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1) Introduction

Over the past decade, the discovery and study of neutrino oscillations has renewed interest
in neutrino-nucleus interactions. Such interactions readily separate into three distinct
topical areas that can be classified as low, medium, and high energy. Atlow energy
0O(MeV), the wave-length scale of the interaction is greater than the nuclear diameter so
that the initial and final states are specific nuclear levels. These are the interactions of
most interest to solar and reactor neutrino oscillation experiments. In the medium energy
regime O(1 GeV), which constitutes the bulk of this review, the interaction length is
hadronic ~(1 fm) with important nuclear effects. These are the interactions of most
interest to atmospheric and accelerator-based neutrino oscillation experiments. At high
energies 0(100 GeV), the scale for deep inelastic scattering becomes partonic (~0.1fm) and

nuclear effects, though present, are less significant.

This article focuses on medium energy neutrino-nucleus interactions (~0.3<E,<3.0 GeV)

with particular emphasis on quasi-elastic (QE) neutrino scattering, the simplest and most

copious interaction at these energies. We restrict our focus for several reasons:

o Future high-statistics oscillation experiments will require a thorough
understanding of this region, in particular those that use QE events as their

signal sample to investigate neutrino oscillations.



o Although neutrino-nucleon QE scattering is well characterized, when this
process occurs within the nucleus, the description becomes more complicated.
The complexities exposed here are present in other channels.

o Neutrino-nucleus QE scattering has been the focus of substantial work over the
past 40 years, and comparisons of recent results to those from the bubble
chamber era reveal differences challenging our assumptions regarding these

processes.

In this article we review the standard picture of QE scattering drawing heavily on the
analogous electro-nuclear scattering processes, summarize measurements of neutrino QE
scattering, and present ideas on additional nuclear effects that may play a role in the

interpretation of this data. We conclude with a commentary on future directions.

2. Quasi-Elastic Lepton-Nucleus Scattering:

Preliminaries

The simplest description of neutrino-nuclear scattering is built upon two ingredients: a
characterization of neutrino-nucleon scattering, and a model for nucleons in the nucleus.
For elastic scattering (or what is called QE scattering in the case of charged current
neutrino scattering) the former is well established, and the latter has been the subject of
much theoretical and experimental work in the context of electron scattering over the past

forty years. Figure 1 represents this picture schematically. In the simplest and most



common picture, neutrino-nucleus scattering is treated as the incoherent sum of scattering
from free nucleons. This is the so-called “impulse approximation” approach. In reality, the
nucleons are not independent particles and, as a result, more complex nuclear dynamics
are involved. The extent to which each of these two pictures describes what is observed

experimentally will be a focus of this article.

To start we review lepton scattering from free nucleons and summarize information on the
weak hadronic current obtained from past experiments. Both are important ingredients in

any description of neutrino QE scattering.

2.1 - (Quasi-) Elastic Scattering on Free Nucleons

[t is illustrative to start from the case of elastic electron scattering from free nucleons. In

this situation the amplitude is:
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where re = V27, o is the fine structure constant, Eue(k)} and Eﬁe (_k')} represent the initial and

final states of the electron and j, is the hadronic vector current. The hadronic vector

current captures the underlying nucleon structure and is written in terms of the well

known Dirac and Pauli nucleon vector form factors, Fi1(q) and Fz(q), which are functions of

a single variable, the magnitude of the three momentum transfer {g| = ¢
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where M is the proton mass and |, and [, are the anomalous magnetic moments of the

proton and neutron. The superscripts S and V refer to the isoscalar and isovector
contributions. The initial and final states of the struck nucleon are shown as u(p) and u(p’),
where only the magnitude of the nucleon momentum is explicit, spin and isospin states are
suppressed. CVC and isospin conservation allow QE electron scattering (QEES) to establish
the vector current contributions of both charged and neutral current scattering of

neutrinos.

It proved useful in analyzing electron scattering to separate the scattering yields into
longitudinal and transverse contributions. The longitudinal contribution originates from
scattering where the polarization of the virtual photon is along the direction of momentum
transfer (Coulomb scattering) while for transverse scattering it is perpendicular to the

momentum transfer. The differential cross section for electron-nucleon scattering is:
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These form factors are related to the Pauli and Dirac forms via Gu(Q°) = F;(Q°)+ Fo(07),

Ge(Q°) = Fi(Q°) - tF2(Q°), and t=0°/4M°. At energies of interest to this review, the

transverse response dominates, particularly at large scattering angles.



When considering neutrino scattering from nucleons, an axial current comes into play. The
total nucleon current coupling to the charged weak leptonic current is an isovector one

body nucleon current with both vector and axial-vector components:

Ej“ (0" =jbO) + jh (Qz)}. The full nucleon weak current had been written down by

Llewellyn-Smith (1) but for our purposes it suffices to write the axial current of the nucleon

as
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where the induced pseudoscalar Gp(Q’)=4my’G4/(m,>+0’) is determined by PCAC and the

axial-vector form factor G4(Q°) is established from experiment.

The weak leptonic current is

Ju =V AFYTW, (5)

A

The lepton-nucleon coupling is the scalar product of the two currents. The change in sign
for the axial coupling arises from the opposite helicity of neutrinos and anti-neutrinos
leading to constructive interference between the transverse vector and axial vector

amplitudes for neutrino cross sections and destructive interference for anti-neutrinos.

It follows that the differential cross section for neutrino QE scattering off free nucleons can

be expressed in the form (1):
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where (-)+ refers to (anti)neutrino scattering, (s - u) = 4ME, - Q2 - m?, and m is the lepton

mass. The factors A, B, and C are functions of the Q2-dependent vector, axial-vector, and

pseudoscalar form factors:
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and F; and F; are the aforementioned isovector Dirac and Pauli vector form factors. With

the vector form factors determined from electron scattering and small contributions from

the pseudoscalar form factor for v, scattering, early studies of neutrino QE scattering

focused on investigating the axial-vector form factor of the nucleon.

2.2 - Early Investigations of the Weak Hadronic Current

Some of the earliest experimental investigations of neutrino QE scattering, v, +n— u” + py,

were performed in the late 1960's using spark chambers (aluminum, iron) (2,3) and bubble

chambers (propane, freon) (4) as neutrino detectors. These early experiments provided

the first neutrino QE scattering event samples from which initial determinations of the

underlying nucleon form factors were made. In the early 1970's, many experiments



employed simpler targets, such as deuterium (5), recognizing that they provided cleaner
measurements less influenced by nuclear effects. The primary focus of these experiments

was measuring free nucleon form factors. At the time, these form factors were recognized

as an important ingredient in the analysis of neutral currents (v, + p > v, + p:and

v, +p - v, + p) so careful study of the charged-current component of this reaction began.

Equations [6-7] were typically used to analyze the experimental data on deuterium, subject
to minor effects of Fermi motion and Pauli blocking in deuterium. The vector form factors
could be determined from electron scattering, thus leaving the neutrino experiments to
measure the axial-vector form factor of the nucleon. Traditionally, the axial-vector form

factor is assumed to have a dipole form:
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dependent on two empirical parameters: the value of the axial-vector form factor at Q2=0
(ga=Fa(0)=1.2671 determined with high precision from nuclear beta decay (6)) and an
axial mass, Ma which must be determined experimentally. Values of Ma ranging from 0.65
to 1.09 GeV were obtained from fitting both the total rate of CCQE events and their
measured Q2 dependence. Refs. (7,8) provide an excellent review of these early
experimental Ma determinations. By the end of this period, it was concluded that the
neutrino QE cross section could be accurately and consistently described by V-A theory
assuming a dipole axial-vector form factor with Ma=1.026 + 0.021 GeV (9). These
conclusions were largely driven by experimental measurements on deuterium, but less-

precise data on other heavier targets also contributed (see Table 1). More recently, this



same data has been re-analyzed using modern vector form factors as input. The use of
improved non-dipole vector form factors (10) slightly shifts the best-fit axial mass values
obtained from this data; however the conclusion is still that Max1.0 GeV (11,12). These
results are consistent with those obtained from the electro-production of pions produced near

threshold (9).

3. Quasi-Elastic Electro-Nucleus Scattering

While the focus of early neutrino QE experiments centered on determination of My, the
process of lepton-nucleus quasi-elastic scattering was far more thoroughly studied with

electrons. The fact that electron beams have precisely known energies (AE/E<10-3) and

fluxes (1%) and the momentum of the scattered electrons can be measured with
comparable resolution (by a magnetic spectrometer at fixed scattering angle) means the
energy and momentum transferred to the nucleus in the collision are precisely measured.
Large sets of inclusive scattering data on a variety of nuclei at varying kinematics have
been collected by experiments at SLAC, Bates, Saclay, Mainz, and JLab over the past forty
years (31). There is an excellent recent review (32) of the status of inclusive quasi-elastic
electron scattering (QEES) from nuclei. We draw heavily on that review in the brief
summary given below. A detailed presentation of the theoretical formalism employed in

QEES can be found in Reference (33).

Figure 2 shows an idealized inclusive spectrum resulting from a few GeV electron beam

scattered from a nuclear target (32). The large peak just below 400 MeV corresponds to



the elastic scattering of electrons off individual nucleons. The center of the peak
corresponds roughly to the kinetic energy transferred to a single nucleon initially at rest in
the lab frame, the width of the peak results from the nucleon’s Fermi momentum in the

target nucleus. The kinetic energy acquired by the nucleon is given non-relativistically by

o ~1(p, +G)’ /2m,;where ! p] is the nucleon’s Fermi momentum, /g the momentum

transferred in the collision, and mythe nucleon mass. This is the paradigm for all QE
scattering in the impulse approximation, the cross section is an incoherent sum of the

scattering off individual nucleons with the recoiling nucleus carrying off momentum

and energy Epf/Z(A —Dmy + E,j. Ej is the energy of hole created in the recoiling A-1

nucleus (occasionally referred to as the ‘binding or separation energy of the struck

nucleon). Also shown in Figure 2 are yields of scattered electrons occurring at higher ®

due to pion creation, delta formation or deep inelastic scattering.

[t is useful to briefly examine the formalism used in the analysis of electro-nuclear

scattering as it is carried over to neutrino-nucleus scattering. Introducing the notation

Q> =—(p, - p')z_: —q° = |Zj|2 — 0 the electro-nuclear cross section as function of solid angle

(6) and energy loss () is written in terms of longitudinal R.(q, w) and transverse Rr(q,®)
response functions,

do? do ’
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(do 1dQ,),,, = 0 cos’(0/2)/ Esin*(6/2). For QE scattering from individual nucleons,
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the response functions are written in terms of Dirac and Pauli nucleon vector form
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factors Fi(q) and F2(q) mentioned previously. To apply the concept of QE scattering,

should be > 0.3 GeV/c to resolve a single nucleon within the nucleus.

Early implementation (34-36) of this approach was carried out with an appealing contact
(37) with experiment. The nucleus was treated as a Fermi gas, with just two parameters,
the Fermi momentum kr and a “separation” energy (~E;). Qualitative agreement was
achieved with data and the parameters krand £ determined for a range of nuclei showed
systematic and expected behavior. However quantitative agreement with measured cross

sections was only at the tens of % level.

Over time many experimental and theoretical advances were made. A uniform density
Fermi gas approximation was improved by use of a local density approximation (38) that
more realistically reflects the nucleon momentum distribution in nuclei. This approach
adds to the independent particle distribution a term with higher nucleon momentum and
separation energy (38) to account for the effect of short-range nucleon-nucleon
correlations. This information is compactly but incompletely incorporated in a nuclear
spectral function, , which gives the probability of finding a nucleon with
momentum and removal energy E. The important role of nucleon-nucleon correlations

will be addressed in Section 5.

The collection of large amounts of inclusive QE data at varying incident energies and

scattering angles allowed a very important scaling property to be uncovered (39). A simple
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version of scaling sufficient for this review is presented below but there are many further

refinements in the literature (32).

Figure 3a shows the inclusive electron scattering cross section off 3He at differing incident

energies and scattering angles. The greatly varying values of the cross sections can be

related by employing a scaling variable y, related to the scaling variable x=Q?/2ZM® used in

deep inelastic scattering. y is obtained assuming that the scattering occurs off a single

nucleon.

The energy transferred from the electron to the nucleus is ®. In the case of QE scattering

the energy transferred, w, is given by @=Tn+Es*Erecoii, where Ty is the Kinetic energy given to

the struck nucleon, Esis the energy of the “hole” in the residual A-1 system and Erecoi is the

recoil kinetic energy of the A-1 system. The recoil’s momentum is and the final

momentum of the struck nucleon is

k + G

Thus

co=[(l€+21)2+m2]1/2—m+Ex+

[k +2kg+q* + k2 +m* ] —m+E +E

E

recoil

recoil ( 1 0)

where and k,are the momentum parallel and perpendicular to the direction of the transferred

momentum. In the limit of very large g,

1

k, = (0* + _2(97’”)5 —q

(11)

In this situation ® and q are not independent and a scaling variable y=kj; is suggested.

The scaling function F(y,q) is defined as

12



d*c 1 dw
F(y.q)=
dQdw\ Zo,(q)+No,,(q) ) dy

(12)

where the contribution to the inclusive QEES nuclear cross section of Z protons and N
neutrons at 3 momentum transfer is divided out. Figure 3b shows the data from Fig.
3a as F(y) as function of y. The collapse of the data for values of y (=50 is startling. The value
y=0 corresponds to ®=Q?/2m=(q2-w?)/2m, the kinematics of scattering off a free nucleon at
rest. The existence such scaling establishes some essential facts; the bound nucleon form
factors are not modified from their free value to within 3% (40) and the mass of the bound
nucleon can to be taken as its free value. The marked deviation from scaling above y=0 is
variously attributed to short range correlations, meson exchange currents, pion

production, and thelow o tail of the A resonance; some of which are suggested in Figure 2.

Thus it is clear that QE scattering does occur but other processes come into play.

A relativistic formulation of the Fermi Gas (RFG) (41) expands the kinematic range of the

model and shows y scaling to hold in the limit{|g| — 1. This approach quite naturally led to

the concept of super-scaling (42) that applies a modified form of y scaling to all nuclei. In

this approach a dimensionless scaling variable y is employed where

El//=y£i:%(l\/1+f‘l —K‘)
F-

F

(13)

with i = g /2m,}[A = @/ 2mfand {z = Q* / 4mj; It was further shown that super-scaling

holds for nuclei with A > 12 (42). It appears to work to = 20% for all values of g and A > 12.

Holding the energy and scattering angle constant, the scaling between different A for y’<0

13



holds to better than 5%. This is a consequence of the approximately constant density of
nuclear matter, where the slight increase of kr with A accounts for the reduced surface to
volume ratio with increasing A. Thus rather than trying to use a model for the momentum

and separation energy of nucleons in a nucleus one could use an appropriate scaling

function .

As indicated earlier, with extensive data at various energies and scattering angles the
electro-nuclear QEES can be separated into longitudinal and transverse components and
their scaling separately investigated. [t was found that the longitudinal response scales for
all values of y (43) and is of the expected magnitude (i.e., satisfies the Coulomb sum rule)
(42,43) while the transverse response diverges seriously above [{/}=0 and is appreciably
larger than predicted (42) in the relativistic Fermi Gas model. Thus, to use QEES to

establish a best spectral function, S(f)_,E) , the most reliable information would come

fromF, (y,q)1(43) as it is free of the effects that complicate Fr(y,q) (i.e. meson exchange

currents, low energy tail of the delta). However there are significant dynamical effects in

the transverse response that are not captured in the impulse approximation.

The experience obtained in QEES is directly transferable to neutrino-nucleus charged-current
quasi-elastic scattering (CCQE). The one body nucleon vector current (Eq. 2) employed in QEES
is modified to the nucleon’s weak vector-axial one body current (Eq. 4). An important aspect of
this modification results from the opposite helicity of neutrinos and anti-neutrinos (Eq. 5)
requiring the interference between the transverse vector amplitude and the axial vector amplitude

be constructive for neutrino CCQE and destructive for antineutrino CCQE. Many groups have
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published extensively on neutrino-nucleus CCQE and useful expressions for the neutrino-
nucleus CCQE cross sections can be found in many articles (44-48). Itis important to note
that all published calculations of CCQE based on the impulse approximation are in close
agreement. The formulation in (44) is quite complete and additionally has a useful
discussion of results of this formalism. Ref (46) explicitly deals with final state interactions
(FSI) which are of great importance in identifying the specific neutrino-nucleus interaction
creating the charged lepton. As FSI played a minor role in inclusive QEES most authors did
not include their effects. Experimenters are well advised to acquaint themselves with the
effects of FSI as presented in (46). We will discuss this further in the following section.

The next section will present the result of CCQE scattering experiments and compare them

to the theory presented above.

4. Experimental Aspects of Neutrino-Nucleus Quasi-

Elastic Scattering

We now turn our attention to recent results on neutrino QE scattering from nuclei. We
provide a reasonably comprehensive review, not only of the final results, but of the
underlying experimental techniques and assumptions. This will include a discussion of
detector technologies, event selection, kinematic reconstruction, flux determination, and

important backgrounds.
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4.1 - The Renaissance of Neutrino Interaction Physics

By the late 1990's, focus had shifted from the study of neutral currents and the basic
properties of neutrino interactions to the investigation of neutrino oscillations. The
discovery of neutrino oscillation brought with it more intense neutrino beams and large
electronic detectors largely composed of water, iron, or mineral oil. Table 1 summarizes
the experimental studies of neutrino QE scattering in the oscillation era including new

experiments that are expected to collect data in the near future.

So far, axial mass values ranging from M =1.05 to 1.35 GeV have been obtained from

modern data, with many of the experiments systematically measuring higher My values

than those obtained from the deuterium data. This has created some interesting questions.

First, it is first instructive to compare the various experimental techniques.

4.2 - Experimental Analyses

Table 2 summarizes the various experimental techniques that have been employed in the

study of neutrino and antineutrino QE events as well as the results that have been obtained

from these samples.

4.2.1 - Quasi-Elastic Event Selection and Detector Technology

16



The criteria used to select QE events is strongly influenced by both the target material and
the detector technology. The various detectors and selection techniques that have been
used to isolate neutrino QE events can be grouped into three main categories: bubble

chambers, tracking detectors, and Cerenkov detectors.

Because of their low energy thresholds for protons (typically, >~ 100 — 200; MeV /c in

momentum) and deuterium fills, bubble chambers (ANL, BEBC, BNL, FNAL GGM, SKAT)
typically had sample purities that impressively range from 97%-99%. Event selection is

robust and is based on the identification of three final state tracks, one each from the muon,

proton, and spectator proton in the QE scattering event;v ,d — u” pp,i. Both ‘three-track’

and ‘two-track’ (where the spectator proton is not identified) were used. The situation is,

of course, different for the case of antineutrino QE scattering: Vud — U'nng Here, the QE

event selection is based on the identification of a single track (the \*) as the final state

neutron is typically not reconstructed. As a result, antineutrino QE purities are typically
lower, ranging from 75-85%. In either case, the lowest Q2 region was often excluded in the
analysis of these data in order to avoid regions with poor identification efficiency, nuclear

effects, and larger backgrounds.

The analysis strategy of modern experiments remains largely unchanged from the bubble
chamber era. From the sample of collected events, those identified as QE are selected and
measured. If the scattering is truly QE, then the neutrino energy and Q2 can both be

estimated from the outgoing lepton energy and scattering angle. In many analyses, this

17



method is used for all events in the ‘quasi-elastic-like’ sample. This will produce a bias in
the measurement due to the presence of background events in this category, so one has to
be confident that the background (both normalization and kinematic distributions) are
being modeled. The nuclear-model dependence of kinematic reconstruction of this type
has been evaluated in Reference (54). In this case, the efficiency and purity of the QE

selection are strongly affected by the capabilities of the detector.

Since most experiments built during the modern era were primarily designed for neutrino
oscillation measurements, statistics were at a premium. For this reason, experiments
employed heavy targets as their neutrino detectors and a variety of different detector
technologies. These experiments fall into two broad categories: tracking and Cerenkov

detectors.

Tracking experiments attempt to identify each charged particle in an event as it traverses
active elements of the detector, typically drift chambers or segmented scintillation
elements, while Cerenkov experiments use large tanks of water or mineral oil as a target
with photodetectors lining the inner surface of the tank to collect light emitted by
relativistic charged particles. In the latter case, the final state proton emitted in neutrino
QE interactions is typically below Cerenkov threshold and hence undetected. In tracking
and Cerenkov detectors, timing resolutions on the O(10 ns) are also often used to detect
the presence or absence of a decay for particle identification. As an example, the QE
selection in the MiniBooNE Cerenkov detector requires a final state muon and a single

delayed decay electron.
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For tracking detectors, the detection thresholds for recoil protons plays a significant role.
Studies of neutrino QE event samples have included the analysis of both 1-track (muon +
no proton) and 2-track (muon + proton) event samples. Note that such 1-track samples
were never considered in bubble chamber experiments, except of course in the case of
antineutrino scattering. As in the case of the bubble chamber detectors, antineutrino QE
events are identified based solely on the outgoing muon from 1-track samples. Typical QE

purities in these detectors range from 60-70%.

Looking at Table 2, some trends are immediately apparent. First, the event selection that
defines the “quasi-elastic” sample varies from experiment to experiment. Second, much
larger event samples have become available in the modern era. Third, sample purities
have are typically lower in the modern era. We will discuss why that is the case in the next

section.

4.2.2 - Nuclear Effects, Inefficiencies, and Backgrounds
All QE analyses are subject to some level of background contamination. Nuclear effects play
a large role both in the estimation and removal of background events from such samples.

They can also contribute a source of inefficiency in the selection of QE events.

The first step in the analysis, the selection of QE events, brings us squarely into the realm of

nuclear physics. The fundamental process we seek to measure, v,n — u” pin the case of

neutrinos and v, p — u"n: in the case of antineutrinos, is occurring in a nuclear

19



environment and our event selection is based on what is visible in the detector after
intranuclear processes have already occurred. Events can both fail to make it into the
sample or be spuriously selected. QE events that fail to make it into the sample contribute a
source of inefficiency, while non-QE events that spuriously make it into the sample provide

a source of background.

The largest sources of background contamination and inefficiency stem from nuclear
effects associated with final state interactions (FSI). FSI generically refer to the re-
scattering of hadrons produced in the intial neutrino interaction before they have had a
chance to exit the target nucleus. Final state effects lead to topological changes in the final
state that can impact both signal and background processes. For example, QE interactions
can evade the experimental selection due to multi-nucleon knock-out and nucleon
rescattering which both increase the number of nucleons emitted and lower their energies.
Selection techniques relying on the identification of a final state proton can be especially
susceptible to such effects. Atthe same time, events from non-QE interactions can enter
the sample by mimicking a QE signature. The predominant source of such backgrounds are
charged-current pion production channels, in particular, in the case that the pion is
absorbed in the target nucleus. Estimates of single pion backgrounds are typically made
from some combination of simulations and data-driven methods incorporating additional
events samples, and have historically had large (>10%) uncertainties associated with them.
The fact that modern experiments use heavy nuclear targets (where such effects are large)

and cannot rely on the identification of the full interaction (muon + proton + spectator) are

20



the main reasons why QE event sample purities are not as high as those achieved in

deuterium-filled bubble chambers.

In addition to nuclear effects, there can also be limitations posed by the detector itself (55).
The inability to detect low energy particles (particularly nucleons) emerging from the

target nucleus or the mis-identification of particles that are observed can also add potential
sources of background and require corrections to the analysis of QE data. Such effects vary

from detector to detector.

In order to estimate the impact of nuclear physics effects on their analyses the experiments
in Table 2 used two common ingredients. For the nuclear model they tended to use some
type of Fermi Gas model, perhaps augmented to include a high-momentum tail due to short
range correlations (56,57). To estimate the effects of final state interactions, they used
intranuclear rescattering simulations (58), which will be described in more detail in

Section 5.

4.2.3 - Flux Determination

Central to the extraction of absolute cross sections is a prediction of the incoming neutrino
flux. All neutrino experiments measure the rate of interactions in their detector which is a
product of the neutrino interaction cross section, the incoming neutrino flux, and of course,
detection efficiencies. Obtaining a reliable estimate of the neutrino flux in a neutrino

experiment has been notoriously difficult and remains a challenge.
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Conventional accelerator-based neutrino beams are created by directing an intense proton
beam onto a compact target (typically beryllium or carbon), focusing the resulting
pion/kaons using magnetic devices, and directing the secondaries into an evacuated or low
density region where they decay into neutrinos. Such beamlines can also include
instrumentation to monitor the intensity and steering of the primary proton beam, the
hadron flux, and the flux of downstream muons. A detailed review of neutrino beams can

be found in Reference (59).

All neutrino flux predictions start from an estimate of meson production for a particular
primary beam energy and target material. Historically, such hadro-production cross
sections have not been well-measured and have directly contributed large uncertainties
(20%-40% or more) to the attempts by early experiments to extract neutrino QE cross
sections from their data. To add to this, early experiments also often observed large (up to
x2!) discrepancies between their observed neutrino rates and their starting predictions.
Where possible, experiments cross-checked the normalization of their neutrino fluxes
using events with well-known cross sections. This was common practice and included
using samples of charged-current deep inelastic scattering (DIS) or inverse muon decay
(IMD) events to correct flux predictions. Other times, experiments dangerously used their

observed v, QE scattering rates to determine their flux normalization. Such a procedure

creates an unwanted circularity and should, of course, be strictly avoided in the case where

one also wants to use the same data to measure a absolute cross section!
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Today, the availability of dedicated hadro-production experiments has increased the
precision with which neutrino flux predictions can be made. As a result, use of such
external data has become the sole starting point for many modern neutrino cross section
measurements. For experiments with higher energy neutrino beams, charged-current DIS

and IMD samples remain a viable cross-check on these flux extraction procedures.

4.3 - Experimental Results

With a known neutrino flux, QE events selected, the efficiency of their identification
assessed, and backgrounds removed, an experiment can obtain physics results. -Such
measurements include a value for Ma from the observed Q? distribution of the events, the
neutrino QE interaction cross section, and differential cross sections. Comparison of
modern measurements of these quantities to the theory discussed in Section 3 immediately

reveal several discrepancies:

Low Q2: The first is a suppression of events at low Q2 (Q2<0.2 GeV2) when their Q2 shape is
compared to standard predictions. This effect is best illustrated in the MiniBooNE data
because of its high statistics (Figure 4b), but has also been observed in multiple low energy
neutrino experiments over the years (7,8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q?, discrepancies in this region
naturally drew much attention. A first attempt to better describe the experimental data at
low Q?included rescaling the amount of Pauli blocking in the impulse approximation

calculations (25). Although naive Pauli blocking adjustments were successful, recently
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improved modeling of the non-QE backgrounds, which are large in this region, also greatly
improve the agreement at low Q? (26). Regardless of the chosen remedy, the discrepancy
at low Q2 should not have been surprising given that at these low values of Q?, the
exchanged boson is probing a region significantly larger than a single nucleon, thereby
violating one of our assumptions in the impulse approximation models. -As a result,
neutrino events at these low Q2 values are not technically QE in the electron-scattering

sense, so some care must be taken in this region.

Q2 shape: In addition to discrepancies at low Q2, the overall distribution of the events is
also shifted to higher Q2 values in much of the experimental data (Figure 4b). As a result,
this “harder” data spectrum requires a higher M value than the prior world average
(Ma~1.0 GeV) when fit using the form factors and nuclear models described previously.
The Ma values determined by MiniBooNE, K2K, and preliminary results from MINOS all
show similar trends - harder than expected Q? distributions which result in systematically
higher than expected My values when fit using these models. Mj values determined from
these experiments range anywhere from Ma=1.14 to 1.35 GeV (22,25-27). The MINOS
result is particularly interesting in that it shows the same trend that is present in carbon
and oxygen at ~1 GeV is also present in iron for 1-10 GeV neutrinos (27). There is no
physical basis for such an My increase other than as a characterization of the harder
spectrum experimentally observed. The source of this difference is not fully understood at

present.
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Quasi-Elastic Cross Section Normalization: Using well-determined neutrino flux
predictions, MiniBooNE, and NOMAD have re-measured the QE interaction cross section as
a function of neutrino energy, a quantity that was frequently reported in early experiments.

All measure cross sections on carbon (Figure 4a), with the results at low energy (E,<2 GeV)

being the first measurements on a nuclear target at those energies. The resulting neutrino
QE cross sections at the lowest energies (26,29) are ~30% larger than predictions made
using the impulse approximation with well established parameters (38-41,44,56,60,61).
Figure 4a includes several representative calculations including the relativistic Fermi Gas
model and the spectral function approach described previously (38,56) which has been
very successful at describing electron scattering data over a wide range of kinematics (38).
For comparisons to additional models (46,62-64) which yield similar results and

predictions for other variables, see Ref. (65).

It is not only surprising that the measured QE cross section at low energy exceeds the well-
established impulse approximation calculations, but that the measured cross section on
carbon even appears to exceed that for 6 free neutrons! This, of course, must be
understood. Any attempts to account for this observed yield via the impulse approximation
fail as all refinements reduce the predicted cross section below the Fermi Gas
approximation which already generates a cross section below 6 free neutrons. To achieve
an enhanced cross section, one must naturally introduce correlations. As one example, the
black solid line shown in Figure 4a shows the prediction from a non-relativistic model
which also allows the computation of multi particle-hole contributions (66). These

additions significantly enhance the cross section and at a level that appears to replicate the
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MiniBooNE cross section normalization. Whether such a model can also describe the
kinematic distribution of the observed data remains to be seen. When this calculation is
performed without multi particle-hole contributions (dashed black), the results are in
agreement with the other impulse approximation results, as expected. The realization that
nuclear effects can potentially increase the cross section is a revelation and a point to

which we will return.

These surprising developments have not been evident in all experiments - the NOMAD
experiment, operating at higher energy, measures results for both Ma and the QE cross
section consistent with that expected from the historical value of Ma. However it should be
noted that the experiments have differing criteria for what is termed a QE event.
MiniBooNE selects events with a muon and no pions, while NOMAD selects events with
only one (muon) or two (muon+proton) tracks. Thus, it is not clear how many events
accepted by MiniBooNE are rejected by the NOMAD selection. The notion of what

experimentally constitutes “the CCQE cross section” is hence somewhat subjective.

While it may be simply coincidental, the impulse approximation with a high Ma=1.35 GeV
value appears to describe the low energy MiniBooNE data both in Q2 shape and cross
section normalization while the same is true for the high energy NOMAD data using the

historical Ma=1.03 GeV value as input.

Quasi-Elastic Double Differential Cross Sections: Although much of the historical focus

has centered on fitting observed Q? distributions to obtain Ma values and measuring total
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cross sections as a function of neutrino energy, modern high statistics event samples have
now allowed the first measurement of double-differential cross sections (26). Examining
such double differential distributions can be especially illuminating in exposing underlying

features in the data. As an example, measurement of d26/dT,d6, has revealed

discrepancies (with respect to impulse approximation calculations) that tend along lines of

constant Q2 rather than E,. This suggests a mis-modeling of the underlying cross sections

and not the incident neutrino flux predictions. Such measurements are useful in that they
provide a more rigorous point of comparison and are much less model-dependent than

extractions of My or cross sections as a function of derived quantities such as Q2 and E,. To

advance our understanding, future experiments should cross-compare differential cross
sections measurements (and not model-dependent Ma values). Theoretical models should

also aim to replicate such two-dimensional experimental distributions.

As we have seen, modern data has uncovered some unexpected discrepancies. What could
be wrong? In the coming sections we will go back and critically evaluate some
assumptions, explore differences between electro- and neutrino- nuclear scattering
generally, delve further into the limitations of the impulse approximation approaches, as
exposed in electro-nuclear scattering, and question the use of the term ‘QE’ when applied
generically to data samples from experiments with very different detectors. The latter is
particularly important as the impact FSI will have on a particular analysis depends

critically on the details of the detector and experiment.
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5. Electro-weak Scattering beyond the Impulse

Approximation

The theoretical approach described in Section 3 was developed in the context of inclusive
electo-nuclear QEES. Given the inability of this restricted approach to describe key features
of recent neutrino-nucleus data, are there viable extensions that could achieve better

agreement?

[t is first worth pointing out several key differences between inclusive electro- and
neutrino- nuclear scattering. In electron scattering, the incident flux and energy are
precisely known; in neutrino scattering the flux is uncertain to 10-20% or more and the
incident neutrino energy inferred from particles observed in the final state. Thus, there are
large uncertainties on the kinematic quantities critical to describe neutrino QE scattering,

in contrast to QEES inclusive electron scattering.

In inclusive QEES studies, the determination that an event is ‘quasi-elastic’ is based solely
on leptonic variables. In neutrino scattering the final state of the hadronic system is always
employed in event selection and often in reconstruction of the event kinematics. In
contrast to the electron case, the determination that an event is QE is based on topology,

necessarily involving hadronic information.
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Extensions to the impulse approximation are presented below that may account for some
of the effects noted in the experimental data. In particular could the QE cross section on 12C

exceed that of 6 free neutrons?

5.1 - Multi-Nucleon Correlations

QE scattering is traditionally viewed as scattering off single nucleons thus the hadronic
electro-weak current is written as the sum of the individual nucleon one-body currents.
The final hadronic state in this picture is a nucleon in the continuum and a “hole” in the

recoiling target nucleus. The transferred energy from the leptonic sector to hadrons ()

goes into creating the kinetic energy of the continuum nucleon plus the energy to create

the “hole” in the recoiling A-1 nucleus.

This picture is attractive and readily calculable, but is too simple and quantitatively only
good to tens of percent and in some instances off by more than factors of 2. Most of the
disagreement is due to short-range forces between nucleons not accounted for in the
average potential. When two nucleons are close to each other (ri<1.5 f) in spatially
symmetric states [eg. T=0,5=1], strong short-range forces greatly increase their relative
momentum and propel the two nucleons far off shell. Nuclear scientists have known about
such short range correlations (SRCs) for some time but only recently (67,68) have direct
evidence of their existence. These SRCs are found to be as theoretically expected (69,70)
and a nucleon is involved in one about 20% of the time. These correlations mostly (90%)

involve proton-neutron pairs with T=0, S=1. Their short-range tensor interaction produce
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a 2p-2h fluctuation in the Fermi momentum distribution. The individual particle momenta
involved in the fluctuation are well above the Fermi momentum as the pair can be several
hundred MeV off shell. These correlations can be added to the Fermi momentum
distribution as a perturbation or included in an RPA calculation. Of course, creating the
nuclear ground state by solving the nuclear many-body problem with realistic nucleon-
nucleon forces is preferable but with increasing complexity with increasing A, this

procedure has been limited to12>A.

There are existing calculations (66) that do account for such short-range correlations in

neutrino scattering. The original aim (71) of this group was to account for v-160 “QE”

interactions observed in a water Cherenkov detector viewing atmospheric neutrinos . Their
point of view clearly extends the limitations imposed by the impulse approximation and
consistently (66,71) produces appreciably larger cross sections than the more limited view
following QEES . References (66) and (71) are carried out in RPA and incorporate both
long and short-range correlations. Short-range correlations, principally the n-p isoscalar
tensor interaction due to pion exchange produces 2p-2h configurations that considerably
enhance the coupling to the transverse currents. This contribution is of course absent in
the impulse approximation (one particle approach) as it arises from a two-particle
correlation. There are some issues with respect to divergences that occur when integrating
this contribution to the cross section over the momenta of the two correlated nucleons
(72,73). Those problems with calculational issues aside, there is ample evidence that the
transverse vector coupling is appreciably larger than predicted in the impulse

approximation. As mentioned earlier, when separating the QEES response into its
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longitudinal and transverse components, the longitudinal response has the expected
magnitude, while the transverse response is as much as 50% larger than predicted by the
impulse approximation. Both responses are normalized to be equal within the RFG
impulse approximation (32,35). It is somewhat surprising that the large values associated
with the transverse response has not received more attention as it’s larger than expected

yield has been evident for more than 20 years (72-74).

It is therefore perhaps no surprise that the neutrino QE cross section for 12C is larger
than predicted by the impulse approximation. However the measured cross section
appears larger than that of 6 free neutrons. Note, this feature is captured in the calculation
of (66,71) and one must inquire if such a large cross section is possible and if so how does
it come about?

Some illumination regarding the possibility that the observed “quasi elastic” cross
section exceed that for free nucleons can be found in an interesting calculation of the
longitudinal and transverse response functions for QEES from 3He and #He. This calculation
is carried out in the framework of Euclidian Response Functions (32,77). The calculation
has the drawback that it is non-relativistic but has the important advantage that it uses
ground state wave functions calculated with realistic nucleon-nucleon forces so that all N-N
correlations are present without their having to be perturbatively added to a simplified

basis state.

The motivation for investigating 3He and #He was the large change of the ratio of

transverse to longitudinal response in observed in QEES. The larger size of the transverse
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yield occurs even at y’=0, making it unlikely that it is due to the tail of the A resonance.
Also, the non scaling above y’=1 for increasing momentum transfer is reminiscent of the

behavior seen in the neutrino scattering experiments requiring large values for Ma. The
formalism employed in (77) successfully accounts for all the features observed in the QEES

on 3He and “He.

Their approach calculates the longitudinal and transverse response functions employing
ground state wave functions calculated with realistic N-N interactions. This work is part of a
program that has been extremely successful (78) but of necessity limited to light nuclei
(A<12). To calculate the response function the longitudinal and transverse vector currents

impart 3-momentum g; to the nuclear ground state. The Euclidian response is defined as an

integral over the QE response

,T) = Te_(w_EO "R, (

Dy

E(

q q,w)do (14)

where R, (|g|.@) are the usual QEES responses, Ey is the ground state energy of the target

nucleus and @ is minimum energy of the final state excluding elastic scattering of the
target. The quantity 7 with dimension MeV-! weights different intervals of final state energy.
The value 7=0 is the integral over all final state energy and is the sum rule for each response

function. The are obtained from calculation as:

(15)

E, (g

2=(0]o@ e "p@]0) ¢ 0@|p@o)]
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112 2 (16)

£yl 0= (0]7, @' "7, @0 - ¢ 2 (0@, @)o)

where the elastic scattering contributions are explicitly subtracted. The nuclear ground

state wave function is 0 and is that ground state recoiling with momentum . The

chief advantage of this approach is that it can be exactly calculated with final state
interactions and two body currents. The ground states are solutions of a well tested
Hamiltonian incorporating complex two body and three body nuclear interactions (78). The
model has only nucleonic degrees of freedom but includes the effects of meson exchange via

the continuity of the vector current (CVC).

div}za—p

ot (17)

which becomes

divj=[H.p]; (14

The various short-range, two body forces present in the Hamiltonian require meson
exchange to be incorporated into the transverse vector current. Far and away the most
important of these short range correlations is again the tensor force due to pions. Reference
(75) demonstrated that the effect of including both short range correlations and two body
currents greatly increases the transverse response. Results presented in reference (77)
show the greatly enhanced strength (~50%) resulting from meson exchange using a
properly correlated ground state versus much smaller enhancement (7%) for a Fermi Gas
approach. The enhancement obtained in (77) is sufficient to show that the correlations and

2-body currents can produce a response in excess of that of free nucleons. Reference (77)
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shows that a large fraction of the increased transverse strength occurs for 7<0.01 which
roughly corresponds to ®> 100MeV. This would push such events into the tail of the A

resonance and they would not be counted in inclusive QEES.

Thus, this calculation appears to confirm the notion that a broader definition of QE

scattering allows the cross section for

V,+(N,Z), >l +N-1,Z+1

to exceed the cross section for

NV, +n—>1 +p)

This approach may soon be extended to neutrino scattering (79). It will be interesting to see

the results.

Reference (80) examined the results of (26,29) and incorporated meson exchange
currents into their calculation. Their calculation fails most seriously for larger angles
(6>459) where the transverse contributions become dominant. Including meson exchange
improves the disagreement with data but not sufficiently. As this calculation is carried out
using super-scaling (35,32) explicit short-range correlations are not included so a short fall
could be expected. This work has been extended to QEES (73) including short-range

correlations but this more extensive approach has not yet been applied to neutrino CCQE.

5.2 - Final State Interactions
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Characterizing a neutrino nucleus interaction often depends on the hadronic final state.
This final state can be modified by what are termed final state interactions (FSI). The
definition of FSIs is somewhat arbitrary but in general can be understood as a subsequent
strong interaction of the product of the electroweak vertex with the other nucleons in the

nucleus.

The prevalence of final state interactions can be estimated by calculating a mean free path

for scattering (A) of the struck nucleon

on (19)

where n is the number of nucleons per cm? and o'is a characteristic N-N scattering cross
section with n=1/(7.24 x10-3°) and 6=40 x10-27,A=1.8 x 10-13 cm. Fortunately the situation

is not that bad, the repulsive part of the N-N interaction gives the struck nucleon a “free
ride” for ~.6x10-13 cm. Though FSI often play a key role in understanding particular
reactions, little experimental work has been done in this area. Carrying out meaningful
measurements requires preparing a well defined initial state in the nucleus and a
measurement of the final products. Reactions of (e,e’,p) where the initial state is created by
conventional quasielastic scattering off a proton have been examined in 12C, 27Al, 58Ni and
181Ta with the proton recoil energy averaging 180 MeV (81). There appears to be a fair
theoretical characterization of the fate of struck proton in these cases (82). Proton recoil
energies up to 1.8 GeV have been examined in (83). Ongoing studies at Jefferson Laboratory

(84) in e-3He scattering finds that the unfolding of initial and final state interactions is more
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complicated in collisions where short range correlations are involved. This will likely be

the case for many of the events occurring in neutrino-nucleus scattering.

Given the difficulty of calculating the myriad possible final states it appears that a well-
planned investigation of FSI with electron beams will be needed to quantitatively clarify

their role.

6. Conclusions

6.1 - What is ‘Quasi-Elastic’ Scattering?

Results from modern neutrino experiments have provided some cautionary tales. Neutrino
QE scattering from nuclei appears more complicated than previously envisioned. There are
complex nuclear effects in play that, as we have seen, can increase cross sections and
produce more complicated final states. Hence, some care must be taken in defining a
neutrino QE interaction. Experiments measuring a more inclusive final state may obtain
higher yields than those requiring a strict muon and single proton final state. This should
serve as word of warning to future oscillation experiments that use fine-grained near
detectors to measure “quasi-elastic” cross sections using muon+proton samples and then
apply that constraint to predict “quasi-elastic” events in a less-capable far detector whose

definition would be more inclusive because an outgoing proton track cannot be detected.

36



To make progress, what is clearly needed is a reconciliation between calculation and
experiment in what has been term QE scattering. It is likely that much of the disagreement
between existing experimental measurements and between the calculation of QE scattering
and the observed data is due to differing constraints applied in each case. Most of the
calculations are restricted to the impulse approximation applied to a momentum
distribution of individual nucleons. At the same time, experimental selection that is more
inclusive in what is termed QE will include all of the enhancements expected from meson
exchange and short-range correlations, effects that are absent in impulse approximation
calculations that impose kinematic constraints suitable to inclusive QEES. So it may be that
different QE definitions lead to fundamentally different results. With careful investigation,
this explanation may be probed by the next generation of theoretical calculations and

experimental investigation.

6.2 - Future Directions

Even if the conjectures mentioned above are correct, severe challenges for the theoretical
program remain. Among the most serious is how to treat the interference between vector
and axial vector amplitudes in the transverse response. The interference effects between
the transverse vector and axial vector amplitudes are far from obvious and may be further
complicated by FSI. Thus the results of (66,75) while employing reasonable parameters
and agreeing with the observed cross sections as a function of neutrino (anti-neutrino)
data leave some open questions. Are the effects of short-range correlations on the axial

currents as small as previously estimated? A more proper treatment of their effect on the
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transverse vector response shows a much larger (77) impact than simpler estimates. What
happens when relativistic effects are more fully respected? If a quantitatively robust
description of neutrino-nucleus scattering is achieved, how will its content be incorporated
into neutrino event generators? Once implemented, can these models explain the double-
differential distributions in the data (and not just the cross section as a function of neutrino

energy)?

Future experiments also have an important role to play. A very significant program of
looking at the relationship between, short-range correlations, meson exchange currents,
and FSI in electron scattering from 3He is underway (84) at Jefferson Laboratory. The initial

results appear far from simple to understand even for such a light nucleus.

There are also implications and opportunities for future neutrino experiments (85). Next
generation neutrino experiments will have event samples in the millions, and to obtain
precise results, improved accuracy on the largest systematic - the flux - will be crucial.
Dedicated hadroproduction measurements (86) and more extensive monitoring of beam
muons, will play a key role (59). Experiments such as Minerva and the T2K Near Detectors
will be able to study neutrino scattering using targets over a range of nuclei from helium to
lead in the same beam, collect data with neutrinos and antineutrinos, and have high
efficiency for two-track selection over a wide range of Q% and neutrino energy. Future
liquid argon detectors, being strongly affected by nuclear effects, will have extremely low

energy thresholds for detection of all particles produced in the interactions, particularly
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multiple nucleons which would be the ‘smoking gun’ for the np-nh explanations discussed
previously. An improved understanding of nuclear effects, of course, will be needed if these

detectors are to reach their full potential for physics measurements.

Overally, it is quite exciting that the study of neutrino QE scattering has opened such questions.
Such a seemingly mundane topic is far from that. Together, dedicated theoretical and
experimental work on this important topic will help clarify the issues raised by modern data

and propel us into the future.
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Article Components:

Abstract: The study of neutrino oscillations has produced a new generation of neutrino
experiments that are also exploring neutrino-nuclear scattering processes. We focus in
particular on charged current quasi-elastic scattering, a particularly important channel that
has been extensively investigated both in the bubble chamber era and by the current
generation of experiments. These recent results have created theoretical reexamination of
the issue. In this paper we will review the standard picture of quasi-elastic scattering as
developed in electron scattering, review and discuss experimental results, and discuss
additional nuclear effects such as exchange currents and short range correlations that may
be playing a significant role in neutrino-nucleus scattering.

Key Terms:

Neutrino Charged Current Quasi-Elastic Scattering - On free nucleons, the
processv,n > u p and v, p-» u'n. The largest neutrino scattering cross section at 1 GeV

and the focus of this review article.

Final State Interactions - Reinteraction of hadrons produced in the neutrino scattering
process with the spectator nucleus. Delta production, followed by pion reabsorption, is a
particularly important example.

Relativistic Fermi Gas - The simplest impulse approximation approach where the nucleus
is treated as a degenerate Fermi Gas.

Impulse Approximation - An approach to lepton-nucleus scattering where the scattering
cross section is calculated as the incoherent sum of scattering from free nucleons with
some initial momentum and energy distribution.

Spectral Functions - S(p.E), which gives the probability of finding a nucleon with
momentum /' and removal energy E, and includes a high-momentum tail in an attempt to
account for short-range nucleon-nucleon correlations.

Quasi-Elastic Electron Scattering - Electron scattering in the kinematic regime dominated
by single-nucleon knockout, and where the impulse approximation approaches are highly
successful in describing data.

Nucleon-nucleon correlations: Scattering processes that are sensitive to correlations

between the wavefunctions of two or more nucleons. Scattering from a quasi-deuteron in
the nucleus would be an example of a short-range correlation.

Acronyms:
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CCQE - Charged Current Quasi-Elastic
CVC - Conserved Vector Current

FSI - Final State Interactions

IA - Impulse Approximation

PCAC - Partially Conserved Axial Current
QE - Quasi-Elastic

QEES - Quasi-Elastic Electron Scattering
RFG - Relativistic Fermi Gas

RPA - Random Phase Approximation
SRC - Short Range Correlations

Summary Points:

1. Animproved understanding of neutrino-nucleus interactions will be important for

future oscillation experiments.

2.  There is an apparent inconsistency between the old (mainly bubble chamber, light
targets) and new (electronic detectors, nuclear targets) generation of neutrino

quasi-elastic scattering measurements.

3.  The Impulse Approximation has been extremely successful at describing electron
scattering over a wide range of kinematics where the kinematic conditions of the

calculation are respected.

4., There are fundamental differences in the electro- and neutrino-nuclear contexts,

in particular the relatively poor knowledge of the flux and neutrino energy in

neutrino experiments.
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5.

Certain nuclear effects, such as multi-nucleon correlations and final state
interactions, play a much larger role in neutrino data sets than they do in electron

scattering studies, which have the luxury of being able to restrict kinematics.

6. Data collected in the most recent neutrino experiments on nuclei including carbon,
oxygen, and iron, have turned up several intriguing results which are inconsistent
with those from the bubble chamber era.

7.  When comparing data to calculation it is crucial that the two be matched to
incorporate all final states (including multi-nucleon states) that could be present in
the data.

Future Directions:

1. Itis crucial to understand how the measured cross section on 12C at ~1 GeV could
exceed that for 6 free neutrons.

2. Anew generation of high-precision experiments will be probing these questions in
the coming decade.

3. How well will future experiments be able to improve their understanding of the
flux, which is the limiting systematic error in most of these measurements?

4.  Care will need to be taken by future experiments to ensure that the calculations

match the experimental conditions.
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5.

It will be interesting to see how calculations involving multi-nucleon correlations
including meson exchange currents match recent results in cross section
normalization and Q2 shape.

Direct measurement of multi-nucleon final states in a neutrino detector with low
thresholds could play an important role in quantifying scattering from correlated

nucleon states.
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Figure Captions:

Figure 1: The diagram on the right is the most commonly employed model of QE neutrino scattering. The
nucleus is treated as a collection of independent nucleons. The neutrino- nucleon interaction, both charged (v,1)
and neutral (v,v), is assumed to be impulsive with the spectator nucleons remaining in their initial states. The
diagram on the left is meant to show the complexity of the real situation where the interaction need not place on
a nucleon given the presence of short range interactions between nucleons.

Figure 1: Idealized spectrum of few GeV electrons scattered off a nucleus at fixed scattering angle (modified from
[cite:BenharReview]). The horizontal axis is the energy lost by the electron in the scattering. The labels indicate the
individual contributions to the total yield.

Figure 3: a) Inclusive electron scattering spectra on 3He taken at widely different incident energies and
scattering angles. Note the incident energies differ by factors of almost 25 while the cross sections differ by over
103. b) Similar data plotted as a function of the scaling variable y. See ref [cite:BenharReview] for further details.

Figure 4: Quasi-elastic scattering results. A) Total cross section measurements, B) MiniBooNE Q? distribution
[cite: data-miniboone-prl]. Dotted line indicates predicted non-quasi-elastic backgrounds to the sample. The
dashed line is the prediction using the nuclear model of Reference [smith-moniz] with Ms=1.03 GeV. The solid line
is a shape-only fit to the data assuming a higher M4 value.
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Tables:

Experiment <E,> Target Detector Year References
ANL 0.5 GeV Fe, D, spark chamber, bubble 1969-1982 (2,13,14)
chamber
BEBC 54 GeV D, bubble chamber 1990 (15)
BNL 1.6 GeV Dy, H bubble chamber 1980-1981 (16)
FNAL 27 GeV Dy, Ne-H; bubble chamber 1982-1984 (17)
GGM 2.2 GeV C3Hs, CF3Br bubble chamber 1964-1979 (18)
Serpukhov 3-30 GeV Al spark chamber 1985 (19)
SKAT 9 GeV CF3Br bubble chamber 1988-1992 (20)
ArgoNeuT 3.3 GeV Ar Liquid argon TPC 2009-2010 (21)
K2K 1.3 GeV CHz H20 Tracking detectors - solid 2003-2004 (22)
scintillator strips +
scintillating fiber tracker
MicroBooNE 0.8 GeV Ar Liquid argon TPC 2013+ (23)
MINERVA 3.3 GeV C, Fe, Pb Tracking detector (solid 2009+ (24)
scintillator strips) + EM and
hadronic calorimetery
MiniBooNE 0.8 GeV CH; Cerenkov detector 2002+ (25,26)
MINOS 3.3 GeV Fe Tracking calorimeter - iron 2004+ (27)
plates + solid
scintillator strips

NOMAD 26 GeV C Drift chambers 1995-1998 (7)
NOVA ND 2 GeV CH: Tracking detector - 2010+ (28)

liquid scintillator cells
SciBooNE 0.8 GeV CH Tracking detector (solid 2007-2008 (29)

scintillator strips)+ EM

calorimeter

T2K ND 2.1 GeV C, H20 Tracking detectors - solid 2010+ (30)

scintillator + TPCs + EM
calorimeters

Table 1: Attributes of experiments that have measured neutrino quasi-elastic scattering processes or that will
complete such studies in the near future. Bubble chamber era experiments are listed at the top, more recent
experiments at the bottom. Mean energies for FermiLab NuMI experiments MINOS, MINERVA, and ArgoNeuT

are for the Low Energy beam configuration.
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Experiment Selection # Events QE Flux/ Ma | Fa(Q?) | o(E,) | do d'o
Purity Reference dQ’ dr,de,
ANL 2 and 3-track 1,737 98% Hadro J
(14)
BEBC 3-track 552 99% v, CC J J
(15)
BNL V :3-track V:1,138 V:97% v, QE J J
V :1-track V:13 V. (49)
76%
FNAL V :2and3- V:362 V:97% v, QE
track V405 | V:85% (50) v v
V :1-track
GGM V :2-track V337 V:97% Hadro v J J J
V :1-track V 1837 V :90% (51)
Serpukhov 1-track V757 V:51% Hadro, v, CC
V:389 | V:54% (19) v
SKAT V :2-track V:540 N/A v, CC J
V :1-track V :159 (20)
K2K 1 and 2 track 5,568 62% Hadro, v, CC
(52) v
MiniBooNE 1-track 146,070 77% Hadro
3) v Vv
SciBooNE 1 and 2-track 16,501 67% Hadro
(preliminary) (53)
MINOS 1 track 345,000 61% v, CC J
(preliminary) (27)
NOMAD V:1and 2- V:14,021 | V:42% Hadro,
track V:2,237 / 74% DIS, IMD v v
V : 1-track V:37% (7)

Table 2: Summary of analysis techniques employed in the experimental

study of neutrino quasi-elastic scattering.
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Figures:
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