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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
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We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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FIG. 2. Our estimate in the lepton leg leading log approxima-
tion of the fractional difference between the electron and muon
neutrino total charged-current quasielastic cross sections, " as
defined in Eq. (15), as a function of neutrino energy. The
negative difference means that the electron neutrino cross sec-
tion is larger than the muon neutrino cross section.
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the kinematic limits in Q2. This difference is $" defined in
Eq. (15), meaning that the electron neutrino cross section is
larger than the muon neutrino cross section.
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       Selection is not sensitive to low momentum and high angle tracks.   
   Unfolding into these regions depends on the MC model (NEUT).
Present two results – with and without unfolding into unseen region.
These are the first GeV-scale νe cross-section results since Gargamelle!
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
production data.
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Dominant uncertainties on total cross-section are
•  Flux (12.9%)
•  Data statistics (8.7%)
•  Detector systematics (8.4%)

All ND280 uncertainties are 
constrained by data.


Separate systematics cover
•  FGDs
•  TPCs
•  ECals
•  External interactions


Uncertainty on number of 
target nucleons is 0.67%.

Long baseline oscillation experiments 
are searching for CP violation. 


νµ à νe oscillation is a golden channel 
for this.


We need to understand differences 
between νµ and νe cross-sections!

Many theoretical differences 
exist between νµ and νe 
cross-sections."
(PRD 86, 053003, 2012)


These need to be constrained 
by data!

discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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with current experimental data.
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1) Proton beam measurement
2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned:
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.	


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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divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 

MC predictions from interaction generators     
        NEUT v5.1.4.2 and GENIE v2.6.4.
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