the kinematics of the event are determined by the proton kinetic energy rather than by the muon momentum and angle. This
analysis finds that the model that best describes the hadron kinematics of these CCQE-like events is in fact not the model
that best describes the muon kinematics described above [41]. This could be from either a mis-modeling of the inelastic
component of the sample (which consists of pions that are absorbed inside the nucleus), or a mis-modeling of the final state
interactions of the leading proton.

2.5. NOMAD

The main goal of the NOMAD experiment was to search for v, — v, oscillations in the wide band CERN SPS neutrino
beam, but despite having concluded its data-taking in 1998, the experiment continues to extract relevant measurements of
neutrino-nucleus interactions. These measurements are of particular interest because they include a large span of neutrino
energies ranging from 2.5 to 300 GeV [30]. The NOMAD detector consisted of an active target containing 44 low-Z drift
chambers with a fiducial mass of 2.7 tons located in a 0.4 T magnetic field. Neutrino interactions were predominantly on
carbon (the NOMAD detector was 64% carbon, 22% oxygen, 6% nitrogen, 5% hydrogen, 1.7% aluminum). The magnetic field
allowed the charge and momentum reconstruction of the final state muons and other charged tracks emerging from an
interaction. For cross section analyses, the NOMAD neutrino and antineutrino fluxes were constrained to ~2% (integrated)
using a combination of hadroproduction data from SPY/NA56 and inverse muon decay and deep inelastic scattering events
observed in NOMAD.

Roberto Petti presented NOMAD results on neutrino and antineutrino CCQE scattering published in 2009 [ 16]. Both 1- and
2-track CCQE events were selected for analysis. Much like the SciBooNE CCQE analysis, the 1-track CCQE sample includes
events with one identified muon and no other reconstructed tracks, while the 2-track CCQE sample are events with one
identified muon and one identified proton with a proton detection threshold of p, ~ 200 MeV/c. The likelihood variable
used to select the 2-track sample is shown on the left in Fig. 8. Muon tracks could be reconstructed for 0 < |6,,| < 180° and
charge-identified for 0 < |6,,| < 50°, E,, > 2 GeV. After selection, the v, sample included 14,021 CCQE (1-track + 2-track)
events with an estimated efficiency of 34% and purity of 50%. Similarly, the v,, sample included 2237 CCQE (1-track) events
with an estimated efficiency of 64% and purity of 38%. From these samples, NOMAD reported measurements of both the
absolute CCQE cross section:

0lcor = [0.92 £ 0.02 (stat) & 0.06 (syst)] x 107>* cm?

- (8)
0lcor = [0.81 £ 0.05 (stat) & 0.08 (syst)] x 107> cm?
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the axial mass (Mj,):

M, = 1.06 £ 0.02 (stat) & 0.06 (syst) GeV

_ 9
M, = 1.06 £ 0.07 (stat) & 0.10 (syst) GeV ®

and measurements of the CCQE QE cross section as a function of neutrino energy over the range 3 < E, < 100 GeV (see
right plots in Fig. 8). At the INT workshop, NOMAD additionally reported an updated QE analysis using improved selection,
a larger fiducial volume, and the complete kinematic range 0 < ¢, < 27. From a combined 1 and 2-track sample now
containing 2.5 times more events than the prior analysis, NOMAD reports:

oy = [0.914 £ 0.013 (stat) & 0.038 (syst)] x 107°* cm? (10)

where the uncertainty on the total v,, CCQE cross section has been further reduced from 6.9% to 4.4%. In the future, NOMAD

plans to measure the CCQE differential cross section, do /dQ?, and perform model-independent studies of nuclear effects
from comparison of the 1- and 2-track samples.

2.6. ArgoNeuT

Ornella Palamara presented results from ArgoNeuT, a 170 liter Liquid Argon Time Projection Chamber (LArTPC) situated
in the NuMI beamline at Fermilab just upstream of the MINOS near detector. The bubble chamber-like tracking capabilities
of LATrTPCs, the low thresholds for proton tracking (T = 21 MeV), and powerful particle identification capabilities based
on dE/dx measurements, allow for a detailed topological classification of interactions according to the outgoing tracks
from the interaction. In particular, they allow the further decomposition of the sample of v,, CC events without outgoing
pions (“CCOx ") into categories based on the number of outgoing protons. With the explicit reconstruction of these outgoing
protons, the energy can be estimated by the relation:

EUZEH—"_ZTpi—"_TX—"_EmiSS (11)
i

where T, are the kinetic energies of the outgoing protons, Tx is the recoil energy of the residual nucleus estimated from
transverse momentum balance, and E,;; is the removal energy of the outgoing nucleons. This definition accounts for the
observed energy in the recoil hadronic system and thus relies less on the assumed kinematic configuration of the interaction
compared to EUQE (Eq. (6)), which is determined from the muon kinematics alone. Evidence for secondary neutron and/or
photon emission can also be observed in the form of electrons and positrons arising from the conversions or scattering of
photons emitted either from the residual target nucleus or from secondary interactions of neutrons. ArgoNeuT accumulated
approximately 7000 events in short exposures to the NuMI beam in neutrino mode (8.5 x 10'® protons-on-target) and
antineutrino mode (1.20 x 10?° protons-on target), using the MINOS near detector for sign selection and momentum
reconstruction of muons exiting downstream of ArgoNeuT.
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Fig. 9. Left: Event display of a v, CC “hammer” event in ArgoNeuT with back-to-back protons emerging from the target nucleus. Right: Distribution of
cos y versus py, for the ArgoNeuT CCOxr sample, where y is the opening-angle of the two protons and pj, is the momentum of the less energetic proton.
The inset shows the projection onto cos y [42].

The detailed event topology information from the ArgoNeuT detector dramatically illustrate evidence for various nuclear
effects that were discussed at the workshop. These include v, CCinteractions in which two protons are seen to emerge back-
to-back from the target nucleus that might arise from short-range correlations that bind nucleons at high momenta above
the nominal Fermi sea [42]. Fig. 9 shows an event display of such a “hammer” event (left) and the opening angle distribu-
tion versus momentum of the less energetic proton (right). A cluster of events with wide opening angle (cosy ~ —1) and
momentum above the Fermi sea (kr = 250 MeV/c) is observed. These distributions can be compared to those observed in
the (e, €'pp) interactions shown in Fig. 15.

Detailed model comparisons of the outgoing proton multiplicity with the GENIE [15] and GiBUU [43] models were
also presented. While the GENIE model reproduces the low-multiplicity behavior in both neutrino and antineutrino data
well, it predicts a significant fraction of events with large (>5) proton multiplicity that is not observed in data. GiBUU,
on the other hand, seems to model the absence of these large proton multiplicity interactions well. It is noted that the
two models predict significantly different compositions for the “CCOx” sample, with GiBUU predicting a contribution of
non-CCQE events (50%) nearly twice that of GENIE (30%). This represents the first measurement of proton multiplicities in
neutrino-nucleus interactions.

27. T2K

The Tokai-to-Kamioka (T2K) neutrino oscillation experiment [44] sends a beam of muon neutrinos produced at the Japan
Proton Accelerator Research Center (J-PARC) 295 km across Japan to the Super-Kamiokande (SK) detector [45] for the study
of neutrino oscillations. The experiment is the first to utilize the “off-axis” beam configuration [46], in which the beam axis
is directed away from the detectors. The muon neutrinos result primarily from the decay = — u + v, of pions produced
in the interactions of 30 GeV protons from the J-PARC main ring on a carbon target. The properties of relativistic two-body
kinematics result in a beam of v,, with lower and more narrowly peak energy spectrum as one moves away in angle from
the axis of the pion decays. This property is exploited at T2K to give a beam of neutrinos with a narrow spectrum peaked at
~600 MeV optimized to maximize neutrino oscillation effects at L = 295 km. The neutrino flux prediction [25] is extensively
tuned to NA61 particle production measurements [28,47] and other hadronic interaction and cross section measurements,
as well as in situ monitors which measure the optics of the incident primary protons and beam direction. The predicted
neutrino flux is shown on the left in Fig. 10, where uncertainties of 10%-15% have been achieved. Continuous improvements
in the uncertainty are expected as additional NA61 data is analyzed and incorporated into the prediction.

The T2K near detector complex includes two major systems. The Interactive Neutrino GRid (INGRID) is a set of 16
tracking detectors with scintillator bars planes interspersed with iron plates arranged in a grid spanning the beam axis
in horizontal and vertical axes to monitor the beam direction. ND280 is a complex of detectors situated in the off-axis
direction towards the SK detector. A tracking detector comprised of a series of fine-grained scintillating detectors (FGDs)
and time projection chambers (TPCs) and a dedicated detector for the study of 7#° production (POD) are surrounded by a
sampling electromagnetic calorimeter (ECAL) consisting of scintillator bars interleaved with lead sheets. These detectors
are contained within the UA1 magnet, which provides a 0.2 T magnetic field and is instrumented to detect muons passing
through the iron yolk.

Kendall Mahn reported on studies of v,, CC events in the tracking detector, where the FGDs provide target mass (primarily
CH from plastic scintillator) and tracking of particles emerging from the interaction vertex. For charged tracks entering the
TPCs, the magnetic field allows sign selection and momentum reconstruction of charged tracks by measuring their curvature.
Measurements of the track ionization yield in the TPC also provide powerful particle identification capabilities. The tracks
are matched to hits in the FGDs to form combined FGD-TPC tracks, while tracks originating from the FGDs that do not enter
the TPC are reconstructed from FGD hits only. Once a negative outgoing muon is identified in the FGD and TPC, the v,, CC
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Fig. 10. Left: The measured muon momentum distribution in CC events with no identified pion in the T2K ND280 tracker compared to the default neut
prediction (top) and best fit M, value (bottom). Right: CCQE cross sections as a function of ESE compared with the best fit using the RFG-based model in
the neut neutrino event generator.

sample is divided into three topological categories based on other particles identified in an event. Events without additional
matched tracks, nor with a delayed electron resulting from the 74 — © — e decay chain, are classified as “CCOx”. Based on
additional pion tracks or decay electrons found in the event, the remaining events are categorized as “CC1x” if the topology
is consistent with CC interaction with a single 7T, otherwise it is categorized as “CC other”. Measurements of the flux-
integrated double-differential cross section for the outgoing muon momentum and angle in the inclusive v, CC sample
have been published [48].

The CCOxr selection results in a 72% pure CCQE sample with 40% efficiency, with which a CCQE cross section as a function
of E¥ is measured and M, extracted as an effective parameter using the outgoing muon momentum and angle distribution
in the RFG-based CCQE model implemented in neut as shown on the right in Fig. 10. The cross section as a function of E; is
found to be in agreement with the nominal neut model. The M4 measurement is performed with and without the absolute
normalization, leading to My = 1.437035 GeV and 1.26%)% GeV, respectively. The measurements are consistent with
previous reported values of M, on carbon using similar RFG-based CCQE models with M, as an effective parameter.

2.8. MINOS

The Main Injector Neutrino Oscillation Search (MINOS) studies neutrino oscillations by sending a neutrino beam
produced with protons from the FNAL Main Injector (NuMI) 735 km to the Soudan mine in Minnesota [49]. The MINOS
detectors are iron scintillator sampling calorimeter consisting of 282 steel plates that are each 2.5 cm thick, interleaved
with 1 cm thick planes of scintillator [49]. The plates are magnetized so charged particle tracks that traverse enough steel
planes can have both momentum and charge measured through curvature. Momentum measurements through range are
also possible for those tracks that end within the active area. Although the detector mass is 0.98 kton, analyses tend to use
a much smaller fiducial mass of 0.03 kton, where the acceptance for events can be easily modeled. MINOS selects charged
current events by requiring a reconstructed track, and then the sample is further enriched by using a k-nearest-neighbor
(kNN) multi-variate technique constructed from several variables that isolates muon tracks from proton or pion tracks. The
analysis achieves a 98% purity and 95% efficiency for selecting muons in the final state.

MINOS determines its incoming neutrino flux with a GEANT-based simulation of the beam line that has embedded in
it a FLUKA-based hadron production model. That prediction is corrected via reweighting based on the inclusive neutrino
charged current neutrino energy spectrum measured in several different beam line configurations. The weights depend
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Fig. 11. Left: QQZE distribution for the MINOS CCQE candidates before a shape fit with M, and background tuning. Right: QéE after a shape fit to a Pauli
blocking suppression factor and My [50].

on a fit to several different data sets, where the parameters that vary in the fits compensate for imperfect knowledge not
only of hadron production, but also of the detector’s absolute energy scales (muon and hadronic) and beam line geometry
uncertainties. The neutrino spectrum in the low energy configuration in which the data were taken peaks at 3.5 GeV and
extends from roughly 2 to 5 GeV.

Nathan Mayer presented the analysis of CCQE events at MINOS [50]. In addition to the muon’s momentum, direction,
and charge, MINOS reconstruct the total hadronic energy, Eq4. Event kinematics are reconstructed in two different ways,
corresponding to the two kinds of neutrino interactions: for events identified as CCQE, the neutrino energy and kinematics
are reconstructed using a quasi-elastic hypothesis (i.e. Egs. (6) and (7)) with E, = 34 MeV corresponding to iron. All other
events have the total energy reconstructed E, = E, + Epqqe. The hadronic invariant mass, W is reconstructed using the
following:

W? = m}, + 2myEpga — Q° (12)
where my is the nucleon mass, and Q2 is determined by the following:
Q* = 2E,(E, — py. c0s(6,,)) — m’, (13)

where the neutrino energy E, is determined either by the quasi-elastic hypothesis (e.g. ESE ) or by summing the hadron and
muon energy.

CCQE events are selected by requiring the hadron energy to be less than 225 MeV, and the muon tracks are required to
stop in the detector, which allows a more accurate momentum estimation by range. In addition, three sidebands define a
resonance-enhanced (RES) region (Eysp > 250 MeV and W < 1.3 GeV), a deep inelastic scattering-enhanced (DIS) region
(W > 2 GeV), and a RES-DIS transition region (W = [1.3, 2.0] GeV). The models are tuned to reproduce the data in the
sidebands so that the backgrounds from RES and DIS can then be subtracted from the signal region.

The predicted Q2 distribution does not match the data in either the RES or the RES-DIS transition regions. A suppression
factor as a function of the true Q2 is applied to simulated resonance events to improve the agreement. The suppression is
strongest at low Q2 with a value of 0.46 at Q2 = 0 and rises quickly to >0.9 at Q> = 0.2 GeV?, and plateaus near unity
for Q2 > 0.6 GeV2. An uncertainty on that suppression factor is also determined using the uncertainties in the muon and
hadron energy scales, DIS event migration to low Q? that is not modeled, and uncertainties in final state interactions, axial
mass parameters, and the coherent cross section.

The shape of the predicted Q? distribution of the CCQE events is compared to the data with the corrected background
prediction, as shown in Fig. 11. A fit varying the axial mass parameters for CCQE (M/?E ) and resonance production (Mﬁfs),
along with the muon and hadron energy scales, and a k factor to modify the Pauli suppression, similar to that used in the
initial MiniBooNE CCQE analysis [ 11]. Several systematic uncertainties are considered, and the total systematic uncertainty
is dominated by the hadron energy cut, the muon angular resolution, and the FSI parameters. The fit returned an M/?E value

of 1.211018(fit) 013 (syst.) GeV when Q2 was fit between 0 and 1.2 GeV>.

2.9. NOvA

Nathan Mayer also presented the first look at CCQE events in NOvA’s Near Detector On the Surface (NDOS) prototype that
was placed 110 mrad off the NuMI beam axis [51]. The detector consists of extruded cells 4 cm x 6 cm in cross section, stacked
in layers alternating in horizontal and vertical directions to provide three dimensional tracking. Each cell contains liquid
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Fig. 12. CCQE cross section measured by NOVA as a function of E,?E (left) and QéE (right). The inner bars are statistical and the outer bars are the combined
systematic and statistical uncertainties [51].

Table 1

Summary of the experiments that have measured v,, CCQE scattering: the neutrino target, neutrino type used in CCQE analyses, energy range of the CCQE
data, how the neutrino flux is determined including the brand of beam simulation used, and the default neutrino event generator used to extract CCQE
results from the experiment. The corresponding CCQE selection and kinematics are provided in Table 2.

Experiment Neutrino target Neutrino type E, range (GeV) Neutrino flux determination v event
generator

ArgoNeuT Ar Vo Uy 05 <E, <10 MINOS low v data GENIE
FLUGG

MINERVA CH Vi Uy 1.5 <E, <10 NA49 data GENIE
GEANT4

MiniBooNE CH, Vi U 04 <E, <2 HARP, E910 data NUANCE
GEANT4

MINOS Fe vy 05<E, <6 MINOS low v data NEUGEN
FLUGG, FLUKA

NOMAD 64%C,22% 0, 6% N Vo Yy 2.5 <E, <300 DIS, IMD, SPY data NOMAD

5%H, 1.7% Al FLUKA MC

NOvVA ND CH, Yy 05<E, <2 NA49 data GENIE
FLUGG

SciBooNE CgHsg Yy 0.6 <E, <2 HARP, E910 data NEUT
GEANT4 NUANCE

T2K CgHs v, 02 <E, <30 NAG61/SHINE data NEUT
GEANT4

scintillator read out by a wavelength shifting fiber coupled to an avalanche photodiode. The very far off-axis configuration
resulted in a neutrino energy spectrum with two peaks: one from off angle pion decays at about 200 MeV, and another from
off angle kaon decays, which peaked at about 2 GeV. The flux prediction comes from the same GEANT-based simulation used
by MINOS, but because the flux is so far off the beam line axis, the flux uncertainties are considerably larger.

NOVA selects charged current events by identifying a muon track originating from withing the fiducial volume. A
multivariate analysis using the energy observed around the vertex, the average energy deposited per detector plane, and
the number of hit detector planes is used to separate CCQE events from non-CCCQE events.

The analysis reconstructs both the energy and the angle of the outgoing muon, and from that reconstructs EVQE and QéE.
The sample has very low statistics, so no sideband tuning techniques were used. The predicted background is subtracted
from the events and then the EY* and Q/; distributions unfolded to yield cross sections as a function of these two variables, as
shown in Fig. 12. The dominant systematic uncertainty is the flux at 25%, and is evaluated by comparing the flux predictions
from FLUKA [52] and GEANT4 [53]. The cross section as a function of neutrino energy from 0.2 to 2.0 GeV is found to be
somewhat lower than the prediction from Genie assuming a RFG model with M4 = 0.99 GeV.

2.10. Comparison and discussion of experimental results on QE scattering

Tables 1 and 2 summarize how each of the various experiments have defined their CCQE event samples and the kinematic
phase space covered by the selected events. Several points can be noted based on the table and the presented results, some
of which were discussed at the workshop:

e The experiments utilize different means to identify CCQE samples that relate primarily to their proton reconstruction
capabilities. Detectors with fine-grained tracking capabilities (SciBooNE, NOMAD) use recoil proton information when
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Table 2

Summary of the attributes of experimental measurements of v, CCQE scattering: how the CCQE events are selected, whether or not final state muons can
be charge-identified, muon angle with respect to the incoming neutrino direction, muon Kinetic energy, proton detection threshold (where applicable),
and list of reported CCQE cross section measurements. Companion to Table 1.

Experiment CCQE event selection Sign ID? Muon angle (°) Muon KE (GeV) Proton KE (MeV) CCQE results
ArgoNeuT 1u + 0 Yes 0<6, <40 T, >04 T, > 21 # protons
(MINOS-match)
MINERVA 1 + recoil Yes 0<6, <20 1.5 <T, <10 T, > 80 do /dQ?
consistent (MINOS-match) (tracking)
with CCQE Q?
MiniBooNE 1u+ 0w No 0 <6, <360 02<T, <2 - d?0 /dT, d6,
(Michel e~ ID) do /dQ?
o (Ey), Mp
MINOS 1+ (Epga < 225 MeV) Yes 0<06, <180 0<T, <5 - My
NOMAD (1) or (1 + 1p) Yes 0 <6, <100 T, >2 T, > 21 o(E,)
(accepted) My
NOvVA ND 1+ multi-variate No 0<6, <45 0<T, <14 - o(E,)
SciBooNE (Ipw)or (1 + 1p) No 0 <6, <60 01<T, <11 T, > 100 o(Ey)
T2K 1 + Om Yes 0<6, <80 0<T, <30 - o(E,)

available to identify CCQE interactions, whereas MiniBooNE and MINOS, due to higher tracking thresholds (arising from
the Cherenkov threshold in the former case, and the presence of passive steel plates in the latter), rely on identifying
a muon with restrictions on additional activity from hadrons (pions, etc.) in the event without explicitly identifying a
recoil proton.

e Due to their geometrical configurations, the detectors have very different geometric acceptances. In particular, exper-
iments with planar tracking geometries (MINERvA, MINOS, ND280, SciBooNE) have acceptances concentrated in the
forward and backwards regions with respect to the neutrino beam, while MiniBooNE has full 477 acceptance. The im-
portance of the angular acceptance depends on neutrino energy; at lower energies (<1 GeV), the outgoing particles
distribute themselves more isotropically, thus a limited acceptance can result in a large fraction of the events being in-
accessible for analysis. At higher energies, the particles are boosted into the forward direction, reducing significantly the
detrimental impact of a limited wide-angle or backward acceptance. In the ArgoNeut case, what would inherently be 47
acceptance is limited by the use of the MINOS near detector as a muon spectrometer. The 47 acceptance is maintained,
however, for other particles emerging from the interaction.

e The NOMAD analysis uses the formation time of the recoil proton in the nucleus as a fit parameter in obtaining a cross
section from its one- and two-track CCQE samples. The formation time governs the probability that the proton will inter-
act within the target nucleus, which affects whether a proton track is observed in the detector, and whether the proton
will emerge with kinematics consistent with the naive CCQE kinematic hypothesis. The former will dictate whether it
ends up in the one-track sample (no identified proton), and the latter impacts the efficiency with which an event with
two tracks is accepted into the two-track selection, which utilizes transverse momentum balance, the angle between the
two tracks in the transverse plane, and the proton emission angle relative to the incident neutrino direction to select
events consistent with a neutrino CCQE scattering off a free nucleon at rest.

There was considerable discussion about this method and the interpretation of the results, particularly with regard
to the apparent discrepancy between the MiniBooNE and NOMAD CCQE cross sections; the former indicates a significant
enhancement in the effective cross section from multi-nucleon contributions relative to what would be expected from
the free nucleon case, while the latter observes no such enhancements.

One issue is the energy dependence of the additional processes and whether one would in fact expect multi-nucleon
effects to be smaller at the higher neutrino energies probed by NOMAD. Currently, the RPA-based approaches have dif-
ficulty in extrapolating to higher neutrino energy, so further theoretical process is needed to answer this question.

On the experimental side, another issue is whether the topological and kinematic requirements in the NOMAD selec-
tions remove events where multi-nucleon effects significantly distort the kinematics or result in higher proton multiplic-
ity. If so, such interactions should reappear as the selection is loosened. The continued study of the impressive NOMAD
CCQE data should allow us to better understand this apparent discrepancy and CCQE interactions in general.

o MINERVA has made the first detailed analysis of its QéE distribution with models that go beyond the standard RFG pre-
scription. The results favor a model incorporating the enhancement of transverse response with My, = 0.99 GeV (con-
sistent with deuterium measurements) over increasing M, as an effective parameter to 1.35 GeV in a “basic” RFG model.
The analysis of energy depositions around the interaction vertex indicate that there is an additional contribution in the
neutrino-mode data that may be consistent with more low energy proton emission than predicted by the RFG-based
model. No such excess is observed in antineutrino-mode data. The MINERVA data, with its intermediate energies between
MiniBooNE and NOMAD, its fine-grained tracking capabilities, and multiple target materials, will play an important role
in resolving the above-mentioned apparent discrepancy between these two measurements, and in further understanding
the CCQE interaction.

e While impressive agreement is achieved in the outgoing lepton kinematics observed in the MiniBooNE CCQE data by
the RPA-based calculations, the ability to predict the corresponding hadronic component of the interaction remains a
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Fig. 13. Idealized spectra of high-energy electron scattering off a nucleon (top) and off a nucleus (bottom). At momentum transfers appropriate to quasi-
elastic scattering, the yield from nuclear excitations and elastic scattering are greatly suppressed due to form factors.

challenge. With availability of data from fine grained detectors (NOMAD, MINERVA, ND280) and LAr TPCs capable of re-
solving the detailed final state of CCQE interactions (ArgoNeuT, MicroBooNE), including outgoing proton multiplicities
and kinematics, it will be important to find a suitable means of consistently assigning a predicted hadronic state with
the lepton kinematics in an event.

e Continued effort to improve ab initio flux estimates will become increasingly important as we further probe the nature
of CCQE interactions. Extensive efforts have already been mounted by MiniBooNE and NOMAD to achieve 5%-10% uncer-
tainties in the flux estimate. The NA61 data is being used to great effect in the T2K flux prediction; further analyses with
improved statistics and replica target data under way that should significantly reduce uncertainties. With the effects of
secondary and tertiary interactions, as opposed to the primary production measured by SPY, HARP, and NA61, becoming
an increasing portion of the systematic uncertainty, the community may consider devoting additional effort to perform
the relevant measurements to accurately model these effects. This will be necessary to ensure that better than 5% overall
systematic uncertainty can be achieved in the future.

e Experiments that use the NuMI beamline (MINOS, MINERVA, ArgoNeuT, NOvVA) use a variety of methods to estimate
the neutrino flux from the beam line. The differences include the underlying software and hadronic interaction model
(FLUKA [52] vs. GEANT4 FTFP [53]) and data to tune the simulation. The resulting flux predictions differ by as much as 20%.
In order to fully profit from the measurements in these experiments, it is important to understand how these differences
arise and to have a common understanding of the methods and resulting systematic uncertainties. Since the workshop,
there has been considerable progress towards this end, with the NuMI-based experiments forming a collaborative effort
to improve the flux estimation.

3. Lessons from nuclear physics and inclusive and exclusive electron scattering, scaling, relativistic mean fields

3.1. Background and contribution of electron quasi-elastic scattering

Most of our knowledge regarding the dynamics of lepton-nucleus interactions for 0.3 < E, < 3 GeV comes from
electron-nucleus scattering. Several talks on electron quasi-elastic (QE) scattering at the workshop provided valuable
background and input on what has been learned from inclusive and exclusive quasi-elastic electron scattering. The flux
and energy of the GeV beams from electron accelerators are precisely known and the momentum of the scattered electrons
precisely measured in magnetic spectrometers. Fig. 13 shows an idealization of such a scattered electron spectra.

The following focuses on what is termed quasi-elastic electron scattering. The process is readily measured as a function
of the transferred three-momentum (q) and energy (w) from the electron to the nucleus by measuring the scattered electron
without any reference to the hadronic final state. The variable q (w) is reconstructed by taking the vector (scalar) difference
between the initial and final electron momentum (energy).

The events from quasi-elastic scattering of the electron off a single nucleon in the target nucleus form a peak centered
at o = Q2?/2My with a width approximately /2pr|q] where pr is the Fermi momentum of the nucleons in the target
ground state. QE scattering experiments have been carried out for many years on a variety of targets and incident energies.
Ref. [54] provides an excellent review of the results as of 2008. The intent of such measurements was often to measure the
momentum distribution of nucleons in the target nucleus. As shown in Fig. 14, it was very early noted that in every nucleus
there appeared nucleons with momenta well beyond the Fermi momentum that are incompatible with scattering off a free
nucleon moving in a mean field. Theorists soon identified the high momentum nucleons as arising from correlated pairs of
nucleons whose high momenta originate in the strong short-range nucleon-nucleon interaction.
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Fig. 15. Left: Missing energy in e — '2C scattering events (see text for definition). Right: back-to-back angular correlation between the initial momentum
of the struck proton and the detected momentum of its spectator partner in the pair correlation.
Source: From Ref. [55].

Direct observation of these correlated pairs has only become possible in the last decade and there now exist spectacular
demonstrations of their existence in nuclei. Ingo Sick’s presentation addressed the overall importance of these correlations.
While there is approximately a 20% probability for a nucleon to be involved in such a correlation, in carbon, for example,
they are responsible for 37% of the energy required to remove a nucleon from the nucleus. The existence of these correlated
pairs also accounts for approximately 20% of the depleted occupancy of the nuclear shell model orbits.

Fig. 14 shows a calculation of the normalized nucleon momentum distribution in selected light nuclei as shown by Ingo
Sick. The shape of the high momentum distribution (k > 1.5 fm~!) is very similar in all four cases and almost identical
for “He and '°0. The fraction of correlated pairs is smaller in 2H because of the dilute structure of this system. The high
momentum components are due to the correlated pairs of nucleons (mostly n — p pairs with S = 1, T = 0) in the nucleus.
The nucleon-nucleon interaction inside 1.5 fm is strongly attractive, but becomes sharply repulsive when the two nucleons
overlap. As we shall see, it is crucial to take account of these nucleon-nucleon correlations when calculating lepton-nucleus
quasi-elastic scattering.

Doug Higginbotham’s talk provided dramatic demonstration of the existence of highly correlated pairs as shown in Fig. 15
showing the missing energy in an (e, e’pp) measurement on '2C [55]. The missing energy is defined as Ejs; = @ — Ty —Ta-1,

2
where T, is the kinetic energy of the struck proton and Ty, the inferred kinetic energy z(/afpiq)m,v of the recoiling nucleus
assuming it has an initial state momentum (p;) opposite to that of the struck proton. If one simply assigned the minimal
separation energy to the struck proton, the sharp peak at E;;;; ~ 20 MeV is the expected value. However, the measured
energy loss, w (shaded in blue) extends for some 200 MeV beyond that minimal value, because the struck proton is involved
in a short range correlation, thus requiring its correlated partner to carry off its equal but opposite initial state momentum,
and resulting in a much higher missing energy. It is extremely important to understand the implications of this plot as the
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Fig. 16. An example of y scaling. Left: Raw cross section data at a variety of incident energies and momentum as a function of w. Right: The same data as
a function of the scaling variable y.
Source: From Ref. [54].

incident energies in neutrino experiments are unknown and must usually be inferred from the momentum of the scattered
charged lepton.

This measurement is just one of a series of measurements carried out at Jefferson Laboratory [55-57] that have directly
observed the correlated high momentum states that theorists have predicted for many years. These measurements have
clearly established that approximately 20% of the nucleons in nuclei with A > 12 are involved in pair-wise correlations.
Proton-neutron correlations dominate over proton-proton correlations by a factor about nine. These n — p pairs are
dominantly T = 0,S = 1 pairs as a result of the tensor force.

Another important discovery uncovered by electron scattering measurements is the observation of scaling [58-60] in
inclusive electron QE scattering. The observed scaling is reassuring in that it confirms essential elements of the depiction of
QE scattering off individual nucleons, but its real value is found in what is learned from the observed violations of scaling.
Maria Barbaro and Juan Antonio Caballero presented the background and current status of what has been learned from the
application of scaling to QE scattering. The approach is similar to the deep inelastic scattering off partons in the nucleon
where the scaling variable x = % allows a coherent account of a large body of data. Appropriate scaling variables have
been identified in electron-nucleus scattering without the benefit of asymptotic freedom.

Three kinds of scaling have been uncovered in electron-nucleus scattering and each provides valuable lessons. It is
straightforward to extract the values for q and w in electron scattering experiments. Scaling of the first kind employs the
conservation of energy and momentum and assumes the observed QE cross section is simply an incoherent sum of the
scattering off the individual nucleons in a nucleus. This simplification reduces the dependence of the cross section to that

of single variable y = /w? 4+ 2Myw — q° the and yields a scaling function F(y, q) given as

o= (25, o) & -
0= d2dw J gxp \Zoep(q) + Noen(q) ) dy o

where o, and o, are the elastic scattering cross sections at three momentum q for scattering off a single proton and neutron,
respectively. Fig. 16 shows scaling of this first kind in 3He at a variety of incident energies. Note that scaling of the first kind
works very well fory < 0 (x > 1). The valuey = 0 (x = 1) corresponds to the scattering off a nucleon at rest. For
y > 0 (x < 1) there must be contributions from some other source than simple scattering off an independent nucleon
moving in a mean field.

Another form of scaling results from scaling across different nuclei. To allow for the slow changes that occur with
increasing A, for A > 12, the scaling variable ' ~ % is employed. Fig. 17 shows the scaling observed for widely differing
nuclei from C to Au at a fixed electron energy and scattering angle. This kind of scaling is termed scaling of the second kind
and illustrates the nearly universal character of nuclear matter for A > 12.

Moving on to what is termed zeroth order scaling, electron scattering can be separated into its longitudinal and
transverse components where the terms refer to the polarization direction of the virtual photon relative to the transferred
momentum q. The different kinematic dependence of the longitudinal and transverse couplings allows their separation into
the individual responses, R; and Rr:

1]Q2
’“(z\qz

do 2

df2dw

Q2

= OMott ‘ Y
2
q

6
+ tan? ;) Rr|. (15)

2 |n what follows, ¢ = |q|, the magnitude of the three-momentum transfer, and should not be confused with ¢> = —Q? = t.
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three different nuclei [59]. The longitudinal response scales while the transverse clearly does not and appears to increase with 3-momentum transfer over
the range shown.

The longitudinal response is typically associated with scattering off charge while the transverse response is due to
scattering off magnetization. Accounting for the longitudinal and transverse responses of the free neutron and proton, the
relativistic Fermi gas (RFG) model for the nucleus predicts that the residual responses, f (¥', q) and fr (¥'q) are equal:

(fL)RFG = (fT)RFG =fRFT~ (16)

Fig. 18 [59] shows the result of applying this prescription to QE scattering for several different nuclei at different three-
momentum transfers. Some very important facts emerge from such an analysis: the longitudinal response shows scaling
both with momentum transfer g and A and is therefore said to super-scale while the transverse response scales with A
(scaling of second kind) but not with q (scaling of the first kind). The transverse response is observed to increase with three-
momentum transfer at least up to g = 570 MeV/c in contrast to the scaling predicted in the RFG impulse approximation.
The RFG also predicts that both nuclear responses should be identical when the longitudinal and transverse responses of
free nucleons are taken into account. Clearly, the transverse response receives an appreciable enhancement in the nuclear
environment and further this enhancement appears similar in all nuclei.

While the RFG correctly predicted superscaling of the longitudinal response, it does not predict the magnitude and
shape of the longitudinal response nearly as well, as shown in Fig. 19, which compares RFG to a fit of the world’s data.
Two observations are to be made. The longitudinal response is asymmetric about v/’ = 0, extending to larger values of v’
than the RFG predicts, but it appears that the integral over v/’ of the measured response and the RFG prediction are nearly
the same. Recalling that v’ ~ y/kg, in order that ¥' > 1, @ must exceed (kr + q)%/2my. Going beyond a mean field impulse
approximation and taking account of the high momentum nucleon pairs produced by the nucleon-nucleon interactions
account for both failures (the asymmetric f;(v') and f; (¥") < fr(1')) of the RFG [18]. This issue is of great importance in
treating neutrino-nucleus scattering, as described in Section 4.
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While RFG and a variety of nuclear mean fields produced with Woods-Saxon optical model potentials all produce super-
scaling for longitudinal electron QE scattering, they all fail to generate an asymmetric longitudinal response function f; (V).
Given that it is an established fact that approximately 20% of the nucleons are involved in short range correlations, it is not
surprising that such scaling violations are observed. Indeed, both the asymmetry in the longitudinal response and the fact
that fr () > fi () can be accounted for by including the effects of correlated pairs [18].

In contrast, the use of a relativistic mean field (RMF) rather than RFG can produce the requisite asymmetry in f; (/) and
produce fr(¥) > fi(y), both in line with experimental observation. The Pavia and Madrid-Seville groups have extensively
carried out the use of various forms of relativistic mean fields to deal with electroweak nuclear scattering. The presentation
of their work on electron-nucleus scattering was covered in Juan Antonio Caballero’s presentation and also appeared in the
talks by Maria Barbaro and Carlotta Giusti. The result identified as RMF in Fig. 20 employs the same energy independent
relativistic mean field both to create the bound nucleon initial state as well as the nucleon final state in the continuum. The
desired physics is produced by the final state interaction of the struck nucleon with the relativistic mean field. The relativistic
mean field is made up of a scalar and a vector potential [62] and with the nucleons treated as Dirac particles with upper and
lower components. The initial and final states are solutions of a Dirac equation employing the relativistic optical potential.
A particular form for the nucleon vector weak current, denoted as CC2 is given by:

P =F@Q)y" + %FAQ%WQU (17)

where « is the anomalous piece of the isovector nucleon magnetic moment. Note, this current is obviously just a one
body current. In this approach, the impulse approximation is employed, the nucleons move in a mean field with the
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Fig. 21. (a) The vector and scalar central optical potentials for a nucleon on 2°®Pb as a function of R with incident proton kinetic energy of 20 MeV (heavy
solid line), 100 MeV (dashed line), 200 MeV (dot dashed line), 500 MeV (dotted line), and 800 MeV (light solid line). (b) Net effect of the scalar and vector
central potentials [63].

desirable results produced from the interaction of the initial and final state of the struck nucleon with the relativistic mean
field. One appears to obtain significant benefits for free with such a relativistic-Dirac approach. However, the underlying
physics is often obscure. More physically transparent approaches, for example [18], achieve similar results but employ
nucleon-nucleon interactions, require two-body currents, and hence are far more computationally intense.

These relativistic potentials have enjoyed considerable success in describing many aspects of nucleon-nucleus
scattering [63]. As phenomenologically determined from low energy nucleon-nucleus scattering, the central scalar potential
is strongly attractive (~—400 MeV) while the central vector potential is repulsive (~350 MeV) at low energy. Fig. 21a shows
the central vector and scalar potentials as a function of nuclear radius, while Fig. 21b shows the net effect with the net central
potential becoming repulsive at about 250 MeV. However, recalling what is stated above, to obtain the best fit to longitudinal
and transverse response functions, the same optical potential is used to generate the initial bound state and the spectrum of
final states. While the RMF impulse approximation is most convenient, it is puzzling that for non-relativistic approaches to
produce the same physics, they must employ nucleon-nucleon interactions and two-body currents [ 18]. Apparently, much
of the benefit of the RMF comes from the strong modification of the lower component wave function in the presence of the
strong vector and scalar fields in the nucleus.

Ref. [64] is a study investigating the underlying physics accounting for the successful features of using RMFs. We shall
return to this when treating neutrino-nucleus CCQE.

Clearly a great deal relevant to neutrino-nucleus scattering has been learned via the scaling analyses of inclusive electron
QE scattering from nuclei. Such measurements are feasible with electrons where the critical variables q and w are readily
obtained from measurement of the momentum of the scattered electron. Unfortunately, for most neutrino experiments
these quantities are out of reach. Thus, scaling cannot at the moment be applied to neutrino experiments due to a lack of
knowledge of the incident neutrino energy which limits how well q and w can be established. The appearance of short-range
(high momentum) pairwise correlations among 20% of the nucleons in a nucleus is especially important. These correlations
are known to be the cause of the enhancement appearing in the nuclear transverse response. These correlations will be
shown to be important in neutrino-nucleus CCQE scattering. Also of importance and a cause for optimism is the fact that
these correlations appear universally in all nuclei.

4. Theoretical developments in neutrino-nucleus CCQE scattering

4.1. Introduction

We now move to the analysis of neutrino-nucleus scattering where less data exists and experiments are much harder to
compare because of differences in beams, detection techniques, and target composition (see, for example, Table 1). Unlike
in electron scattering, there is further ambiguity in defining exactly what constitutes quasi-elastic scattering. T.W. Donnelly
was asked to provide a set of definitions to be used at the workshop, which appear in Appendix A.

For reasons that are unclear, many of the lessons learned from electron scattering were not carried over to the early
predictions for neutrino CCQE scattering. The simplest view of neutrino CCQE scattering on a nucleus is that it is simply an
incoherent sum of the CCQE scattering on the individual nucleons in the nucleus. Nucleon vector form factors are readily
available from electron scattering, and the neutron lifetime and the Q2 dependence of neutrino scattering on deuterium
fixes the axial form factors. The publication of the MiniBooNE CCQE cross section data in 2009 [66,31] dramatically called
attention to the fact that the observed data were some 45% above the consensus value predicted for the cross section [67] as
shown in Fig. 22. Much of the difference is ascribable to the different definition of CCQE used by the theorists and MiniBooNE.
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Fig. 22. Early predictions for the CCQE cross section [65] for v — '2C scattering. Most were based on mean-field impulse approximation models of the
process. The MiniBooNE data lies well above such approaches, but the two approaches allowing 2p — 2h excitations fit the data rather well.

While theorists typically defined “CCQE” as a process giving rise to a muon and proton final state, MinBooNE termed events
to be “CCQE” when there was a muon in the final state and no pion, with corrections applied to remove the contribution of
events in which a pion was created and subsequently absorbed. Thus, the experimental signature sought by MiniBooNE was
more inclusive than that employed by theorists.

To fit their data under the constraint that the nucleon isovector vector form factors were fixed, MiniBooNE increased the
value of the axial mass (My) in the nucleon’s dipole axial form factor from the accepted value of approximately 1 GeV to 1.35
GeV. While this increased axial mass allowed MiniBooNE to fit their data, this procedure is considered to be non-physical
and is now understood to be a consequence of the inadequate nuclear model employed. Since then, there has been a large
body of theoretical work to investigate this issue, with the approaches presented at the workshop summarized here.

4.2. The random phase approximation approach to v-nucleus scattering

Marco Martini presented the extensive results on neutrino-nucleus scattering achieved by the collaboration of which
he is a member. This collaboration very quickly came forward® with an RPA calculation that was in very good agreement
with the MiniBooNE measurements [69] as shown in Fig. 22. They were able to fit the MiniBooNE cross section with
My = 1.03 GeV by the inclusion of a variety of many-particle, many-hole (np — nh) configurations in the initial and final
states. These processes are not included in a Fermi gas/impulse approximation-based approach and might not be considered
“CCQE” by many authors. In their analysis, Martini et al. excluded any final states that contain pions. They followed their
initial publication with a series of five others, all dealing with significant aspects of the problem including: antineutrino
CCQE scattering from 2C [70], relativistic extensions [71], remarkable fits to details of MiniBooNE data [71], and the very
difficult issue [19,20] of a better reconstruction of the incident neutrino energy; this is further discussed in Section 5.

In order to report their data without a model-dependent inference on the incident neutrino energy, MiniBooNE provided
the double differential cross sections of the scattered 1~ («™) in momentum and angle, along with the flux of incident
v, (V). The agreement of the Martini et al. calculations with the MiniBooNE data shown in Ref. [70] are remarkable; an
example is shown in Fig. 23.

The formalism employed by Martini et al. proceeds as follows, starting with the weak Lagrangian:

Gr

Ly = \/i Ccos chuhp’
(K, sk, s) = e”*u(k’, ") [y*(1 — ys)]u(k, s) (18)
. i v 1
.5 p. s) = e a5y | Fu(O)p" + Fa(0)0™ ~2 4 Ga(t)y s + Go(O)ys —— | THu(p. 5)
2MN 2IwN

where u(k,s), u(k',s’) and u(p,s), u(p’,s’) are spinors corresponding to the initial/final lepton and hadron states,
respectively.

3 Some ten years earlier, this group published results that presaged what was later observed in the MiniBooNE measurements [68].
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Fig. 23. The flux integrated double differential cross section measured at MinibooNE as a function of cos 6 for values of the scattered muon kinetic energy.
The curves show a straight CCQE calculation (dashed) and the large improvement obtained with the inclusion of n-particle, n-hole contributions (solid) [71].
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Fig. 24. Feynman graphs of the RPA polarization propagators: (1) NN quasi-elastic, (2) NN(2p — 2h), (3) NA(2p — 2h), (3') AN(2p — 2h), (4) AA(N),
(5) AA(2p — 2h), (6)AA(3p — 3h) [69]. The wiggly lines represent the external probe, the full lines the propagation of a nucleon, the double lines a A, the
dashed lines an interaction between the baryons. The dotted lines show the particles that are placed on shell.

The expression for the resulting cross section is written as:

d? G2 cos? 6, (K')? 0 2\? M, — My)?
7 - X () cosz[Gﬁ <Q> RC+G§7( a— My) R

dedk 272 2 q? 2q2
+ @ 1 (€ s ) R+ 26,6, K an Or (19)
L R ™ 2) T oMy 2!
where the t-dependence (t = q> = —Q?) of the Sachs nucleon form factors (Gg, Gy, and G,) has been suppressed. The

various nuclear response functions depend on Q2 and w; R¢, the charge response; R, the isospin-spin longitudinal response;
and Ry, the isospin-spin transverse response. The R; response arises from the effect of soft pion exchange on the axial
current [72,73] and is not a large contribution. On the third line, the enhancement known to exist for the magnetic response
is also attributed to the axial response. This enhancement of both the axial and magnetic contributions is further amplified
in the interference term for neutrino scattering (last term in Eq. (19)). These transverse enhancements are attributed to
the effects of the tensor force arising from meson exchanges and are included diagrammatically with examples shown in
Fig. 24 [69]. This formalism reproduces the MiniBooNE data without any need to increase the axial mass in the nucleon form
factors because of the enhancement of both the axial and magnetic responses.
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Fig. 25. Comparison shown by ]. Nieves of the calculated muon spectra at scattering angles 0.8 < cos¢ < 0.9 for v, CCQE scattering off carbon integrated
over the MiniBooNE flux by Martini et al. to that of the IFIC collaboration [75]. The top figure shows the spectra with and without the inclusion of the long
range RPA correlations while the bottom shows the effect of including short range 2p — 2h correlations.

Eq. (19) shows that Martini et al. assumed the enhancement of the transverse magnetic and axial responses are identical.
There is no obvious justification for this apart from the similarity of a non-relativistic reduction of their associated operators
((& x q/|q])T*). The effects of pion exchange on vector and axial vector currents are known [72,73] to be quite different.

While very successful in reproducing the MiniBooNE data, it is not clear that this approach is robust. The weak current
employed by Martini et al. is one-body so it is not clear to what degree conservation of the vector current is respected.
Furthermore, all hadronic states are represented as plane-waves, which is certainly not correct and requires taming some
two body integrals that would otherwise be infinite [74].

Another extensive body of work employing RPA was presented by Juan Nieves. This work is chiefly carried out with
collaborators at IFIC and CSIC at the University of Valencia. They have published a series of papers [75,76,21,21,77,78]
that cover all essential aspects of neutrino-nucleus CCQE scattering, particularly with regard to the MiniBooNE data. Many
aspects of their work are similar to those of Martini et al. as both employ a Fermi gas model with long and short-range
interactions implemented via the RPA. Fig. 25 shows their results for the CCQE cross section on '?C calculated with the
MiniBooNE neutrino flux. Of note is the large difference between their calculation and that from Martini et al. in the
contribution from 2p — 2h configurations. We speculate that this may be the result of IFIC having no enhancement of the
axial response in their calculation. Such enhancement is still an issue under investigation. In the presentation of the RPA
formalism and results, terms such as “n-particle, n-hole” final states are often used, creating some confusion with n-body
currents employed in other formalisms.

4.3. Green’s function Monte Carlo approach

Joe Carlson and Rocco Schiavilla reported on the work done by a group referring to itself as the Nuclear Computational
Low Energy Initiative (NUCLEI). The group has a background in electron scattering [ 18] and only recently turned its attention
to neutrino CCQE scattering from nuclei. NUCLEI's approach is very different from any other presented at the workshop.
They employ a parameterized version of the nucleon-nucleon interaction (VA18), including 3-body forces (TNI), and solve
for the low-lying states of the nucleus using quantum Green’s Function Monte Carlo (GFMC) techniques. The computational
complexity of such an approach is currently limited to light nuclei (A < 12). This very fundamental approach has proven
very successful in reproducing the spectra and transitions of the low lying states of light nuclei as shown in Fig. 26. The
energy of the nuclear states from “He to '2C are predicted to better than 0.5 MeV over a scale of ~70 MeV. Of course, this
success is no measure of how well quasi-elastic scattering will be predicted.
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Fig.27. The experimentally extracted longitudinal (green, lower band) and transverse (red, upper band) responses for >He (left) and “He (right) [18]. Recall
in a relativistic Fermi gas (RFG) impulse approximation description of quasi-elastic scattering, the longitudinal and transverse responses are identical. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

The calculated sum rules from Ref. [18] for the vector longitudinal (L) and transverse (T) responses in *He
and “He as a function of the transferred 3-momentum q. The values are shown for both a one body current
(1) and including 2-body currents (1 + 2).

q (MeV/c) St Sr
3He 4He 3He 4He

1 1+2 1 1+2 1 1+2 1 142
300 0.787 0.763 0.670 0.649 0.929 1.31 0.893 1.67
400 0.921 0.875 0.859 0.815 0.987 1.30 0.970 1.62
500 0.964 0.901 0.941 0.881 1.01 1.28 1.00 1.55
600 0.982 0.908 0.973 0.910 1.01 1.25 1.01 1.49
700 0.994 0.914 0.994 0.942 1.01 1.23 1.01 1.44

The most convincing demonstration of the utility of this approach is from quasi-elastic electron scattering from 3He and
4He. Fig. 27 shows the experimentally extracted longitudinal and transverse response functions in terms of ', the scaling
variable introduced in Section 3 [18]. In each case, the contributions of charge, magnetic moment, and form factor of the
individual nucleon have been removed from the response functions. The large change between 3He and “He is presumably
due to the increased binding energy and resulting higher density of the “He nucleus. The longitudinal response is broadened
in “He though the integral over v’ remains the same, while the transverse response is both broadened and increased
in integral. The change in the longitudinal response shows that the nucleon momentum in “He is higher and that there
are more collisions in which the energy transfer is greater than would be inferred from the impulse approximation. The
large increase in the relative transverse to longitudinal response shows that effects beyond individual nucleon physics
must be at play. Table 3 shows the calculated sum rule for the longitudinal and transverse responses for *He and “He at
different 3-momentum transfers. The longitudinal and transverse sum rules are integrals over the transferred energy at fixed
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three-momentum transfer as follows:

o]

Syr(@) = CL/T/ dw Ry/7(q, o)

Wth

= Cyr [(010],+ (@07 (@)10) — (010} 1 ()10} ] (20)
2
with G = 1/Z and C; = 2,?\17%,2 The respective nuclear ground states are represented as |0) and (0| while the rightmost
Ly Ln

squared term is the contribution of elastic scattering off the target nucleus. The values of the scale factors C,p4 are chosen
such that the value of S, — 1as q — oo. For example:

C' = —:Gx Q) [26, (@) — NG} (2] (21)

where (_;,’\'/{p (QéE) are the neutral weak magnetic form factor of the proton.

Table 3 shows that the calculated integral of the longitudinal response remains nearly unaffected by the inclusion of two-
body currents. On the other hand, the calculated integral of the transverse response shows sizable enhancement consistent
with data from electron scattering when two-body currents are included. This is presumably the same effect observed in
RPA calculations where much of the same physics is included via inclusion of various strong interactions between hadrons,
but in this case current conservation is assured.

The NUCLEI collaboration generates their two-body currents using CVC and PCAC. For the vector current, CVC requires
the divergence of the current to equal the commutator of the charge with the Hamiltonian:

A complete presentation of the one and two-body vector and axial currents they employ is found in Ref. [80].

To date, the NUCLEI collaboration has published two papers dealing directly with neutrino interactions on nuclei. The
first [80] deals with neutrino-deuteron CCQE and NCQE and introduces the formalism. Because the deuteron is so simple
and the short range effects so small, the calculation of NCQE and CCQE is sufficiently reliable that it could serve to normalize
the neutrino flux via the vy + d — [~ + 2p reaction to better than 5%. A further benefit to the use of a deuterium target
arises if measurement of the momentum of the protons in the final state is possible. This fixes the transferred q and @ and
the determination of the incident neutrino energy is limited only by the precision of the measured charged lepton energy.

A calculation more directly relevant to neutrino-nucleus scattering can be found in their recent work [81] on the inclusive
neutral current scattering of neutrinos and anti-neutrinos from 2C. Fig. 28 shows the calculated sum rule values for the
individual five response functions that characterize the inclusive cross section. The five response functions are defined as
follows, where the direction of the three momentum transfer q is defined to be along the z-axis:

o _ G Ke'cost O x |k + 2R, — 2R
= —ke - X — Ry — —
ded? ~ 2n? I T TR T i
6 Q2 0 6 Q2
2
+ <tan 2 + 2|q|2> R« F tan 2 tan? 5 + WRXJ, (23)
where
Rap(@. @) ~ Y D 8+ Ma — Ep) (lia(q. )|i) (flip(a. )]i)*. (24)
fooi

Fig. 28 shows the values for the sum rule of each of the response functions shown in Eq. (23). The open circles are
the values for just the one-body currents while the closed circles are the values when two-body currents are included.
As expected the charge response (Sog) shows no enhancement with the inclusion of two-body currents, while the important
transverse summed responses (Sy, and S,) show appreciable enhancement (40%). The transverse responses, Sy, and Sy,
include both the vector magnetic and the axial vector couplings.

More surprising is the enhanced axial response, not explicit in the Sy, and S, of Fig. 28, but clearly present in Fig. 29.
The enhancement of the axial response is sizable and present at all three-momentum transfers and given its role in the
coherent transverse interference response (Syy), it is clear that its neglect leads to seriously under predicting the NCQE and
CCQE cross sections on carbon. This axial enhancement results when two-body currents are included as is the case for the
transverse vector response. The origin of this two-body current enhancement in the case of the axial response has not yet
been identified by the authors. The result, if correct, supports the conjecture of Martini et al. and presents difficulty to all
who would enhance the CCQE neutrino-nucleus inclusive cross section only via the transverse vector response. This may
be the most significant result presented at the workshop.
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4.4. Relativistic extensions

The approach of the NUCLEI collaboration is necessarily non-relativistic and serious questions were raised at the work-
shop as to how to extend this work to the momentum and energy transfers encountered with neutrino beams with energies
of ©(GeV) and above. It is useful to recall that even at very high neutrino energy, much of the cross section involves energy
and momentum transfers in the non-relativistic regime. Bill Donnelly presented specific suggestions on how to proceed. He
pointed out there are at least three places where relativistic effects come into play:

1. Kinematics
2. Boost effects on the nuclear current matrix elements
3. Dynamical effects in the wave functions.

The kinematic effects are straightforward and are often employed. The final state ejected nucleon (nucleons) should obey

relativistic kinematics, E = /p? + m2. Replacing w by w(1+w/2m) will place the center of the QE peak at the right position,
namely |Q?|/2m rather than |q|?/2m. Boost factors typically take the form of factors of y and ', to first order, with the
charge (longitudinal) response enhanced by y while the transverse response is suppressed by y ~!. The modification of the
wave functions can be treated when employing a Dirac-Hartree approach which provides the modification between the
upper and lower components of the wave function relative to the free particle case.

Omar Benhar also addressed how one might extend CCQE calculations into the relativistic regime with a consistent
treatment of one and two-body currents within a spectral function formalism [82]. He noted that while the initial nuclear
state is non-relativistic, the leptonic current and final hadronic state usually are not. Typical CCQE and NCQE neutrino
measurements involve a tangled mix of small and large three-momentum transfers. The target response is written as:

W =S (OULTINYINUL10) 89 (Po + k — Py — K). (25)
N

There are no two-nucleon currents in the Fermi gas/impulse approximation approach to quasi-elastic scattering. Thus, the
current is simply:

A
@ => i@ (26)
i=1

The resulting final state is then a product:
IN) = Ip) ® [na—1, Pn) (27)
where |p) is a free nucleon with momentum p and |N4_1, p,,) is the recoiling residual nucleus in the state n with momentum

p:.. Thus, the matrix element of the one nucleon current becomes:

(Nljy|0) = /d3k My () (p Iy | k) (28)
with

My (K) = {(n4-1, pn| ® (KI} |0). (29)

Employing a nuclear spectral function P(k, E) to provide the probability of removing a nucleon with momentum k leaving

the residual system with energy E, the differential for scattering from a nucleus A is:

doy = / d°k dE doy P(k, E) (30)
where doy is the single nucleon cross section and

POk E) = [My(K)[28(Eo + E — Ep). (31)

This approach is incomplete as two-body currents must be included. These can be accurately computed using a non-
relativistic GFMC approach as used by NUCLEI Following the ansatz developed above one now defines a final state:

IN) > IpP) ® [ma—2, Pm) (32)

along with a two-nucleon spectral function P(k, k', E). Benhar et al. employ an earlier two-nucleon spectral function for
uniform isospin symmetric infinite nuclear matter. Note the two-body amplitude:

Ma(k, K) = {(ns|(k, K'|} ® |0) (33)
is independent of q and is obtained from non-relativistic theory while the relativistic collision interaction is isolated in:

(N1j;j10) = /d3k d*K M, (k, K) (p, p'ljj [k, ). (34)
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Fig. 30. Sum rule of the transverse vector response for '>C the dashed line is for one-body currents [82]. The dot-dashed line is sum of the contributions of
one- and two-body currents, neglecting their interference. The solid line is the result including the interference. The dotted line at the bottom shows the
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Table 4

Table contrasting the differences between SuSA and SuSAv2 shown by J. Caballero.
Present SuSA SuSAv2
Based on the superscaling function The Relativistic Mean Field (RMF)
extracted from QE electron-nucleus = model is employed to improve the data
scattering data analysis, where RMF accounts for FSI
Longitudinal Longitudinal + Transverse
Description of nuclear response built Differences between transverse and
only on the longitudinal scaling = longitudinal scaling functions are
function. Assumption of f; (V) ~ fr (¥), introduced in order to describe
scaling of the Oth kind. properly the nuclear response.
Isoscalar+Isovector Structure Isovector Structure
The scaling function based on QE We separate the scaling function into
electron scattering data takes into isovector and isoscalar structure so as
account isovector and isoscalar = to employ a purely isovector scaling
currents to describe the interaction function for CCQE neutrino-nucleus
between the electron and nucleus. processes where isospin changes.

Fig. 30 shows the calculated enhancement with the inclusion of these two-body currents for the sum rule of the
vector transverse response in >C. The large enhancement seen in NUCLEI's non-relativistic calculation is preserved with
presumably far less computation. A further point made in Fig. 30 is the significance of the interference between one- and
two-body currents in the inclusive CCQE cross section. In a system of interacting nucleons, one- and two-body currents can
readily lead to the same final states, a fact often obscured when using terminology such as one particle-one hole and two
particle-two hole final states.

4.5. SuSA and relativistic mean field approaches

A very different approach to neutrino-nucleus scattering is taken by theorists who employ scaling from electron
scattering and various formulations of relativistic mean field theory. Some aspects of this approach were covered earlier
in the discussion of scaling in electron-nucleus quasielastic scattering. Barbaro presented an early approach termed the
super scaling approach (SuSA) to neutrino scattering [84] employed by a Basel, INFN, MIT and Turino collaboration. The
approach is attractive as it supplements a conventional view of CCQE with explicit inclusion of meson exchange currents.
However, in assuming f; (y') =~ fr(y), it had difficulty reproducing the MiniBooNE data. Extensions of this work were
reported by ]. Caballero in an approach designated SuSAv2; Table 4 summarizes some of the major differences between
SuSA and SuSAv2. SuSAv2 incorporates the relativistic mean field, which was noted to reproduce the observed shape of the
longitudinal vector response (Fig. 20). It also was noted that this formulation also produces a transverse vector response
greater than the longitudinal response. Both results are consistent with observation in quasielastic electron scattering.
However, application of this procedure underpredicts the MiniBooNE measurements but is in agreement with NOMAD and
MINERVA. The data from the latter two experiments is at higher incident neutrino energy than MiniBooNE. Fig. 31 shows
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Fig. 32. SUSA predictions with the inclusion of MEC compared MiniBooNE CCQE differential cross section measurements [85].

the comparison of several models to neutrino CCQE data. It is not clear that the models result in a consistent definition for
the CCQE process as selected by MiniBooNE or NOMAD and, possibly more relevant, the RMF shows no axial enhancement.

The inclusion of 2p — 2h excitations and the effects of meson exchange channels that are omitted in SuSA and SuSAv2
were addressed in Amaro’s presentation. There are two papers in the literature addressing this shortcoming in CCQE electron
scattering [86,74] and presenting the formalism. Applying these corrections to the MiniBooNE data did not appear to produce
a sufficient increase in the yield. Fig. 32 shows the increased yield produced by meson exchange currents (MEC) in a more
stringent test where it is compared to the MiniBooNE differential cross section measurements. There appear to be several
theoretical and computational issues that need to be addressed before this phase of the work is complete. In particular, the
contribution to the transverse axial response needs to be better understood.

A likely source of the short comings of the approach of this group is displayed in Fig. 33 that was shown by Caballero.
Recall that the RMF is used to account for the effects of strong interaction dynamics on lepton-nucleus scattering. Quite good
results were obtained for electron-nucleus scattering with an asymmetric longitudinal response function and an enhanced
transverse response. However Fig. 33 shows that the total CCQE response lies closest to the (e, ¢’) longitudinal response.
This implies that the RMF produces no enhancement of the axial response. In that case, it is impossible to reproduce the
MiniBooNE CCQE measurements as not only is the enhancement of the axial response missing, but the further enhancement
it provides to the interference term is also absent.

Carlotta Giusti presented the work of the Pavia group and its collaborators on employing a Green’s function model
to a RMF calculation of neutrino-nucleus CCQE scattering. There is a large body of their work starting with QE electron
scattering in the early 90s [88] through their most recent publication [89] discussing the MINERVA CCQE data. There is
extensive experience in the application of RMF to various inclusive and exclusive QE processes. While the particular recipe
being applied may not be obvious to a non-expert, the eventual fit to data using a relativistic Green’s function (RGF) is
remarkably good [87] as shown in Fig. 34. The EDA1 and EDAD1 are two different optical model potentials. The former is
energy dependent but A-independent while the latter is energy independent but A-dependent and in this case is chosen to
best fit elastic scattering of protons from '2C. From Fig. 33, it is evident that crucial effects must be obtained from the final
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Fig. 34. Fit to the MiniBooNE data with RGF employing different (EDAD1, EDAI) relativistic optical potentials for the final state proton [87].

state interaction of the outgoing nucleon with the potential generated by the A — 1 residual nucleons. In this model, it is
hoped that the complex physics is all captured in the final state interaction with a relativistic optical potential.

It is certainly surprising that so much apparently complex physics contained in the GFMC approach can be captured in
the final state interactions of the outgoing nucleon with an appropriate RMF. While there is presently appreciable latitude in
determining the appropriate RMF to apply in a particular case, it clearly is of interest and importance to better understand
the RMF approach to remove this ambiguity and establish contact with the relevant underlying physics.

In addition to the presentations covered above, presentations by Bodek, Sobczyk, Garvey, and Mosel, dealing with
neutrino-nucleus inclusive CCQE and NCQE scattering obtained the requisite enhancement of the observed cross sections
by including the effects of correlated pairs at various levels of sophistication. There seemed to be no question that two-body
correlations and extension of the impulse approximation be added to any Fermi gas or non-relativistic mean field model
of the nuclear ground state. Some place all of the enhancement of the cross section into the transverse vector response as
this had clearly been observed in electron scattering. A major issue to be settled is the enhancement of the transverse axial
response relative to that predicted in the impulse approximation. Its role in neutrino CCQE is very large due to constructive
interference with the transverse vector response.

The experimental community, particularly those associated with LAr-TPCs, is certainly interested in extensions beyond
predicting the inclusive CCQE cross section and desire a more exclusive description that requires dealing with final state
interactions at a minimum in order to predict the particle emission, As the inclusive CCQE cross section allows integration
over all final CCQE channels, a reliable more exclusive treatment requires far more information and computation.
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5. Establishing the incident neutrino energy

Establishing the incident neutrino energy in CCQE reactions is critical for neutrino oscillation measurements. It directly
affects the determination of Am? and indirectly the mixing angle. While the increased yield due to more complex nuclear
weak currents increases the effective statistics of these experiments, the simple Fermi Gas-based recipes relating the
incident neutrino energy to the momentum of the final charged lepton are no longer valid. Several of the presentations
at the workshop addressed this issue but none at great length. This subject is still a work in progress with the most relevant
work to date from Martini et al. [ 19,20], Nieves et al. [21], Lalakulich, et al. [22,23], and Shen et al. [80].

From this body of work, it is clear that the extracted distribution of incident neutrino energies for a given measured
charged lepton momentum greatly depends on the energy distribution of the incident neutrino flux, which typically has
significant uncertainties. If it were possible to measure the energy of all the final state particles, in addition to the outgoing
lepton, it would be possible in principle to unambiguously assign a neutrino energy by exploiting energy conservation.
Practically, all detectors have finite energy thresholds for particle detection and other limitations (e.g. detection of final
state neutrons) that will induce errors that depend on the accuracy of the underlying physics models.

As mentioned in Section 1, it is possible in CCQE scattering to assign a neutrino energy E, and Q2 based on the outgoing
lepton kinematics and assuming that the (bound) target nucleon is at rest. We reproduce the relevant formulas here for the
case of v, CCQE scattering:

o _ 2(Mn — Ep)Ey — ((My — Ep)* + mj, — M7)

I 2 [Mn — Ep — E, + /E; — m? cos GM] (35)
Qg = —my, + 2E% (Eu — JE2 —m?2 cos 6, ).

In the above, E,, = /pi + me, Eg is an average binding or separation energy for the neutron in the target nucleus, and 6,,

is the muon scattering angle. The assigned neutrino energy for a given measured muon momentum is of course smeared
by the Fermi momentum of the nucleon. Referring back to Fig. 15 in Doug Higinbotham’s presentation on (e, e’pp), one can
directly see the size of errors that can be made in assigning an incident neutrino energy if one can only observe the final
state charged lepton energy. Using the momentum of the final state muon to infer the incident neutrino energy can greatly
underestimate that energy if the muon was produced by CCQE scattering off a neutron in a correlated pair. The correlated
pair can be viewed as being far off-shell and the scattering interaction must put both nucleons back on-shell. As an example
of how such considerations may effect the assignment of neutrino energy, Fig. 35 from Martini et al. [ 19] shows the altered
neutrino energy assignment in their model after accounting for the effect of correlated pairs, thus illustrating the model-
dependence of this procedure.

In addition to cross section measurements of the CCQE process, the MiniBooNE and T2K collaborations have explored the
potential impact of mismodeling of the neutrino energy on their respective neutrino oscillation results. At MiniBooNE, the
predicted reconstructed energy distribution assuming CCQE kinematics (i.e. Eq. (35)) from the RPA-based model of Martini
et al. [19] was incorporated into the Monte Carlo simulation by reassigning the true neutrino energy of some fraction of
events at a given reconstructed neutrino energy to a higher neutrino energy. This simulates the larger expected “feed-down”
of events from a given true neutrino energy to a lower reconstructed energy expected from this model due to the contribution
of multi-nucleon processes as show on the left in Fig. 36. The reassignment of these true neutrino energies also changes the



G.T. Garvey et al. / Physics Reports 580 (2015) 1-45 35

Ve event excess

7 ‘ ‘ ‘ — T T
6 with MiniBooNE flux E,Gev)| 08
Sr 1 2 o6
4+ B =
i 1 g o4l
w2k 4 £ 02! }
> 2 e
(B 1+ B 5 9 t +i+‘+—
C s t
w02 16 < 0s i 152 25 3
LL]B 7 —— T — T ¥, event excess E¢” (GeV)
T 6 with| T2K ND flux — 04 |
5+ ‘ A — Z |
ni AN A 1 23t
20 ) e 75 o t
)T e SR Rk
0 47 R . o T \\r\._‘L 0 ———:‘2—“— -
0.2 04 0.6 0.8 1 12 14 1.6
E (GeV) 0.5 1 1.5 2 2.5 3
v

EY (GeV)

Fig. 36. Left: Expected distribution of true neutrino energies (E,) contributing to events reconstructed at a given reconstructed neutrino energy (E,,)
according to the model of Martini et al. [ 19] with the neutrino flux at MiniBooNE (top) and T2K (bottom). Right: Observed excess of electron (anti)-neutrino
candidates in neutrino mode (top) and antineutrino mode (bottom) at MiniBooNE with a comparison of predicted distributions for various oscillation
parameters with (dashed) and without (solid) smearing to accommodate multi-nucleon contributions as predicted by Martini et al.

v, — Ve oscillation probability, since this depends on the true neutrino energy. Based on this redefined distribution between
true and reconstructed neutrino energy (and hence oscillation probabilities), the expected reconstructed energy distribution
as a function of the oscillation parameters is re-evaluated while incorporating the multi-nucleon effects.

The results of the study are shown on the right in Fig. 36, where the expected reconstructed neutrino energy distributions
are compared with and without including the additional smearing expected from multi-nucleon effects for several oscillation
parameters in both neutrino [90] and anti-neutrino mode [91]. These are also compared to the observed data. While the
impact of the multi-nucleon contribution is visible, it does not appear to match the observed excess at lower energies, as
evidenced by a worse best-fit x2 when the additional smearing is introduced (320.0) relative to the default analysis where
no smearing is introduced (317.6).

At T2K, the potential impact of multi-nucleon effects have been studied by incorporating the predictions of Nieves
et al. [93] into the Monte Carlo simulations. The details of this implementation were presented by Asmita Redij and Jackie
Schwehr. The predictions of the Nieves et al. model are implemented as tables which provide the double differential cross
section in momentum and polar angle for the outgoing lepton emerging from the multi-nucleon interactions. Since this
model extends only up to 1.5 GeV in incident neutrino energy due to possible additional channels contributing at higher
energies, the extension to higher energies proposed by Gran et al. [78] was used to produce a model valid up to 10 GeV in
neutrino energy. The prescription of Sobczyk [94] is used to assign momenta to the ejected nucleons.

Mark Hartz presented the application of this model to the study of multi-nucleon effects in the T2K v,, disappearance
analysis. Simulated data sets reflecting potentially observed distributions of v, CC events at ND280 and at Super-
Kamiokande (see Section 2.7 for more details on T2K) were generated with and without the multi-nucleon contributions
described above. By fitting these samples with alternative fit models which include or do not include multi-nucleon
contributions, the bias from the default fit model (where the multi-nucleon contributions are not included) due to the
unaccounted multi-nucleon contribution can be estimated.

The results are shown in Fig. 37, where the left plot shows the expected bias in the extracted Am%z and the right plot
shows the bias in sin? 6,3 for the Run 1-3 T2K v, disappearance results with 3.01 x 10%° protons-on-target [92]. The mean
bias and RMS in Am%2 of —0.05 x 1073 eV2 and 0.014 x 103 eV?, respectively, can be compared to the errors obtained
in the actual analysis of +-0.082 eVZ. Likewise, the bias and RMS in sin® 63 is 0.0012 and 0.016, respectively, which can be
compared to the uncertainty obtained in the fitted data of £0.082. Thus, in the context of the model described in Nieves et al.,
the multi-nucleon contributions do not significantly impact the v, disappearance analysis at T2K at this point; the parameter
bias and additional uncertainty are small compared to the uncertainties arising from statistics and other systematic errors.
However, a wider range of models need to be explored, and as the precision of the measurement increases as more data is
accumulated at T2K, a more detailed analysis will be necessary.

6. Final state interactions

Final state interactions (FSI), the interactions of the hadrons created at the electroweak vertex as they traverse the nuclear
medium, must be accounted for if one is to understand the exclusive final states that arise from the CCQE process. We note
that this definition of FSI is linked to the impulse approximation, and precludes the possibility of FSI affecting the inclusive
CCQE cross section. This differs from the same term used in the context of the relativistic mean field, where “FSI” can modify
the inclusive cross section.
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Formally, a full treatment of FSI requires, among other things, the introduction of a very large number of new and
unknown form factors; this has not happened to date, and is not likely to happen in the future. However, the possibility
of employing large fine-grained tracking detectors and LAr-TPCs in neutrino experiments has greatly increased the interest
in improving the FSI treatment in neutrino event generators. Ideally these new detectors could reliably specify the incident
neutrino energy, allow better specification of the interaction at the weak vertex, and allow the assignment of q and w to
each event. Indeed, data from SciBooNE (Section 2.3) and MINERVA (Section 2.4) are already providing evidence of the
shortcomings of currently implemented FSI models. Detailed information on proton emission, such as shown in Fig. 38 that
was presented by Ornella Palamara at the workshop gives us a preview of the detailed topological and kinematic information
we will obtain on CCQE final states.

There is not a great body of work dealing with FSI in CCQE neutrino interactions. The Giessen Boltzmann-Uehling-
Uhlenbeck Project (GiBUU) is the most systematic and extensive effort [43]. Ulrich Mosel presented the model and its
application to neutrino-nucleus interactions. As the names Boltzmann, Uehling and Uhlenbeck imply, GiBUU employs
transport theory and provides a transport equation for each baryon and meson in a nuclear medium. The model has
considerable generality and has been applied in a wide variety of reactions with considerable success. At present, GiBUU’s
principal role in CCQE is treating pion absorption following resonance formation at the electroweak vertex. These absorptive
processes create a background to CCQE scattering as nucleons are the only hadrons present in the final state. Mosel made a
strong case for upgrading present event generators to improve their treatment of FSI by incorporating GiBUU. This seems an
entirely reasonable suggestion, given the huge cost and importance of many proposed neutrino experiments (LBNF, LBNO)
that have the possibility of observing many of the final state products.
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A critical element in furthering our understanding of FSI in neutrino reactions are the corresponding studies in electron
scattering. Pandharipande and Pieper [95] investigated FSI in a limited fashion by applying an optical model to describe the
propagation of a quasi-elastically struck proton in C, Al, Ni and Ta. Good agreement with (e, e’p) data [96] was found but, of
course, the fate of the protons absorbed by the imaginary part of the optical potential was unaccounted for.

It is generally recognized that FSI present a very serious challenge to theory if a useful and reliable procedure is to be
developed and incorporated into neutrino event generators. It appears progress on this front will require substantial input
from electron scattering and that GiBUU (as one example) will be a useful tool to digest such data and to connect it to neutrino
scattering. A generic concern raised at the workshop is the consistency of any final state interaction model with the initial
state calculation. This is necessary to have a correct accounting of all the physical processes and to avoid “double-counting”
or introducing other inconsistencies between the two (or more) parts of the model.

7. Energetic photons from weak neutral current interaction

The observation of an excess of low energy electron-like events in MiniBooNE [90,91] has recently been the subject of
significant interest and scrutiny. One explanation is that the excess is due to energetic photons (200-475 MeV) produced in
neutral current (NC y ) reactions [97-99] (see Fig. 39). Since the MiniBooNE detector is not capable of distinguishing such
photons from electrons emerging from v, CCQE interactions, the estimate of this background relies heavily on theoretical
estimates. It is natural to assume on general grounds that the yield of such a process would be of order G,% X «; the first
detailed calculations of this process were similarly considered in the study of v+ e elastic scattering [ 100,101]. The issue is of
considerable importance since sterile neutrinos are required to explain the excess of the electron-like events in MiniBooNE
if it is due to v, — ve (v, — V) oscillations. Also, if the observed excess at MiniBooNE is due to an unmodeled source of
photon production, this is an important background source to understand for current and future long baseline experiments
studying v, — v, oscillation in the standard three neutrino flavor framework such as T2K, NOvA, LBNF [102], and Hyper-
Kamiokande [103].

Richard Hill summarized the issues in his theoretical overview talk on this subject. The obvious importance of NC y
events in interpreting neutrino oscillation results was discussed together with implications for proton decay and neutron
star cooling. The anomalous term that couples the w, Z, and y can lead to diagrams that contribute to the energetic
photon event rate; however, this contribution is challenging to calculate. Since the original idea in Ref. [97], more complete
calculations show that other effects such as A production with subsequent radiative decay are the dominant processes and
the anomalous wZy term is small, albeit with large uncertainties.

Teppei Katori explained the experimental situation, starting with the approach used by MiniBooNE to calculate the rate
of NC y events [ 104]. MiniBooNE assumed that the origin of this background in their measurements arose from the radiative
decay of A resonances (A*/® — (p/n) + y) produced in NC reactions. Rather than calculate the rate from a nuclear model,
MiniBooNE used its own measurement of NC 7% production to infer the rate of NC A resonance production in carbon. Using
the branching fraction of the radiative decay I, /1’4 = 0.0056 £ 0.0004 for a free A at the resonance pole [105] and

accounting for the various interactions of the A and the pion from its decay in the nuclear medium, (Fy / F,,o) 4 12 theratio

of y to 70 production in the decay of a A resonance in '2C, is established and scaled by the observed 7° production. This
model was incorporated into the nuance [12] neutrino event generator to determine the rate and detailed topology of the
NC y background contribution. The T2K experiment uses a similar approach for their calculation of this background in the
neut generator.

There are very few measurements of neutrino-induced single photon production. A direct search of NC y events has
been performed by the NOMAD collaboration [106] with a ~25 GeV neutrino beam, providing a null result and an upper
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Fig. 40. Feynman diagrams of the hadronic weak couplings considered in the calculation of neutral current production of energetic photons [107].

Table 5

Number of predicted photons detected, using the MiniBooNE v energy distribution, in the
indicated E¥ interval from coherent and incoherent scattering on carbon and hydrogen by
Serot and Zhang [110]. The values in parentheses represent the calculated upper limits. The
row labeled “MiniBooNE” are the event rates used in the MiniBooNE v, appearance analysis,
and “Excess’ refers to the observed excess of v, candidates following the subtraction of other
background sources [104].

E¥ (GeV) [0.2,0.3] [0.3,0.475] [0.475, 1.25]
Coherent 1.5(2.9) 6.0(9.2) 2.1(8.0)
Incoherent 12.0(14.1) 25.5(31.1) 12.6 (23.2)
Hydrogen 4.1(4.4) 10.6(11.6) 4.6(6.3)
Total 17.2(21.4) 42.1(51.9) 19.3(37.5)
MiniBooNE 19.5 47.3 194

Excess 42.6 £25.3 82.2+23.3 21.5+34.9

limit. Currently running experiments, T2K and MINERVA, as well as the near-future MicroBooNE, utilizing the capability of
LAr-TPCs to discriminate electrons from photons, may have some sensitivity to measure NC y events. These will be
challenging analyses due to the low rate of this process. It is likely that such efforts are necessarily conducted jointly with
Ve-appearance searches.

Given the importance to oscillation physics, it is highly desirable that additional and independent evaluation of this
important background be carried out. It was fortunate that two new evaluations of the NC y yield were reported at the
workshop. The approaches were quite different, but both aimed at a more complete evaluation of nuclear effects than was
the case in Ref. [98,99].

The work of the Valencia group was reported by Luis Alvarez-Ruso where the NC processes shown in Fig. 40 [107,108]
were considered. The vector form factors for the baryons were taken from various electromagnetic measurements, with the
axial vector form factors coming from the application of the partially-conserved axial current hypothesis. The axial mass in
the dipole form factor for all baryons was assumed to be 1 GeV. Fig. 41 shows their results for the NC y process on free protons
and neutrons, where it is clear that the dominant contribution comes from the A resonance. Fig. 42 shows their prediction
for NC y production using the MiniBooNE neutrino flux. The gray band indicates the uncertainty resulting from the axial
form factor for A production. It appears that good agreement exists between the model calculations and the background
yield assumed by MiniBooNE.

Xilin Zhang presented the work carried out with Brian Serot on this subject. They largely focused on extension of their
previous work [110-112] to higher neutrino energies. This approach is very different from that employed by the Valencia
group in that it has nucleons and A resonances moving in relativistic mean fields with strong vector and scalar potentials.
In spite of the very different approach, there is very good agreement with the Valencia group for the cross section of the
NC y process except at higher neutrino energies. For reconstructed neutrino energies relevant to MiniBooNE, there is also
good agreement with the predictions used by MiniBooNE as shown in Table 5 [ 109]. Thus, it appears that the convergence of
these predictions with more sophisticated treatments of nuclear effects, and their agreement with the initial estimates used
by MiniBooNE, dampen earlier speculations indicating that the MiniBooNE electron neutrino excess is due to mismodeling
the NC y process.

An important summary plot of the situation was presented by Teppei Katori (Fig. 43). In this plot, the total cross section
for the NC y process as predicted by three neutrino event generators is shown together with the predictions from the
three aforementioned models. In the E, ~ 800 MeV region, there is good agreement between the theoretical models and
the nuance event generator employed by MiniBooNE. This is consistent with the theory-experiment agreement shown in
Table 5. The predictions appear to diverge at higher energies where some terms are less constrained, but this region is less
relevant for interpreting the MiniBooNE excess.

Overall, the situation for neutrino NC y production seems to be converging and under control. The theoretical models
agree with the experimentally determined predictions for this process as determined by MiniBooNE. However, there
are possible contributions, namely from the anomalous wZy term, where theoretical uncertainties remain large and the
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Fig. 41. Differential cross section for neutral current production of photons (E, > 120 MeV) for v — p (left) and v — n (right) interactions at E, = 1 GeV
as a function of photon energy (top) and photon emission angle relative to the incident neutrino (bottom). Partial contributions to the total cross sections
are also indicated [107].

calculation is not robust. Because of the overall importance to v, appearance studies, the issue is not completely closed and
we should keep a close eye on possible future theoretical or experimental advances.

8. Conclusions: settled matters, open questions, future needs

While there were no formal conclusions drawn from the discussions at the workshop, there was accord on a number of
issues, which we try to capture here.

As expected, the importance of understanding the CCQE interaction was reinforced by the workshop participants,
as it remains the primary channel for many current and planned neutrino oscillation experiments. These experiments
must assign a flavor and incoming neutrino energy to observed neutrino interactions based on the observed final state
particles. The updated theoretical view of the inclusive CCQE process is much more complicated than past assumptions
based primarily on a Relativistic Fermi Gas (RFG) model of the nucleus supplemented with the impulse approximation (IA).
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Additional processes associated with the multi-nucleon dynamics of the nucleus can result in ambiguities of nearly several
hundred MeV in the assignment of neutrino energies based on the outgoing lepton kinematics. With detectors that can
directly measure at least part of the energy in the hadronic final state, this uncertainty can be reduced.

In addition to those from the theoretical community, there were detailed studies performed by MiniBooNE and T2K as-
sessing the impact of multi-nucleon effects in CCQE interactions on their neutrino oscillation results. For T2K, it appears
that the current level of statistical precision is such that the potential effect do not significantly impact measured oscillation
parameters. However, as more data is accumulated and other sources of uncertainty shrink, this will likely become an impor-
tant effect requiring careful treatment. The various models of these processes also differ significantly in the magnitude of the
multi-nucleon contribution; thus theoretical convergence is also needed to predict the impact of multi-nucleon processes
in CCQE with sufficient accuracy. The situation is similar for MiniBooNE, where an initial study of multi-nucleon effects con-
cluded that these do not significantly impact the existing interpretation of the observed v, and v, candidates. However, as
a more ambitious short baseline program takes shape at Fermilab, the demand on the theory will continue to grow.

While an enormous amount of progress has occurred since RFG/IA-based models of CCQE events at MiniBooNE resulted
in underpredicting the cross sections by nearly 40%, it is also clear that much remains to be learned from the study of electron
QE scattering, where well-characterized beams and spectrometry of the outgoing electrons allow much more precise and
controlled measurements than are possible with any neutrino experiment. These measurements have already yielded
a robust characterization of the nuclear spectral function, with approximately 20% of the nucleons in high momentum
correlated pairs. Any model of neutrino CCQE interactions must account for what is observed in the corresponding
electron QE data. To this end, the impulse approximation must be partially abandoned, and known correlations created by
nucleon-nucleon interactions incorporated to give a successful prediction consistent with observed CCQE measurements
using free nucleon form factors as a foundation.
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From the various theoretical approaches presented at the workshop, there seems to be convergence on the characteri-
zation of the multi-nucleon effects in the inclusive CCQE process, where the process is considered integrating over possible
hadronic final states. However, the current and upcoming suite of neutrino experiments utilizing fine grained tracking detec-
tors and LAr-TPCs will demand a more exclusive description of the CCQE process in order to interpret their data. A rigorous
treatment would require many more form factors to be determined, and is beyond the scope of the present theoretical tools.
This presents both a challenge and opportunity: the enormous difficulties in producing a robust treatment of the exclusive
hadronic states were manifestly obvious to all the participants. However, reliable and robust measurements with unprece-
dented detail are becoming available. In the mean time, more phenomenological approaches can and should be examined
and extensively tested with electron scattering data.

The increasing sophistication and computational demands of the requisite theory also call for a paradigm shift in
the way their predictions are encoded into the neutrino event generators used by the experiments. To date, most such
generators recalculate the relevant physics (for example, the RFG model) from scratch, either on-the-fly or in a separate
pre-computational step to produce numerical tables or other parametrization that (drastically) reduce computational time.
However, it is unreasonable to even contemplate directly incorporating some of the methods presented at the workshop
(e.g. a Green’s Function Monte Carlo calculation) into an event generator, and thus the results of such calculations must
be provided more directly from the theorists to the event generator. Some new methods were already in place at the
workshop, where tables of differential cross sections from RPA calculations were directly inserted into an event generator,
while new ideas, such as precomputing the hadronic tensor from such a calculation, emerged from the discussions. This is
an interface which will have to be actively maintained by the experimental and theoretical community in order to facilitate
the incorporation of new theoretical predictions into the event generators, a necessary step to enable a robust confrontation
of these predictions with experimental data.

The discussion on single photon production in neutral current interactions (NC y) concluded with a very satisfying
convergence of the predicted rates of this process from two sophisticated theoretical frameworks. Furthermore, these
calculations were in reasonable agreement with the estimates made by MiniBooNE in determining the background from this
process in their v, — v, and v, — Vv, oscillation searches. Following a search for this process at NOMAD in a relatively high
energy neutrino beam, we can look forward to further experimental study of this process with LAr-TPCs such as MicroBooNE.
MINERVA and ND280 at T2K could also provide measurements of this process. Due to the inherently perilous nature of this
process as a background to studying electron neutrinos, continued vigilance both from the theory side in identifying any
possible mechanisms for NC y interactions, and from experiments in directly identifying and studying this process, will be
important.

Over the course of the workshop, some general and advice and guidance emerged directed to the experimentalists and
theorists which we summarize here:

Experimentalists

e Continued efforts to improve the neutrino flux estimates will certainly produce additional dividends. Effective use of
hadron production measurements is essential, but likely insufficient, to achieve better than 5% uncertainty on the pre-
dicted absolute flux, where effects of secondary and tertiary interactions, and uncertainties related to the primary proton
beam optics, beam line alignment, etc. may become significant, possibly dominant, sources of systematic uncertainty
once the primary production is measured precisely. To this end, the community may need to consider developing a pro-
gram of necessary measurements to understand these additional hadronic processes and investing in the appropriate
beam line monitoring to ensure that the properties of the beam line are sufficiently understood.

e It is essential to reduce any barrier between the reported measurements and the quantities that can be predicted from
theory. There has already been significant progress in moving from measurements of effective parameters to more model-
independent quantities that can be directly calculated by theorists with neutrino flux predictions provided by experi-
mentalists. It will be critical for all experimental efforts to engage and continuously develop this interface in order to
provide theorists with the most effective input.

e We have seen that precisely defining what is meant by “CCQE” in a measurement is critical for interpreting the results.
Clarity in the event selection and observables will become even more important as engagement continues with theorists
and the electron scattering community, where terms such as “quasi-elastic scattering” and “final state interactions” may
mean something substantially different.

Theorists

e There is consensus now on the important role of the enhancement in the transverse vector response observed in electron
scattering in predicting the neutrino CCQE cross section. At the workshop, we saw various approaches as to whether there
is a corresponding enhancement in the axial response, and indications from ab initio methods that such an enhancement
is indeed present. It is critical to better understand this situation fundamentally (i.e. what is the nature and magnitude
of this enhancement) and to clarify within each theoretical framework (RPA, RMF, SuSA, etc.) what assumptions were
made with regard to these enhancements in calculating the CCQE cross section.

o While there are domains where a non-relativistic treatment may suffice, it is clear that a complete picture of the CCQE
process will require a thorough accounting of relativistic effects.
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e There were clear specific demands from the experimental community. First, new calculations must be provided in a
form that can be incorporated into a neutrino event generator so that the results can be used by neutrino experiments.
Experimentalists will require guidance in estimating the uncertainties in the prediction in order to use it effectively in an
analysis. Finally, experiments will need predictions on the exclusive final states of neutrino-induced CCQE interactions.
The path forward on the latter point was particularly unclear, but there was consensus that theoretical guidance and
input on the above is crucial in moving forward.
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Appendix A. Definitions

Due to the various meanings applied to commonly used terms, Bill Donnelly kindly provided and led a discussion on
defining several key terms, which we reproduce below:

Quasielastic

From very early work in electron scattering from nuclei the inclusive quasielastic contribution is usually taken to be the
peak seen at roughly Q2 /2M. The reason for the terminology comes from a simple (and somewhat naive) model: were the
process to be simply electron scattering from a non-interacting nucleon at rest in a nucleus, a delta-function peak at the
above energy loss would be the answer. The nucleons in the nucleus are in fact interacting and moving, and thus the delta
function is smeared out (Fermi smearing). Actually things are more complicated than this and both initial- and final-state
interactions are important; furthermore, the nucleons are not on-shell and thus their energies and momenta are not trivially
related as some models suggest.

For many theorists the quasielastic contributions are distinguished by their being produced by one-body operators, in
contrast to effects arising from two-body operators, such as meson exchange current contributions (see below). Note that
this does not equate to one-, two-, three-, etc. nucleon knockout, however, as one type of current operator can give rise to
different numbers of nucleons in the final state, dependent on what channels are open. In neutrino studies, in contrast to
electron scattering, different signatures occur for contributions where a pion is detected versus where it is not; the latter is
called quasielastic, but is in that usage really the net effect obtained using the full electroweak current with one- and two-
body contributions. In fact, even then there is an issue that pions can be produced, but be absorbed and so not detected and
accordingly these contributions are counted as “quasielastic”. Naturally some model is typically invoked to account for these
effects that corrupt the strict meaning of quasielastic, although this means some model dependence has been introduced.

Inelastic contributions

Above pion production threshold one has inelastic contributions coming from various sources: non-resonant pion
production, production in the region where the Delta dominates, or where other baryon resonances are expected to play
significant roles, multi-pion production, kaon production, etc., eventually to deep inelastic scattering. In the inclusive cross
section these are not really distinguishable, but all pieces of the total cross section. For instance, duality studies indicate that
on the average effects from specific hadrons in the final state give rise to the same overall result as does DIS. Thus modeling
in this region must be done with care to avoid double counting.

Meson exchange current contributions

In models such as the relativistic Fermi gas (RFG) one can catalog the various contributions from one-body current
operators, two-body contributions counted as MEC versus correlation effects, with both single-nucleon and two-nucleon
ejection (the former interfere with the one-body single-nucleon amplitudes), and so on. This can be done because the many-
body wave functions are especially simple, namely, on-shell (non-interacting) plane-wave states in Slater determinants.
For models with interactions present one has a problem separating the MEC and correlation effects computed as matrix
elements of two-body operators from effects already present in the wave functions themselves. In fact, the very concepts
are not observables but are representation-dependent. A sophisticated interacting many-body description may already have
some (but likely not all) correlation and MEC effects incorporated, in contrast to a simple model where they may not already
be present.

Another comment on MEC effects: These are not optional, but are required for any interacting system by gauge invariance.
Any model with interactions must confront the requirement of having the corresponding two-body MEC contributions and
many models (almost all) cannot do this consistently.
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Correlations, both long- and short-range

In naive models such as the RFG one can include long-range p — h correlation effects within the context of perturbation
theory, and can make things gauge invariant to a given order. These arise typically from the longest-range part of the NN
interaction, namely that arising from pion exchange. Short-range effects are sometimes also included, although there may
be issues with their validity at high energies. Once one goes to more sophisticated models the meaning of short- and long-
range correlations change, these are not observables and are representation dependent. For instance, in one approach a
strong repulsive core might be included to allow saturation of nuclear matter and might thereby influence the electroweak
cross sections, especially in promoting strength to high missing energy (this needs defining as well; it can be covered in
discussions). Alternatively, in relativistic mean field approaches (a la Walecka) many of the correlation effects are already
present via strong scalar and vector meson exchanges and therefore one should not be adding them willy nilly or one will
run the risk of double counting. Note that this approach also saturates nuclear matter.

Inclusive versus semi-inclusive and more exclusive reactions

Inclusive electroweak cross sections are total hadronic cross sections: only the final-state lepton is presumed to be
detected, but nothing from the nuclear side of the scattering diagram. As such, even very naive models such as the RFG
can give reasonable answers. The models tend to satisfy basic symmetries such as unitarity, Lorentz covariance (often, but
not always which is serious), maybe gauge invariance, etc. This being so, one tends to get roughly the correct answers since
sum rules are being enforced. The main issues with such simple modeling for inclusive reactions is that the strength is
often not quite correctly distributed in energy-momentum. In contrast, when (say) a nucleon in the final state is detected
in coincidence with the final-state lepton one has a very different problem. The details of how that nucleon interacts with
the rest of the nucleons in the final state is a much more complicated problem. Typical modeling that may be adequate for
inclusive cross sections can be very bad for semi-inclusive studies.

Appendix B. The relativistic mean field model

This appendix provides background on the use of the relativistic mean field (RMF) model to characterize the nucleus, as
many are no longer familiar with its use. The depth of the central potential that nucleons encounter in a nucleus is typically
taken to be 50 MeV, allowing a non-relativistic description of their wave functions via the use of the Schrédinger equation.
In the RMF model, the 50 MeV depth is the result of a strong attractive scalar potential of ~—400 MeV and a strong repulsive
vector potential of ~+350 MeV as shown in Fig. 21a. If nucleons are treated as Dirac particles, the following Dirac equation
is obtained where the Coulomb potential has been omitted for simplicity:

[oe-p+ B (m~+Us(r)) + Upo(®)] ¥ (r) = Eyr(r) (B.1)
where

=@ 8) r=b %) v=(W) 52

and U; is the scalar potential and Uy, is the fourth component of a vector field. & and 8 are the usual Dirac matrices and
yr the four component Dirac wave function with upper and lower components. By converting the above to a second order
equation for the upper component, one obtains:

[Pl + Uvo)> + (m + Us)? + iUpr - p] Yy = 0 (B.3)
with Up termed the Darwin potential and
1 0A
Up=———=—Up A=E-+m+Us— Uy. (B.4)
A Or

Thus, Uy, shifts the nucleon to higher energy and the cross term 2EUy provides the energy dependence visible in Fig. 21b.
The scalar potential reduces the effective mass of the nucleon in the nuclear interior. The spin-orbit interaction is greatly
enhanced as follows from Eq. (B.4).

The solutions of Eq. (B.3) produce single particle nucleon bound states very similar to the familiar shell model orbits but
with a large spin-orbit splitting as required by nuclear systematics.

When the RMF model is carried over to treat the continuum, an optical model potential of the form

Up = (Vo + iWp)fo (1)
Us = (Vs + iWs)fo(r)

is commonly used where the shape of the nuclear optical potential is consistent with the nuclear shape. Employing
a standard Woods-Saxon shape, this prescription has been extremely successful in describing proton-nucleus elastic
scattering cross sections and analyzing powers with a minimum number of parameters. When calculating inclusive electron
quasi-elastic scattering, the impulse approximation and the same real scalar and vector potentials are used to generate the
initial bound and final continuum states of the struck nucleon. All nuclear effects are in the interaction of the nucleon with
the real mean field. Using an optical potential appropriate to the final state energy of the struck nucleon does not work as

(B.5)
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well. This prescription, while not obvious, allows for current conservation, orthogonality of the nucleon wave functions and
generates the asymmetry of the longitudinal response and enhancement in the transverse response as seen in Fig. 20.

Apart from their phenomenological success, there is a body of theoretical work justifying the use of scalar and vector
potentials. The scalar field is generated by a o meson, a very broad T = 0, J* = 0" resonance formed by two pions, while
the vector field is due to the w meson withT = 0,J" = 1".
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