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Heavy nuclear targets are used in neutrino oscillation experiments to boost the statistics of neutrino 
interactions. The complex nuclear environment contributes to the systematic uncertainty as the inevitable 
nuclear effects. Inadequate knowledge of the neutrino interaction with the nuclear target along with 
the imperfect reconstruction of neutrino energy seeds uncertainty in the cross-section. Uncertainty in 
the cross-section propagates as a systematic uncertainty in the determination of the neutrino oscillation 
parameters. For precision physics, future neutrino oscillation experiments will require understanding of 
the neutrino nucleus-interaction and neutrino energy reconstruction with a high level of accuracy. In 
this work, we aim to quantify the second resonance contributions to the neutrino interaction in Argon 
for reducing systematic uncertainties in the physics predictions for the DUNE Near Detector (ND). We 
present the results as the ratio distribution of dσ

dQ 2 for �(1232) resonance and the extended analysis to 
the second resonance region P11(1440), D13(1520), and S11(1535). This inclusion shows a significant 
contribution to the total cross-section compared to the case where only the �(1232) resonance is 
considered.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The current goals of the ongoing neutrino oscillation experi-
ments such as, NOνA [1], T2K [2], and future experiments such 
as, DUNE [3], and Hyper-Kamiokande [4] are to precisely deter-
mine the parameters of neutrino oscillations and for the better 
understanding of the neutrino interaction with nucleus. Since the 
oscillation probabilities depend on the neutrino energy it is very 
essential to reconstruct the neutrino energy accurately. The neu-
trino beams produced by the decay of mesons (π , K) at accelerator 
facilities present a broad energy spectrum. Moreover, the neu-
trino energy needs to be reconstructed on an event-by-event basis 
from the particles obtained in the final states. Needless to men-
tion, understanding of the neutrino-nucleus interactions is vital for 
the precise reconstruction of neutrino energy. The environment of 
the nucleus also alters the particles produced in the initial neu-
trino nucleon interaction vertex and the kinematics of the interac-
tion. These ineluctable nuclear effects result in mis-characterizing 
the final state particles, and inaccurate reconstruction of neutrino 
energy. Identification of nuclear effects in neutrino-nucleus in-
teractions is desirable along with the difference in neutrino and 
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anti-neutrino scattering cross-sections. Many long-baseline neu-
trino experiments use heavy nuclear targets, such as Argon [5,6], 
Oxygen [7], Water [8], and Iron [9,10] to obtain larger interac-
tion rates than those of thin targets, such as Hydrogen, and Deu-
terium, which are limited by statistics. Our limited knowledge of 
nuclear effects results in additional systematic uncertainties. Un-
derstanding the interplay between neutrino-nucleus cross-sections 
and nuclear effects is also essential for the precision determina-
tion of neutrino oscillation parameters. Precision measurements 
of neutrino oscillation experiments require understanding of the 
cross-sections in neutrino-nucleus interaction as they aid us in im-
proving the neutrino event generator.

The neutrino interaction is complicated due to differences in 
the physics mechanism and overlaps of many interaction channels 
such as Quasi-Elastic (QE), Resonance (RES), the non-resonant pro-
cess called Deep Inelastic Scattering (DIS), and Coherent Scattering 
(COH), etc. The presence of the multinucleon events also compli-
cates the few-GeV energy region which can appear as fake QE 
events, as it can have the same experimental signature as a true 
QE (1μ− , 0π ) [11]. In this process, the neutrino interacts with a 
correlated pair of nucleons and results in the ejection of two nu-
cleons from the nucleus. Therefore, multi-nucleon events are iden-
tified as multiple nucleons in the final state. 2p2h is the dominant 
contribution to these events and their importance for future ex-
periments, such as DUNE, is studied here [12]. The pions produced 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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through the RES processes can be altered in the nuclear medium 
of the target which constitutes the major background for the QE 
process. The cross-section of the RES process needs to be under-
stood with high accuracy, and concurrently identified and distinct 
the COH component.

Neutrino scattering interactions are simulated using Monte 
Carlo (MC) event generators, which are developed by theoretical 
communities using different nuclear models. MC generators are 
essential tools, as they serve as a bridge for the theoretical and 
experimental communities. They are used to predict and make 
improvements for future experiments. The widely used event gen-
erators are GENIE [13], GiBUU [14], NuWro [15] and NEUT [16]. 
GENIE is currently used as the primary generator by Fermilab ex-
periments such as NOνA, MINERνA [17], SBN [18], DUNE, while 
NEUT is currently employed by T2K, Super-Kamiokande [19], and 
Hyper-Kamiokande. GiBUU and NuWro are theory-oriented gen-
erators, often used as additional points of references. Neutrino-
nucleus interaction events predicted by these generators depend 
on the theoretical models, any mis-modeling would enhance large 
uncertainties in the predicted event rate and the final state parti-
cle topology. It is important to have a good understanding of the 
neutrino-nucleus cross-section and the nuclear effects in order to 
achieve high precision neutrino physics.

This article presents a simulation-based analysis using GENIE-
3.00.06 (tune G18_10a_02_11a) [13] and GiBUU-2021 [14] for the 
DUNE ND High-Pressure gas Time Projection Chamber (HpgTPC) 
[20] to quantify the effect of the second resonance region [21], in-
duced by the charge current (anti)neutrino interaction in the Argon 
target. Previous studies show a small amount of contribution from 
the second resonance cross-section using the Carbon target, which 
is non-negligible [22,23]. More studies on the second resonance 
region can be found here [24–26]. With the need to achieve the 
required precision for future neutrino experiments such as DUNE, 
it will be important to understand the effect of the second res-
onance in the Argon target as hinted here [27]. We present our 
results for the flux-integrated differential cross-section as a func-
tion of Q 2-squared four-momentum transfer for Argon and Carbon 
targets.

This paper is organized as follows: In Section 2, we describe the 
framework with a detailed description of the Monte Carlo event 
generator used, the formalism for the neutrino interaction, and the 
neutrino energy reconstruction. The simulation and experimental 
details of HpgTPC and its particle detection threshold are men-
tioned in Section 3. The results obtained from our analysis are 
presented in Section 4 and conclusions are discussed in Section 5.

2. Framework

2.1. Monte Carlo event generator : GENIE and GiBUU

In this article, both the neutrino cross-sections and interac-
tion are simulated using GENIE [13] and GiBUU [14]. GENIE is 
widely used by major neutrino accelerator experiments such as 
MINERνA [17], MINOS [28], MicroBooNE [29], NOνA [1], LBNE [30]
and is also used by T2K [2] experiment. GiBUU has been used 
broadly to determine the nuclear effects which plays significant
roles in experimental analyses.

In GENIE, the nuclear ground state is described by the Relativis-
tic Fermi Gas model [31]. The GENIE implementation of the Local 
Fermi Gas (LFG) to explain the nuclear ground state is considered 
in the simulation. The nucleons populate all the momentum states 
up to the global Fermi momentum with equal probability in the 
case of regular Fermi Gas. In the LFG model, the Fermi momentum 
relies on the local nuclear density which varies with the radial po-
sition. In GiBUU, a density dependent mean-field potential term 
2

is added to the Fermi Gas model where all the nucleons are pre-
sumed to be bounded.

The QE scattering and the MEC/2p2h processes are modeled in 
GENIE using the new models from the Valenica group [32–34]. The 
QE scattering is modeled using Llewellyn-Smith model [35] which 
is the default in GiBUU. The detailed description of the implemen-
tation of the MEC/2p2h model in GiBUU can be found in Ref. [36]. 
We consider the value of the charge current QE axial mass MA
≈ 0.96 GeV/c2 [13] in GENIE and 1.0 GeV/c2 in GiBUU and the 
vector form factor is defined using BBA05 [37] and BBA07 [38], re-
spectively. Other meson exchange current (MEC)/2p2h model such 
as Empirical MEC [39] is also available in GENIE. The Berger-
Sehgal (BS) model [40], which is similar to the old Rein-Sehgal 
(RS) model [41], is used for modeling the interactions associated 
with the baryonic resonances in the neutral current and charge 
current interactions. Here we consider 16 resonances but neglect 
the interference between them. The BS model differs from the RS 
model as the lepton mass effect is included in the former model. 
The resonances decay isotropically in their center of mass frame 
given by default. On the other hand, GiBUU consists of 13 kinds 
of resonance modes where the vector form factors are obtained 
from the electron scattering data of the MAID analysis [42]. The 
default value for the resonance axial-vector mass, MRES

A = 1.12
GeV/c2 [43], is considered in GENIE. Other resonant pion produc-
tion model such as Kuzmin-Lyubushkin-Naumov (KLN) model [44], 
similar to the RS model, but including the lepton mass effect are 
also available in GENIE for similar studies. Upcoming GENIE v3 re-
lease [45] will include the new resonance single-pion (1π ) MK 
model [46] that completely incorporate the resonance interference 
effects and the pion angular distribution prediction, which will be 
studied in the future.

The non-resonant DIS scattering is simulated using Bodek and 
Yang Model [47] in GENIE while GiBUU uses PYTHIA [48]. An in-
variant hadronic mass of W > 1.7 GeV cut is applied for bridging 
the RES and DIS region. For the FSI models, GENIE uses the hA and 
hN FSI models or the INTRANUKE simulation package [49,50]. The 
hA model is an empirical data-driven model that uses the cross-
sections of pions and nucleons with nuclei for low energies, and 
CEM03 [51] normalized data for higher energies. While the hN 
model is a full Intranuclear Nuclear Cascade (INC) model which 
includes the calculation of nucleons, kaons, pions, and photons’ in-
teractions with nuclei energies up to 1.2 GeV. The hA intranuclear 
cascade model is used in this simulation. The treatment of FSI by 
GiBUU is quite different from GENIE where the semi-classical BUU 
equations are solved in which the particle species are coupled by 
a mean-field potential and collision terms.

2.2. Formalism

Consider CC (anti)neutrino interactions with the nuclear target 
of mass number A assuming the struck nucleon to be at rest, re-
sults in the production of lepton l− and hadronic final state X
given by

νl/ν̄l + A → l∓ + X (1)

The hadronic final state X denotes the produced m mesons, the n
nucleons knocked-out from the nucleus and the residual (A − n)-
nucleons. The neutrino energy can be reconstructed from the kine-
matic variables of the particles in the final state using the kine-
matic method [52] and the calorimetric method [53]. Using the 
energy and momentum conservation, the reconstruction of neu-
trino energy can be calculated from the energy of the particles in 
the final state [53]

Ecal
ν = El + εn +

∑
(Eni − M) +

∑
Emj (2)
i j
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where El is the lepton energy, Eni (M) is the energy (mass) of 
the ith nucleon with εn their corresponding separation energies, 
and Em j is the energy of the mesons in the final states. This is 
the calorimetric method and it can be used for any type of CC 
interaction.

From eqn. (3), it is clear that the neutrino energy is the sum of 
the observed leptonic and hadronic particles in the final state. So, 
we can rewrite equation (2) as

Ecal
ν = El + EH (3)

where,

EH =
∑

i

(Eni − M) + εn +
∑

j

Em j (4)

Thus, the accuracy of neutrino energy reconstruction heavily re-
lies on accurate reconstruction of the energy accumulated by the 
baryons and the mesons in the detector. Uncertainties arise in the 
hadronic energy reconstruction as neutrons escape detection in re-
alistic experiments along with undetected meson which accounted 
for missing energy [54].

On the other hand, in the kinematic method the neutrino en-
ergy can be reconstructed from the kinematics of the final state 
charged lepton l as [52]

Eν = 2(Mn − Eb)El − (E2
b − 2MnEb + �M2)

2(Mn − Eb − El + pl cos θl)
(5)

where Mn is the rest mass of the free neutron, Eb the binding 
energy and �M2 = M2

n − M2
p +m2

l , with Mp (ml) the rest mass of 
the proton (lepton) and cos θl is the angle between the outgoing 
lepton and neutrino beam directions. This method is accurate only 
for the QE interaction. The kinematic method will underestimate 
the reconstructed energy than expected as it depends only on the 
lepton’s kinematics. The comparison between the kinematic and 
calorimetric methods for neutrino energy reconstruction has been 
studied here [53].

The calorimetric method of neutrino energy reconstruction 
is used in this work. The reconstructed square of the four-
momentum transferred from the initial neutrino to the nuclear 
system is calculated as Q 2 = 2Eν(El − pl cos θl) − m2

l [55,22]. 
The formalism for the differential and flux-integrated differen-
tial cross-section as a function of Q 2 can be found from refer-
ence [23,56–59].

3. Simulation details

This article considers the detection capabilities of particles for 
the propose DUNE ND HpgTPC [20,60] which uses a mixture of 
Argon-CH4 gas with the composition of 90% Argon and 10% CH4. 
Most of the interaction will take place with the Argon nuclei 
(about 97% of the interaction). We have generated 1 million CC-νμ

and ν̄μ interaction events on Argon and Carbon targets using 
DUNE ND (ν̄μ)νμ-flux [61] as shown in Fig. 1, which peaks in 
the region between 2 and 3 GeV, with the neutrino flux reason-
ably higher than the anti-neutrino flux. The LBNF (Long-Baseline 
Neutrino Facility) beamline at Fermilab, an intense (anti)neutrino 
beam, with an initial beam power of 1.2 MW, with the expectation 
of 1.1 x 1021 protons per year [3]. In the beamline, the high energy 
protons of 60-120 GeV are produced to smash a graphite target 
which results in the production of secondary hadrons, mostly pi-
ons, and kaons. These secondary particles are then further focused 
using magnetic horns to the decay pipe (helium filled) where they 
decay to (anti)neutrino of different types.

The interaction cross-sections computed using GENIE and 
GiBUU for the charge current νμ-Argon (upper panels) and νμ-
Carbon (lower panels) target as a function of neutrino energy 
3

Fig. 1. DUNE (anti)neutrino flux as a function of the neutrino (blue line) and anti-
neutrino (red line) energy used in this paper.

is shown in Fig. 2. The variation in the cross-sections for each 
baryonic resonance can be seen in the figure. The left side is for 
neutrino mode and the right side is for anti-neutrino mode.

For our analysis, we assume realistic experiments and generate 
full interaction events which include the Quasi-Elastic (QE), Reso-
nance (RES), two particle-two holes (2p2h/MEC), and Deep Inelas-
tic Scattering (DIS) in neutrino and anti-neutrino mode. In GENIE, 
the analysis is first done by including only the � or P33(1232) ex-
citation of baryonic resonances using the Berger-Seghal model. The 
analysis is then extended by tuning the Berger-Sehgal cross-section 
model from the CommonParam.xml, where the configuration of the 
parameters of the cross-section models are defined. We change the 
parameters of the cross-section model and include the higher or-
der excitation of resonances P11(1440), D13(1520), and S11(1535), 
i.e., the second resonance region [21]. In GiBUU, the analysis is 
done using the matrix element from the MAID analysis [42] for 
the excitation of baryonic resonances, where the module initNeu-
trino.f90 gives the calculations of various inclusive neutrino cross 
sections. We change the module for our analysis to include only 
the � or P33(1232) and the second resonance region (P11(1440), 
D13(1520), and S11(1535)) contribution from the higher order res-
onance process.

The simulated final state particles are impinged with a realistic 
experimental kinematic threshold. Due to the limitation of sensi-
tivity in experiments, all the particles that are produced in the 
interaction are not detected by the detectors. We apply realistic 
detector cuts of the DUNE ND HpgTPC which have the potential 
of detecting a pion having a momentum of 5 MeV [62] and a 
minimum of 3 MeV kinetic energy threshold for protons [3,20]. A 
kinetic energy cut of 20 MeV for protons with an efficiency of 80%
or more has been studied here [12]. A muon having energy 226 
MeV (or a momentum cut of 200 MeV) is selected and the kinetic 
energy cut for neutron varies between 50 MeV to 700 MeV [3]. 
The distribution of the observed hadronic energy (EH ) in the de-
tector is calculated using equation (4). The reconstructed baryons 
and mesons in the detector from the �-resonance interaction and 
with the extension to the second resonance region for Argon (up-
per panel), Carbon (lower panel) using the calorimetric method for 
GENIE (blue lines), and GiBUU (red lines) are shown in the Fig. 3
for both the neutrino (left) and anti-neutrino (right) mode.

4. Results

From the probability density function (PDF) distribution of the 
reconstructed hadronic energy shown in the Fig. 3 it can be ob-
served that there is a significant shift in energy distribution for 
Argon and Carbon targets in both the neutrino and anti-neutrino 
modes. There is a notable difference for Argon (≈ 130 MeV) and 
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Fig. 2. The plot represents the cross-sections for �-resonance (blue) and the second resonance P11 (red), D13 (green), S11 (violet) for Argon (upper panel) and Carbon (lower 
panel) with neutrino (left) and anti-neutrino (right) using GENIE (solid lines) and GiBUU (dotted lines).

Fig. 3. The plot represents the reconstructed hadronic energy probability density function (PDF) for �-resonance (solid lines) and with second resonance i.e. �+Res2 (dotted 
lines) for ν-Argon (upper panel) and ν-Carbon (lower panel) with neutrino (left) and anti-neutrino (right) using GENIE (blue lines) and GiBUU (red lines).
4
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Fig. 4. The plot represents the flux-integrated differential cross-section as a function of Q 2 (squared four momentum transfer) for �-resonance (solid lines) and with second 
resonance i.e. �+Res2 (dotted lines) for ν-Argon (upper panel) and ν-Carbon (lower panel) with neutrino (left) and anti-neutrino (right) using GENIE (blue lines) and GiBUU 
(red lines).
Carbon (≈ 115 MeV) for neutrino (for anti-neutrino, ≈ 105 MeV 
for both Argon and Carbon) with the inclusion of the second res-
onance region (�+Res2), as compared to the � resonance using 
GENIE. Similarly, a noticeable difference is observed using GiBUU 
(≈160 MeV for Argon and ≈170 MeV for Carbon in case of neu-
trino while for anti-neutrino ≈ 145 MeV for both Argon and Car-
bon). The flux-integrated differential cross-section, as a function of 
the Q 2 (squared four-momentum transfer), for Argon and Carbon 
for both the neutrino and anti-neutrino mode are shown in the 
Fig. 4. We have noticed a similar pattern in the event distribution 
as the hadronic energy distribution. This is due to the explicit de-
pendence of this kinematic variable on the reconstructed baryonic 
and mesonic energies.

It is clearly evident from Figs. 3 and 4 that the extended analy-
sis of the second resonances in the event distribution has a signif-
icant variation for both Argon and Carbon targets. The dσ

dQ 2 distri-

bution using GENIE for Argon target peaks at Q 2 = 0.15 GeV 2 for 
�-resonance only and Q 2 = 0.25 GeV 2 for � with the second res-
onance for neutrino, while for anti-neutrino the peak is observed 
at Q 2 = 0.05 GeV 2. In case of Carbon target, the �-resonance 
peaks at Q 2 = 0.15 GeV 2, while the � with the second resonance 
peaks at Q 2 = 0.25 GeV 2 for neutrino, Q 2 = 0.05 GeV 2 for �-
resonance, and Q 2 = 0.15 GeV 2 for � with the second resonance 
in the anti-neutrino mode. A similar result is also observed us-
ing GiBUU for Argon target in both the neutrino and anti-neutrino 
mode. The same has been observed for the Carbon target in the 
case of neutrino, while in the anti-neutrino mode the �-resonance, 
and with the second resonance peaks at Q 2 = 0.15 GeV 2. This 
noticeable difference is due to the inclusion of the higher nu-
cleon excitations from the second resonance region P11(1440), 
D13(1520), and S11(1535) whose subsequent decay to multiple 
pions contributes to the reconstructed hadronic energy. The sig-
nificant difference in the flux-integrated differential cross-section 
5

of Q 2 also arises from the contribution of the total cross-sections, 
shown in Fig. 2, where the cross-section of the second resonance 
is quite sparse to the �-resonance but non-negligible. The com-
pelling variation in the computed total cross-sections also reflects 
the differences in the neutrino and anti-neutrino interactions. The 
neutrino, in contrast with the anti-neutrino, is also due to the fact 
that the charged pions give different contributions to the energy of 
the final state. The individual energy spectrum of baryons (protons, 
neutrons) and mesons (pions) as a function of neutrino energy can 
be studied from the reference [53].

In order to quantify the effects of the second resonance region 
in Argon, we consider the ratio of the flux-integrated differen-
tial cross-section of Q 2 ( dσ

dQ 2 ) distributions with the inclusion of 
the second resonances (P11(1440), D13(1520), S11(1535)) to the 
�(1232) resonance for both Argon (blue lines) and Carbon (red 
lines) using GENIE (dashed lines) and GiBUU (dotted lines), which 
are shown in the Fig. 5. The left panel is for neutrino, and anti-
neutrino is shown on the right panel. There is a clear distinction 
between the addition of the second resonance compared to the �-
resonance alone. The flux-integrated differential cross-section dσ

dQ 2

ratio - (�+Res2)/� deviates from unity and increases with higher 
Q 2 value in GENIE while GiBUU also shows deviation from unity. 
We can also state that the second resonance contribution with re-
spect to the �-resonance has a significant effect with the higher 
momentum transfer for both the neutrino and anti-neutrino.

Furthermore, to check the systematic uncertainty due to the 
final state interaction (FSI), we estimate the ratio of the flux-
integrated differential cross-section of Q 2 ( dσ

dQ 2 ) distributions for 
both the target viz., Argon and Carbon by considering the hN 
model for GENIE and switching off the final state interaction in 
GiBUU, and the results are shown in Fig. 6, for both the neutrino 
(left panel), and anti-neutrino (right panel). The differences be-
tween the FSI models for GENIE (dashed lines) are observed as Q 2
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Fig. 5. The plot represents the ratio of the flux-integrated differential cross-section as a function of Q 2 (squared four momentum transfer) for �-resonance and with second 
resonance i.e. (�+Res2) for Argon (blue lines) and Carbon (red lines) with neutrino (left) and anti-neutrino (right) using GENIE (dashed line) and GiBUU (dotted line).

Fig. 6. The plot represents the ratio of the flux-integrated differential cross-section as a function of Q 2 (squared four momentum transfer) for �-resonance and with second 
resonance i.e. (�+Res2) for different FSI model for Argon (blue lines) and Carbon (red lines) with neutrino (left) and anti-neutrino (right) using GENIE (dashed line) and 
GiBUU (dotted line).
increases for both Argon, and Carbon target, where notable vari-
ation can be seen above Q 2 ≈ 1.6 GeV 2 for Carbon in both the 
neutrino and anti-neutrino case. The effect of the FSI can also be 
noticed in GiBUU (dotted lines), where the anti-neutrino case evi-
dently has larger uncertainties than the neutrino case.

5. Conclusions

The charge current neutrino interaction on nuclei has been 
investigated using the Monte Carlo neutrino event generator GE-
NIE and GiBUU. We have estimated the observable for the reso-
nance excitation by the neutrinos, and anti-neutrinos using Argon, 
and Carbon targets at the energy range of DUNE ND. We have 
found a sizable contribution from the second resonance region 
P11(1440), D13(1520), and S11(1535) for both the neutrinos and 
anti-neutrinos. The second resonance effect on the Argon and Car-
bon targets is observed using GENIE, where the Argon has slightly 
higher value than Carbon for all the Q 2 range in the case of 
neutrinos. For the anti-neutrinos, the contribution of the second 
resonance region is found to be higher for Carbon, above Q 2 ≈
0.8 GeV 2. GiBUU also shows a considerable contribution from the 
second resonance on the Argon, and Carbon targets in both the 
neutrino and anti-neutrino mode. We find from Fig. 6 that these 
differences are also due to the effect of the final state interaction 
(FSI) on different nuclear environment, which contributes to the 
systematic uncertainties as the inevitable nuclear effect. Thus, the 
excitation of higher nucleon resonances, i.e. the second resonance 
region has small but non-negligible effects on the cross-section 
measurement. The results obtained from these studies can be use-
ful for the precision physics of the DUNE neutrino experiment as 
40% of the interactions come from the resonant interaction chan-
nel at DUNE.
6
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