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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 χ2 in the assumed scenario of 5 and 3 years of running of IceCube-Upgrade and
KM3NeT-ORCA detectors, respectively.

Introduction— Unmagnetized neutrino exper-
iments cannot distinguish neutrinos from anti-
neutrinos on an event-by-event basis when studying
neutrino-nucleon interactions. Instead, experiments
operating without a magnet need to rely on the par-
ticle content of the beam or the use of kinematic
observables to statistically separate neutrinos from
antineutrinos.
So far, analysis of atmospheric neutrinos aimed

to determine neutrino oscillation parameters [1–4]
has not exploited kinematic variables aimed at dis-
tinguishing between neutrinos and antineutrinos in
large telescopes based on water/ice-Cherenkov.
This missing information undoubtedly hides the

potential of atmospheric neutrinos in measuring the
different oscillation effects that are distinct between
neutrinos and antineutrinos, namely the mass or-
dering through the Mikheyev-Smirnov-Wolfenstein
(MSW) [5, 6] Earth matter effects and the magni-
tude of the CP -violating phase in the lepton sec-
tor [7]. This is particularly important since, as re-
cently demonstrated in Ref. [8], atmospheric neutrino
experiments are expected to yield the most precise
measurements of the neutrino oscillation parameters
and are expected to determine the neutrino mass
ordering by the end of the decade.
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With this motivation, the Super-Kamiokande ex-
periment has already implemented various techniques
to distinguish neutrinos from antineutrinos [9]: de-
tecting low-energy secondary particles like Michel
electrons or neutrons, and computing kinematically
relevant variables when possible, that is in the multi-
ring samples. Producing a first neutrino oscillation
analysis with neutrino-anti-neutrino event based on
neutron tagging [10].

The former requires a low-background detector

FIG. 1. Muon disappearance probabilities for both mass
orderings, normal (NO) and inverted (IO), and both neu-
trinos and anti-neutrino, considering a trajectory crossing
the entire Earth (cos θν = −0.95). As a best fit parame-
ters, we used the results of latest global analysis [11]. A
Gaussian filter with a width of 5%

√
Eν has been included

to remove the fast oscillations at lower energies.
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with very high photo-sensor coverage, which is cur-
rently 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 inter-
action to improve the sensitivity to neutrino mass
ordering and the CP phase. The inelasticity y, 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 collabora-
tion in reconstructing the inelasticity of low energy
events [12]. Thus, in this letter, we extend the work
in Ref. [8] 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 com-

plement the motivation of a combined oscillation
analysis of atmospheric neutrinos to provide a pre-
cise picture of the mixing scenario independent from
the current and early measurements of the next-
generation accelerator experiments. As well as moti-
vate the development of techniques that enable the
reconstruction of the inelasticity in neutrino tele-
scopes.

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 θ23, the mass ordering, and the CP-phase, δCP .
Both the mass ordering and δCP predict different
behaviors for neutrinos and anti-neutrinos as they
propagate through Earth. Specifically, in the case
of normal mass ordering (NO), where m3 > m2,m1,
a matter-induced resonance is predicted for neutri-
nos crossing the mantle and the core of the Earth
at energies around 6 GeV. In the case of inverted
ordering (IO), where m3 < m1,m2, this resonance
occurs in the anti-neutrino propagation, as illustrated
in Figure 1. A similar situation arises in the case
of δCP , 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 [8].
The different oscillation patterns between neutri-

nos and anti-neutrinos 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 anti-neutrino
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 anti-neutrino-type events.

Following a neutrino’s charged-current (CC) inter-
action with a nucleon (N), the neutrino energy is
split between the leptonic (lα) and hadronic (h) cur-
rents, να +N → lα + 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
anti-neutrinos [13], when neutrinos interact primarly
with valence quarks, which is the case at the relevant
energies. Considering just the case where the neutri-
nos interact via Deep-Inelastic Scattering (DIS), the
relevant component above 3 GeV, and following the
notation in [14], the neutrino cross-section can be
written in terms of the inelasticity (y = 1− El/Eν),
where El is the energy of the outgoing lepton, and
the Bjorken scaling variable (x) as

dσCC
ν

dydx
=

G2
Fxs

2π

(
Q(x) + Q̄(x)× (1− y)2

)
, (1)

dσCC
ν̄

dydx
=

G2
Fxs

2π

(
Q̄(x) +Q(x)× (1− y)2

)
, (2)

where GF is the Fermi constant and s is the square
of the center-of-mass energy. The symbols Q(x) and
Q̄(x) corresponds to the sum of all the parton distri-
bution functions (PDFs) for quarks and anti-quarks
that contribute to the nucleons. To explore the de-
pendence of the neutrino cross-section on the in-
elasticity, we have integrated the double differential
cross-section over x within the kinematic allowed
region, and using the PDF4LHC21 set [15] PDFs
set. We find an almost uniform energy distribution
of the outgoing lepton in the case of the neutrino
interaction, as shown in Figure 2. In the case of
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FIG. 2. Differential neutrino charge current cross-section
for the DIS regime. The shaded region corresponds to the
1σ uncertainty region included for DIS in this analysis.
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FIG. 3. Histogram of events in IceCube Upgrade and ORCA as a function of yr for a bin in Er ∈ [5.0, 6.3] GeV and
cos θr ∈ [−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 anti-neutrinos (blue) and the total number of
events for both normal and inverted ordering.

the anti-neutrino interaction, most of the energy of
the incoming neutrino is carried out by the outgo-
ing lepton. Therefore, it is possible to get a large
neutrino-anti-neutrino 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 simula-
tions that includes all the interaction channels, as
described in [8].

Experiments and Methods— The IceCube Neu-
trino Observatory [16] is an ice-Cherenkov neutrino
detector located on average 2 km below the sur-
face at the geographic South Pole. It consists of
5160 light sensors known 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 corre-
spond 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, a detector upgrade [17, 18] that
will consist in the deployment of additional strings
allowing to lower the energy threshold to a few GeV.

We further consider the ORCA detector, which is
part of the KM3NeT water-Cherenkov neutrino tele-
scope currentlty under construction in the Mediter-
ranean Sea [19]. As in the case of IceCube, ORCA
also identifies tracks and cascades as possible event
morphologies, but have also developed a third sam-
ple, namely, the intermediate, 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 [8],
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 νµ events which produce an out-
going muon, reconstructed as a track, and a hadronic
shower, identified as a cascade. In terms of recon-
structed quantities,

yr =
Ecasc

r

Ecasc
r + Etrack

r

. (3)

Current oscillation analysis carried away by Ice-
Cube 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

3



modified the Monte Carlo simulations for IceCube-
Upgrade [20] and ORCA by adding a variable cor-
responding to the reconstructed inelasticity, yr. 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 distribu-
tion with uncertainty of σT = 20% for tracks and
σC = 30% for cascades. For the main results of this
work, we have assumed a Gaussian distribution with
uncertainty of σT = 20% for tracks and σC = 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 1.

In addition to the binning scheme described in [8],
a third dimension is implemented for track events
of both experiments, including 10 bins for the re-
constructed inelasticity. An example of the event
distribution we predict is shown in Figure 3, where
we have chosen one bin in zenith cos θr ∈ [−0.8,−0.6]
and energy Er ∈ [5.0, 6.3] GeV. As anticipated from
the previous discussion, for large values of y, the
event distribution is primarily dominated by the neu-
trino sample. In the case of anti-neutrinos, the event
distribution is concentrated in the bins with small
yr. The event distribution is depicted for both mass
orderings, normal (solid), and inverted (dash). For
neutrinos, the mass ordering induce a event devia-
tion which is almost uniform in yr. For the case of
anti-neutrino, this deviation concentrates at lower
yr.

Analysis and Results — We have investigated
how the sensitivity to oscillation parameters im-
proves with the inclusion of inelasticity in the anal-
ysis. Through a combined analysis using currently
publicly available IceCube-Upgrade and ORCA sim-
ulations, we have explored the sensitivity to the less
constrained oscillation parameters—sin θ23, mass or-
dering, and the CP-phase. In this work, we have kept
the solar parameters (∆m2

21 and sin2 θ12) and the re-
actor angle (sin2 θ13) fixed at their best-fit values [11].
Regarding systematic uncertainties, we have taken
into account uncertainties associated with the at-
mospheric neutrino flux, neutrino cross-section, and
detector response. These uncertainties have been
included in the analysis in a manner similar to that
presented in [8].

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

FIG. 4. Comparison of the sensitivity from the com-
bined analysis of Icecube-Upgrade (5 years) and ORCA
(3 years) to δCP (solid lines) incorporating the yr bin-
ning (green) and the usual analysis (blue), assuming true
normal ordering.

The main results of the combined analysis are illus-
trated in Figures 4 and 5. The sensitivities depicted
correspond to the combination of IceCube-Upgrade
and ORCA, with exposures of 5 and 3 years, respec-
tively. In both figures, we assume normal ordering as
the benchmark scenario. Regarding |∆m2

31|, we ob-
served an improvement of more than 30%, achieving
a precision below the percent level (0.7%), as de-
picted in Figure 5 (solid lines). However, for sin2 θ23,
which is influenced by the neutrino angular resolution,
no improvement is observed. For both parameters,
profiling has been performed over δCP and the pa-
rameters not shown.

The sensitivity to the ordering is depicted in Fig-
ure 5 by the dashed lines. We fit the event distribu-
tion assuming inverted ordering to the normal order-
ing scenario. The combination of IceCube Upgrade
and ORCA will enable us to predict a 7σ exclusion of
the inverted ordering without including the inelastic-
ity, as shown in [8]. With the inclusion of inelasticity
in the analysis, the sensitivity increases to ∼ 8.4σ.
When considering each experiment separately, Ice-
Cube Upgrade can reach ∼ 5σ in 3.5 years, while
ORCA can do it in 2.5 years.

Finally, in the context of the CP-violating phase,
although it does not have a significant impact on
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the muon disappearance channel, the inclusion of
inelasticity in the analysis increases the resolution of
δCP by ∼ 15%.

Furthermore, to assess the resilience of our results,
we investigated how the new sensitivity changes un-
der limitations related to energy reconstruction and
the possible misclassification of events with large in-
elasticity. These tests confirmed the robustness of
our method to these potential errors; refer to the
Appendix for detailed information.

Conclusion — In this letter, we introduced a
novel approach to the oscillation analysis of the
atmospheric neutrino data suitable for the upcom-
ing IceCube-Upgrade and ORCA experiments. We
motivate and demonstrate that introducing the in-
formation of the reconstructed inelasticity of track
events has the potential to discern neutrinos and
anti-neutrinos 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. This results motivate

FIG. 5. Comparison of the sensitivity from the com-
bined analysis of Icecube-Upgrade (5 years) and ORCA
(3 years) to ∆m2

31 (solid lines) incorporating the yr bin-
ning (green) and the usual analysis (blue), assuming true
normal ordering. Dashed lines are the inverted order-
ing fit, showing the NMO sensitivity in units of χ2 as a
function of ∆m2

31. In this analysis, we have profiled over
sin θ23 and δCP , maintaining their best fit equal to the
latest result from the global analyses.

the development of reconstruction techniques that
can infer the inelasticity for sub-100 GeV energies.
This work builds up the results from [8] showing

the relevant role of atmospheric neutrinos in unequiv-
ocal measuring the neutrino mass ordering before
the end of the decade and constraining the allowed
values for the remaining oscillation parameters inde-
pendently from the long-baseline programs.
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Appendix A: Uncertainty Associated to the Inelasticity

In order to test the robustness of our results to different ways of modifying an experiment’s Monte Carlo
simulation when including the reconstructed inelasticity, yr, we explored the NMO sensitivity obtained when
yr is drawn directly from a Gaussian distribution, instead of determined via the method described above
relying on two separate Gaussian distributions for the reconstructed cascade and track energies. We describe
this method in the current appendix, followed by its resulting sensitivity in Appendix B. As above, for every
νµ CC interaction event having a true inelasticity of y, we create N additional events with an additional
variable, yr. Instead of computing yr from reconstructed energies, we assume that

yr ∼ N (y, σy), (A1)

where the standard deviation, σy, is given by

σy = y
√
(1− y)2σ2

L + y2σ2
H . (A2)

Here σL and σH represent the magnitude of the error in the reconstruction of y for small and large
values of y, respectively. To see why, notice that the factor multiplying y in the above approaches σL as
y → 0 and σH as y → 1. We experimented with different values of these parameters and decided to use
(σL, σH) = (0.2, 0.3), for this would reproduce the errors used in the main analysis in the limits of low and
high inelasticity, respectively. During the modification of an experiment’s MC simulation, in the case that a
draw from this distribution is outside the physical range [0, 1], we simply continue taking draws from this
distribution until we obtain a yr value in this physical range.

The distribution of yr obtained using this method is plotted in SUPPL. FIG. 1 .

SUPPL. FIG. 1. Distribution of the reconstructed inelasticity, yr, and the corresponding true value, y, in IceCube-
Upgrade. The left plot corresponds to the modification of the MC explained in the main paper, where we draw
samples from a Gaussian distribution for each of the reconstructed track and cascade energy, and calculate yr from
them. The right plot corresponds to the case where yr is drawn directly from a Gaussian distribution, yr ∼ N (y, σy).
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Appendix B: Impact of Inelasticity in the Oscillation Analysis

When assessing whether or not incorporating the inelasticity in the event analysis is worthwhile, two
natural questions to ask are: (1) how robust is this method with respect to errors in the energy reconstruction
of the track and cascade, and (2) is the resulting improvement in sensitivity coming only from bins with high
y value, which could be misidentified as cascades by the reconstruction? Here we show how this proposed
method is indeed robust to poor energy reconstruction and to misidentifications of events with large y as
purely cascades. In SUPPL. FIG. 2 , we show the impact that a poor reconstruction of the separate energies
of the track and cascade would have on the resulting sensitivity to the mass ordering. We can see how, even
making the very conservative assumption of a 50% error in the reconstruction of both the track’s and the
cascade’s energy, there is still substantial improvement in the NMO sensitivity compared to the analysis that
does not incorporate y at all. Therefore, our method is robust to errors in energy reconstruction.

SUPPL. FIG. 2. Combined NMO sensitivity of IceCube-Upgrade (5 yrs) and ORCA (3 yrs). The green line shows the
sensitivity obtained by including the y and the blue is the usual analysis. The red line shows the case of poor energy
reconstruction when inferring yr, assuming a 50% error for both the track and cascade reconstructed energies. The
purple and maroon lines show what happens when we only include the bins where yr < 0.9 and yr < 0.8, respectively,
corresponding to the case where the high-inelasticity events are misclassified. Lastly, the orange line shows the
sensitivity obtained when yr is drawn directly from a Gaussian centered at each true y, as explained in Appendix A.

Furthermore, SUPPL. FIG. 2 shows what happens to the NMO sensitivity when we consider events with
yr < 0.9 and yr < 0.8, that is, when we exclude high-yr bins. This captures what would happen if all such
events were incorrectly classified during the reconstruction. As in the case of poor energy reconstruction, the
sensitivity decreases when we ignore this bin, but the overall value is still higher compared to the analysis that
does not incorporate y. Thus, the improvement is robust to cases where the event morphology is classified
incorrectly.
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