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We propose to study atmospheric neutrino interactions with a unique event topology to distinguish neutrinos and
anti-neutrinos using a liquid argon time projection chamber in an experiment such as DUNE. The detection of
charged-current 1 proton (CC1P) and charged-current no proton (CCOP) events will allow us to access neutrino
oscillation physics complementary to accelerator-based beam neutrinos. Assuming maximal CP violation (6¢p =
/2) as the true hypothesis, our analysis shows that it is possible to disfavour CP conservation 6. =0 (or )

with more than 26 (~ 1.60) with a data sample of 140 kt-yr of atmospheric neutrinos in the DUNE detector. Our
analysis also shows that assuming normal mass-ordering as the true hypothesis, the sensitivity to the opposite
mass-ordering can be disfavoured with a significance close to 40 and an octant of 6,5 sensitivity with more than
20 both for a true lower octant (6,3 =41°) and higher octant (6,; =49°) value.

1. Introduction

Neutrino oscillations, in which one flavour of neutrinos converts into
others, have been discovered using a variety of neutrino sources: from
neutrinos produced in the sun to atmospheric neutrinos, from reactors
to accelerators, and with a variety of detection techniques in different
terrestrial experiments [1,2].

In 1998 data from atmospheric neutrinos at the Super-Kamiokande (SK)
experiment established neutrino oscillations [3]. This also established
the phenomenon of neutrino masses and mixing, and thus provided the
first evidence of physics beyond the standard model.

A major activity in neutrino oscillation experiments over the past two
decades have focused on the precise determination of a) the neutrino
mass-squared differences, b) mixing angles and c) extracting the CP
phase 6-p [4,5]. The future long-baseline facility Deep Underground
Neutrino Experiment (DUNE) [6,7] aims to extract the signs of the at-
mospheric mass splitting and the CP-violating (CPV) phase 6., through
the golden channels v, - v, and v,, - V,. However, both quantities can
also be measured using atmospheric neutrinos as proposed in the liter-
ature since a long time [8-13].

Although high-energy atmospheric neutrinos were originally the focus
of interest, the wide energy range (O(1072) to @(10°) GeV) and large
distances (L of the range from 17 up to almost 12800 km) covered,
making it one of the golden samples to study neutrino oscillations as
well as other beyond the standard model physics.

* Corresponding author.

In this letter, we are particularly interested to explore the possibility
of using atmospheric neutrino events from sub-GeV (<1 GeV) to 10s of
GeV, using a liquid argon time projection chambers (LArTPCs). The pri-
mary reasons are the following:

First: Low energy (sub-GeV) atmospheric neutrinos, which cover a large
distance (earth radius) L, will have a significant effect on the oscilla-
tion probability arising from both the atmospheric as well as from the
solar mass-splitting. It has been shown earlier [13,14] that the impact
on the oscillation probabilities of the leptonic CP-violating (CPV) phase
6¢cp is much stronger in sub-GeV atmospheric neutrinos as compared to
long-baseline accelerator-based beam neutrinos. Atmospheric neutrino
experiments collect both v and v and a measurement of the oscillation
pattern of the neutrinos and anti-neutrinos with the wide energy range
(from sub-GeV to 10s of GeV) can provide important new information
on the measurement of §.p if the incoming neutrino can be tagged.
Second: The combination of nonzero 6,3, separation of neutrino and
anti-neutrinos till a few GeV (as discussed below), the wide neutrino
energy range and large matter effects will help significantly to resolve
mass ordering [15,16].

Third: The pioneering technique of liquid argon time projection cham-
bers (LArTPCs) [17] with its full 3D-imaging, excellent particle identifi-
cation (PID) capability, and precise calorimetric energy reconstruction
will play a key role in identifying neutrino event topologies. This unique
technique will help to separate neutrino and anti-neutrino samples com-
ing from atmospheric neutrinos, as discussed below. Therefore, such
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measurements will not only have a significant impact on the CP vio-
lation but also on resolving the mass ordering and octant degeneracy.
Inspired by the previous study on the CP violation using sub-GeV at-
mospheric neutrinos at DUNE [13], in this Letter, we propose to study
the atmospheric neutrinos (with a wide range of energies from 100 MeV
to 10 GeV), exploiting the unique event topology to distinguish neutri-
nos and anti-neutrinos using the liquid argon time projection chamber
at DUNE as an example to measure the neutrino oscillation effects. In
[13], studies have been performed to show CP sensitivity with sub-GeV
atmospheric neutrinos at DUNE [13], but to the best of our knowl-
edge, this is the first time that a complete study of neutrino oscillation
physics (CP, mass-ordering, and octant of 6,3) with the wide energy
range (sub-GeV to 10 GeV) has been conducted for DUNE. Consider-
ing the presently planned sequencing schedule for DUNE, where several
Far Detector modules will be installed before the intense neutrino beam
from FNAL becomes available, such measurements can be likely per-
formed to a significant part already before the beam data reaches its
full power.

2. Neutrino oscillations with atmospheric neutrinos

Within the three-generation paradigm, the neutrino mass and mixing
is parameterised in terms of three mixing angles (6,5, 0,3, 0,3), two mass-
squared differences (Amgl, Amgl) and a complex CP violating phase
(6¢cp) [18-22]. Currently, the unknowns in the standard oscillation sec-
tor are the mass ordering among the three neutrino mass states, the
octant of the atmospheric mixing angle 6,5, and the value of the CP vi-
olating phase 6¢p.

When neutrinos travel through Earth’s matter their coherent forward
charged current scattering with the electrons of the Earth’s matter leads
to an extra effective contribution to the neutrino mass matrix. In at-
mospheric neutrino oscillations, generally the dominant mixing angle
is 6,3, and the relevant mass-squared differences are Amg1 and Amgz.
However, in the sub-GeV region, and for larger baselines, the neutrino
evolution is dominated by Am%1 term compared to the Amg1 and Amg2
term. To understand the impact of the CP phase on the oscillation proba-
bilities, we first discuss the CP asymmetry in the transition probabilities.

The CP violating term in the transition probability can be written as [23]

Acp =—8J,sin(5.,) sin(A ;) sin(Ay3) sin(A3) 1)

where A;; = Amisz/4E and J, = ¢51¢23523¢7,57,, With ¢;; = cos6;
and s;; = sin0;; respectively. To understand the impact of 6., on the
transition probability as a function of energy, we need to separate the
atmospheric neutrinos in two different energy regions; i) E,, is sub-GeV:
In this energy range, the corresponding oscillatory terms average out
whenever L/E is large compared to the Aml.z.. This leads to a much
larger CP-violating contribution in the sub-GeV energy region. The top
left panel of Fig. 1 shows the difference in the electron appearance chan-
nel probability for 6., =0 and #/2 values. This clearly shows that the
sub-GeV energy region will provide significant sensitivity to CP violation
effects from atmospheric neutrinos. ii) E, > 1 GeV: in this energy range
the oscillations are mostly dominated by the atmospheric mass splitting.
Hence, the CP term will be suppressed by a factor of Am%1 / Amgl* /2
=~ 1/25 [24] as can be seen from the top right plot of Fig. 1.

The atmospheric neutrinos undergo coherent elastic forward scat-
tering with electrons inside the Earth while passing through the various
density profiles of the Earth. We have used the PREM [25] density pro-
file when calculating matter effect both for oscillation probability and
for simulating atmospheric neutrino events. In order to understand an-
alytically the impact of wide energy and long baseline of atmospheric
neutrinos on the determination of mass-ordering and octant sensitivity,
we use the appearance probability [26,27] (which is valid for a constant
matter density), given by
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Fig. 1. Top: Difference of the muon-appearance probability for a CP conserving
(56‘D =0) and a CP violating (501, =90°) phase is shown both for the sub-GeV (left)
and high energy (right) region as a function of the neutrino energy (E,) and co-
sine of the zenith angle (cos(0,,,;;,)). Middle: Difference of the muon-appearance
probability (left) and muon-disappearance probability (right) for the two differ-
ent mass-orderings is shown both as a function of neutrino energy and cosine
of the zenith angle. Bottom: Difference of the muon-appearance probability for
lower octant (6,; = 41°) and higher octant (6,; = 49°) shown both for sub-GeV
(left) and high energy (right) region as function of the neutrino energy and co-
sine of the zenith angle.
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* cos(mAz + f6

(1= fmA)
where f =1 for neutrinos and f = —1 for anti-neutrinos, m=
sign(Amgl), and A=2EV/ Amgl, where V' is the matter potential. It is

seen that when atmospheric neutrinos travel inside the Earth’s matter,
they encounter sizeable changes due to the matter term which depends
directly on the sign of Amg1 and 60,3. Hence, large matter effects with
a wide energy range of atmospheric neutrinos will have a significant
impact on resolving the mass-ordering. The difference between the two
mass ordering schemes for P”e (left) and P” u (right) as a function of en-
ergy and cosine of the zenith angle is shown in the middle panel of Fig. 1.
The oscillogram plots clearly demonstrate that large matter effects play
a crucial role in the appearance channel across the wide neutrino en-
ergy range. Hence, a mass-ordering sensitivity arises both in the muon
and electron channels from atmospheric neutrinos.

The octant of 6,3 can mostly be resolved through the appearance prob-
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ability, as the appearance channel depends on sin’ 0,3. Hence, the mea-
surement of the appearance channel both for muon and electron will be
ideal to resolve the degeneracy using the atmospheric neutrinos with
a LArTPC detector such as DUNE. The difference of muon-appearance
probability for the lower octant (6,3 = 41°) and higher octant (6,3 = 49°)
is shown both for the sub-GeV (left) and high energy (right) region as
a function of the cosine of zenith angle in the bottom panel of Fig. 1. It
is apparent that the sub-GeV atmospheric data will also help to resolve
the octant degeneracy.

3. Neutrino interactions and event topology within LArTPC
detector

Atmospheric neutrinos cover a broad range of energies in which neu-
trinos interact with the detector via charged or neutral current interac-
tions. The atmospheric neutrino experiments measure the atmospheric
flux at different energy scales, the importance of different interaction
channels differ from one experiment to another. Hence, it is very im-
portant to evaluate the different interaction channels as they will have
a significant impact on the measurement of oscillation parameters in
each experiment in a unique way.

Here we have only considered the charged-current neutrino interactions,
which will be the dominant interaction channel for a neutrino experi-
ment like DUNE [6]. Charged-current neutrino interactions can be cate-
gorized into three major different types: a) Charged current quasielastic
(CCQE): CCQE interactions are mostly significant in the sub-GeV re-
gion (< 1 GeV). In this interaction, the neutrino scatters off one of the
bound nucleons and emits the charged-lepton partner. The outgoing
nucleon is a proton for neutrinos, and a neutron for antineutrinos re-
spectively. One can separate neutrinos and antineutrinos by identifying
the proton in the final state. This method was also explored in [13].
b) Resonance production (CCRES): the CCRES processes mostly domi-
nate at slightly higher energies, up to 4 GeV. In this process, neutrinos
(or anti-neutrinos) can excite an entire nucleon, and produce a A(1232),
which subsequently decays into a pion nucleon pair. Similarly to CCQE,
neutrinos (anti-neutrinos) produce more protons (neutrons) than neu-
trons (protons) in the final state. c¢) Deep inelastic scattering (DIS): DIS
process mostly dominates above 4 GeV. In this process, neutrinos scat-
ter off a single quark inside the nucleon and produce the charged lepton
plus a hadronic shower in the final state. In this type of interaction, it
is difficult to separate the neutrino and antineutrino unless charged lep-
tons are distinguished either by using a magnetic field or with statistical
methods as described in [28], and separated from the hadronic shower.
For this analysis, we have used only atmospheric neutrinos with ener-
gies below 10 GeV, and explored the charge identification potential in
the region of neutrinos with energies < 4 GeV.

So far, Super-Kamiokande [29], IceCube [30], ANTARES [31] and
KM3NET [32] are the only large Cherenkov detectors, which are col-
lecting atmospheric neutrinos with a broad energy spectrum. These
experiments are not able to measure low-energy (sub-GeV) neutrinos
precisely. It is extremely difficult to reconstruct the sub-GeV energies
because of the poor reconstruction technique. For a Cherenkov detec-
tor, protons with less than 1.4 GeV do not emit any Cherenkov light in
water, and hence can not be used to separate between neutrinos and an-
tineutrinos.

The Liquid Argon Time Projection Chamber (LArTPC) with its full 3D-
imaging, excellent particle identification (PID) capability and precise
calorimetric energy reconstruction represent the most advanced exper-
imental technology for neutrino detection for large detectors. Recently
the ArgoNeut experiment [33,34] has shown that protons with kinetic
energy above 21 MeV can be reconstructed effectively. It has also shown
that the detection of these protons allows the separation between sub-
GeV neutrino and anti-neutrino interactions with Argon. Hence, to-
gether with the excellent energy resolution and identification of low
energy protons, LArTPC detectors allow to separate neutrino (CC1P) and
anti-neutrino (CCOP) events distinctively below 4 GeV at DUNE [35-37].
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Table 1
Assumptions of the LArTPC Far Detector pa-
rameters and uncertainties.

Parameter uncertainties or values Value
u*/~ angular uncertainty 3°
e*/~ angular uncertainty 5°
proton angular uncertainty 10°
ut/~ energy uncertainty 3%
e*/~ energy uncertainty 5%
proton energy uncertainty 10%
Detection efficiency 85%
Charge mis-identification efficiency =~ 5%
Flux normalization 10%
Zenith angle uncertainty 25°
Cross section uncertainty 20%
Additional overall systematic 5%
Flux Tilt [10] 5%

4. Experimental details

The atmospheric neutrino and anti-neutrino events are obtained by
folding the relevant incident fluxes with the appropriate disappearance
and appearance probabilities, charged current (CC) cross sections, de-
tector efficiency, resolution, detector mass, and exposure time. The x~,
and e~ event rates in an energy bin of width dE, and in a solid angle
bin of width dQ, are as follows:

d2 Nﬂ Deff z d2 (bﬂ d2 q)e

= P, +(——)P,,|. 3)
dQdE 2 dcos@dE | H# dcosfdE )
ENe Dy | d0 N\ (P )
dQdE = 2« dcos@dE | #¢ " \dcos6dE /)

Here @, and @, are the v, and v, atmospheric fluxes respectively,
obtained from Honda et al. [38,39] at the Homestake site; P, ,(P,,) and
P, (P,,) are disappearance and appearance probabilities; ¥ is the total
charged current (CC) cross-section taken from the GENIE MC genera-
tor [40] and D; is the detector efficiency (value is given in Table 1).
The u* and et event rates are similar to the above expression with the
fluxes, probabilities, and cross sections replaced by those for ¥, and v,
respectively. For a LArTPC detector, the energy and angular resolution
are implemented using a Gaussian resolution function as follows,

Ry (E,.E )= — ex [—(Em_E‘)Z] 5)
E, \Et> Em _\/Zo- Y 252 .
(6, — 0,,)* +sin 0, (¢, — Pyy)*
R, (Q,,Q.)=Nexp |-
0, (@ Q) exp[ 220y , ®)

where N is a normalization constant, and 6, (0,,) and ¢, (¢,,) are the
true (measured) polar and azimuthal angle respectively. We denote both
these angles together by Q as mentioned in Equation (3). Here, E, (2,,,),
and E, (€,) denotes the measured and true values of energy (zenith an-
gle) respectively. The smearing width ¢ is a function of the energy E,.
Assumptions of the experimental smearing for the DUNE Far Detector
(LArTPC) parameters for this study are reported in Table 1 and taken
from [41-43]. Neutrino (anti-neutrino) events in the LArTPC detector
are classified by event topology. We consider neutrino (anti-neutrino)
events with a charged lepton (muon or electron) and one outgoing
proton; for neutrinos, the topology used is CC1P and CCOP for anti-
neutrinos. This technique is applied up to a neutrino energy of 4 GeV.
The threshold kinetic energy for proton identification within LArTPC
can be as low as 21 MeV as shown in [33], but in our analysis, we have
used a more conservative energy threshold of 30 MeV [13,44]. In this
analysis, the neutrino energy is reconstructed as E, = Ej, 0, + Kprorons
where K, is the proton kinetic energy. Any neutrino event with pro-
ton energy higher than 30 MeV is included in this analysis. Neutrino
and anti-neutrino events are summed (for the same flavour) for each
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Table 2

Assumptions of the exposure.
Year kt-year
First 10
Second 20
Third 30
Fourth 40
Fifth 40
Total 140

N, CC1P events, §.,=90"

e (8,,=90") - N, (6,,=0") CC1P events

Co5(0,cnin)

-1
01 02 03 04 05 06 07 08 09
E,(GeV)

-1
01 02 03 04 05 06 07 08 09
E,(GeV)

Fig. 2. CC1P like event distribution coming from muon-neutrino with true input
value 6., = = /2 (left) and the difference of CC1P events with §., =0 (right) as
a function of neutrino energy (sub-GeV region) and cos(6,,,;,,) for 140 kt-yr of
atmospheric data only.

energy and angular bin above 4 GeV. We show the CC1P event distri-
bution with true input value 6, p=7 /2 (left) and the difference of CC1P
events with &, p= 0 (right) as a function of neutrino energy (sub-GeV re-
gion) and cos(0,,,;,,) for 140 kt-yr (see Table 2) of atmospheric data in
Fig. 2. The right panel of Fig. 2 shows that there are a total of 40 bins,
which will provide significant sensitivity to the CP violation from the
sub-GeV energy region.

5. Analysis and results

The computation of y? is performed using the method of pulls. This
method allows us to take into account the various statistical and system-
atic uncertainties in a straightforward way. The flux, cross sections, and
other systematic uncertainties are included by allowing these inputs to
deviate from their standard values in the computation of the expected
rate in the i4§™ bin, Ngjh.

npull
th _ agth k
Nif = Ni(std) + > ok %)
k=1

where szh(std) is the expected rate in the i-j bin calculated with the
standard values of the inputs. Events are binned in both energy and
angle. al.kj and &, are the values of the uncertainties and the pull re-
spectively. The y? is calculated as described in [45], which includes the
effects of all theoretical and systematic uncertainties (as reported in Ta-
ble 1). In the case of the DUNE LArTPC detector, the y2 with charge-id
below 4 GeV neutrino energy is calculated as follows,

2 2 2 2 2
Xoagey = Xym F Xpr ¥ X + X ®

and y? without charge-id above 4 GeV neutrino energy

2 _ .2 2
X>4Gev = )(/F+;¢Jr + Ko yet ©)

Finally, A y? is marginalized over the oscillation parameters, given
in Table 3 [46]. To calculate the experimental sensitivity, we have sim-
ulated events for up-going atmospheric neutrinos. For the sensitivity
calculation, we used a 0.1 GeV energy bin from 0.1 GeV to 1 GeV, a
0.125 GeV energy bin up to 4 GeV, and a 0.25 GeV energy bin for the
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Table 3
True values and marginalization range of the os-
cillation parameters.

Parameters True Values Range
0,,(°) 33.47° Fixed.
0,5(°) 8.54° Fixed.
053(°) 45° 41: 49
Aml (eV?)  742x107° Fixed.
Aml (eV?)  2515x107  (2.41-2.61)x 1073
) 0 —180: 180
T T T T T
15[ CPV sensitivity, true &cp= 90 1
— =1GeV (140 kt-yr)
1251 —  =4GeV (140 kt-yr) 1
’ Total (140 kt-yr)
10} ]
30 /N
B
<751 ]
5F i
20
25 ]

0 I I I I I I
-150 -100 =50 0 50 100 150

6cD

Fig. 3. Sensitivity to the CP violating phase 6. using atmospheric neutrinos for
true 6cp = 90° with an exposure of 140 kt-yr the DUNE LArTPC detector data.

rest. The cos(6,,,;,) binning is uniform for all, set at 0.1. The assump-
tions on the collected data samples per year are given in Table 2. Note
that this is an optimistic scenario where, following the installation of
the first Far Detector, each year another detector, up to four in total,
is assumed to be added and leads to a data collection of 140 kt-year in
five years. Presently, the Far Detectors three and four are likely to be-
come ready somewhat later, so the first 5 years will collect perhaps more
closer to 100 kt-year. But in any case the atmospheric neutrino program
is expected to start several years earlier than the neutrino beam pro-
gram.

The sensitivity to the CP violating (CPV) phase 6 p using only atmo-

spheric neutrinos for a true 6cp = 90° with an exposure of 140 kt-yr of
LArTPC data at DUNE is shown in Fig. 3. The sensitivity result indicates
the contribution coming from neutrinos with energy < 1 GeV (red line),
< 4 GeV (violet line), and the total sensitivity (orange line) respectively.
The result shows that a large region of §-p parameter space can be ex-
cluded with more than 2¢ and a fraction of 6. p space with more than
30 with 140 kt-yr(x 5 years) of atmospheric data only.
The sensitivity to the CP violation (CPV) arises from both low energy as
well as from the events below 4 GeV. The sensitivity to the CPV phase
can be understood as follows: the CP violation effect is much more signif-
icant for sub-GeV atmospheric neutrinos (red line in Fig. 3) compared to
the GeV neutrinos as explained in the previous section. Separating a neu-
trino and anti-neutrino sample by using the event topology (< 4 GeV)
inside the LArTPC also enhances the CP sensitivity, as apparent from
the violet line of Fig. 3. The combination of these two factors drives the
CPV sensitivity at DUNE.

In Fig. 4, assuming normal mass-ordering as true, the sensitivity to
the mass-ordering (left) and octant of 6,5 (right) is shown using atmo-
spheric neutrinos with an exposure of 140 kt-yr for DUNE. We have
assumed true mass-ordering as normal mass-ordering with the true value

of Amgl as defined in Table 3 and disfavoured all inverted mass-ordering

as mentioned in the range of Amgl. Significant sensitivity to the mass

ordering may be achieved for all 6.p values with a sensitivity close
to 40. The reason behind this very promising result is twofold. First,
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Fig. 4. Sensitivity to the mass-ordering (left) assuming normal mass-ordering as
true and octant of ,; (right) using atmospheric neutrinos with an exposure of
140 kt-yr of LArTPC detector data such as DUNE.

the large matter effect due to the long baseline enhances the sensitiv-
ity of all energies as shown in the middle panel of Fig. 1. Second, the
separation of neutrinos and anti-neutrinos within a LArTPC provides
significant sensitivity to the mass-ordering within the energy range 1-
4 GeV. Also notice that, in the case of normal (inverted) ordering, the
matter resonance effects are at the aforementioned energies (2-8 GeV)
for almost vertical upgoing (-1 < cos(@,,,;,,) < —0.5) neutrinos (anti-
neutrinos) respectively. Hence, the combination of both large matter
effect and charge separation helps to get a strong sensitivity to the mass-
ordering.

The sensitivity to the octant of 6,5 for the higher (blue) and lower (red)
octant is shown in right panel of Fig. 4. When calculating lower octant
(LO) sensitivity, we assume the true value of 6,3 is less than maxi-
mal (0,3 =45°) and disfavoured higher octant (6,3 > 45°) values as
mentioned in Table 3, and similarly for the higher octant (HO). The
sensitivity of the higher and lower octant are to a level of 3¢ and larger
than 20, respectively. The Octant sensitivity depends on the true val-
ues of 6,3. Thus, we have shown the octant sensitivity as a function of
the unknown 6 p variable for two different cases of true values of 6,3,
each lying in a different octant (LO, HO). The dependence of octant sen-
sitivity with the true values of 6,3 can be understood as follows: The
sensitivity derivable from muon events arises from P,, and P,, terms.
On the other hand, for electron events the only source of the octant
sensitivity is from P,, term, since the electron survival probability is in-
dependent of 0,;. Therefore both muon and electron events individually
contribute to the octant sensitivity. The sensitivity from muon events is
more strongly dependent on the value of 0;’3, hence the octant sensitiv-
ity from muon events is higher than the sensitivity from electron events
for values further away from maximal, and getting closer to the contri-
bution coming from the electron as 0;’3 approaches 45°.

For the electron events the only octant sensitive contribution is from
P,., which does not suffer from the intrinsic octant degeneracy at the
leading order and the octant sensitivity is due to the sin?6,; x sin2219;"3
term (0,3™ is 0,5 in matter), the octant sensitivity increases proportion-
ally with the test value of sin?6,;. Hence the minimum sensitivity is
when 6,5 is close to maximal values.

As a next step, one could study the impact of using such atmospheric
neutrino data in combination with the data from the early neutrino
beam, when these become available a few years after the completion of
the first Far Detector. In addition, one can try to extend the atmospheric
neutrino analysis for the higher energy data (> 4 GeV) including statis-
tical methods for the charge determination, which we intend to study
in detail in a forthcoming publication. However, it is clear that atmo-
spheric neutrinos will provide a unique analysis of both CP violation,
mass-ordering and octant determination of #,; using the cutting-edge
advanced technique of liquid argon time projection chambers and the
wide energy range of atmospheric neutrinos in the initial data taking
period of DUNE.
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6. Conclusions

Large LArTPCs are becoming available for the study of neutrino
physics, and these detectors have excellent capabilities to reconstruct
and classify neutrino interactions by topology, which gives sensitivity
to neutrino and anti-neutrino interactions. This can be used to study
neutrino oscillations and extract the CP violation, neutrino mass order-
ing and the octant determination of 6,; parameters. The results show
that with a data sample collected over several years, one can achieve
interesting sensitivities to these quantities, complementary to first neu-
trino beam results. These measurements can however start when the first
Far Detector of the DUNE experiment is completed and starts collecting
data.
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