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In this letter, we study the potential of boosting the atmospheric neutrino experiments sensitivity to

the neutrino mass ordering (NMO) sensitivity by incorporating inelasticity measurements. We show how

this observable improves the sensitivity to the NMO and the precision of other neutrino oscillation
parameters relevant to atmospheric neutrinos, specifically in the IceCube-Upgrade and KM3NeT-ORCA
detectors. Our results indicate that an oscillation analysis of atmospheric neutrinos, including inelasticity

information, has the potential to enhance the ordering discrimination by several units of y? in the
assumed scenario of five and three years of running of IceCube-Upgrade and KM3NeT-ORCA

detectors, respectively.
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Introduction. Unmagnetized neutrino experiments cannot
distinguish neutrinos from antineutrinos on an event-by-
event basis when studying neutrino-nucleon interactions.
Instead, experiments operating without a magnet need to rely
on the particle content of the beam or the use of kinematic
observables to statistically separate neutrinos from antineu-
trinos. So far, analyses of atmospheric neutrinos aimed to
determine neutrino oscillation parameters [1-4] have not
exploited kinematic variables aimed at distinguishing
between neutrinos and antineutrinos in large telescopes
based on water/ice-Cherenkov.

This missing information undoubtedly hides the poten-
tial of atmospheric neutrinos in measuring the different
oscillation effects that are distinct between neutrinos
and antineutrinos, namely the mass ordering through
the Mikheyev-Smirnov-Wolfenstein (MSW) [5,6] Earth
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matter effects’ and the magnitude of the CP-violating
phase in the lepton sector [8]. This is particularly important
since, as recently demonstrated in Ref. [9], atmospheric
neutrino experiments are expected to yield one of the most
precise measurements of the neutrino oscillation parame-
ters and are expected to determine the neutrino mass
ordering by the end of the decade.

With this motivation, the Super-Kamiokande experiment
has already implemented various techniques to distinguish
neutrinos from antineutrinos [10,11]; namely, detecting
low-energy secondary particles like Michel electrons or
neutrons and computing kinematically relevant variables
when possible, that is, in the multi-ring samples. These
features have already been included in previous sensitivity
studies and also apply to the Hyper-Kamiokande experi-
ment, therefore we shall exclude them in this study and
focus on the improvements that inelasticity would bring to
IceCube and ORCA oscillation analyses.

The former requires a low-background detector with
very high photo-sensor coverage, which is currently out of
reach for the large, next-generation, multi-megatonne
neutrino detectors. On the other hand, in this work, we
demonstrate how the IceCube-Upgrade and KM3NeT-
ORCA detectors could use the reconstructed inelasticity
of the neutrino interaction to improve the sensitivity to

'Alongside atmospheric neutrino experiments, long-baseline
experiments like DUNE [7], we will also utilize matter effects to
resolve the mass ordering.
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neutrino mass ordering and the CP phase. The inelasticity
v, also known as Bjorken-y, is the fraction of the neutrino
energy transferred to a hadronic system with which the
neutrino interacts. There are some efforts that has already
been taken in the IceCube collaboration in reconstructing
the inelasticity of low energy events [12]. Thus, in this
letter, we extend the work in Ref. [9] by studying the impact
in sensitivity of the IceCube-Upgrade and KM3NeT-
ORCA neutrino telescopes that comes from incorporating
an event’s inelasticity in the oscillation analysis.

The results obtained in this work further complement the
motivation of a combined oscillation analysis of atmos-
pheric neutrinos to provide a precise picture of the mixing
scenario independent from the current and early measure-
ments of the next-generation accelerator experiments.
Furthermore, our results motivate the development of
techniques that enable the reconstruction of the inelasticity
in neutrino telescopes.

Atmospheric neutrinos and antineutrinos. The study of
neutrino oscillations has entered an era of high precision,
where only a few aspects remain unknown. Among these
unknowns are the octant of the 6,5, the mass ordering, and
the CP-phase, d.p. Both the mass ordering and d.p predict
different behaviors for neutrinos and antineutrinos as they
propagate through Earth. Specifically, in the case of normal
mass ordering (NO), where m3 > m,, m;, a matter-induced
resonance is predicted for neutrinos crossing the mantle and
the core of the Earth at energies around 6 GeV. In the case
of inverted ordering (I0), where m; < my, m,, this reso-
nance occurs in the antineutrino propagation, as illustrated
in Fig. 1. A similar situation arises in the case of dcp,
where, in the presence of CP-violation, the oscillation
evolution differs between neutrinos and antineutrinos. For a
detailed description of the effects of CP-violation on
atmospheric neutrino evolution, see [9].

The different oscillation patterns between neutrinos and
antineutrinos suggest that the separation of both particle
types in the event basis is the best way to explore the
aforementioned parameters. In accelerator experiments,
this is done by running the experiment in both the neutrino
and antineutrino modes, while in the case of atmospheric
neutrinos, the flux contains both neutrino types. Therefore,
we look for an alternative way to discriminate between
neutrino- and antineutrino-type events.

Following a neutrino’s charged-current (CC) interac-
tion with a nucleon (N), the neutrino energy is split
between the leptonic (/,) and hadronic (%) currents,
Vy,+ N — [, + h. The V — A structure of the weak tensor
in the case of the neutrino interaction results into a
different cross section for neutrinos and antineutrinos [14],
when neutrinos interact primarily with valence quarks,
which is the case at the relevant energies. Considering just
the case where the neutrinos interact via deep-inelastic
scattering (DIS), the relevant component above 3 GeV, and
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FIG. 1. Muon disappearance probabilities for both mass

orderings, normal (NO) and inverted (IO), and both neutrinos
and antineutrino, considering a trajectory crossing the entire
Earth (cos 8, = —0.95). We used the results of the latest global
analysis [13] for the best-fit values of the parameters. A Gaussian
filter with a width of 5%-/E,, has been included to remove the fast
oscillations at lower energies.

following the notation in [15], the neutrino cross section can
be written in terms of the inelasticity (y = 1— E,/E,),
where E; is the energy of the outgoing lepton, and the
Bjorken scaling variable (x) as

GCC Z.XS B
fly:ix - G;n (Q() +0(x) x (1=y)?). (1)

do$¢  Giuxs
dydx 2=

Q) +0(x) x (1=y?).  (2)

where G is the Fermi constant and s is the square of the
center-of-mass energy. The symbols Q(x) and Q(x) cor-
responds to the sum of all the parton distribution functions
(PDFs) for quarks and antiquarks that contribute to the
nucleons. To explore the dependence of the neutrino cross
section on the inelasticity, we have integrated the double
differential cross section over x within the kinematic
allowed region, and using the PDF4LHC21 set [16]
PDFs set. We find an almost uniform energy distribution
of the outgoing lepton in the case of the neutrino interaction,
as shown in Fig. 2. In the case of the antineutrino
interaction, most of the energy of the incoming neutrino
is carried out by the outgoing lepton. Therefore, it is
possible to get a large neutrino-antineutrino separation
for large values of y.

Although we have restricted the discussion in this section
to the DIS interaction, all the results that are presented in
this analysis are based on simulations that includes all the
interaction channels, as described in [9].

Experiments and methods. The IceCube Neutrino
Observatory [17] is an ice-Cherenkov neutrino detector
located on average 2 km below the surface at the geo-
graphic South Pole. It consists of 5160 light sensors known
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FIG. 2. Differential neutrino charge current cross section for the
DIS regime. The shaded region corresponds to the 1o uncertainty
region included for DIS in this analysis.

as digital optical modules (DOMs) that allow it to detect
neutrino interactions above ~10 GeV. Depending on the
type of particle propagating through the ice, an event will
correspond to one of two possible morphologies, namely,
tracks, coming from the propagation of muons, and
cascades, coming from the propagation of electrons, taus,
and/or hadronic or electromagnetic cascades. In the near
future, IceCube will undergo an upgrade [18,19] consisting
of deploying additional strings in order to lower the energy
threshold to a few GeV.

We further consider the ORCA detector, which is part of
the KM3NeT water-Cherenkov neutrino telescope cur-
rently under construction in the Mediterranean Sea [20].
As in the case of IceCube, ORCA also identifies tracks and
cascades as possible event morphologies, but have also
developed a third sample, namely, the infermediate, for
events that cannot be clearly identified as part of the former
two. For the purposes of our analysis, we use the open-
access Monte Carlo simulation of ORCA developed in [9],
which is built as an extension of the open-access IceCube-
Upgrade Monte Carlo release.

In both experiments, we compute the inelasticity for
charged-current v, events which produce an outgoing
muon, reconstructed as a track, and a hadronic shower,
identified as a cascade. In terms of reconstructed quantities,

'casc
ES

= Tcasc track °
ESs¢ 4 U

(3)

Yr

Current oscillation analysis carried away by IceCube and
ORCA use a two-dimensional histogram of the events in
terms of the reconstructed energy and the direction for each
morphological category. To incorporate the inelasticity in
the analysis, we modified the Monte Carlo simulations for
IceCube-Upgrade [21,22] and ORCA by adding a variable
corresponding to the reconstructed inelasticity, y,. For
every MC event reconstructed as a track, we generate a
set of N additional events, where the inelasticity is
reconstructed based on the reconstructed energy for the

track and the cascade. For the main results of this work, we
have assumed a Gaussian distribution with uncertainty of
or = 20% for tracks and - = 30% for cascades [4]. For
the purposes of this letter, we used the case of N = 20 for
the IceCube simulation and N = 10 for ORCA.?

In addition to the binning scheme described in [9], a third
dimension is implemented for track events of both experi-
ments, including 10 bins for the reconstructed inelasticity.
An example of the event distribution we predict is shown in
Fig. 3, where we have chosen one bin in zenith
cosf, €[—0.8,—0.6] and energy E,€[5.0,6.3] GeV. As
anticipated from the previous discussion, for large values of
v, the event distribution is primarily dominated by the
neutrino sample. In the case of antineutrinos, the event
distribution is concentrated in the bins with small y,. The
event distribution is depicted for both mass orderings,
normal (solid), and inverted (dash). For neutrinos, the
different mass orderings lead to deviations in the event
distribution which are almost uniform in y,. For the case of
antineutrino, this deviation concentrates at lower y,.

Analysis and results. We have investigated how the sensi-
tivity to oscillation parameters improves with the inclusion
of inelasticity in the analysis. Through a combined analysis
using currently publicly available IceCube-Upgrade and
ORCA simulations, we have explored the sensitivity to the
less constrained oscillation parameters—Am3,, mass order-
ing, and the CP-phase. Since atmospheric neutrino experi-
ments are not sensitive to the solar parameters, Am3, and
sin® @,,, we have fixed both of these as well as the reactor
angle, sin” 60,5, to their best-fit values [I 3] Regarding
systematic uncertainties, we have taken into account uncer-
tainties associated with the atmospheric neutrino flux,
neutrino cross section, and detector response. These uncer-
tainties have been included in the analysis in a manner
similar to that presented in [9].

The main results of the combined analysis are illustrated
in Fig. 4. The sensitivity shown in the figure corresponds to
the combination of IceCube-Upgrade and ORCA, with
exposures of 5 and 3 years, respectively. In both figures, we
assume normal ordering as the benchmark scenario.
Regarding |Am3,|, we observed an improvement of more
than 30%, achieving a precision below the percent level
(0.7%), as depicted in Fig. 4 (left, solid lines). However, for
sin? @,3, which is influenced by the neutrino angular

“We explored the sensitivity considering different values for N
between N = 10 and N = 100, finding no significant deviation
of the results.

'We have explore how the sensitivity to the mass ordering and
the CP-phases changes with and without the present constraints
of the solar parameters and 6,5. Our results indicate that Am%l
and 6#,, do not have any impact on the mass ordering or §cp. In
the case of 0,3, the current sensitivity from reactor experiments is
enough to reach 7¢ in the mass order, and it does not have a large
impact over S¢p.
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FIG. 3. Histogram of events in IceCube Upgrade and ORCA as a function of y, for a bin in E,€[5.0,6.3] GeV and
cos 8, € [—0.8,—0.6]. The solid line corresponds to Normal Ordering and the dashed line to Inverted Ordering. In the lower panel,
we display the ratio between the neutrinos (orange) and antineutrinos (blue) and the total number of events for both normal and inverted
ordering.
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FIG. 4. Left: sensitivity from the combined analysis of IceCube-Upgrade (5 years) and ORCA (3 years) to Am%1 (solid lines)
incorporating y binning (green) and the usual analysis (blue), assuming true normal ordering. Dashed lines are the inverted ordering fit,
showing the NMO sensitivity in units of 2. Right: combined sensitivity to §p incorporating the y (green) and the usual analysis (blue),
assuming true normal ordering.
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\/Ay?* as a function of years in operation of both IceCube-
Upgrade and ORCA.

Combined neutrino mass ordering sensitivity in units of

resolution, no improvement is observed. For both param-
eters, profiling has been performed over dcp and the
parameters not shown.

The sensitivity to the ordering is depicted on the right
panel of Fig. 4 by the dashed lines. We fit the event
distribution assuming inverted ordering to the normal
ordering scenario. We also take 6.p = 4.082 as the best-
fit value [13]. The combination of IceCube Upgrade and
ORCA will enable us to predict a 70 exclusion of the
inverted ordering without including the inelasticity, as
shown in [9]. With the inclusion of inelasticity in the
analysis, the sensitivity increases to ~8.4c. When consid-
ering each experiment separately, IceCube Upgrade can
reach ~5¢ in 3.5 yr, while ORCA can do it in 2.5 yr. The
different best-fit values found for Am3; in NMO and IMO
correspond to the phase difference between the two mass
orderings. Additionally, Fig. 5 showcases the improvement
gained from including the inelasticity in the event analysis
as a function of years in operation of both experiments.

Finally, in the context of the CP-violating phase,
although it does not have a significant impact on the muon
disappearance channel [23], the inclusion of inelasticity in
the analysis increases the resolution of 6c-p by ~15%.

Furthermore, to assess the resilience of our results, we
investigated how the new sensitivity changes under limi-
tations related to energy reconstruction and the possible
misclassification of events with large inelasticity. These
tests confirmed the robustness of our method to these
potential errors; refer to the Supplemental Material [24] for
detailed information.

Conclusion. In this letter, we introduced a novel approach
to the oscillation analysis of the atmospheric neutrino
data suitable for the upcoming IceCube-Upgrade and
ORCA experiments. We motivate and demonstrate that
introducing the information of the reconstructed inelasticity
of track events has the potential to discern neutrinos and
antineutrinos in the few GeV region, thus impacting the
sensitivity of the relevant oscillation parameters, namely
the neutrino mass ordering, the squared-mass difference
and the CP-phase. These results motivate the development
of reconstruction techniques that can infer the inelasticity
for sub-100 GeV energies.

This work builds up the results from Ref. [9], showing
the relevant role of atmospheric neutrinos in unequivocal
measuring the neutrino mass ordering before the end of the
decade. Additionally, they will constrain the allowed values
for the remaining oscillation parameters independently
from the long-baseline programs, which will carry a precise
determination of parameters such as Jcp and sin@s.
The different sensitivity to various oscillation parameters
between reactor, solar, accelerator, and atmospheric neu-
trino experiments supports the usefulness of combined
analysis that exploits their distinct sensitivity coverage. In
this context, our letter’s conclusions further motivate the
inclusion of neutrino telescope atmospheric neutrino mea-
surements in the global effort to determine neutrino
oscillation parameters.
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