
globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

��N ! ��X; (54)

���N ! �þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark

chamber detectors and represent a large fraction of the data

presented in the summary plots we show. Over the years,

interest in this energy region waned as efforts migrated to

higher energies to yield larger event samples and the focus

centered on measurement of electroweak parameters (sin2�W)
and structure functions in the deep inelastic scattering region.

With the discovery of neutrino oscillations and the advent of

higher intensity neutrino beams, however, this situation has

been rapidly changing. The processes discussed here are im-

portant because they form some of the dominant signal and

background channels for experiments searching for neutrino

oscillations. This is especially true for experiments that use

atmospheric or accelerator-based sources of neutrinos. With a

view to better understanding these neutrino cross sections,

new experiments such as Argon Neutrino Test (ArgoNeuT),

KEK to Kamioka (K2K), Mini Booster Neutrino Experiment

(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER�A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 8. Predicted processes to the total CC inclusive scattering

cross section at intermediate energies. The underlying quasielastic,

resonance, and deep inelastic scattering contributions can produce a

variety of possible final states including the emission of nucleons,

single pions, multipions, kaons, as well as other mesons (not

shown). Combined, the inclusive cross section exhibits a linear

dependence on neutrino energy as the neutrino energy increases.
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross

sections (for an isoscalar target) divided by neutrino energy and

plotted as a function of energy. Data are the same as in Figs. 28, 11,

and 12, with the inclusion of additional lower energy CC inclusive

data from m (Baker et al., 1982), � (Baranov et al., 1979), j

(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also

shown are the various contributing processes that will be inves-

tigated in the remaining sections of this review. These contributions

include quasielastic scattering (dashed), resonance production (dot-

dashed), and deep inelastic scattering (dotted). Example predictions

for each are provided by the NUANCE generator (Casper, 2002).

Note that the quasielastic scattering data and predictions have been

averaged over neutron and proton targets and hence have been

divided by a factor of 2 for the purposes of this plot.
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