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Overview

• Experimental setup 

• Neutrino interactions at T2K 

• Motivation for measuring cross sections  

• Recent cross-section results 

• Future work and summary
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Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level
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The T2K experiment
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T2K Flux
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• Beam 2.5° off the direction to the far 
detector 

• Narrow beam centered around 0.6 GeV 

• Reduce 𝜈e component from K decays 

• Flux estimation by hadron production 
measurements from NA61/SHINE
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The Near Detector complex
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±5m

±5m

ND280 off-axis detector located 280 m from the 
target: 

• 𝜋0 detector P0D target: CH+H2O 
• 3 Time Projection Chambers (TPC) 
• 2 Fine-grained detectors FGD target: CH+H2O 
• Electromagnetic calorimeters (ECal) 
• UA1 refurbished Magnet instrumented with 

side muon range detector (SMRD)

INGRID on-axis detector: 
• Monitor the beam direction 
• 14 modules arranged as a cross and other 

2 outside the main cross target: CH+Fe 
• Extra module - Proton Module target: CH

Where T2K cross-section 
measurements have been 

performed!
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Relevant 𝜈 interactions at T2K
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Stephen Dolan LLWI 2017, Lake Louise, Canada

Neutrino Interactions at T2K
CCQE

CCRES

2p2h

Nuclear 
Effects

Diagrams by Patrick Stowell
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What can we measure?
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𝜈𝜇 𝜇-

W+
𝜈𝜇

𝜇-

W+
𝜈𝜇

𝜇-

W+

Fermi  
motion

Nucleon  
correlations

Final State  
Interaction (FSI)

Nucleons bound in the nucleus ⇒ Nuclear effect!

• Nuclear and detector 
effects obfuscate 
interaction mode 

• Minimise the model 
dependence measure 
interaction topologies

CC-0𝜋 
CCQE-like

CC-1𝜋 
CCRes-like

P0D

ECal

TPC

FGD FGD
ECal
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Event generators

• Neutrino MC Generators connect the true and observed event 
topologies and kinematics 

• Every observable is a convolution of flux, interaction physics and 
detector effects 

• Re-weighting tools allow to assess uncertainties and tune the 
physics models 

• T2K official generators are NEUT and GENIE 

• We compare our results against different models: GIBUU, NuWro
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Why cross-sections measurement
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Neutrino scattering understanding is crucial for the interpretation 
of neutrino oscillation since it affects background estimation and 

energy reconstruction. 

One of the largest systematic uncertainties in neutrino oscillation 
comes from neutrino interaction uncertainty.

2016 oscillation analysis 𝜈𝜇 
1 muon-like ring 𝜈e 1 electron-like ring 𝜈𝜇  

1 muon-like ring 𝜈e 1 electron-like ring

𝜈 flux w/o ND280 7,6% 8,9% 7,1% 8,0%

𝜈 flux w/ND280 3,6% 3,6% 3,8% 3,8%

𝜈 cross section w/o ND280 7,7% 7,2% 9,3% 10,1%

𝜈 cross section w ND280 4,1% 5,1% 4,2% 5,5%

𝜈 flux+cross section 2,9% 4,2% 3,4% 4,6%

Final or secondary hadron int. 1,5% 2,5% 2,1% 2,5%

Super-K detector 3,9% 2,4% 3,3% 3,1%

Total w/o ND280 12,0% 11,9% 12,5% 13,7%

Total w/ ND280 5,0% 5,4% 5,2% 6,2%

For more detail see 
talk by D. Hadley 

on Wednesday
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𝜈𝜇 CC Inclusive on CH
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Already published a 𝜈𝜇 CC inclusive cross section on CH using FGD1 as target: 
Phys. Rev. D 87, 092003

● 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-.

Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017) 2

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

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

025501-2
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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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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

025501-2

NEUTRINO-INDUCED REACTIONS ON NUCLEI PHYSICAL REVIEW C 94, 035502 (2016)

 0

 0.5

 1

0.42

tot
QE

2p2h
∆

DIS

 0

 0.5

 1

 0  0.5  1

0.92

dσ
/(

dc
os

θ µ
 d

T
µ)

/A
 (

10
-3

8  c
m

2 /G
eV

)

Tµ (GeV)

0.87

 0  0.5  1

0.97

Tµ (GeV)

FIG. 11. Inclusive double-differential cross section per nucleon
for a C target with the muon-neutrino beam in the T2K near
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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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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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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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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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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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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FIG. 11. Inclusive double-differential cross section per nucleon
for a C target with the muon-neutrino beam in the T2K near
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
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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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flux distribution is very similar to that of MiniBooNE. The
difference is that now a heavier target, 40Ar, is used in a
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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
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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
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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
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NOvA experiment, but even more pronounced here because of
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vs. 2 GeV for NOvA).
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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

035502-9

Meucci et al. (2015)Martini et al. (2014)Gallmeister et al. (2016)

  

!µ µ-

TARGET ?

Magnet SMRD

P0D TPC FGD

FGD

ECal ECal

• Data tested against different models 
• Limited statistics 
• Phase space restricted to forward 

region of the outgoing muon

𝜇

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.092003


11

𝜈𝜇 CC Inclusive on CH

Ciro Riccio, Naples U. & INFN | NUFACT2017

Fraction (%)
Cut FWD BWD HAFWD HABWD
Quality 32.3 // 31.7 58.5 // 56.6 41.8 // 41.9 48.9 // 47.4
FV 48.7 // 48.0 58.8 // 57.1 49.2 // 49.1 54.1 // 52.6
µ PID 81.6 // 81.0 73.5 // 72.5 71.7 // 71.3 72.7 // 72.0
Veto 88.3 // 87.9 73.5 // 72.5 79.2 // 79.1 75.9 // 76.0
External 89.3 // 88.8 73.5 // 72.5 79.2 // 79.1 75.9 // 76.0
Hierarchy 89.3 // 88.8 73.5 // 72.5 81.9 // 82.1 79.1 // 79.2

Table 12: Percetage of ⌫
µ

CC-µ events in each sample depending on the selection step
(NEUT=left and GENIE=right).
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Figure 44: Momentum (left) and cosine of emission angle (right) e�ciency for ⌫
µ

CC with
its vertex in FGD1 FV. Colors indicate contribution from di↵erent selections: forward
(red), backward (green), high angle forward (blue), high angle backward (pink) and total
(black). Empty dots indicate total contribution for GENIE.

41

T2K preliminary

New selection
Old selection

High angle 
Forward (HAFWD)

Forward (FWD)
Backward (BWD)

High angle 
Backward (HABWD)

FGDTPC

Magnet SMRD

P0D

ECal ECal

FGD

New features of the revisited analysis: 

• Statistics has been increased by a factor of five 

• Increased angular acceptance for high-angle and backward-going muons using the timing 
information between the sub-detectors 

• Increased purities and efficiency 

• Used a maximum likelihood fit instead of the bayesian unfolding 

• Flux integrated cross section to avoid neutrino energy dependence  

• Background constrained with two sidebands 

Next generation 
analysis!
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FIG. 9. A comparison of the CC0⇡ water cross section against two Martini model predictions on carbon, one with 2p2h
contributions and one without.
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• Next step: CC0𝜋 cross section in muon and proton kinematics  

• Can give more and new information on nuclear effects 

• Nuclear effects are very difficult to model  

• Need to be less dependent on simulation 

𝜈𝜇 CC0𝜋 on water in the P0D (2017)
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FIG. 9. A comparison of the CC0⇡ water cross section against two Martini model predictions on carbon, one with 2p2h
contributions and one without.

𝜈𝜇 CC0𝜋 on 
CH in FGD1 

(2016)
 (GeV)

µ
True p

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

nu
cl

eo
n 

G
eV2

 c
m

-3
8

10
 θ

dp
dc

osσ2 d

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
 < 0.00µθ-1.00 < true cos

Data: shape uncertainty
Flux normalization uncertainty
Martini et al
Nieves et al

Analysis I

 < 0.00µθ-1.00 < true cos
CC0𝜋: CCQE-like + 2p2h

https://arxiv.org/abs/1708.06771
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012


𝜈𝜇 CC0𝜋 using 𝜇+p kinematics

15Ciro Riccio, Naples U. & INFN | NUFACT2017

Signal selection

Selection and analysis strategy: 

• Check if there are zero, one or more than one protons in the final state;  

• Increase the angular acceptance for high-angle and backward-going muons 
using the timing information between the sub-detectors 

• Used a maximum likelihood fit 

• Background (CC resonant and CC DIS) constrained with two sidebands

Forward High angle Backward

𝜇 𝜇 𝜇 𝜇 𝜇

p p pFGD



T2K preliminary

CC0𝜋-0p

𝜎 
(f

b)

CC0𝜋-1p

𝜈𝜇 CC0𝜋 using 𝜇+p kinematics

16Ciro Riccio, Naples U. & INFN | NUFACT2017

• Cross section extracted as 
function of the muon momentum 
and angle for CC0𝜋-0p 

• Cross section extracted as 
function of the muon and proton 
angle and muon momentum for 
CC0𝜋-1p with momentum greater 
that 500 MeV/c 

• Observed interesting excess over 
GENIE (w/o 2p2h)

Publication in preparation!

True p𝜇 [GeV/c]

True pp [GeV/c]

𝜎 
(f

b) T2K
GENIE 2.8.0
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𝜎 
(f

b)

#Proton

T2K preliminary

• Cross section extracted also as a function of the number of 
protons with momentum greater that 500 MeV/c 

• Observed interesting excess over GENIE (w/o 2p2h) 
• More comparison under preparation

Publication in preparation!

T2K

GENIE 2.8.0



𝜈𝜇 CC0𝜋 using single transverse variables

18Ciro Riccio, Naples U. & INFN | NUFACT2017

X.-G. Lu et al.,Phys. Rev. C 94, 015503 (2016)

p𝜈
pl

plT

ppT pp

plT  = -ppT

p𝜈
pl

plT

-plT ppT
pp

𝞭pT
𝞭𝛂T

𝞭𝞿T

plT  ≠ -ppT

Without 
nuclear effect

With nuclear 
effect

What are single 
transverse variable?

Deviation of 𝛿pT and 𝛿𝜑T 

from zero and of 𝛿𝛼T from a 
flat distribution indicative of 

nuclear effects

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
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Analysis strategy: 

• Same selection used for CC0𝜋 with proton kinematics 

• Measure flux-integrated cross section in bins of single transverse 
variable 

• Restrict the phase space essential to mitigate model-dependence: 
๏ p𝜇 > 250 MeV/c    cos𝜃𝜇 > -0.6  

๏ 450 MeV/c < pp < 1 GeV/c      cos𝜃p > 0.4     
• Cross section extracted using a maximum likelihood fit with a 

regularization method

Publication in preparation!
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𝜈𝜇 CC0𝜋 with single transverse variables
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-3910×

Result
=104.622χNEUT 5.3.2.2 SF, 

=111.552χNEUT 5.3.2.2 RFG+RPA, 
=67.552χNuWro 11 LFG, 

=98.282χGENIE 2.12.4 RFG, 
=12.252χGiBUU 2016, 

T2K Preliminary

GENIE shape in first bin of each 
STV related to FSI model (“hA”) 

Publication in preparation!

GIBUU with very different FSI seems 
close to data

Data strongly disfavor RFG in favor of 
LFG and Spectral Function
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NEUT 5.3.2.2  
MAQE = 1.03 GeV/c2  

Nuclear model: RFG+RPA

The tails in 𝛿𝑝𝑇 and 𝛿𝜙𝑇 and the extent 

of the rise at large 𝛿𝛼𝑇 partially isolate 
the effects of Fermi Motion from 2p2h

Publication in preparation!
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Future work with protons
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• Under stationary target and elastic scattering assumptions can infer 
proton kinematics from measured 𝜇

• Non-zero imbalance between inference and measured proton 
indicates presence of nuclear effects or CC-non-QE interaction

• Measure (using FGD1 as a CH target with TPCs for tracking):

Δ𝑝𝑝 (𝐺𝑒𝑉/𝑐)

𝑝.
𝑑.
𝑓.

𝑝.
𝑑.
𝑓.

Δ𝜃𝑝(𝑑𝑒𝑔𝑟𝑒𝑒𝑠) |𝚫𝒑𝒑| (𝐺𝑒𝑉/𝑐)
𝑝.
𝑑.
𝑓.

Δ𝑝𝑝 = |𝒑𝒑
𝒊𝒏𝒇𝒆𝒓𝒓𝒆𝒅| − |𝒑𝒑𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅| Δ𝜃𝑝 = 𝜃𝑝

𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 − 𝜃𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 |𝚫𝒑𝒑| = |𝒑𝒑
𝒊𝒏𝒇𝒆𝒓𝒓𝒆𝒅 − 𝒑𝒑𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅|

NEUT prediction

CC0𝜋 and inferred kinematic imbalance

𝜈𝜇 CC0𝜋 with inferred proton kinematics
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Analysis strategy:  

• Under hypothesis of stationary target and elastic scattering can infer 
proton kinematics from measured 𝜇 

• Non-zero imbalance between inference and measured proton  
indicates presence of nuclear effects or CC-non-QE interaction  

• Same selection used for CC0𝜋 with proton kinematic

Analysis Ongoing!
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Ongoing measurements
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• 𝜈𝜇 CC Inclusive water over carbon ratio: 
• Use both FGDs  
• Cross section extracted in 𝜈 Energy

• 𝜈𝜇 CC Inclusive on water using INGRID  
• Use INGRID new water module 
• Cross section extracted in 𝜇-kinematics 

• 𝜈𝜇 CC0𝜋 water over carbon ratio: 
• Use FGD2 water layers 
• Cross section extracted using matrix inversion method and extended 

binned likelihood in 𝜇-kinematics 
• Next step: FGD1-FGD2 joint-fit: mitigate the water-carbon migration 

Water

Scintillator
Figure 1.3: Schematic view of the WM

Figure 1.4: Schematic view of the scintillators of the WM. The written size
is the design values.

6

Cross section on water 
coming soon!
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• 𝜈𝜇 - 𝜈𝜇
 
CC0𝜋 on CH : 

• Joint fit of  𝜈𝜇 - 𝜈𝜇 CC0𝜋 cross section using 
extended binned likelihood 

• Cross section extracted in 𝜇-kinematics 
• Evaluation of sum, difference and asymmetry

• 𝜈𝜇
 
CC0𝜋 on water: 

• Use P0D water layers 
• 𝜈𝜇 CC0𝜋 cross section using extended binned likelihood 

• Cross section extracted in 𝜇-kinematics

Upstream ECal

Upstream Water Target

Central Water Target

Central ECal

Legend

Lead

Light-tight Cover
Brass
Water

Scintillator
Wavelength-shifting Fiber

• 𝜈𝜇
 
CC0𝜋 on CH: 

• Use INGRID proton module 
• Cross section extracted in 𝜇-kinematics

• CC-0⇡ ⌫̄
µ

flux-integrated double di↵erential cross section;115

• The sum and the di↵erence of the CC-0⇡ ⌫̄
µ

and CC-0⇡ ⌫
µ

;116

• The asymmetry between the two cross section, i.e. the ration between the sum117

and the di↵erence.118

The sum isolates the axial-vector interference term of the cross-section, and the119

di↵erence enhances the sensitivity to the multi-nucleon component. Finally, the120

asymmetry is a direct estimation on any possible bias due to mismodeling of (anti-121

)neutrino interactions on the measurement of the CP violation phase in neutrino122

oscillation.
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Figure 2. top figure ⌫
µ

-12C, bottom ⌫̄
µ

-12C Charged-Current Quasi Elastic cross
sections per neutron and per proton, with and without the multinucleon component,
as a function of neutrino energy. Experimental points are taken from [1]. Figure
taken from [2]

123

7

M. Martini et al., Phys. Rev. C81 (2010)

Ongoing measurements

http://dx.doi.org/10.1103/PhysRevC.81.045502
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List of published measurements

• Phys.Rev. D87 (2013) no.9, 092003, “Measurement of the inclusive 𝜈µ charged current cross section on carbon in 
the near detector of the T2K experiment” 

• Phys.Rev. D90 (2014) no.7, 072012, “Measurement of the neutrino-oxygen neutral-current interaction cross section 
by observing nuclear de-excitation γ rays”  

• Phys.Rev.Lett. 113 (2014) no.24, 241803, “Measurement of the Inclusive Electron Neutrino Charged Current Cross 
Section on Carbon with the T2K Near Detector” 

• Phys.Rev. D90 (2014) no.5, 052010, “Measurement of the inclusive 𝜈µ charged current cross section on iron and 
hydrocarbon in the T2K on-axis neutrino beam” 

• Phys.Rev. D92 (2015) no.11, 112003, “Measurement of the 𝜈µ charged-current quasi-elastic cross section with 
ND280 detector at T2K” 

• Phys.Rev. D91 (2015) no.11, 112002, “Measurement of the 𝜈µ charged current quasi-elastic cross-section on carbon 
with the T2K on-axis neutrino beam”  

• Phys.Rev. D93 (2016) no.7, 072002, “Measurement of the muon neutrino inclusive charged-current cross section in 
the energy range of 1-3 GeV with the T2K INGRID detector”  

• Phys.Rev. D93 (2016) no.11, 112012, “Measurement of double-differential muon neutrino charged-current 
interactions on C8H8 without pions in the final state using the T2K off-axis beam” 

• Phys.Rev. D95 (2017) no.1, 012010, “First measurement of the muon neutrino charged current single pion 
production cross section on water with the T2K Near Detector”  

• Phys.Rev.Lett. 117 (2016) no.19, 192501, “Measurement of Coherent 𝜋+ Production in Low Energy Neutrino-
Carbon Scattering”  

• Phys.Rev.D96 052001 (2017), “Measurement of 𝜈µ and 𝜈µ charged current inclusive cross sections and their ratio 
with the T2K off-axis near detector”
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Summary

• T2K near detectors provide a perfect opportunity to make 
precise cross-section measurements 

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

• Measurement of the proton kinematics and single transverse 
variables very important to tune the model 

• Many results with water as target are coming! 

• Many anti-neutrino results in the near future! 

Ciro Riccio, Naples U. & INFN | NUFACT2017
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Thank you for your attention

Ciro Riccio, Naples U. & INFN | NUFACT2017
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Backup

Ciro Riccio, Naples U. & INFN | NUFACT2017
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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)

Event generators: details
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STV and FSI

NuWro 11, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, LFG

NuWro 11, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI Off 

• Can only measure 𝛿𝑝𝑇, 𝛿𝜙𝑇, 𝛿𝛼𝑇 in CC0𝜋 + 𝑁𝑝 interactions within detector 
acceptance (no experimental handle on exclusive CCQE)  

• Observables remain sensitive to nuclear-medium effects with these limitations

Quasi-real CC0Pi selection, keep only events within ND280 acceptance :
No Pions, 1 Muon, >0 Protons. 𝑝𝜇 > 250 𝑀𝑒𝑉, 𝑝𝑝 > 450 𝑀𝑒𝑉, cos 𝜃𝜇 > −0.6, cos 𝜃𝑝 > 0.4

Measuring transverse kinematic imbalance

Comparison of initial 
state nuclear models

Effect of nucleon final-state 
interactions

Stephen Dolan TN 287 Single Transverse Summary Slides 11

T2K preliminary
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STV and MAQE

NuWro 11, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI On, LFG

NuWro 11, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI On, LFG

• Sensitivity to FSI, 2p2h and initial state nuclear model in observable’s shape 

Comparison of 2p2h 
and QE shape 
(separately normalised)

CCQE
Nieves

Martini
N.B NuWro implementation 
differs from cited model

Effect of varying the 
nucleon axial mass

• Observables are shape invariant with 𝑀𝐴
- No ambiguity over 𝑀𝐴 or nuclear effect contributions (no MiniBooNE 𝑀𝐴 puzzle) 

Measuring transverse kinematic imbalance

Stephen Dolan TN 287 Single Transverse Summary Slides 12

T2K preliminary
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Extended binned likelihood fit 

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam 43

Fitting summary
• The best fit parameters are those that minimise the 

following likelihood:

𝜒𝑟𝑒𝑔2 = 𝑝𝑟𝑒𝑔 
𝑖

(𝑐𝑖−𝑐𝑖−1)2


