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NEW



● Inclusive measurements are valuable: 

o High purity and efficiency. 
o Hadron information is almost not used. 
o Test different channel predictions from models. 

● T2K already published a νµ CC inclusive cross section using the off-axis near detector in 
2013 (PRD87). 

o Statistics was limited → loose binning. 
o Simple event selection → phase space restricted to forward region of the outgoing µ-.
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Inclusive Cross Section:
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FIG. 3. (Color online) The CC-inclusive T2K flux-folded νµ-
12C double-differential cross section per nucleon evaluated in

the SuSAv2 model is displayed as a function of the muon momentum for different bins in the muon angle. The separate
contributions of the QE, 1π and vector 2p2h MEC are displayed. The data are from [1].
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FIG. 4. (Color online) The CC-inclusive T2K flux-folded νµ-
12C double-differential cross section per nucleon is displayed
as a function of the muon momentum, which corresponds to a
bin in muon angle 0.00 < cos θµ < 0.84. The full results with
[QE+MEC+1π] and without [QE+MEC+1π(ψ∆ < 0.5)] the
high-energy tail are shown. The data are from [1].

the theoretical uncertainty associated with the extraction
of the non-QE scaling function discussed in the previous
section. The MEC curve corresponds to the fully rela-
tivistic calculation of 2p2h excitations induced by pionic

vector two-body current of [18] and parameterized in [17].
We observe that the model yields excellent agreement

with the data. Moreover, the main contribution in the
cross section comes from the QE and pion production
mechanisms. On the contrary, MEC play a minor role
at these kinematics, a result that is somehow different
from the one found in [42]. It should be noted however
that the two calculations differ in various respects: first,
the present model does not include the axial two-body
current, as explained in the previous section; second, the
two calculations, although in principle similar, involve
different approximations in the way they account for rel-
ativistic effects – the calculation of [18] being exactly
relativistic – and in some important technical details in
the multidimensional integration leading to the results
(see [13, 43]). Indeed, the MEC contributions here are so
small that, even were AA and VA contributions that are
as large as these VV contributions to be included, the
net effect would still not be very significant.
As shown in the analysis of the non-QE scaling func-

tion (Fig. 1), scaling is not fulfilled at ψ∆ ! 0−0.5 due to
other inelastic processes whose contributions start to be
more significant at high kinematics (i.e. high momentum
transferred). However, contributions beyond ψ∆ = 0.5
are not very significant at the kinematics involved in the
νµ T2K experiment, as can be seen in Fig. 4. Indeed,
the effects in the 1π cross sections associated with this

Megias et al. (2016)
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Figure 2. Flux-averaged CC-inclusive double differential νµ-12C cross sections per target nucleon as a function of the muon
momentum. The data are from T2K [42].

[43]. Although the results of these two independent mea-
surements can be consistently compared in the entire
range of energies, with the only exception of the T2K da-
tum in the energy bin 1 − 1.5 GeV, we observe that the
average magnitude of the MiniBooNE dataset is larger
than that of the T2K one. The differences between the
RGF-EDAI and RGF-DEM results are sizable. These dif-
ferences are due to the different imaginary parts of the
two OPs, particularly for the energies considered in kine-
matics with the lowest scattering angles and the largest
kinetic energies of the muon [24]. The RGF-EDAI cross
section is larger than the RGF-DEM one, in better agree-
ment with the MiniBooNE data and in agreement with
both MiniBooNE and T2K cross sections within the error
bars in the entire energy range of the data. The RGF-
DEM cross section underpredicts the MiniBooNE data
at low Eν and it is in better agreement with the T2K
data. The RPWIA cross section, which is also shown in
the figure for a comparison, is similar to the RGF-DEM
one. We note that other models based on the IA give

in general results somewhat lower than the RPWIA one
and therefore lower than the data.

In Fig. 2 we present the CC-inclusive double differen-
tial νµ-12C cross section d2σ/(dPµd cosϑµ) as a function
of the outgoing muon momentum transfer Pµ for four dif-
ferent bins in the scattering angle. The calculated cross
sections are flux-averaged over the T2K νµ flux [54] and
compared with the experimental data of [42].

The RPWIA results in Fig. 2 are approximately 50%
lower than the data. Also the RGF results underestimate
the data. Both RGF-EDAI and RGF-DEM cross sections
are generally lower than the data, although within the
error bars for low values of Pµ and large angular bins.
A satisfactory agreement with the data is obtained with
the model of [55], which includes np-nh excitations and
single-pion production. In the RGF model the imaginary
part of the OP can include the excitation of multinucleon
channels. We cannot exclude that it can contain some
contribution due to pion emission, we cannot disentangle
and evaluate the relevance of this contribution, but in
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FIG. 1. (Color online) T2K flux-averaged inclusive CC double-
differential cross section on carbon per nucleon as a function of muon
momentum. The different contributions to this inclusive cross section
obtained in our model are shown. The experimental T2K points are
taken from Ref. [7].

momentum for the various angular bins. The experimental
points are the T2K measured ones. We show separately the
different components of the theoretical cross section: first the
genuine quasielastic channel, second the total quasielastic-like
one including the multinucleon component, and the total
one including the single-pion-production cross section. The
separate contributions are given in order to allow future
comparisons with analysis of the quasielastic channel in T2K
which are in progress [19]. The coherent-pion-production
component is also shown in Fig. 1 but in this inclusive cross
section its contribution is too small to be singled out. Our
evaluation is compatible with the data. As in our previous
analysis of the MiniBooNE quasielastic-like cross sections
the multinucleon component is needed in order to reproduce
the experimental results.

For the smallest-angle bin some underevaluation in the
theory seems to show up. In this respect we can make the
following comment: The forward direction, which corresponds
to q ≃ ω, is special in one important aspect: the spin transverse
and the charge (isovector) contributions are kinematically
suppressed and only the spin longitudinal one survives [20].
For small or moderate q values, this last response includes two
separated regions of response, one at relatively large energy
transfers, ω > mπ , and one at low energy with the quasielastic
component. In addition in nuclei the np-nh response fills all
the (ω,q) plane. The large-energy part contributes to pion
emission, coherent or not, and to multinucleon emission.
They are included in our predictions. The contribution of
the low-energy part, in the quasielastic region, should in
principle be important. However, in the evaluation of the
spin longitudinal contribution there appears a factor [ω −
Q2/(2M)], which vanishes identically for the quasielastic
kinematics [11,21]. Strictly speaking, this cancellation is true
for a nucleon initially at rest, but in practice it remains true
also in the Fermi gas. Indeed, our numerical evaluation of
the spin longitudinal quasielastic contribution in neutrino or
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FIG. 2. (Color online) Inclusive CC cross section on carbon per
nucleon as a function of neutrino energy. The experimental SciBooNE
points are taken from Ref. [4].

antineutrino interactions (which is the same in both cases)
shows its smallness for all neutrino energies, as illustrated
in Fig. 3 of our previous work [12]. One can also observe
in Fig. 1 that the quasielastic contribution is smaller for the
smallest-angle bin. In view of these cancellations, one is
led to consider other contributions beyond the quasielastic
kinematics in order to avoid the canceling effect. This is,
for instance, the case for the excitation of collective giant
resonances. Their energy is low, ∼10 to 30 MeV, which is
small compared to the neutrino energy, some hundreds of
MeV. The small energy transfer in their excitation implies
that the muon energy is nearly the same as the neutrino
energy, a few hundreds of MeV, the region where the excess
of the experimental cross section seems to occur. At large
angles the contribution of the collective states is suppressed
by form-factor effects [22]. Several studies have been made
on the excitation of low-energy collective states in neutrino
interactions [22–28] but specific work is needed to assess
their role in the present type of data where forward bins offer
favorable conditions to display their contribution.

For the inclusive cross section as a function of the neutrino
energy, experimental results have been previously published
by the SciBooNE collaboration [4]. We report them in Fig. 2
together with our theoretical prediction which gives a good fit
of the data up to Eν ≃ 1 GeV but underestimates the cross
section above this value, as also reported by Nieves et al. [30].
The natural interpretation is the existence of other channels
which open up at high energies and which have not been
included in our analysis. A likely candidate for the missing
channel is the multi-pion production, in particular the two-
pion production channel, as also suggested in Refs. [30,31].
As an illustration of the likely importance of this channel
and although it has no direct connection to the neutrino cross
section, we report in Fig. 3 the total photoabsorption cross
section by a proton as a function of photon energy, as well
as the cross sections for the exclusive channels: one-pion-
production and two-pion-production channels taken from the
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FIG. 1. (Color online) T2K flux-averaged inclusive CC double-
differential cross section on carbon per nucleon as a function of muon
momentum. The different contributions to this inclusive cross section
obtained in our model are shown. The experimental T2K points are
taken from Ref. [7].

momentum for the various angular bins. The experimental
points are the T2K measured ones. We show separately the
different components of the theoretical cross section: first the
genuine quasielastic channel, second the total quasielastic-like
one including the multinucleon component, and the total
one including the single-pion-production cross section. The
separate contributions are given in order to allow future
comparisons with analysis of the quasielastic channel in T2K
which are in progress [19]. The coherent-pion-production
component is also shown in Fig. 1 but in this inclusive cross
section its contribution is too small to be singled out. Our
evaluation is compatible with the data. As in our previous
analysis of the MiniBooNE quasielastic-like cross sections
the multinucleon component is needed in order to reproduce
the experimental results.

For the smallest-angle bin some underevaluation in the
theory seems to show up. In this respect we can make the
following comment: The forward direction, which corresponds
to q ≃ ω, is special in one important aspect: the spin transverse
and the charge (isovector) contributions are kinematically
suppressed and only the spin longitudinal one survives [20].
For small or moderate q values, this last response includes two
separated regions of response, one at relatively large energy
transfers, ω > mπ , and one at low energy with the quasielastic
component. In addition in nuclei the np-nh response fills all
the (ω,q) plane. The large-energy part contributes to pion
emission, coherent or not, and to multinucleon emission.
They are included in our predictions. The contribution of
the low-energy part, in the quasielastic region, should in
principle be important. However, in the evaluation of the
spin longitudinal contribution there appears a factor [ω −
Q2/(2M)], which vanishes identically for the quasielastic
kinematics [11,21]. Strictly speaking, this cancellation is true
for a nucleon initially at rest, but in practice it remains true
also in the Fermi gas. Indeed, our numerical evaluation of
the spin longitudinal quasielastic contribution in neutrino or
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antineutrino interactions (which is the same in both cases)
shows its smallness for all neutrino energies, as illustrated
in Fig. 3 of our previous work [12]. One can also observe
in Fig. 1 that the quasielastic contribution is smaller for the
smallest-angle bin. In view of these cancellations, one is
led to consider other contributions beyond the quasielastic
kinematics in order to avoid the canceling effect. This is,
for instance, the case for the excitation of collective giant
resonances. Their energy is low, ∼10 to 30 MeV, which is
small compared to the neutrino energy, some hundreds of
MeV. The small energy transfer in their excitation implies
that the muon energy is nearly the same as the neutrino
energy, a few hundreds of MeV, the region where the excess
of the experimental cross section seems to occur. At large
angles the contribution of the collective states is suppressed
by form-factor effects [22]. Several studies have been made
on the excitation of low-energy collective states in neutrino
interactions [22–28] but specific work is needed to assess
their role in the present type of data where forward bins offer
favorable conditions to display their contribution.

For the inclusive cross section as a function of the neutrino
energy, experimental results have been previously published
by the SciBooNE collaboration [4]. We report them in Fig. 2
together with our theoretical prediction which gives a good fit
of the data up to Eν ≃ 1 GeV but underestimates the cross
section above this value, as also reported by Nieves et al. [30].
The natural interpretation is the existence of other channels
which open up at high energies and which have not been
included in our analysis. A likely candidate for the missing
channel is the multi-pion production, in particular the two-
pion production channel, as also suggested in Refs. [30,31].
As an illustration of the likely importance of this channel
and although it has no direct connection to the neutrino cross
section, we report in Fig. 3 the total photoabsorption cross
section by a proton as a function of photon energy, as well
as the cross sections for the exclusive channels: one-pion-
production and two-pion-production channels taken from the

025501-2

M. MARTINI AND M. ERICSON PHYSICAL REVIEW C 90, 025501 (2014)

0 0.2 0.4 0.6 0.8 1
0

5

10

15

0 0.2 0.4 0.6 0.8 1
0

5

10

15

0 0.2 0.4 0.6 0.8 1
0

5

10

15

0 0.2 0.4 0.6 0.8 1
0

5

10

15

T2K
QE
QE+np-nh
QE+np-nh+1π
π coherent

0 < cosθ < 0.84 0.84 < cosθ < 0.90

0.90 < cosθ < 0.94 0.94 < cosθ < 1

pµ (GeV/c)

d2 σ/
(d

p µ d
co

sθ
) 

(1
0-3

9 cm
2 /(

G
eV

/c
))

FIG. 1. (Color online) T2K flux-averaged inclusive CC double-
differential cross section on carbon per nucleon as a function of muon
momentum. The different contributions to this inclusive cross section
obtained in our model are shown. The experimental T2K points are
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momentum for the various angular bins. The experimental
points are the T2K measured ones. We show separately the
different components of the theoretical cross section: first the
genuine quasielastic channel, second the total quasielastic-like
one including the multinucleon component, and the total
one including the single-pion-production cross section. The
separate contributions are given in order to allow future
comparisons with analysis of the quasielastic channel in T2K
which are in progress [19]. The coherent-pion-production
component is also shown in Fig. 1 but in this inclusive cross
section its contribution is too small to be singled out. Our
evaluation is compatible with the data. As in our previous
analysis of the MiniBooNE quasielastic-like cross sections
the multinucleon component is needed in order to reproduce
the experimental results.

For the smallest-angle bin some underevaluation in the
theory seems to show up. In this respect we can make the
following comment: The forward direction, which corresponds
to q ≃ ω, is special in one important aspect: the spin transverse
and the charge (isovector) contributions are kinematically
suppressed and only the spin longitudinal one survives [20].
For small or moderate q values, this last response includes two
separated regions of response, one at relatively large energy
transfers, ω > mπ , and one at low energy with the quasielastic
component. In addition in nuclei the np-nh response fills all
the (ω,q) plane. The large-energy part contributes to pion
emission, coherent or not, and to multinucleon emission.
They are included in our predictions. The contribution of
the low-energy part, in the quasielastic region, should in
principle be important. However, in the evaluation of the
spin longitudinal contribution there appears a factor [ω −
Q2/(2M)], which vanishes identically for the quasielastic
kinematics [11,21]. Strictly speaking, this cancellation is true
for a nucleon initially at rest, but in practice it remains true
also in the Fermi gas. Indeed, our numerical evaluation of
the spin longitudinal quasielastic contribution in neutrino or
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antineutrino interactions (which is the same in both cases)
shows its smallness for all neutrino energies, as illustrated
in Fig. 3 of our previous work [12]. One can also observe
in Fig. 1 that the quasielastic contribution is smaller for the
smallest-angle bin. In view of these cancellations, one is
led to consider other contributions beyond the quasielastic
kinematics in order to avoid the canceling effect. This is,
for instance, the case for the excitation of collective giant
resonances. Their energy is low, ∼10 to 30 MeV, which is
small compared to the neutrino energy, some hundreds of
MeV. The small energy transfer in their excitation implies
that the muon energy is nearly the same as the neutrino
energy, a few hundreds of MeV, the region where the excess
of the experimental cross section seems to occur. At large
angles the contribution of the collective states is suppressed
by form-factor effects [22]. Several studies have been made
on the excitation of low-energy collective states in neutrino
interactions [22–28] but specific work is needed to assess
their role in the present type of data where forward bins offer
favorable conditions to display their contribution.

For the inclusive cross section as a function of the neutrino
energy, experimental results have been previously published
by the SciBooNE collaboration [4]. We report them in Fig. 2
together with our theoretical prediction which gives a good fit
of the data up to Eν ≃ 1 GeV but underestimates the cross
section above this value, as also reported by Nieves et al. [30].
The natural interpretation is the existence of other channels
which open up at high energies and which have not been
included in our analysis. A likely candidate for the missing
channel is the multi-pion production, in particular the two-
pion production channel, as also suggested in Refs. [30,31].
As an illustration of the likely importance of this channel
and although it has no direct connection to the neutrino cross
section, we report in Fig. 3 the total photoabsorption cross
section by a proton as a function of photon energy, as well
as the cross sections for the exclusive channels: one-pion-
production and two-pion-production channels taken from the
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except for the largest one (cos θ = 0.42). There it amounts to
about 20% of the total; at the other angles it is significantly
smaller. DIS gives a small contribution at all angles; except
for the largest one it is very close to that of 2p2h processes.

C. MicroBooNE results

The recently started experiment MicroBooNE [61] works
with the Booster Neutrino Beam (BNB) at Fermilab whose
flux distribution is very similar to that of MiniBooNE. The
difference is that now a heavier target, 40Ar, is used in a
liquid argon detector. We have, therefore, also performed a
calculation of the double-differential cross section for that
target, using the BNB flux. The predicted cross section shown
in Fig. 12 is now, contrary to the one for MiniBooNE, not just
a QE + 2p2p cross section, but instead a fully inclusive one.

It is seen that the " contribution is always as large or
even larger (at forward angles) than the 2p2h contribution.
This underlines the need to control this " contribution
quantitatively if one is interested in a study of 2p2h processes.
Tuning a generator such that just the total number of pions
is reproduced is not sufficient to pin this contribution down.
Instead, a double-differential cross section for the pions is
necessary to make any analysis of 2p2h processes more
quantitative.

Also in other aspects this double-differential distribution
per nucleon does not differ significantly from the one obtained
for the MiniBooNE. The higher target mass number mainly

affects the fsi of outgoing particles while the initial interaction
and thus the inclusive cross section per nucleon scales approx-
imately with A. This is true even for the 2p2h interaction,
if the interaction between the two nucleons is short-ranged
(see discussion in Sec. II C 3 and [50]). However, it is still a
matter of ongoing debate whether the 2p2h correlations are
indeed short ranged. A detailed experimental comparison of
QE-like data on C (MiniBooNE) and Ar (MicroBooNE) could
thus help to determine this property of the 2p2h interactions.
MicroBooNE with its relatively low beam energy, and a flux
that is very similar to that at MiniBooNE, should be ideally
suited for that purpose since here QE and 2p2h constitute a
major part of the total cross section.

D. NOvA near detector results

At higher energies the NOvA experiment works with a flux
that is centered around 2 GeV. In Fig. 13 we show the predicted
inclusive double-differential cross section per nucleon for the
muon neutrino flux at the NOvA near detector. Immediately
noticeable, in comparison to the results obtained for the lower
energies at MiniBooNE, MicroBooNE, and T2K, is the fact
that the cross section is now much more forward-peaked.
This can be understood by noting that the energy is higher
and that most of the cross section still comes at rather small
Q2 ≈ 0.1–0.2 GeV2. The relation Q2 = 4EνE

′
µ sin2 θ/2 then

leads to a dominance of small angles. Noticeable in the most
forward bin (cos θ = 0.95) is the long-tailed, flat cross section
at higher muon energies. This is caused by DIS events that
come in because even the NOvA flux extends up to high (≈30
GeV) energies where DIS becomes dominant with σDIS ∝ Eν .
For the larger angles with cos θ ! 0.35 DIS is the dominant
component. It is connected with the largest energy loss and,
therefore, peaks at the smallest Tµ. For all angles true QE and
" excitation are roughly equal in magnitude.

E. NUMI beam results

Compared to MiniBooNE and MicroBooNE a very differ-
ent flux distribution is present in the NUMI beam. Neutrino
energies reach up to much higher values and also the average
energy lies significantly higher (approximately 3.5 GeV vs
0.7 GeV for T2K and MicroBooNE). The beam’s energy
profile is similar to that of the LBNF and the planned DUNE
experiment. It is thus essential also for the future DUNE results
to understand the reaction mechanisms in a quantitative way.

At present the experiment MINERvA operates in this beam.
Its acceptance is such that only high-energy muons with
scattering angles less than about 20 degrees make it into
the muon detector. We, therefore, show in the upper part of
Fig. 14 the inclusive cross section for a 12C target only for
cos θ = 0.95, averaged over the MINERvA flux. For higher
angles the cross section drops rapidly as already seen for the
NOvA experiment, but even more pronounced here because of
the still higher beam energy (⟨Eν⟩ ≈ 3.6 GeV at MINERvA
vs. 2 GeV for NOvA).

Thus all the neutrino-nucleus interaction physics at the
MINERvA experiment is concentrated in a very forward
direction. Furthermore, the muon spectrometer used in that
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except for the largest one (cos θ = 0.42). There it amounts to
about 20% of the total; at the other angles it is significantly
smaller. DIS gives a small contribution at all angles; except
for the largest one it is very close to that of 2p2h processes.

C. MicroBooNE results

The recently started experiment MicroBooNE [61] works
with the Booster Neutrino Beam (BNB) at Fermilab whose
flux distribution is very similar to that of MiniBooNE. The
difference is that now a heavier target, 40Ar, is used in a
liquid argon detector. We have, therefore, also performed a
calculation of the double-differential cross section for that
target, using the BNB flux. The predicted cross section shown
in Fig. 12 is now, contrary to the one for MiniBooNE, not just
a QE + 2p2p cross section, but instead a fully inclusive one.

It is seen that the " contribution is always as large or
even larger (at forward angles) than the 2p2h contribution.
This underlines the need to control this " contribution
quantitatively if one is interested in a study of 2p2h processes.
Tuning a generator such that just the total number of pions
is reproduced is not sufficient to pin this contribution down.
Instead, a double-differential cross section for the pions is
necessary to make any analysis of 2p2h processes more
quantitative.

Also in other aspects this double-differential distribution
per nucleon does not differ significantly from the one obtained
for the MiniBooNE. The higher target mass number mainly

affects the fsi of outgoing particles while the initial interaction
and thus the inclusive cross section per nucleon scales approx-
imately with A. This is true even for the 2p2h interaction,
if the interaction between the two nucleons is short-ranged
(see discussion in Sec. II C 3 and [50]). However, it is still a
matter of ongoing debate whether the 2p2h correlations are
indeed short ranged. A detailed experimental comparison of
QE-like data on C (MiniBooNE) and Ar (MicroBooNE) could
thus help to determine this property of the 2p2h interactions.
MicroBooNE with its relatively low beam energy, and a flux
that is very similar to that at MiniBooNE, should be ideally
suited for that purpose since here QE and 2p2h constitute a
major part of the total cross section.

D. NOvA near detector results

At higher energies the NOvA experiment works with a flux
that is centered around 2 GeV. In Fig. 13 we show the predicted
inclusive double-differential cross section per nucleon for the
muon neutrino flux at the NOvA near detector. Immediately
noticeable, in comparison to the results obtained for the lower
energies at MiniBooNE, MicroBooNE, and T2K, is the fact
that the cross section is now much more forward-peaked.
This can be understood by noting that the energy is higher
and that most of the cross section still comes at rather small
Q2 ≈ 0.1–0.2 GeV2. The relation Q2 = 4EνE

′
µ sin2 θ/2 then

leads to a dominance of small angles. Noticeable in the most
forward bin (cos θ = 0.95) is the long-tailed, flat cross section
at higher muon energies. This is caused by DIS events that
come in because even the NOvA flux extends up to high (≈30
GeV) energies where DIS becomes dominant with σDIS ∝ Eν .
For the larger angles with cos θ ! 0.35 DIS is the dominant
component. It is connected with the largest energy loss and,
therefore, peaks at the smallest Tµ. For all angles true QE and
" excitation are roughly equal in magnitude.

E. NUMI beam results

Compared to MiniBooNE and MicroBooNE a very differ-
ent flux distribution is present in the NUMI beam. Neutrino
energies reach up to much higher values and also the average
energy lies significantly higher (approximately 3.5 GeV vs
0.7 GeV for T2K and MicroBooNE). The beam’s energy
profile is similar to that of the LBNF and the planned DUNE
experiment. It is thus essential also for the future DUNE results
to understand the reaction mechanisms in a quantitative way.

At present the experiment MINERvA operates in this beam.
Its acceptance is such that only high-energy muons with
scattering angles less than about 20 degrees make it into
the muon detector. We, therefore, show in the upper part of
Fig. 14 the inclusive cross section for a 12C target only for
cos θ = 0.95, averaged over the MINERvA flux. For higher
angles the cross section drops rapidly as already seen for the
NOvA experiment, but even more pronounced here because of
the still higher beam energy (⟨Eν⟩ ≈ 3.6 GeV at MINERvA
vs. 2 GeV for NOvA).

Thus all the neutrino-nucleus interaction physics at the
MINERvA experiment is concentrated in a very forward
direction. Furthermore, the muon spectrometer used in that
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detector. The numbers in the individual plots give the cos θ of the
outgoing muon. The solid curve gives the sum of all contributions;
the contributions of some dominant reaction channels are explicitly
indicated in the figure. Data are taken from [63]

except for the largest one (cos θ = 0.42). There it amounts to
about 20% of the total; at the other angles it is significantly
smaller. DIS gives a small contribution at all angles; except
for the largest one it is very close to that of 2p2h processes.

C. MicroBooNE results

The recently started experiment MicroBooNE [61] works
with the Booster Neutrino Beam (BNB) at Fermilab whose
flux distribution is very similar to that of MiniBooNE. The
difference is that now a heavier target, 40Ar, is used in a
liquid argon detector. We have, therefore, also performed a
calculation of the double-differential cross section for that
target, using the BNB flux. The predicted cross section shown
in Fig. 12 is now, contrary to the one for MiniBooNE, not just
a QE + 2p2p cross section, but instead a fully inclusive one.

It is seen that the " contribution is always as large or
even larger (at forward angles) than the 2p2h contribution.
This underlines the need to control this " contribution
quantitatively if one is interested in a study of 2p2h processes.
Tuning a generator such that just the total number of pions
is reproduced is not sufficient to pin this contribution down.
Instead, a double-differential cross section for the pions is
necessary to make any analysis of 2p2h processes more
quantitative.

Also in other aspects this double-differential distribution
per nucleon does not differ significantly from the one obtained
for the MiniBooNE. The higher target mass number mainly

affects the fsi of outgoing particles while the initial interaction
and thus the inclusive cross section per nucleon scales approx-
imately with A. This is true even for the 2p2h interaction,
if the interaction between the two nucleons is short-ranged
(see discussion in Sec. II C 3 and [50]). However, it is still a
matter of ongoing debate whether the 2p2h correlations are
indeed short ranged. A detailed experimental comparison of
QE-like data on C (MiniBooNE) and Ar (MicroBooNE) could
thus help to determine this property of the 2p2h interactions.
MicroBooNE with its relatively low beam energy, and a flux
that is very similar to that at MiniBooNE, should be ideally
suited for that purpose since here QE and 2p2h constitute a
major part of the total cross section.

D. NOvA near detector results

At higher energies the NOvA experiment works with a flux
that is centered around 2 GeV. In Fig. 13 we show the predicted
inclusive double-differential cross section per nucleon for the
muon neutrino flux at the NOvA near detector. Immediately
noticeable, in comparison to the results obtained for the lower
energies at MiniBooNE, MicroBooNE, and T2K, is the fact
that the cross section is now much more forward-peaked.
This can be understood by noting that the energy is higher
and that most of the cross section still comes at rather small
Q2 ≈ 0.1–0.2 GeV2. The relation Q2 = 4EνE

′
µ sin2 θ/2 then

leads to a dominance of small angles. Noticeable in the most
forward bin (cos θ = 0.95) is the long-tailed, flat cross section
at higher muon energies. This is caused by DIS events that
come in because even the NOvA flux extends up to high (≈30
GeV) energies where DIS becomes dominant with σDIS ∝ Eν .
For the larger angles with cos θ ! 0.35 DIS is the dominant
component. It is connected with the largest energy loss and,
therefore, peaks at the smallest Tµ. For all angles true QE and
" excitation are roughly equal in magnitude.

E. NUMI beam results

Compared to MiniBooNE and MicroBooNE a very differ-
ent flux distribution is present in the NUMI beam. Neutrino
energies reach up to much higher values and also the average
energy lies significantly higher (approximately 3.5 GeV vs
0.7 GeV for T2K and MicroBooNE). The beam’s energy
profile is similar to that of the LBNF and the planned DUNE
experiment. It is thus essential also for the future DUNE results
to understand the reaction mechanisms in a quantitative way.

At present the experiment MINERvA operates in this beam.
Its acceptance is such that only high-energy muons with
scattering angles less than about 20 degrees make it into
the muon detector. We, therefore, show in the upper part of
Fig. 14 the inclusive cross section for a 12C target only for
cos θ = 0.95, averaged over the MINERvA flux. For higher
angles the cross section drops rapidly as already seen for the
NOvA experiment, but even more pronounced here because of
the still higher beam energy (⟨Eν⟩ ≈ 3.6 GeV at MINERvA
vs. 2 GeV for NOvA).

Thus all the neutrino-nucleus interaction physics at the
MINERvA experiment is concentrated in a very forward
direction. Furthermore, the muon spectrometer used in that
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● Statistics has been increased by a factor of five. 

● New event selection has been developed: 

o Increase the angular acceptance for                                                                                                   
high-angle and backward-going muons. 

o Reduce the pion contamination                                                                                                              
(main background). 

● Full use of the off-axis near detector                                                                                          
(ND280) is required.
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New      Off-Axis Inclusive Cross Section:

*C[86%]H[7%]O[4%]

Neutrinos

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*

NEW



● Event selection focused on the TRACKER region (FGDs+TPCs). 

o Select tracks starting in the FGD1 entering in TPC2. 
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● Event selection focused on the TRACKER region (FGDs+TPCs). 

o Select tracks starting in the FGD1 entering in TPC2. 
o Momentum/charge (curvature) and PID (energy loss) reconstructed using TPC.
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● Event selection focused on the TRACKER region (FGDs+TPCs). 

o Select tracks starting in the FGD1 entering in TPC2. 
o Momentum/charge (curvature) and PID (energy loss) reconstructed using TPC. 
o Other detectors used as veto.
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● New νµ CC selection aims for full coverage in ND280.
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● New νµ CC selection aims for full coverage in ND280. 

o Select backward-going muons using timing (FGD1-FGD2 // FGD1-P0D // FGD1-ECAL).
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● New νµ CC selection aims for full coverage in ND280. 

o Select backward-going muons using timing (FGD1-FGD2 // FGD1-P0D // FGD1-ECAL).  
o Select high-angle muons using calorimeter information.
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Cross-section Extraction:

In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152

µ). The background contributions are broken down in:153

• ⌫µCC � noµ: true CC events in FGD1 FV in which the muon candidate is not the154

true muon.155

• no⌫µCC: not true CC events within FGD1 FV.156

• OOFV : events with their true vertex out of the fiducial volume.157

By requiring the muon candidate to be the true muon, it is ensured that unfolding158

is only removing detector dependencies. On the contrary, for ⌫µCC � noµ events, re-159

constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161

generators. Consequently, not to unfold events in which a hadron is selected as muon162

candidate is more consistent.163

Meanwhile, it is important to notice that not including ⌫µCC�noµ events will reduce164

the signal e�ciency and increase the background. Therefore, some model dependencies are165

introduced in this terms. However, such dependencies can be evaluated better studying166

the behaviour of those terms using di↵erent models.167

Using this signal definition, double di↵erential cross section is written as follows:168

d�

dpµ,idcos✓µ,j
=

NCC�µ
ij

✏CC�µ,MC
ij �NFV

nucleons�pµ,i�cos✓µ,j
(3)

Where NCC�µ
ij is the number of selected ⌫µCC�µ events with momentum and angle in169

bin i and j respectively. In order to report a ⌫µCC inclusive cross section, reconstruction170

e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)

7

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*

*C[86%]H[7%]O[4%]
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In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152
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constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161
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and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173
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For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180
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7

*C[86%]H[7%]O[4%]

● Flux integrated result: 
o Detector dependent. 
o Less model bias.

Cross-section Extraction:

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*

12
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In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152
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e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)

7

*C[86%]H[7%]O[4%]

● µ kinematics unfolded using maximum likelihood fit (PRD 93, 112012 [2016]). 

● Background subtraction controlled with π- sidebands. 

Cross-section Extraction:

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*

p [GeV/c]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

BCKG = 1484.27 (1463.43) // SIDE = 760.535 (733.741)

NEUT SIDEBANDS            (760.5 evts)
NEUT π- BACKGROUND  (1484.3 evts)
GENIE SIDEBANDS          (733.7 evts)
GENIE π- BACKGROUND (1463.4 evts)  
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In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152

µ). The background contributions are broken down in:153

• ⌫µCC � noµ: true CC events in FGD1 FV in which the muon candidate is not the154

true muon.155

• no⌫µCC: not true CC events within FGD1 FV.156

• OOFV : events with their true vertex out of the fiducial volume.157

By requiring the muon candidate to be the true muon, it is ensured that unfolding158

is only removing detector dependencies. On the contrary, for ⌫µCC � noµ events, re-159

constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161

generators. Consequently, not to unfold events in which a hadron is selected as muon162

candidate is more consistent.163

Meanwhile, it is important to notice that not including ⌫µCC�noµ events will reduce164

the signal e�ciency and increase the background. Therefore, some model dependencies are165

introduced in this terms. However, such dependencies can be evaluated better studying166

the behaviour of those terms using di↵erent models.167

Using this signal definition, double di↵erential cross section is written as follows:168

d�

dpµ,idcos✓µ,j
=

NCC�µ
ij

✏CC�µ,MC
ij �NFV

nucleons�pµ,i�cos✓µ,j
(3)

Where NCC�µ
ij is the number of selected ⌫µCC�µ events with momentum and angle in169

bin i and j respectively. In order to report a ⌫µCC inclusive cross section, reconstruction170

e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)

7

*C[86%]H[7%]O[4%]

● Efficiency correction using two different predictions.
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Cross-section Extraction:

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*
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In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152

µ). The background contributions are broken down in:153

• ⌫µCC � noµ: true CC events in FGD1 FV in which the muon candidate is not the154

true muon.155

• no⌫µCC: not true CC events within FGD1 FV.156

• OOFV : events with their true vertex out of the fiducial volume.157

By requiring the muon candidate to be the true muon, it is ensured that unfolding158

is only removing detector dependencies. On the contrary, for ⌫µCC � noµ events, re-159

constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161

generators. Consequently, not to unfold events in which a hadron is selected as muon162

candidate is more consistent.163

Meanwhile, it is important to notice that not including ⌫µCC�noµ events will reduce164

the signal e�ciency and increase the background. Therefore, some model dependencies are165

introduced in this terms. However, such dependencies can be evaluated better studying166

the behaviour of those terms using di↵erent models.167

Using this signal definition, double di↵erential cross section is written as follows:168

d�

dpµ,idcos✓µ,j
=

NCC�µ
ij

✏CC�µ,MC
ij �NFV

nucleons�pµ,i�cos✓µ,j
(3)

Where NCC�µ
ij is the number of selected ⌫µCC�µ events with momentum and angle in169

bin i and j respectively. In order to report a ⌫µCC inclusive cross section, reconstruction170

e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)

7

*C[86%]H[7%]O[4%]

● Efficiency correction using NEUT 5.3.0 and GENIE 2.8.0 predictions. 
o Discrepancies for low momentum muons going forward (in RES and DIS channels).
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Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017)

*C[86%]H[7%]O[4%]

● Source of errors  →  

● Flux normalization uncertainty dominates, and                                                                                            
generator modeling uncertainty is low (except                                                                                         
backward region).

~9% ~0.7%
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Cross-section Extraction:

Goal -> double-differential (pµ,cosθµ) cross section νµ CC inclusive on plastic*

16

In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152

µ). The background contributions are broken down in:153

• ⌫µCC � noµ: true CC events in FGD1 FV in which the muon candidate is not the154

true muon.155

• no⌫µCC: not true CC events within FGD1 FV.156

• OOFV : events with their true vertex out of the fiducial volume.157

By requiring the muon candidate to be the true muon, it is ensured that unfolding158

is only removing detector dependencies. On the contrary, for ⌫µCC � noµ events, re-159

constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161

generators. Consequently, not to unfold events in which a hadron is selected as muon162

candidate is more consistent.163

Meanwhile, it is important to notice that not including ⌫µCC�noµ events will reduce164

the signal e�ciency and increase the background. Therefore, some model dependencies are165

introduced in this terms. However, such dependencies can be evaluated better studying166

the behaviour of those terms using di↵erent models.167

Using this signal definition, double di↵erential cross section is written as follows:168

d�

dpµ,idcos✓µ,j
=

NCC�µ
ij

✏CC�µ,MC
ij �NFV

nucleons�pµ,i�cos✓µ,j
(3)

Where NCC�µ
ij is the number of selected ⌫µCC�µ events with momentum and angle in169

bin i and j respectively. In order to report a ⌫µCC inclusive cross section, reconstruction170

e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)
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● Robust cross-section measurement (same results with two models).

Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017)
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T2K preliminary
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● T2K near detectors provide a perfect opportunity to make precise cross section 
measurements. 

● νµ CC selection has been improved in order to increase both purity and angular 
acceptance. 

● New inclusive cross-section measurement has been developed using new selection. 

● Other on-going inclusive analyses: 

o σwater/σscint using two FGDs sub-detectors in ND280 (off-axis). 

o νµ CC-inclusive cross section with H2O using INGRID (on-axis). 

o Run 8 will increase by a factor ~2 statistics. 
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● Off-axis neutrino flux -> narrow peak centred at ~600 MeV. 

● Low multiplicity interactions are dominant in this energy region. 

● Nuclear medium plays a fundamental role. 

Off-axis Neutrino Flux:



Event generators:

NEUT 5.3.2 GENIE 2.8.0

CCQE

SF (Benhar et al., 2000) 
BBA05 (Bradford et al., 2005) 

MAQE = 1.21 GeV/c2 

pF [12C] = 217 MeV/c 
EB [12C] = 25 MeV

RFG (Bodek et al., 1981) 
BBA05 (Bradford et al., 2005) 

MAQE = 0.99 GeV/c2 

pF [12C] = 221 MeV/c 
EB [12C] = 25 MeV

2p2h Nieves et al., 2011 -

CCRES
W<2 GeV  

Rein-Sehgal, 1981 
FF (Graczyk et al., 2008)

W<1.7 GeV  
Rein-Sehgal, 1981 

FF (Kuzmin et al., 2016)

CCDIS
W>1.3 GeV (w/o single π) 

GRV98 PDF (Glück et al. 1998) 
BY corr. at low Q2 (Bodek et al. 2003) 

W>1.7 GeV (for W<1.7 GeV is tuned)  
GRV98 PDF (Glück et al. 1998) 

BY corr. at low Q2 (Bodek et al. 2005)

Hadronization

W < 2 GeV 
KNO scaling (Koba et al. 1972) 

W > 2 GeV 
PYTHIA/JETSET

W < 2.3 GeV 
AGKY (Koba et al. 1972) 

2.3 GeV < W < 3 GeV 
AGKY (Koba et al. 1972) + PYTHIA/JETSET 

W > 3 GeV 
PYTHIA/JETSET

FSI Intra-nuclear cascade Intra-nuclear cascade 
(INTRANUKE hA)



Momentum distribution:
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Angular distribution:
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Sidebands:
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  background modelling 
  (NC and pion FSI). 

● Highly pure π- sample. 
● Sidebands and background in signal selection have similar shape.

π- BCKG → NEUT & GENIE  = ~1500 events(~6%) 
π- SIDEBANDS → NEUT & GENIE  = ~750 events (~70%)
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● Efficiency computed with two different MC:

Efficiency:
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Systematics uncertainties:

In this analysis an event is defined as signal if the muon candidate is a true muon151

coming out from an ⌫µCC interaction happening within the FGD1 FV (so called ⌫µCC�152

µ). The background contributions are broken down in:153

• ⌫µCC � noµ: true CC events in FGD1 FV in which the muon candidate is not the154

true muon.155

• no⌫µCC: not true CC events within FGD1 FV.156

• OOFV : events with their true vertex out of the fiducial volume.157

By requiring the muon candidate to be the true muon, it is ensured that unfolding158

is only removing detector dependencies. On the contrary, for ⌫µCC � noµ events, re-159

constructed and true muon variables do not rely on detector dependencies but on MC160

theoretical model. Besides, kinematics of outgoing hadrons is not well modeled by MC161

generators. Consequently, not to unfold events in which a hadron is selected as muon162

candidate is more consistent.163

Meanwhile, it is important to notice that not including ⌫µCC�noµ events will reduce164

the signal e�ciency and increase the background. Therefore, some model dependencies are165

introduced in this terms. However, such dependencies can be evaluated better studying166

the behaviour of those terms using di↵erent models.167

Using this signal definition, double di↵erential cross section is written as follows:168

d�

dpµ,idcos✓µ,j
=

NCC�µ
ij

✏CC�µ,MC
ij �NFV

nucleons�pµ,i�cos✓µ,j
(3)

Where NCC�µ
ij is the number of selected ⌫µCC�µ events with momentum and angle in169

bin i and j respectively. In order to report a ⌫µCC inclusive cross section, reconstruction170

e�ciency is defined as follows.171

✏CC�µ,MC
ij =

NCC�µ,MC
ij

N genCC,MC
ij

(4)

Where NCC�µ,MC
ij is the number of selected ⌫µCC � µ events in MC with momentum172

and angle in bin i and j respectively. While N genCC,MC
ij is the number of generated ⌫µCC173

events in MC.174

For simplicity, pµ and ✓µ bins i and j, will be merged into one single bin from now on.175

When unfolding, relation between reconstructed and true variables for selected events176

is used. This is the so called transfer matrix, Mk(s),MC
rt,e (which is obtained from MC).177

Where r and t are the reconstructed and true bins for the muon variables respectively. e178

is the true energy bin of the incoming neutrino, k is the true reaction type of the interaction179

and s is the sample in which the event is selected (see Sec. 3.2). Then e�ciency can be180

stated as follows:181

✏CC�µ,MC
t =

Psamples
s

PE
⌫

bins
e

Precobins
r MCC�µ(s),MC

rt,ePE
⌫

bins
e N genCC,MC

t,e

(5)
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MODELLING

4.6.2 Cross section529

NIWG provides several dials that can be used to control both the shape and normalisation530

of the kinematical distributions predicted by nominal MC (see Ref. [18]). In this analysis,531

same dials that BANFF 2016 will be taken into account with their associated correlations532

(see Ref. [19]). For CCQE dials, the uncertainties are increased and no correlation will533

be used because of the tension when fitting external data (see Table 8 and Fig. 37).534

Similarly to FSI dials, XSEC dials can only be used within certain valid range. How-535

ever, in this case both thrown and fitted values are forced to fall within the boundary536

limits.537

Dial Code Type Prior Error Valid range
MAQE kNXSec MaCCQE Shape 1.2 0.3 [0, 9999]
pF C kNIWG2014a pF C12 Shape 217 30 [200, 275]
MEC C kNIWGMEC Norm C12 Norm 1 1 [0, 9999]
EB C kNIWG2014a Eb C12 Shape 25 30 [12, 42]
pF O kNIWG2014a pF O16 Shape 225 30 [200, 275]
MEC O kNIWGMEC Norm O16 Norm 1 1 [0, 9999]
EB O kNIWG2014a Eb O16 Shape 27 30 [12, 42]
CA5 kNXSec CA5RES Shape 1.01 0.12 [0, 9999]
MANFFRES kNXSec MaNFFRES Shape 0.95 0.15 [0, 9999]
BgRES kNXSec BgSclRES Shape 1.3 0.2 [0, 9999]
DISMPISHP kNIWG2012a dismpishp Shape 0 0.4 [�9999, 9999]
CCCOH C 0 kNIWG2012a cccohE0 Norm 1 0.3 [0, 9999]
CCCOH O 0 kNIWG2012a cccohE0 Norm 1 0.3 [0, 9999]
CNUE 0 kNIWG2012a ccnueE0 Norm 1 0.03 [0, 9999]
CNUEBAR 0 kNIWG2012a ccnueE0 Norm 1 0.03 [0, 9999]
NCCOH 0 kNIWG2012a nccohE0 Norm 1 0.3 [0, 9999]
NCOTHER 0 kNIWG2012a ncotherE0 Norm 1 0.3 [0, 9999]

Table 8: XSEC dials taken into account for these analysis.

Appendix C summarises the impact of each XSEC dial in this analysis. Most of these538

parameters a↵ect both sidebands and selected signal events. Therefore, they are not539

included as nuisance. The only dial that can be constrained is NCOTHER 0. Indeed, using540

the same two tests as in FSI case, a clear correlation between the fitted and thrown value541

for this parameter is observed (see Fig. 38).542

The distribution from Eq. 16 after 500 toys are shown in Fig. 40 when including543

nuisance parameters. From that distribution, the relative uncertainties can be extracted544

(see Fig 36). The e↵ect of including NCOTHER 0 parameter as nusince is significant in the545

regions of the phase space where the NC contamination is higher.546

The distribution from Eq. 16 after 500 toys are shown in Fig. 40 with and without547

including NCOTHER 0 parameter as nuisance. Dividing the width of that distribution by548

the mean of the distribution defined in Eq. 15, the relative uncertainties can be extracted.549

Fig 41 shows the relative errors in both scenarios, while Fig 39 shows the associated550

correlation across bins when NCOTHER 0 parameter is included as nuisance in the fit. The551

e↵ect of including NCOTHER 0 parameter as nusince is significant in the regions of the552

phase space where the NC contamination is higher.553

52

π FSI XSEC

NUISANCE

NUISANCE

π HADRON

Consequently, after minimisation is found, transfer matrix and e�ciency must be497

recomputed using the free parameters from the fit.498

M̂k(s),F IT
rt(x),e =

nuisancesY

p

w(p)k(s)rt(x)M̂
k(s),MC
rt,e (34)

✏̂CC�µ,FIT
t(x) =

Psamples
s

PE
⌫

bins
e

Precobins
r

Qnuisances
p w(p)k(s)t(x)M̂

CC�µ(s),MC
rt,e

PE
⌫

bins
e

Qnuisances
p w(p)t(x)N̂

genCC,MC
t,e

(35)

Furthermore, unfolded selected signal events includes correction factors.499

N̂CC�µ,FIT
t(x) = ct(x)

samplesX

s

reactionsX

k

E
⌫

binsX

e

recobinsX

r

M̂k(s),F IT
rt,e(x) (36)

4.6.1 FSI500

Final state interactions a↵ect hadrons before they leave the nuclear medium, changing501

their true identity and kinematics. In this analysis, the main hadronic contribution comes502

from pions wrongly tagged as muons candidate (proton contribution is negligible). There-503

fore, only pion FSI contribution will be taken into account. NIWG provides several dials504

that can be used to control the pion FSI contribution predicted by nominal MC (see505

Ref. [18]). Table 7 shows the di↵erent FSI dials that will be studied and Fig 32 their506

correlations.507

When the value of the FSI dials is far away from its nominal value, huge fluctuations508

are observed for their associated weights. Therefore, when throwing FSI dials, they are509

forced to fall within certain predefined valid range. If any of the thrown values falls510

outside of the boundary, all the values will be thrown again. For the nuisance parameters511

this boundary limits are not used.512

Dial Code Type Prior Error Valid range
FSI INEL LO E kNCasc FrInelLow pi Shape 0.0 0.41 [�0.8, 1.2]
FSI INEL HI E kNCasc FrInelHigh pi Shape 0.0 0.34 [�0.8, 1.2]
FSI PI PROD kNCasc FrPiProd pi Shape 0.0 0.5 [�0.8, 1.2]
FSI PI ABS kNCasc FrAbs pi Shape 0.0 0.41 [�0.6, 0.9]
FSI CEX LO E kNCasc FrCExLow pi Shape 0.0 0.57 [�0.8, 1.2]
FSI CEX HI E kNCasc FrCExHigh pi Shape 0.0 0.28 [�0.8, 1.2]

Table 7: Pion FSI dials taken into account for these analysis.

Appendix B summarises the impact of each FSI dial in this analysis. It is important513

to notice that sidebands are a↵ected by the variation of these dials. The other important514

point is that selected signal events are not a↵ected by FSI modeling while background is.515

These two points make feasible to constrain these theoretical systematics.516

In order to check how sensitive FSI nuisance parameters are to FSI dials variation, all517

dials are thrown and fitted at the same time (taken into account their correlation). If the518

nuisance parameter is sensitive, one to one correspondence between the thrown and fitted519

value should be seen. Fig 33 shows the result for the test. It is clear that most of the FSI520
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● Flux+DataSTAT dominates with low modelling uncertainties (except backward region).
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● Integrated result matches previous analysis. 

● Error reduced from 12% to 9% (flux dominates).

Integrated cross section result:
<Eν> = 0.85 GeV

[2014] ~1.1x1020POT 
σ = 0.698+-0.085 cm2nucleon-1

[2017] ~5.8x1020POT
σ = 0.700+-0.064 cm2nucleon-1
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Real data results:
● Consistent with previous measurement.
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Figure 26: Di↵erential cross-section results with systematic and statistical error bars together. The di↵er-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.

where the data agrees well with the MC predicted values that are:1

h�NEUT
CC i� = 8.78 ⇥ 10�38 cm2

av. nuclei
h�NEUT

CC i� = 7.26 ⇥ 10�39 cm2

nucleons
(76)

h�GENIE
CC i� = 8.09 ⇥ 10�38 cm2

av. nuclei
h�GENIE

CC i� = 6.68 ⇥ 10�39 cm2

nucleons
(77)

From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ⇠ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68⇥10�39 cm2

nucleons10

which has about 3% of di↵erence with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. ?? shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Models comparison:
6 Model comparisons777

In this section, the results from Sec. 5 are compared with other model predictions. Pre-778

viously, the predictions from nominal NEUT and GENIE have been used. On the one hand,779

the nominal NEUT models can be tuned using T2KReweight. On the other hand, another780

generator, called NUWRO, can be added.781

Table 13 summarizes the parameters used by each model for the CCQE and 2p2h782

channels. In the case of RES channel, the model used by NUWRO is significantly di↵erent783

than the one used by NEUT and GENIE. Finally, the DIS channel is modeled in a similar784

way by the three generators. However, the transition between RES and DIS channels is785

treated in a di↵erent way by each generator.786

The �2 is computed from Eq. 46 using the correlation matrix shown in Fig. 58. Simi-787

larly, the �2
SHAPE is computed using shape-only cross section results dividing the di↵er-788

ential cross section in each bin by the integrated cross section.789

NEUT-SF NEUT-RFG NEUT-RFG+RPA NEUT-NIWG GENIE NUWRO

Nuclear model SF RFG RFG RFG RFG LFG
MQE

A [GeV/c2] 1.21 1.21 1.21 1.15 0.99 1.2
pF [MeV/c] 217 217 217 223 221 -
EB [MeV] 25 25 25 25 25 25
MEC-Nieves % 100 100 100 27 0 100
RPA No No Yes Yes No No
DATA fit w/ NEUT

�2 (�2
SHAPE) 211.9 (210.1) 284.8 (242.6) 173.4 (168.1) 160.9 (179.4) 191.3 (232.2) 471.4 (457.9)

DATA fit w/ GENIE

�2 (�2
SHAPE) 227.4 (221.8) 300.6 (253.4) 192.6 (182.9) 175.3 (191.2) 190.5 (224.4) 465.7 (458.5)

Table 13: Comparison between CCQE/2p2h dials for di↵erent models.

Fig. 61 shows the same result as Fig. 57 using an smoother binning for the momentum790

for the MC predictions. Moreover, Fig. 62 shows the shape cross section.791

Fig. 63 (Fig. 64) shows the full (shape-only) cross section result for di↵erent CCQE792

models based on NEUT generator. The main di↵erences appears in the peak region where793

CCQE channel dominates. The SF predicts a lower cross section than the RFG nuclear794

model. Meanwhile, the RPA correction significantly suppressed the cross section in this795

energy range. Besides, the NIWG model (used as nominal MC in OA) predicts less rate796

of CC interactions along all the muon phase space.797

A more sophisticated nuclear model than the RFG is included in NUWRO generator, the798

Local Fermi Gas (LFG). This model includes a radial dependency on the initial momentum799

of the nucleons. Fig. 65 (Fig. 66) shows the full (shape-only) cross section result for NUWRO800

and NEUT-RFG. None of them includes the RPA correction. The prediction for the QE801

channel is very similar in both cases (except in the very forward region). The main802

discrepancies appear in the RES channel.803

Even though the an inclusive cross section is not the best channel to extract infor-804

mation about nuclear e↵ects, this result points to an overestimation of simplistic nuclear805

models as RFG. Such disagreement can be reduced using nuclear models that take into806

account nucleon correlations, such as RPA or SF.807
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● Versions: 

o NEUT 5.3.2 
o GENIE 2.8.0 
o NuWro 11

NBINS = 71
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DATA FIT W/ GENIE (SYST+STAT)

NOMINAL NEUT

NOMINAL GENIE

x 200
x 300

x 500 x 300 x 200

x 200 x 150 x 100

x 10
x 20

Models comparison:
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Real data result:
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