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The determination of neutrino mass ordering (NMO) is one of the prime goals of several neutrino
experiments. KM3NeT/ORCA and JUNO are two next-generation neutrino oscillation experi-
ments both aiming at addressing this question. ORCA determines the NMO by probing Earth
matter effects on the oscillation of atmospheric neutrinos in the GeV energy range. JUNO, on the
other hand, is sensitive to the NMO by investigating the interference effects of fast oscillations in
the reactor electron antineutrino spectrum at medium baseline. This poster presents the potential
of determining the NMO through a combined analysis of JUNO and ORCA data. When mea-
suring the Δ𝑚2

31 with a wrong ordering assumption, the best-fit values are different between the
two experiments. This tension, together with good constraints on the Δ𝑚2

31 measurement by both
experiments, enhances the combined NMO sensitivity beyond the simple sum of their sensitivities.
The analysis shows that 5𝜎 significance is reachable in less than 2 years of data taking with both
experiements for true normal neutrino mass ordering assuming current global best-fit values of
the oscillation parameters, while 6 years will be needed for any other parameter set.
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1. Introduction

The discovery of neutrino flavour oscillations at the beginning of the century [1, 2] demonstrated
that neutrinos are massive particles. In total, 6 parameters are used to describe 3 flavour neutrino
oscillations: 2 mass squared differences (Δ𝑚2

21, and Δ𝑚2
31), 3 mixing angles (𝜃12, 𝜃13, and 𝜃23),

and a CP-violating phase (𝛿CP). Since their discovery, significant progress has been made in the
determination of these parameters [3]. However, at this moment, neither the existence of CP-
violation in the neutrino sector, nor the order of the masses of the neutrinos, have been clearly
determined. Indeed, as the sign of Δ𝑚2

31 is still unknown there are two possibilities for the
neutrino mass ordering (NMO). The first possibility, called “normal ordering”, corresponds to the
same ordering as the other fundamental particles from the Standard Model of Particle Physics,
that is, 𝑚1 < 𝑚2 < 𝑚3. The second possibility, called “inverted ordering”, corresponds to taking
𝑚3 < 𝑚1 < 𝑚2 which effectively means that the 𝜈𝑒 would not be the lightest neutrino.

The measurement of the NMO is on the agenda of several existing and planned neutrino
experiments. JUNO [4, 5] and KM3NeT/ORCA [6] are two next-generation neutrino detectors
that plan to address this question. Both detectors are already under construction and both expect
to be fully functional and taking data by 2025. ORCA, the low-energy branch of the KM3NeT
neutrino telescope, will determine the NMO by probing Earth matter effects on the oscillations of
atmospheric neutrinos. JUNO is a medium-baseline reactor neutrino experiment which is sensitive
to the NMO through the precise measurement of the fast oscillations in the spectrum of the reactor
electron anti-neutrino spectra, where matter effects play only a small role.

Thanks to the complementarity in their approaches to measuring the NMO, combining JUNO
and ORCA yields an improvement in sensitivity beyond the one from simply adding in quadrature
their sensitivities. This happens due to the tension that appears between the best-fit values of Δ𝑚2

31
from either experiment under the wrong NMO assumption. This effect had already been pointed out
previously from the combination of reactor and accelerator [7, 8] or atmospheric [9, 10] neutrinos.
A study performed using the latest estimated performance of both JUNO and ORCA is presented
in this proceedings.

2. Jiangmen Underground Neutrino Observatory (JUNO)

The Jiangmen Underground Neutrino Observatory [4, 5] is a multipurpose experiment being
built in the south of China. One of its goals is the determination of the NMO via the precise
measurement of electron anti-neutrino oscillations from the Yangjiang and the Taishan Nuclear
Power Plants (NPP) located 53 km away from the detector.

The JUNO detector is divided in 3 parts: the Central Detector, the Water Cherenkov Detector
and the Top Tracker. The last two parts compose the Veto System of JUNO, while the first part
is the main neutrino target. The Central Detector is composed of 20 kton of liquid scintillator
placed in a 35.4 m diameter acrylic sphere. Around this acrylic sphere, about 18000 20” and about
26000 3” photomultiplier tubes (PMT) monitor the liquid scintillator in order to detect neutrino
interactions occurring inside it. Of particular interest are the Inverse Beta Decay (IBD) interactions
produced by electron anti-neutrinos from the NPPs. The IBD interactions are detected in the JUNO
Central Detector via the prompt detection of the scintillation light of the positron produced in the

2
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Figure 1: Expected event distribution for 6 years of data with the JUNO with 6 Yangjiang and 2 Taishan
reactor cores as a function of the visible energy of the prompt signal. The current world best-fit [13]
oscillation parameters for normal ordering are assumed. The shaded region corresponds to the non-reactor
neutrino background events.

interaction and its subsequent annihilation, along with the delayed detection of a 2.2 MeV gamma-
ray produced in the neutron capture on hydrogen and subsequent de-excitation of the deuteron. This
design of the JUNO Central Detector is crucial to reach the energy resolution of 3%/

√︁
𝐸/MeV

required for the determination of the NMO at 3𝜎.
As discussed previously, the Yangjiang and Taishan NPPs are the two main NPPs contributing

to the reactor neutrino flux observed by JUNO. In addition to those NPPs, JUNO observes also
neutrinos from the Daya-Bay and Huizhou NPPs which are located more than 200 km away from
the detector. However, given this longer baseline, the neutrinos from these NPPs will effectively be
an intrinsic background to the NMO analysis. All reactor cores from the Daya-Bay and Huizhou
NPPs are considered to be operational in this analysis.

At the time of the writing of Ref. [4], it was expected that Yangjiang would host 6 reactor cores
and Taishan would host 4 reactor cores. While most of these reactor cores have already been built,
the plans for adding the last 2 of Taishan cores is currently uncertain [5]. To be conservative, the
total number of cores providing signal 𝜈̄𝑒 used in this study is then reduced to 8 cores, excluding
the 2 not yet constructed Taishan reactors, from the initial 10 cores in Ref. [4].

Given the risk of possible unknown substructures in the reactor neutrino spectra [11], the JUNO
project was augmented to include the JUNO-TAO detector [12]. This detector will be installed at a
distance of 30 m from one of the Taishan’s reactors to determine the reactor electron anti-neutrino
spectrum with a better energy resolution than JUNO. Thanks to this reference spectrum, the impact
of these possible unknown substructures is reduced and will not be considered in this study.

The JUNO analysis used in this study follows the same modeling of the experiment explained
in Ref. [4]. The notable departures from that description are in the number of Taishan NPP available
number of cores, as described above, and in the oscillation parameters, whose values are used from
a recent global fit result presented in Ref. [13]. The expected event distribution as a function of the
visible energy for JUNO is shown in Fig. 1.

3. Oscillation Research with Cosmics in the Abyss (ORCA)

The KM3NeT Collaboration is currently building a set of next-generation water Cherenkov
telescopes in the depths of the Mediterranean Sea [6]. Two separate arrays of PMTs will be

3
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Figure 2: Expected event distribution for ORCA in 3 PID classes for 6 years of exposure and true NO
assumption, with the oscillation parameter values from Ref. [13].

deployed: ARCA and ORCA. ARCA is a gigaton-scale detector whose purpose is mainly to search
for astrophysical neutrinos in the TeV–PeV energy range. ORCA, which is the subject of this
study, is a denser and smaller array (Mton-scale) optimized for oscillation physics with atmospheric
neutrinos at energies greater than 1 GeV.

The ORCA detector will contain 115 detection units anchored to the seabed. Each detection
unit is composed of a 200 m long slender vertical line supporting 18 digital optical modules, with
a vertical spacing of around 9 m. Each digital optical module is a glass sphere containing 31 PMTs
and related electronics. The detection units are disposed in a cylindrical shape with an average
radius of 115 m and an average distance between the units of 20 m. In total, the instrumented mass
of ORCA is of about 7.0 Mton.

ORCA will detect the Cherenkov light from charged particles produced by the interaction of
atmospheric neutrino within the detector and its surroundings. These interactions, in the case of
ORCA, will typically be composed of charged current (CC) and neutral current (NC) processes off
nucleons in water molecules. The pattern and timing of the digitalized PMT output are used to
identify neutrino events and reconstruct their energy and angular direction. The topology of these
events is also used to separate the interactions in two different classes: tracks (when an individual,
energetic muon can be identified in the event) and showers (in all other cases). Track-like events
are expected in the case of CC interactions from 𝜈𝜇/𝜈̄𝜇 and from some 𝜈𝜏/𝜈̄𝜏 . Shower-like events
are associated to NC interactions and for CC interactions from 𝜈𝑒/𝜈̄𝑒 and the remainder of those
from 𝜈𝜏/𝜈̄𝜏 . Effectively, a PID variable is built to separate these signatures and three classifications
are created: track-like, intermediate, and shower-like. The track-like and shower-like classifications
correspond to the two signatures described above, while the intermediate classification includes
events not clearly in either sample.

The ORCA detector is modeled for this study using the official KM3NeT collaboration tools. A
full Monte Carlo simulation [14, 15] of the detector response to atmospheric neutrinos was used to
generate interactions in the 1–100 GeV energy range. The Monte Carlo sample, event selection, and
reconstruction used in this study are identical to those used and described extensively in Ref. [16].
The expected event distributions, for each PID classification, are shown in Fig. 2 as a function of
their reconstructed energy and direction.

The systematic errors considered for ORCA are of particular importance for this analysis. In
the baseline scenario, the same systematic errors as in Ref. [16] are used. In addition to the baseline
scenario, an optimistic scenario is also considered based on the study performed in Ref. [10] for
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Table 1: Baseline and optimistic scenarios for the treatment of systematics considered in the ORCA analysis.

Parameter Baseline scenario Optimistic scenario
PID-class norm. factors free ×

Effective area scale × 10% prior
Detector energy scale 5% prior ×

Flux energy scale × 10% prior
Flux 𝜈𝑒/𝜈̄𝑒 skew 7% prior
Flux 𝜈𝜇/𝜈̄𝜇 skew 5% prior
Flux 𝜈𝑒/𝜈̄𝜇 skew 2% prior

Flux spectral index free
NC normalization 10% prior

the PINGU detector. Both scenarios are shown in Tab. 1. In the optimistic scenario the energy
scale uncertainty is introduced as an uncertainty in the neutrino flux rather than as an uncertainty
at the detection level. The normalization uncertainty is also treated differently in each scenario:
in the optimistic scenario only a global normalization is introduced, while in the baseline scenario
separate normalization factors are introduced for each PID class. It is worth noting that the baseline
scenario is believed to best describe the real uncertainties in the ORCA detector. When it is not
specified explicitly, the baseline scenario is used in the results.

4. Combined analysis

As described in Secs. 2 and 3, each detector works in very different conditions, with a neutrino
flux from different sources and with different energy ranges. Given these large differences, the only
common parameters to both experiments are the neutrino oscillation parameters.

It is also worth noting that not all neutrino oscillation parameters affect both experiments. On
one hand, the 𝜈̄𝑒 → 𝜈̄𝑒 oscillations observed by JUNO do not depend on either 𝜃23 or 𝛿CP, however
they need to be considered by ORCA. In particular, the true value 𝜃23 has a strong impact in the
ORCA results and in the analysis performed by ORCA it is important to fit the 𝜃23 parameter twice,
each time starting from a different octant, to guarantee the fit finds the global 𝜒2 minimum. On
the other hand, the atmospheric neutrino oscillations observed by ORCA are at a much smaller
𝐿/𝐸 than those required for the development of the oscillation with frequency given by Δ𝑚2

21. This
means that ORCA has negligible sensitivity to Δ𝑚2

21 and 𝜃12, which are also parameters that JUNO
will be able to measure to a sub-percent precision. Finally, both experiments are sensitive to the two
remaining parameters, Δ𝑚2

31 and 𝜃13. These two parameters will, therefore, have to be explicitly
included in the combined analysis, while the other four parameters are treated separately in the
analyses of each experiment.

For the combined analysis, a grid scan on Δ𝑚2
31 and 𝜃13 is performed. At each node of the

grid, an Asimov data set [17] for each experiment is used to compute each experiment’s 𝜒2 value
by profiling over all systematic parameters and for the oscillation parameters that are not globally
relevant. These 𝜒2 values, at each node of the grid, are then added to create a combined 𝜒2, as
shown in Eq. (1). A prior term is added to this 𝜒2 to account for the current precision of 𝜃13 from
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Figure 3: Δ𝜒2 profile for only JUNO (red), only ORCA (blue), and the combination of JUNO and ORCA
(green) as a function of test values of Δ𝑚2

31 for 6 years of data taking assuming baseline (solid) or optimistic
(dashed) systematics.

reactor neutrino experiments [18–20], which is better than the expected precision from either JUNO
or ORCA. The best-fit value and uncertainty from Ref. [13] are used in this prior.

𝜒2
(
Δ𝑚2

31, 𝜃13

)
= 𝜒2

JUNO

(
Δ𝑚2

31, 𝜃13

)
+ 𝜒2

ORCA

(
Δ𝑚2

31, 𝜃13

)
+

(
sin2 𝜃13 − sin2 𝜃GF

13

)2

𝜎2
sin2 𝜃GF

13

. (1)

The resulting 𝜒2 map is then used to estimate the combined analysis sensitivity to the NMO
by calculating the Δ𝜒2 as the difference between the minimum 𝜒2 values obtained from the wrong
and true orderings. In Fig. 3 is shown one example of this Δ𝜒2 profile obtained for the best-fit value
for normal ordering given in Ref. [13]. In this figure are also shown the results obtained by the
stand-alone JUNO and ORCA analyses for comparison.

From Fig. 3, the reason why the combination of JUNO and ORCA data significantly boost the
NMO sensitivity becomes clear: while both experiments obtain the same best-fit value for Δ𝑚2

31
under the true ordering, in the wrong ordering a tension appears between these best-fit values. The
requirement that there is only one best-fit Δ𝑚2

31 in the combined analysis therefore helps to further
reject the wrong ordering hypothesis and increases its sensitivity. It is also worth noting, from
Fig. 3, that the systematic errors used in ORCA have a large impact in the final sensitivity as they
strongly impact ORCA’s expected precision on Δ𝑚2

31, even if they have only a small impact on the
stand-alone sensitivity of ORCA to the NMO.

5. Results and Conclusion

The sensitivity of this combined analysis as a function of time is shown in Fig. 4, assuming
the best-fit values from Ref. [13] as the true parameters for each ordering. For normal ordering,
a 5𝜎 sensitivity is reached with 2 years of data with both detectors in their final configurations
assuming the baseline scenario systematic errors for ORCA, which is a full year earlier than what
ORCA would obtain by itself. Assuming the optimistic scenario would further reduce by almost a
year the time to reach 5𝜎. In the inverted ordering case, a 5𝜎 sensitivity is reached after 6 years of
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Figure 4: NMO sensitivity as a function of time for only JUNO (red), only ORCA (blue), and the combination
of JUNO and ORCA (green), assuming baseline (solid) or optimistic (dashed) systematics.
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Figure 5: NMO sensitivity as a function of the true 𝜃23 value for 6 years of data taking for only JUNO (red),
only ORCA (blue), and the combination of JUNO and ORCA (green). The vertical lines indicate the global
best-fit values used in this analysis (from Ref. [13]).

data from both experiments, which is a large improvement from the more than 10 years required by
ORCA alone.

As mentioned previously, the ORCA sensitivity depends strongly on the true value of 𝜃23.
Fig. 5 shows how the sensitivity, with 6 years of data from ORCA and JUNO, depends on the true
value of 𝜃23. From this figure, the current best-fit value for normal ordering corresponds to one of
the values where ORCA is the most sensitive, while the current best-fit value for inverted ordering
corresponds to one of the cases where the sensitivity is the smallest. It is important to note that for
all true values of 𝜃23, in both orderings, the NMO is determined at 5𝜎 by the combined analysis of
6 years of data from JUNO and ORCA.

Finally, as was highlighted in Sec. 2, the energy resolution is a critical parameter for the success
of the JUNO determination of the NMO. While it is fully expected that JUNO will reach the desired
precision [21], in the combined analysis the impact from the JUNO energy resolution in the result is
significantly reduced. This is due to the fact that the values of wrong ordering best-fits from JUNO
and ORCA do not significantly change and therefore the tension is only slightly reduced from a
worsening of the precision of JUNO’s Δ𝑚2

31 determination.
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