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ABSTRACT: In the era of precision measurements of the neutrino oscillation parameters,
upcoming neutrino experiments will also be sensitive to physics beyond the Standard Model.
KM3NeT/ORCA is a neutrino detector optimised for measuring atmospheric neutrinos
from a few GeV to around 100 GeV. In this paper, the sensitivity of the KM3NeT/ORCA
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detector to neutrino decay has been explored. A three-flavour neutrino oscillation scenario,
where the third neutrino mass state 3 decays into an invisible state, e.g. a sterile neutrino,
is considered. We find that KM3NeT/ORCA would be sensitive to invisible neutrino decays
with 1/a3 = m3/m3 < 180 ps/eV at 90% confidence level, assuming true normal ordering.
Finally, the impact of neutrino decay on the precision of KM3NeT/ORCA measurements
for o3, Am%l and mass ordering have been studied. No significant effect of neutrino decay
on the sensitivity to these measurements has been found.

KEYWORDS: Beyond Standard Model, Neutrino Detectors and Telescopes (experiments),
Oscillation
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1 Introduction

The discovery of neutrino oscillations has been one of the early hints of physics beyond
the Standard Model (BSM). The three-flavour neutrino model is well established and its
current global fit parameters can be found in refs. [1, 2]. Even though most of the oscillation
parameters are rather well known, several questions remain unanswered, such as the value
of the Dirac CP phase J, the octant of the mixing angle #23 and the true neutrino mass
ordering (NMO), normal ordering (NO) or inverted ordering (I0). Beyond this standard
paradigm, the search for potential deviations from the standard scenario, which could arise
at sub-leading order, is becoming an important objective for the forthcoming precision
neutrino detectors. Such deviations could affect the measurement of the standard neutrino
oscillation parameters.

Some of these BSM scenarios are based on the existence of unstable neutrinos. Several
theoretical models have been proposed allowing for the decay of neutrinos into a lighter
fermion state and a BSM boson. In particular, the Majoron model [3] for Majorana neutrinos,
where a neutrino v; can decay into a lighter neutrino v; and a new pseudo-scalar boson, J,
called Majoron:

v; —)VJ’—{—J. (11)

The Majoron should be dominantly a singlet to comply with the constraints from LEP
data on the Z decay to invisible particles [4]. On the other hand, if neutrinos are Dirac



particles, they could decay from a heavier neutrino to a lighter antineutrino (right-handed
singlet) by emitting an iso-singlet scalar boson, &, carrying lepton number +2 [5]:
Vi—>ﬂj+§. (12)

Neutrinos could decay to visible [6] or invisible [7, 8] channels. In the former case, the
neutrino created in the decay is an active neutrino and could be detected whereas in the
latter, this neutrino is sterile and would remain undetectable. In this paper, we will focus
on the invisible neutrino decay independently of the decay model.

The neutrino decay scenario was proposed as a solution to the solar neutrino problem
in 1972 [9] and as it was shown later, it can only contribute to the solar neutrino deficit
at subleading order [10]. Stringent bounds on radiative neutrino decay can be set using
cosmological data since neutrino mass estimates suggest they would radiatively decay in
the microwave energy range [11, 12]. Since the three neutrino mass states could have, in
principle, non-vanishing masses, v1, v» and v3 could decay invisibly. However, decays of 11
and vy are severely constrained from supernova SN1987A [13] and solar neutrino data [14].
The decay of 3 can be measured in present accelerator, atmospheric and reactor neutrino
experiments. No observation of this phenomenon has been obtained so far, and the best
current limits come from combined data analyses such as T2K and NOvA [15], MINOS
and T2K [16] and K2K, MINOS and SK [17]. Sensitivity studies have been carried out
also for future accelerator experiments, like DUNE [18], MOMENT [19] and ESSnuSB [20],
reactor experiments like JUNO [21], and atmospheric neutrino experiments such as INO [22].
Astrophysical neutrinos can provide also constraints on neutrino decay. In ref. [23], the
tension observed between track and cascade events in IceCube data is analysed in the
context on invisible decay. A more detailed review on the present and future neutrino decay
picture, both invisible and visible, can be found in [24].

An initial estimate of the KM3NeT/ORCA sensitivity to invisible neutrino decay was
reported in ref. [25], showing that bounds from current experiments could be improved by
two orders of magnitude. In this paper, we present an updated and more realistic analysis of
the KM3NeT/ORCA sensitivity to invisible neutrino decay, where significant improvements
on the simulation of the detector response and on the reconstruction performance have been
made. In addition, a more complete study of the systematic effects has been carried out.

This article is organised as follows: in section 2, the established scheme of neutrino
flavour oscillations both in vacuum and in matter is summarised, as well as the effect
that neutrino decay has on the propagation of atmospheric neutrinos. In section 3, the
KM3NeT/ORCA neutrino detector is described. In section 4, the analysis procedure
is explained and in section 5, neutrino decay sensitivity, potential for discovery, the in-
terplay between the decay parameter, as, and the mixing angle, 053, and the effects in
KM3NeT/ORCA precision measurements are shown.



2 Invisible neutrino decay effects in oscillation probabilities

In the standard neutrino oscillation framework, flavour eigenstates, vz (5 = e, u,7) are
linearly related to the mass eigenstates, v; (i = 1,2,3):

3
vg = ZUEZVZ — Vi = Z Ulgiyg, (2.1)
221 B:€7/’L7T

where Ug; are the elements of the neutrino mixing matrix, also called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. This unitary matrix can be parameterised as:
C12€13 $12€13 size "
U= | —si2c23 — c12513523¢™ 12093 — s12513503€"°  ci3503 | (2.2)
S12823 — C12513C23€"0  —c12823 — S12513¢23€™ C13C03

where s;; stands for sin 6;; and c¢;; for cos6;;, 6;; being the three real mixing angles (for a
3-neutrino scenario) and ¢ is a phase accounting for the CP violation.

Neutrino decay can be described by a depletion factor D = 67%, where 7; is the
rest-frame lifetime of the mass state mi and t the proper time, rewritten in the lab frame
for relativistic neutrinos as D = 6_%. This term constitutes the fraction of neutrinos of
energy E that survives travelling through a distance L. In this work, the invisible neutrino
decay is characterised by the parameter o; = m;/7;, which is expressed in natural units of
eV2. In order to allow for the invisible neutrino decay, a new term must be included in the

Hamiltonian:

1
Hrotal = 35 (Hy+Hy + Hp), (2.3)

where E is the neutrino energy, Hy represents the Hamiltonian in vacuum, Hj; represents
the coherent scattering on electrons in the neutrino path and Hp accounts for the neutrino
decay. After reordering the different terms, the final Hamiltonian is

. 0 0 0 00 0 V0o
Hrotal = 57 |U | 0 Am2, 0 |U'+U|o00 o |U'|+|000], (24
0 0 Amd, 00 —ios 000

with V = +v/2N,GF being the matter potential, N,, the electron density in matter and
G, the Fermi constant. Essentially, the only change in the Hamiltonian is a shift in the
mass basis term, from Am3; to Am3, — ias.

As a consequence of neutrino decay, the mixing matrix becomes non-hermitian and
therefore, the sum of the neutrino oscillation probabilities will differ from unity, due to the
disappearance of neutrinos,

PB€+P5M+P/BT = 1—PD(5) BZ@,}L,T, (2.5)

where Pp(f3) is the decay probability for flavour 5.



To study in detail the effects of the decay of the third neutrino mass eigenstate in
the oscillatory pattern, the OscProb package [26] is used.! This package incorporates the
possibility to handle invisible neutrino decay in the v and v3 mass eigenstates. To account
for matter effects, OscProb uses an Earth density profile model based on radial layers of
constant density according to the PReliminary Earth Model (PREM) [29]. In this analysis
a total of 44 layers were used. Neutrino decay causes a global decrease of probabilities
due to the factor 6_% in the non-oscillatory terms, and a damping effect reducing the
amplitude of the oscillation terms by a factor 6_%. Therefore, in addition to leading to
the observation of fewer neutrinos, the oscillatory pattern will be modified: experiments
with good sensitivity to Am3, yield a better sensitivity to ag. Furthermore, matter effects
play an important role because they can enhance the impact of the invisible decay in the
transition probabilities around the resonance region (~ 3 — 8 GeV). KM3NeT/ORCA will
observe an unprecedented number of events in this energy range, allowing to probe matter
effects and invisible neutrino decay with precision.

The breaking of unitarity in eq. (2.5) for initial muon and electron flavours for both
neutrinos and antineutrinos are shown in figure 1, assuming NO. The oscillation parameter
values are taken from NuFit 4.1 [1]. Although in an experiment like KM3NeT /ORCA it
is not possible to distinguish between neutrinos and antineutrinos, both contributions are
shown separately. For the muon (anti)neutrino flux, the decrease in the total number of

agL
events yields a clear L/E dependence which comes from the depletion factor (D = e~ & ).

In the case of the electron (anti)neutrino flux, the behaviour is different due to the small
value of 013, making v3 contributions to the electron flavour around 2% in the absence
of matter effects. Antineutrino probabilities are almost non-affected by decay whereas
neutrino probabilities are significantly damped around the matter-resonance region due to
the enhancement of the electron neutrino transition probability, P, suppressed by decay
in this case.

The damping effects of neutrino decay in the oscillation pattern can be observed in
figure 2, which shows decay effects in the muon (electron) neutrino survival (transition)
probability. Decay effects induced by «as are stronger in channels related to the muon
flavour because v, has larger content of v3 than v.. In fact, in the absence of matter
effects, the channel most affected by neutrino decay is P, regardless of the mass ordering.
However, the matter enhancement of the transition probabilities v, < v, if normal ordering
is true and v, < v, if inverted ordering is true, makes these channels more sensitive
to neutrino decay in the energy region around the resonance. The expected effects are
similar in both orderings, but taking into account that the neutrino-nucleon cross section is
approximately twice that for antineutrinos and that the atmospheric neutrino flux is 1.1
times the antineutrino flux, the KM3NeT/ORCA sensitivity to neutrino decay will be lower
in the case of 10.

There is a subtle correlation between a3 and 653 with a different behaviour for the
oscillation and survival channels. The interplay between 23 and a3 has been extensively

1OscProb numerical computations are compatible with analytical expressions for neutrino decay in matter
derived in refs. [27, 28].
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Figure 1. Sum of muon neutrino (top left), muon antineutrino (top right), electron neutrino
(bottom left) and electron antineutrino (bottom right) initial lavour probabilities for az = 1075 eV?
assuming NO as a function of true neutrino energy and the cosine of the true zenith angle. In the
case of 10, probabilities can be described by similar patterns but swapping neutrino and antineutrino.
The oscillation parameter values are set to their best-fit values according to NuFit 4.1 [1].

studied in refs. [20, 30] for specific baselines. For atmospheric neutrino experiments with
a broader range of baselines this correlation is more complicated. Figure 3 shows the
muon neutrino survival (electron neutrino oscillation to muon) probability for four cases of
tlo3 — ag values. The decrease of the survival probability P,, at the oscillation maxima due
to decay effects could be partially compensated by reducing the value of 623 to the lower
octant, but this would increase the probability in the energy range where matter effects
are relevant. However, in the case of the transition probability F.,, a higher value of fa3
compensates the decrease caused by the decay effects. These anti-correlations will play a
role when constraining the invisible decay parameter and will be discussed in section 5.3.



(]
)
v
g
[N 2
i =0, =0eV°-NO
l"
[}
i/ =0y =10%eV*-NO
W -a,=0eV?-10
, = 0,=10"eV?-10
- ay=10%eV2- 10

P(v,—v,)

—0, =10%eV?- NO' &

P(ve—v,)

10

0.8
— 0, =0eV?-NO

— 0,=10"eV*-NO
— 0, =10%eV?-NO
-- 0,=0eV?-10

-- 0y=10%eV*-10
-- 0,=10%eV?- 10

0.6

P(ve—ve)

0.4

0.2

0.0

cos, = -0.85

P(v,—ve)

E, [GeV]

0.6

r cosB, =-0.851
05 B
N — 0,=0eV*-NO ]
041~ — 0, =10%eV2-NO B
F — 0, = 10%eV?-NO 1
F -- 0y=0eV?-10 1
03 -- a,=10%eV?-10 E
N == 0,=10%eV?-10 ]
02 4
01 5
5 :
0.0
10
E, [GeV]
06
u cos6, = -0.85]
osf B
04| — 0, =0eV2-NO 4
F —oa,=10°eV*-NO ]
u — 0, = 10%eV?-NO ]
03 -- a,=0eV2-10 ]
[ -- 0,=10%eV*-10 B
ook -- a,=10%eV?-10 B
01 5
007 Y A T as®==a T >
’ 10
E, [GeV]

Figure 2. Muon neutrino survival (top left), transition to muon neutrino (top right), electron
neutrino survival (bottom left) and transition to electron neutrino (bottom right) probabilities as
a function of energy at a cosine of the zenith angle cosf, = —0.85. Three values of the decay
constant are considered: a3 = 0 (green), az = 107° eV? (blue) and a3 = 10~ eV? (red). The solid
(dashed) curves are for NO (IO). Antineutrino probabilities can be described by the same curves

but swapping the orderings.
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Figure 3. Muon neutrino survival (left) and electron neutrino oscillation to muon neutrino (right)
probabilities as a function of energy at a cosine of the zenith angle cosf, = —0.85 assuming NO.
Four cases are shown: ag = 0 with a3 = 50° (solid green), a3 = 107> eV? with the same value of 653
(dashed green) and with two different values: a3 = 52° (dashed red) and 6235 = 40° (dashed blue).



3 The KM3NeT/ORCA detector

KM3NeT [31] is a research infrastructure hosting a network of neutrino experiments
placed on the seabed of the Mediterranean Sea. The infrastructure is currently under
construction and it is distributed in two sites. The two detectors, using the same technology,
pursue different physics objectives according to their different spatial configuration. The
KM3NeT/ARCA detector (Astroparticle Research with Cosmics in the Abyss) is being
installed in the KM3NeT-It site, 100 km offshore the Sicilian coast near Capo Passero
(Italy) at a depth of 3500 m. KM3NeT/ARCA searches for high energy neutrinos from
astrophysical sources. The KM3NeT/ORCA detector (Oscillation Research with Cosmics in
the Abyss) is being built near the coast of Toulon (France), 40 km offshore and at 2500 m
depth. KM3NeT/ORCA exploits the neutrino flux generated in the Earth’s atmosphere and
the matter effects experienced when neutrinos traverse the Earth to determine the neutrino
mass ordering [32]. Using atmospheric neutrinos, KM3NeT /ORCA will study BSM effects
in the neutrino sector including non-standard interactions [33], sterile neutrinos [34] and
the topic of this paper, invisible neutrino decay.

Arrays of thousands of optical sensors detect the Cherenkov photons induced by charged
particles originating from neutrino interactions. The optical photosensors are hosted in
pressure-resistant glass spheres called Digital Optical Modules (DOMs). Each DOM [35]
houses 31 photomultiplier tubes (PMTs) and their associated readout electronics. The
DOMs are arranged along vertical flexible string structures called Detection Units (DUs)
which are anchored to the sea floor and kept vertical by the buoyancy of the DOMs and by
a submerged buoy at the top. Each DU contains 18 DOMs organised along two parallel thin
ropes. A collection of 115 DUs forms a building block. KM3NeT/ARCA will be formed by
two blocks and KM3NeT/ORCA will be formed by one single block. The average horizontal
spacing between the strings for KM3NeT /ARCA is ~ 90 m and for KM3NeT/ORCA is
~ 20 m. The vertical spacing between the DOMs along the string for KM3NeT/ARCA is
~ 36 m and for KM3NeT/ORCA is ~ 9 m. The instrumented volume is around 1 km? for
KM3NeT/ARCA and 7 x 10° m?® for KM3NeT/ORCA. The spacing between DOMs affects
the energy threshold, making KM3NeT/ARCA more suitable for studies in the TeV-PeV
energy range and KM3NeT/ORCA for the GeV energy range.

4 Analysis

The detector response to the neutrino flux is simulated with Monte Carlo (MC) events as
described in [32]. Neutrino events in KM3NeT/ORCA are generated by gSeaGen [36], a
GENIE-based [37] application developed to efficiently generate high statistics samples of
events induced by neutrino interactions and detectable in a neutrino telescope. The particles
produced in neutrino interactions are propagated through the sea water to the instrumented
volume with KM3Sim [38], a package based on GEANT4 [39]. Cherenkov photons induced
by primary and secondary particles are also propagated to the PMTs by KM3Sim, taking
into account the light absorption and scattering in sea water. To generate atmospheric muon
events, MUPAGE [40, 41] provides parameterised muon bundles at the detector surface,
and the KM3 package [42] tracks them in sea water producing the subsequent Cherenkov



photons. The optical backgrounds due to the PMT dark count rate and due to the decays
of VK present in sea water are included through a custom-KM3NeT package, which also
simulates the digitised output of PMT responses and the readouts. The atmospheric muon
background is reduced by selecting only upgoing events, since atmospheric muons cannot
traverse the Earth. More details of simulations as well as the improvements in terms of
triggering with respect to the Lol [31] can be found in ref. [32].

At the energies most relevant to KM3NeT, neutrino interactions in sea water are mainly
events of deep inelastic scattering between neutrino and nucleons, though quasi-elastic
scattering cannot be neglected. Charged-current (CC) neutrino interactions produce a
hadronic shower and a charged lepton. Neutral-current (NC) neutrino interactions produce
a neutrino and a hadronic shower. Muons at GeV energies experience a roughly constant
energy loss, travelling in approximately straight lines and giving rise to a long track of
uniform brightness. Electrons and hadrons develop particle showers with typical lengths of a
few meters, appearing as localised light sources in the detector in contrast to the long muon
tracks that span tens to hundreds of meters. Consequently, events in KM3NeT/ORCA are
classified in two topologies: track-like events (v, CC events and v, CC events in which
the produced tau decays into a muon), and shower-like events (v, CC events, the rest of
the decay channels of v, CC events and all v NC events). The same topologies apply for
antineutrinos. The energy and direction of the events are reconstructed assuming a given
topology (track-like or shower-like) and applying a maximum likelihood fit.

To classify events into these topologies, three machine learning random decision for-
est (RDFs) algorithms are used. The first two are designed to suppress background events
(one for optical noise and one for atmospheric muons) and the third one is optimised to
distinguish between the track or shower topologies. Each trained classifier yields a score
variable (atmospheric muon score, noise score, track score) and events are selected or rejected
according to cuts in terms of the RDF scores. Although two topologies are identified and
reconstructed, three event classes are defined for the analysis: shower events, intermediate
events and track events. Events with a track score lower than 0.3 are considered shower-like
events. If the track score is above 0.7 they are classified as track-like events. The rest of
the events in between these two cuts are assigned to the intermediate class. Background is
suppressed by rejecting events with a muon score greater than 0.05 and a noise score bigger
than 0.1. A more detailed description of the selection, reconstruction and classification of
the events can be found in ref. [32].

The analysis is based on the expected 2-dimensional distributions in reconstructed
energy and reconstructed cosine of the zenith angle for each of the three event classes
(tracks, intermediates and showers). These distributions are obtained with a KM3NeT
analysis framework, called SWIM [43], developed to model the detector response using MC
simulations. These distributions are obtained by first calculating the true energy and zenith
angle distributions for each (anti)neutrino interaction type. Afterwards, the interaction rates
at the detector are computed as described in ref. [43] taking into account cross sections,
neutrino fluxes, the effective mass and the neutrino oscillation probabilities.

The detector resolution is taken into account by means of a response matrix which
is evaluated by reconstructing MC events. This matrix is used to relate the true and



Eirue[GeV] | cosbirue | FrecolGeV] | €08 breco
Bins 40 80 20 20
Range | [1, 100] [—1, 1] [2, 100] [—1, 0]

Table 1. Bin choice for the MC-based response matrix used in this analysis. Energy bins are
equally spaced in log;,.
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Figure 4. Statistical signed-x? distributions comparing standard oscillations to neutrino decay
with a3 = 107° eV? for 1 year of data taking in KM3NeT/ORCA assuming NO as a function of
reconstructed energy and reconstructed cosine of the zenith angle for track events (left), intermediate
events (middle) and shower events (right). Note the different scaling.

the reconstructed variables used in the analysis. For each interaction channel v, and
each classification 4, a 4-dimensional response matrix R (E'trues Gtrue, Erecos Breco) 18
defined. Each entry represents the efficiency of detection, classification and probability of
reconstruction for a given true bin (Firue, Otrue)-

The binning and ranges used for this analysis are listed in table 1. Energy bins are
equally spaced in logarithmic scale and cos @ bins are uniform in linear scale. The ‘Beeston
and Barlow light method’ [44] was used to account for statistical uncertainties due to finite
MC statistics. A sufficient number of events in each bin was guaranteed to assure a smooth
sampling of the detector response.

In order to illustrate the influence of neutrino decay on the reconstructed energy —
cosine zenith angle distributions, a statistical signed-y? is computed for oz = 1075 eV? and
1 year of data taking. The result is shown in figure 4. The signed-x? is defined as:

Np — Nstp

4.1
Nstp (4.1)

Xy=0-lof; o=
where Np and Ng1p are the expected number of events in the neutrino decay and in the
standard scenarios, respectively, as a function of the reconstructed energy and zenith angle.
The regions in this phase space that contribute the most to neutrino decay coincide with
what would be expected due to the depletion factor of the form: D = e_%, i.e., low
energies and longer neutrino paths. Since particle identification is difficult at very low
energies, most of the v, CC events between 2 and 4 GeV are classified as intermediate
events, thus increasing the contribution of this sub-sample to the sensitivity.



The analysis procedure to constrain the invisible decay parameter a3 is based on
the maximisation of a binned log-likelihood of the 2-dimensional distribution of events in
10g10(Ereco/GeV) and cos Oreqo comparing the observed data to a model prediction, assuming
a particular value of a3. The sensitivities are computed using the Asimov approach, where
the observed data is replaced by a representative dataset defined as the one which provide the
expected values of the null hypothesis in each bin [45]. The representative Asimov dataset is
computed assuming standard oscillation parameters from NuFit 4.1 [1]. The log-likelihood
is modelled as a combination of Poisson distributions for the expected number of events in
each bin and Gaussian distributions associated with the nuisance parameters. Following
Wilks’ theorem [46], the negative log-likelihood behaves as a chi-square distribution:

X* =—210g L = XZias + Xoysts (4.2)

Nﬁdat en— (e 2
*(az) = mgin ZZ (N;;Od(ag; €) —Nidjat) —i—ijat log (j )] +Z (k < k>>
i,J

N;?Od(ag,;a & Ok

Ng}l‘)d and ijat represent the number of reconstructed events expected by the model
and the number of events observed, respectively, in the bin (i,7). The parameters of the
model that characterise the distributions (€) are composed by oscillations parameters (in
table 2), and nuisance parameters, which are related to systematic uncertainties (in table 3).
Some of these parameters are constrained with priors representing constraints from other
experiments (mean value (e;) and standard deviation oy). Specifically:

1. The normalisation of the three classes is allowed to vary without constraints.
2. The normalisation of NC events is allowed to vary without constraints.

3. The ratio skew between the total number of v, and 7, introduced as 1 + r,;, varies
with a standard deviation of 5% of the parameter’s nominal value.

4. The ratio skew between the total number of v, and v, varies, introduced as 1 + 7z,
with a standard deviation of 7% of the parameter’s nominal value.

5. The ratio skew between the total number of v, and v,, introduced as 1 + ., varies
with a standard deviation of 2% of the parameter’s nominal value.

6. The ratio skew of upgoing to horizontally-going neutrinos, denoted as the zenith
slope, varies introducing a tilt as, 1 + €y cos 6, with a standard deviation of 2% of the
parameter’s nominal value.

7. The spectral index of the neutrino flux energy distribution varies introducing a tilt as,
E~7+Esiope  without constraints.

8. The absolute energy scale of the detector, depending on the uncertainty on water
optical properties and on the knowledge of PMT efficiencies, as discussed in ref. [32],
varies with a standard deviation of 5% around its nominal value.

~10 -



Parameter NO 10

012 33.82° 33.82°

013 8.60° 8.64°

023 48.6° 48.8°

Am3, 7.40 x 1075 eV? | 7.40 x 107° eV?
Am3, 2.528 x 1073 eV? | —2.436 x 1073 eV?
Scp 221° 282°

Table 2. List of the three-flavor oscillation parameters from NuFit 4.1 [1] (July 2019) for NO
and 10 including Super-Kamiokande data. These values are used to generate the observed Asimov
datasets (NS*).

Systematic Expectation value, (¢;) | Standard deviation, o
Track normalisation 1 No prior
Intermediate normalisation 1 No prior
Shower normalisation 1 No prior
NC normalisation 1 No prior
Vu/Vy skew (7u) 0 0.05
Ve Ve skew (reg) 0 0.07
Vp/Ve skew (7e) 0 0.02
Vap/Vhor skew (eg) 0 0.02
Energy scale 1 0.05
Spectral index (Egope) 0 No prior
Am2,(NO/IO)[1073 &V?] 2.528/ — 2.436 No prior
023(NO/I0O)[°] 48.6/48.8 No prior
613(NO/10)[°] 8.60/8.64 0.13

Table 3. List of systematic parameters used in the fitted model with their corresponding priors.
Their expectation values are used to generate the observed Asimov dataset (N{}at) and they are
fitted when computing the number of expected events in the model (N{;-‘Od).

9. Am3, and fp3 vary without constraints.
10. 043 varies with a standard deviation of 0.13°.

The uncertainties used in this work are justified in ref. [32].

5 Results

In this section, the potential of KM3NeT /ORCA to constrain the invisible neutrino decay
is reported and compared with the limits and sensitivities published by current and future
experiments. The possibility to exclude the stable neutrino hypothesis assuming the

- 11 -
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Figure 5. Left: Sensitivity to invisible neutrino decay for 3 (red) and 10 (blue) years of data taking
in KM3NeT/ORCA assuming NO (solid lines) and IO (dashed lines) as a function of a3 in the
model. Right: Sensitivity to invisible neutrino decay assuming NO (solid lines) and IO (dashed
lines) for 3 years of data taking as a function of a in the model per topology: x? for track events
(black), x? for intermediate events (red), x2 for shower events (blue).

maximum «g allowed by current limits is discussed. Afterwards, a discussion on the effect
of the actual value of f23 on the sensitivity and the discovery potential of neutrino decay is
included. Finally, the influence of the decay on the measurement of the standard oscillation
parameters is presented.

5.1 Invisible neutrino decay sensitivity

Figure 5 shows the KM3NeT/ORCA sensitivity to the invisible neutrino decay for 3 and
10 years of data taking assuming true normal or inverted ordering. In both cases the
sensitivities for true IO present a change in the slope of the x? around az = 1075 eV?
resulting in a degradation of the sensitivity. The sensitivity for IO gets worsened due to
correlations with 693 previously mentioned in section 2. Higher values of a3 in the tested
model with respect to the true 23 used to simulate the Asimov dataset are compensated
by flipping 63 to the lower octant in the model. This is differently observed when true
NO is assumed because the change in the slope is softer and subtle. In figure 5 right, the
x? contribution from the track-like, intermediate and shower-like samples for 3 years of
data taking are shown for better understanding of this behaviour. The x? contribution
from the intermediate sample is reduced, while the contribution from the shower sample is
increased when the octant is flipped. This will be further developed in section 5.3. The 90%
confidence level (CL) upper limits obtained for 3 and 10 years of data taking are shown in
table 4.

The corresponding lower limits at 90% CL in terms of the lifetime parameter, 73/ms,
are shown in table 5, where the bounds on 73/m3 of current (blue) and future experiments,
are also collected. After 10 years of data taking, KM3NeT/ORCA will improve the current
bounds on the invisible neutrino decay by two orders of magnitude with respect to existing
long-baseline results, and it will be at least, as competitive as future experiments, such as

- 12 —



Data taking [yr] | ag NO [1076 eV?] | a3 10 [1076 eV?]
3 5.7 5.3
10 3.7 3.5

Table 4. 90% CL Upper limits for the decay constant, as, for 3 and 10 years of data taking for
both neutrino mass ordering hypotheses.

Experiment UL (90% CL) [10-%eV?] | LL (90% CL) [ps/eV] | Reference
KM3NeT/ORCA (3 yr) 5.7 120 This work
KM3NeT/ORCA (10 yr) 3.7 180 This work
T2K, NOvA 200 2.3 [15]
T2K, MINOS 240 2.8 [16]
K2K, MINOS, SK I+11 2.3 290 17]
MOMENT (10 yr) 24 28 [19]
ESSnuSB (5v+57) yr 16 — 13 42— 50 [20]
DUNE (5v-+57) yr 13 51 18]
JUNO (5 yr) 7 93 21]
INO-ICAL (10 yr) 4.4 151 22]

Table 5. Upper limits (UL) and their corresponding conversion into lower limits (LL) at 90% CL
for the decay constant, as, and its inverse, 1/a3 = 73/ms, for current (blue) and future experiments.

DUNE, JUNO, MOMENT, ESSnuSB, and INO. Note that the limit coming from K2K,
MINOS, SK I+II combination [17] was derived under the two-neutrino approximation
and without matter effects, therefore, a direct comparison is not possible without an
updated analysis.

A previous estimation of the KM3NeT/ORCA sensitivity to invisible neutrino decay
was published in ref. [25] showing that a lower limit at 90% CL of 73/mg > 250 ps/eV could
be reached after 10 years of data taking. The analysis presented in this paper incorporates
improvements in the neutrino detection efficiency, reconstruction performance and more
refined analysis methods. In particular, the correlations between the reconstructed variables,
as well as, the overestimations of the sensitivity due to MC statistics are taken into account
and a more complete set of systematic effects is considered. These improvements result in a
more reliable sensitivity calculation.

5.2 Invisible neutrino decay discovery potential

In this section, the capability of KM3NeT/ORCA to discover invisible neutrino decay and
exclude the stable neutrino hypothesis is explored. The observed Asimov dataset, N%at,
is simulated assuming as true value of ag a wide range of values while the model is fitted
assuming standard oscillations. In the case the true invisible decay parameter value was
ag = 2.4 x 107* eV?2 (T2K+MINOS limit) or ag = 2.9 x 1074 eV? (T2K+NOvA limit),
KM3NeT/ORCA could rule out the hypothesis of stable neutrinos with a significance
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Figure 6. Discovery potential for 3 (red) and 10 (blue) years of data taking in KM3NeT/ORCA
assuming NO (solid lines) and IO (dashed lines) as a function of the true a3 in the Asimov dataset.
The vertical lines are the 90% CL limit a3 values of current experiments reported in table 5. From
left to right: SK+K2K+MINOS, T2K+MINOS and T2K+NOvA.

Significance | 3y NO/IO [107¢ eV?] | 10y NO/IO [1076 eV?]
3o 10.5/10.3 6.8/6.5
50 18.6/17.8 12.0/11.4

Table 6. Discovery potential for 3 and 10 years of data taking for both NMO hypotheses.

above 5o as shown in figure 6. In the case the true invisible decay parameter value was
ag = 2.3 x 107% eV? (SK+K2K+MINOS limit) the significance is below 3. In table 6 the
values KM3NeT /ORCA could exclude with 30 or 5o are shown for both mass ordering
hypotheses and 3 and 10 years of data taking.

5.3 The role of 823 in the invisible neutrino decay

The worsening of the sensitivity (figure 5) in the case of 10 is related to the octant flip of
f23. In order to understand this behaviour, figure 7 shows the dependence of the statistical
sensitivity (left panels) and discovery (right panels) as a function of the tested 23 in the
model for the three topology classes and for three values of the decay constant. In the
sensitivity plots, decay is assumed in the model and the Asimov dataset is generated with
standard oscillations for a true value of 3 = 48.6°. The main contribution to the track-like
class comes from P, which in the absence of decay has a non-negligible preference to the
higher 023 octant. However, in the presence of decay, the preference starts to shift to the
lower octant. There is a clear preference for the lower octant for the track-like class (figure 7
top left). The small differences between NO and IO come from the contribution of the
matter-enhanced transition probabilities P, which are more suppressed for 10. Although
the shower-like class is dominated mainly by P.., which is #3 blind, it is nevertheless able
to measure the octant trough P,.. Therefore, a shift to the lower octant is prevented. On
the other hand, higher values of 023 are favoured to compensate the loss due to decay
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(figure 7 bottom left). In this case, however, the difference between NO and IO is larger,
because the sensitivity in the determination of the €93 octant comes from matter-resonance
effects in the transition probabilities: in particular, from neutrinos in the case of NO and
from antineutrinos in the case of 10. Since in KM3NeT/ORCA more neutrino events than
antineutrino events are expected, the x? increases more steeply for NO than for I0. This is
the reason why, when adding up all contributions of the left plots in figure 8, as long as as
increases, the preferred octant will be the lower one. This behaviour is more pronounced in
the case of true 10 as shown in figure 8 left.

For the discovery potential (right panels of figure 7), the Asimov dataset is simulated
with a non-zero value of a3 and fo3 = 48.6° while standard oscillations are assumed in the
model. Since there is no decay in the model, the effects of changing the value of a3 affect
mainly transition channels, which are proportional to sin?(f23), so to reduce the number of
events induced by the decay in data, the model favors lower values of 023 for all topological
classes. In figure 8 right, the three contributions are summed up together.

The total expected sensitivity including systematic effects is also affected by the true
023 value used to generate the Asimov dataset. Figure 9 shows the KM3NeT/ORCA
sensitivity to invisible neutrino decay for different true values of 6s3. The lower the true
value of o3, the lower the sensitivity for «3. Since sensitivity to neutrino decay around
the matter-resonant energy region depends mainly on the transition channels, which are
proportional to sin?(fa3), a true lower value of a3 reduces the number of events, and thus,
the ability of KM3NeT/ORCA to constrain invisible neutrino decay. Figure 10 shows the
90% CL upper limit on a3 as a function of the true fo3. True o3 values in the upper octant
result in degrading the sensitivity for true IO when the octant is flipped in the fit.

The sensitivity on ag can change by up to a factor of 2 when moving the true 93 from
40° to 50°. Differences between NO and IO are small below 45° but they increase when
approaching maximal mixing. Around 46° the sensitivity gets worse for IO than for NO.
This effect appears because around 45° the octant flip of the profiled #o3 happens for lower
values of the decay constant. For 10 years of data taking, lower limits on 1/ag = 73/mg
range between 100 ps/eV (the worst scenario, 623 = 40°) and 190 ps/eV (the best scenario,
023 = 50°).

The ability of KM3NeT/ORCA to constrain both as and 23 simultaneously can be
seen in figure 11, where the 90% CL contour plot in the as3-653 plane is shown for 3 and
10 years of data taking. For 10, a marginal difference appears for lower values of #3 that
are allowed for IO but not for NO at 90% CL for 3 years of data taking. This effect is not
present for 10 years of data taking. The potential of KM3NeT/ORCA to constrain o3 is
high enough to avoid degeneracies at this CL [32].

~15 —



120”"‘D ] — 120——— —————————T— 7"
r i ecay in Mode Track class ] i ! Decay in Asimov dataset i ]
C | —Nostd - - —NO Std ] .
10~ tHl  —NO g, =5x10%eV? 7 1001~ —NO a, =5x10° eV? B
5 —NO a, = 1x10° eV? 1 i —NO a,=1x10°eV? 1
80— ---10 Std - 80| -~ 10 Std —
- 10 a, = 5x10° eV? ] i 10 @, =5x10° eV? 1
- 10 a, = 1x10° eV? . B —1x10% eV? j .
< 6o 3= 1x10"eV" 1 % b 10 a; = 1x10% eV* B
- 1 3 Track class 1
40 . 40 .
sl N 20l ‘ N
FKM3NeT i - KM3NeT A j
T s ! M B il .
s 40 45 50 55 s 40 45 50 55
923 [OJ e23 [OJ
120—————7—— | — 120+—————————
[ Decay in Model KM3NeT. " +KM3NeT Decay in Asimov dataset
F —NOStd i \ —NO Std
10 _NO a, =5x10° eV? - 101 —NO a, =5x10° eV? 1
[ —NOa,=1x10°eV? ] \ —NO a, = 1x10° eV? ]
80— --10std Intermediate class - 80 i -- 10 Std -
[ --10 a,=5x10% V2 1 ‘ -- 10 a, = 5x10° eV2 1
— _ 5 \2 + . 5 \2
<\$< 60— 10 a;=1x107 eV’ <\$< 60— -- 10 a, = 1x107 eV
a0 40
20 200 N\ N
T % 40 45 50 55
120 o — — 120 — Y R P B
L Decay in Model ] Decay In Asimov dataset KM3NeT |
- ] —NO Std ]
1001~ NS 6 2] 100 —NO a, = 5x10° eV? ]
- —NO a, =5x10° eV? - 3T T, .
i —NO a, = 1x10° eV? | A —NO as=1x107eV ]
sof- -- 108t - 80 closd .
L -- 10 a, =5x10°eV? 1 i -~ 100, =5¢10 "6V, 1
Y% eol --10a,=1x10%eV? | %% gl o7 100, =1x107eV
;:\\ ] i Shower class
a0l Shower class _ 40}
L [ . "-"-'-ﬂ.\-.:
s 40 45 50 55

65 [
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NO (solid) and IO (dashed) as a function of the true value of 6a3.
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5.4 The impact of invisible neutrino decay on the oscillation parameter mea-
surements

The presence of neutrino decay could affect the measurement of the oscillation parameters
such as fa3 and Am3,. In order to study this possible impact, expected CL contours in the
623 — Am3, plane have been computed in the following cases:

1. Both Asimov dataset and tested model are generated with standard oscillations.

2. Asimov dataset is generated with standard oscillations and it is analysed assuming a
model where the neutrino can decay, leaving a3 as a free parameter.

3. Asimov dataset is generated assuming current limits in neutrino decay (ag = 1.22 X
107 eV?, current best limit at 3o from the SK-+K2K+MINOS combined analysis [17])
and «g is left as a free parameter in the model.

4. Asimov dataset is generated assuming current limits in neutrino decay (a3 = 1.22 x
107 eV?, current best limit at 3o from the SK-+K2K+MINOS combined analysis [17])
and decay is not allowed in the tested model (a3 = 0).

Figure 12 presents the 90% CL contour sensitivity plots for these four cases computed
for 3 and 10 years of data taking and for both NMO hypotheses. There is almost no effect
in allowing the model to fit the decay constant if neutrinos are stable (black and red) except
for a slight increase of the width in the IO case for small €93 values. Assuming unstable
neutrinos (blue) with the current 3o limit for a3 claimed in ref. [17], the effects for the 10
hypothesis get more pronounced. Finally, assuming unstable neutrinos (magenta) without
allowing the decay model in the fit, the contours get deformed and shifted. This study shows
that the precision with which KM3NeT will measure 23 and Am#; will not be significantly
affected by the presence of neutrino decay, but such a phenomenon may introduce biases in
the measurement if it is not taken into account. This highlights the importance of testing
BSM models to verify the robustness of the oscillation measurements.

5.5 The impact of invisible neutrino decay on the NMO sensitivity

Mass ordering sensitivity is obtained by generating the Asimov dataset (N{ijat) assuming a
true ordering, NO or 10, fitting both possible orderings in the model (Nir}wd) and getting
the difference in the log-likelihood. NMO sensitivity in KM3NeT/ORCA depends on the
true value of fa3, so a scan in the interval [40°, 50°] is performed. This procedure is repeated
for the four cases explained in section 5.4.2

The sensitivity to the neutrino mass ordering as a function of the true value of o3 is
shown in figure 13 (left) for 3 years of data taking. Figure 13 (right) shows the sensitivity
as a function of the data taking time assuming as true 653 the best-fit value according
to NuFit 4.1 [1] (A3 = 48.6°). Assuming that neutrinos are stable, there is almost no
difference allowing the model to fit the decay constant (black and red curves), although the

2Note that in order to compute how neutrino decay affects the sensitivity to the NMO, the same
framework [43] is used in the four cases, which is slightly different from the one used in ref. [32].
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Figure 12. KM3NeT/ORCA 90% CL sensitivity contour plots to the oscillation parameters a3
and Am3; for 3 (left) and 10 (right) years of data taking assuming NO (top) or 10 (bottom) for four
cases: standard oscillations in both the Asimov dataset and model (black), standard oscillations
in the Asimov dataset but using a decay model in the fit (red), Asimov dataset assuming a decay
scenario (az = 1.22 x 107 ¢V?) and decay model in the fit (blue), and Asimov dataset assuming
a decay scenario (a3 = 1.22 x 107> €V?) but assuming standard oscillations in the model to fit
(magenta). True values used to simulate the Asimov dataset are marked with stars.

sensitivity is slightly reduced for large values of 023. In the case of unstable neutrinos with
a large decay value (a3 = 1.22 x 107° eV?) when data is fitted to a decay model (blue),
the mass ordering sensitivity decreases by ~ 0.40 (0.20) if NO (IO) is assumed over the
whole range of 6a3 except for O3 = [40°,41°] (f23 > 49.5°), where the sensitivity increases
slightly above the standard oscillation case. However, if unstable neutrino data is fitted to
a model assuming standard oscillations (magenta) the sensitivity to NMO would be slightly
underestimated in the lower octant for NO and overestimated in the higher octant for 10.
In the unstable neutrino scenario, there would be a small delay (around half a year) in
determining which is the true ordering for the current best-fit from NuFit 4.1 (623 = 48.6°).

The NMO sensitivity as a function of the true as assumed in the Asimov dataset is
displayed in figure 14 for 3 years of data taking. The sensitivity is slightly affected up to a3
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Figure 13. Left: NMO sensitivity assuming true NO (solid) and true IO (dashed) for 3 years of
data taking as a function of the true value of #53. Right: NMO sensitivity assuming true NO (solid)
and true IO (dashed) for fo3 = 48.6° as a function of the number of years of data taking. Four cases
are considered: standard oscillations in both the Asimov dataset and the model (black), standard
oscillations in the Asimov dataset and as free in the model (red), Asimov dataset assuming a decay
scenario (ag = 1.22 x 107% eV?) and a3 free in the model (blue), and Asimov dataset assuming a
decay scenario (a3 = 1.22 x 107° eV?) but assuming standard oscillations in the model (magenta).

values close to the current 3o limit [17], where the sensitivity is visibly reduced specially
for true NO.

6 Conclusions

In this paper, the potential of KM3NeT/ORCA to search for the invisible neutrino decay of
the neutrino mass eigenstate 3 was probed. Upper limits at 90% CL to the decay constant
a3 have been computed for 3 and 10 years of data taking, corresponding to 5.7 x 10~6 eV?
and 3.7 x 1079 V2, respectively. The lower limits in the inverse of a3 are 73/ms3 = 120 ps/eV
and 73/ms3 = 180 ps/eV, respectively. These results would improve current limits by up to
two orders of magnitude. Depending on the true value of a3 the lower limits on 73/mg for
10 years of data taking move between 100 ps/eV (the worst scenario, 623 = 40°) and 190
ps/eV (the best scenario, 23 = 50°). Even in the worst scenario, KM3NeT/ORCA will be
competitive with the current and future experiments.

In the presence of unstable neutrinos, measurements with KM3NeT /ORCA would be
precise enough to rule out the stable neutrino hypothesis with 30 (50) confidence if the
true value of the decay constant is a3 > 6.8(12.0) x 107% eV?2 in 10 years of data taking
and assuming NO.

The impact of neutrino decay on the precision for fo3 and Am3; measurements are
almost negligible, slightly decreasing the KM3NeT/ORCA sensitivity to #23. Neutrino
decay effects in the neutrino mass ordering sensitivity were studied assuming unstable
neutrinos as a function of the true value of 693, revealing that, except for a very small
interval, sensitivity can be reduced up to ~ 0.40 for NO and ~ 0.20 for IO compared with
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Figure 14. NMO sensitivity assuming true NO (solid) and true IO (dashed) for 3 years of data
taking as a function of the true value of a3. Two cases are considered: decay scenario in both
the Asimov dataset and the model (blue) and decay scenario in the Asimov dataset, but assuming
standard oscillations in the model (magenta). Horizontal lines correspond to the expected sensitivities
when no invisible neutrino decay occurs. The vertical line corresponds to ag = 1.22 x 107 ¢V?
(current best limit from the combination of SK+K2K+MINOS at 3¢ CL [17]).

the standard oscillation scenario. Only large values of as, currently strongly disfavoured by
experimental results, could impact the sensitivity to NMO.

Events that contribute the most to the sensitivity to as are in the matter-resonant
energy region, 3 — 8 GeV. Future improvements in particle identification, selection efficiency
and energy resolution at these energies would enhance significantly the sensitivity and
future bounds.

Acknowledgments

The authors acknowledge the financial support of the funding agencies: Agence Nationale
de la Recherche (contract ANR-15-CE31-0020), Centre National de la Recherche Sci-
entifique (CNRS), Commission Européenne (FEDER fund and Marie Curie Program),
LabEx UnivEarthS (ANR-10-LABX-0023 and ANR-18-IDEX-0001), Paris Ile-de-France
Region, France; The General Secretariat of Research and Innovation (GSRI), Greece Istituto
Nazionale di Fisica Nucleare (INFN), Ministero dell’Universita e della Ricerca (MIUR),
PRIN 2017 program (Grant NAT-NET 2017W4HATS) Italy; Ministry of Higher Education,
Scientific Research and Innovation, Morocco, and the Arab Fund for Economic and Social
Development, Kuwait; Nederlandse organisatie voor Wetenschappelijk Onderzoek (NWO),
the Netherlands; The National Science Centre, Poland (2021/41/N/ST2/01177); National
Authority for Scientific Research (ANCS), Romania; Grants PID2021-124591NB-C41, -C42,
-C43 funded by MCIN/AEI/ 10.13039/501100011033 and, as appropriate, by “ERDF A

- 29 —



way of making Europe”, by the “European Union” or by the “European Union NextGenera-
tionEU/PRTR”, Programa de Planes Complementarios I+D+I (refs. ASFAE/2022/023,
ASFAE/2022/014), Programa Prometeo (PROMETEQO/2020/019) and GenT (refs. CIDE-
GENT/2018/034, /2019/043, /2020/049. /2021/23) of the Generalitat Valenciana, Junta de
Andalucia (ref. SOMM17/6104/UGR, P18-FR-5057), EU: MSC program (ref. 101025085),
Programa Maria Zambrano (Spanish Ministry of Universities, funded by the European
Union, NextGenerationEU), Spain.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] 1. Esteban et al., Global analysis of three-flavour neutrino oscillations: synergies and tensions
in the determination of 023, dcp, and the mass ordering, JHEP 01 (2019) 106
[arXiv:1811.05487] [INSPIRE].

[2] P.F. de Salas et al., 2020 global reassessment of the neutrino oscillation picture, JHEP 02
(2021) 071 [arXiv:2006.11237] [INSPIRE].

[3] G.B. Gelmini and M. Roncadelli, Left-Handed Neutrino Mass Scale and Spontaneously Broken
Lepton Number, Phys. Lett. B 99 (1981) 411 [INSPIRE].

=

S. Pakvasa, Do neutrinos decay?, AIP Conf. Proc. 542 (2000) 99 [hep-ph/0004077] [nSPIRE].

A. Acker, S. Pakvasa and J.T. Pantaleone, Decaying Dirac neutrinos, Phys. Rev. D 45 (1992)
1 [INSPIRE].

<1

=

P. Coloma and O.L.G. Peres, Visible neutrino decay at DUNE, arXiv:1705.03599 [INSPIRE].

G.B. Gelmini and J.W.F. Valle, Fast Invisible Neutrino Decays, Phys. Lett. B 142 (1984) 181
[INSPIRE].

=

[8] M. Escudero, J. Lopez-Pavon, N. Rius and S. Sandner, Relazing Cosmological Neutrino Mass
Bounds with Unstable Neutrinos, JHEP 12 (2020) 119 [arXiv:2007.04994] [INSPIRE].

[9] J.N. Bahcall, N. Cabibbo and A. Yahil, Are neutrinos stable particles?, Phys. Rev. Lett. 28
(1972) 316 [INSPIRE].

[10] A. Acker and S. Pakvasa, Solar neutrino decay, Phys. Lett. B 320 (1994) 320
[hep-ph/9310207] [iNSPIRE].

[11] A. Mirizzi, D. Montanino and P.D. Serpico, Rewvisiting cosmological bounds on radiative
neutrino lifetime, Phys. Rev. D 76 (2007) 053007 [arXiv:0705.4667] [INSPIRE].

[12] J.Z. Chen, .M. Oldengott, G. Pierobon and Y.Y.Y. Wong, Weaker yet again: mass
spectrum-consistent cosmological constraints on the neutrino lifetime, Eur. Phys. J. C' 82
(2022) 640 [arXiv:2203.09075] [INSPIRE].

[13] J.A. Frieman, H.E. Haber and K. Freese, Neutrino Mizing, Decays and Supernova Sn1987a,
Phys. Lett. B 200 (1988) 115 [INSPIRE].

[14] A. Bandyopadhyay, S. Choubey and S. Goswami, Neutrino decay confronts the SNO data,
Phys. Lett. B 555 (2003) 33 [hep-ph/0204173] [INSPIRE].

~ 93 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP01(2019)106
https://arxiv.org/abs/1811.05487
https://inspirehep.net/literature/1703673
https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2006.11237
https://inspirehep.net/literature/1802107
https://doi.org/10.1016/0370-2693(81)90559-1
https://inspirehep.net/literature/156195
https://doi.org/10.1063/1.1336244
https://arxiv.org/abs/hep-ph/0004077
https://inspirehep.net/literature/514561
https://doi.org/10.1103/PhysRevD.45.R1
https://doi.org/10.1103/PhysRevD.45.R1
https://inspirehep.net/literature/313954
https://arxiv.org/abs/1705.03599
https://inspirehep.net/literature/1598760
https://doi.org/10.1016/0370-2693(84)91258-9
https://inspirehep.net/literature/196691
https://doi.org/10.1007/JHEP12(2020)119
https://arxiv.org/abs/2007.04994
https://inspirehep.net/literature/1806418
https://doi.org/10.1103/PhysRevLett.28.316
https://doi.org/10.1103/PhysRevLett.28.316
https://inspirehep.net/literature/73625
https://doi.org/10.1016/0370-2693(94)90663-7
https://arxiv.org/abs/hep-ph/9310207
https://inspirehep.net/literature/35991
https://doi.org/10.1103/PhysRevD.76.053007
https://arxiv.org/abs/0705.4667
https://inspirehep.net/literature/751904
https://doi.org/10.1140/epjc/s10052-022-10518-3
https://doi.org/10.1140/epjc/s10052-022-10518-3
https://arxiv.org/abs/2203.09075
https://inspirehep.net/literature/2054219
https://doi.org/10.1016/0370-2693(88)91120-3
https://inspirehep.net/literature/247412
https://doi.org/10.1016/S0370-2693(03)00044-3
https://arxiv.org/abs/hep-ph/0204173
https://inspirehep.net/literature/585399

[15]

[16]

[17]

[18]

[19]

[20]

S. Choubey, D. Dutta and D. Pramanik, Invisible neutrino decay in the light of NOvA and
T2K data, JHEP 08 (2018) 141 [arXiv:1805.01848] [INSPIRE].

R.A. Gomes, A.L.G. Gomes and O.L.G. Peres, Constraints on neutrino decay lifetime using
long-baseline charged and neutral current data, Phys. Lett. B 740 (2015) 345
[arXiv:1407.5640] [INSPIRE].

M.C. Gonzalez-Garcia and M. Maltoni, Status of Oscillation plus Decay of Atmospheric and
Long-Baseline Neutrinos, Phys. Lett. B 663 (2008) 405 [arXiv:0802.3699] [INSPIRE].

A. Ghoshal, A. Giarnetti and D. Meloni, Neutrino Invisible Decay at DUNE: a multi-channel
analysis, J. Phys. G 48 (2021) 055004 [arXiv:2003.09012] INSPIRE].

J. Tang, T.-C. Wang and Y. Zhang, Invisible neutrino decays at the MOMENT experiment,
JHEP 04 (2019) 004 [arXiv:1811.05623] [INSPIRE].

S. Choubey, M. Ghosh, D. Kempe and T. Ohlsson, Ezploring invisible neutrino decay at
ESSnuSB, JHEP 05 (2021) 133 [arXiv:2010.16334] INSPIRE].

T. Abrahdo, H. Minakata, H. Nunokawa and A.A. Quiroga, Constraint on Neutrino Decay
with Medium-Baseline Reactor Neutrino Oscillation Experiments, JHEP 11 (2015) 001
[arXiv:1506.02314] [INSPIRE].

S. Choubey et al., Sensitivity to neutrino decay with atmospheric neutrinos at the INO-ICAL
detector, Phys. Rev. D 97 (2018) 033005 [arXiv:1709.10376] [INSPIRE].

P.B. Denton and 1. Tamborra, Invisible Neutrino Decay Could Resolve IceCube’s Track and
Cascade Tension, Phys. Rev. Lett. 121 (2018) 121802 [arXiv:1805.05950] INSPIRE].

C.A. Argiielles et al., Snowmass white paper: beyond the standard model effects on neutrino
flavor: Submitted to the proceedings of the US community study on the future of particle
physics (Snowmass 2021), Eur. Phys. J. C' 83 (2023) 15 [arXiv:2203.10811] INSPIRE].

P.F. de Salas et al., Constraining the invisible neutrino decay with KM3NeT-ORCA, Phys.
Lett. B 789 (2019) 472 [arXiv:1810.10916] INSPIRE].

J. Coelho et al., joaoabcoelho/OscProb: vl1.4.4, https://zenodo.org/record /7468135
[DOI:10.5281/ZENODO. 7468135].

D.S. Chattopadhyay et al., Neutrino Propagation When Mass Eigenstates and Decay
FEigenstates Mismatch, Phys. Rev. Lett. 129 (2022) 011802 [arXiv:2111.13128] [INSPIRE].

D.S. Chattopadhyay, K. Chakraborty, A. Dighe and S. Goswami, Analytic treatment of 3-flavor
neutrino oscillation and decay in matter, JHEP 01 (2023) 051 [arXiv:2204.05803] [NSPIRE].

A .M. Dziewonski and D.L. Anderson, Preliminary reference earth model, Phys. Earth Planet.
Interiors 25 (1981) 297 [INSPIRE].

K. Chakraborty, D. Dutta, S. Goswami and D. Pramanik, Invisible neutrino decay: first vs
second oscillation mazimum, JHEP 05 (2021) 091 [arXiv:2012.04958] [INSPIRE].

KM3NET collaboration, Letter of intent for KM3NeT 2.0, J. Phys. G 43 (2016) 084001
[arXiv:1601.07459] [INSPIRE].

KM3NET collaboration, Determining the neutrino mass ordering and oscillation parameters
with KM3NeT/ORCA, Eur. Phys. J. C' 82 (2022) 26 [arXiv:2103.09885] [INSPIRE].

ANTARES collaboration, Search for non-standard neutrino interactions with 10 years of
ANTARES data, JHEP 07 (2022) 048 [arXiv:2112.14517] [INSPIRE].

— 24 —


https://doi.org/10.1007/JHEP08(2018)141
https://arxiv.org/abs/1805.01848
https://inspirehep.net/literature/1671832
https://doi.org/10.1016/j.physletb.2014.12.014
https://arxiv.org/abs/1407.5640
https://inspirehep.net/literature/1307252
https://doi.org/10.1016/j.physletb.2008.04.041
https://arxiv.org/abs/0802.3699
https://inspirehep.net/literature/779992
https://doi.org/10.1088/1361-6471/abdfab
https://arxiv.org/abs/2003.09012
https://inspirehep.net/literature/1787331
https://doi.org/10.1007/JHEP04(2019)004
https://arxiv.org/abs/1811.05623
https://inspirehep.net/literature/1703586
https://doi.org/10.1007/JHEP05(2021)133
https://arxiv.org/abs/2010.16334
https://inspirehep.net/literature/1827371
https://doi.org/10.1007/JHEP11(2015)001
https://arxiv.org/abs/1506.02314
https://inspirehep.net/literature/1375027
https://doi.org/10.1103/PhysRevD.97.033005
https://arxiv.org/abs/1709.10376
https://inspirehep.net/literature/1627888
https://doi.org/10.1103/PhysRevLett.121.121802
https://arxiv.org/abs/1805.05950
https://inspirehep.net/literature/1673381
https://doi.org/10.1140/epjc/s10052-022-11049-7
https://arxiv.org/abs/2203.10811
https://inspirehep.net/literature/2622891
https://doi.org/10.1016/j.physletb.2018.12.066
https://doi.org/10.1016/j.physletb.2018.12.066
https://arxiv.org/abs/1810.10916
https://inspirehep.net/literature/1700394
https://zenodo.org/record/7468135
https://doi.org/10.5281/ZENODO.7468135
https://doi.org/10.1103/PhysRevLett.129.011802
https://arxiv.org/abs/2111.13128
https://inspirehep.net/literature/1976959
https://doi.org/10.1007/JHEP01(2023)051
https://arxiv.org/abs/2204.05803
https://inspirehep.net/literature/2066038
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1016/0031-9201(81)90046-7
https://inspirehep.net/literature/175521
https://doi.org/10.1007/jhep05(2021)091
https://arxiv.org/abs/2012.04958
https://inspirehep.net/literature/1835404
https://doi.org/10.1088/0954-3899/43/8/084001
https://arxiv.org/abs/1601.07459
https://inspirehep.net/literature/1417077
https://doi.org/10.1140/epjc/s10052-021-09893-0
https://arxiv.org/abs/2103.09885
https://inspirehep.net/literature/1852257
https://doi.org/10.1007/JHEP07(2022)048
https://arxiv.org/abs/2112.14517
https://inspirehep.net/literature/1997948

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[43]

[44]

[45]

KM3NET collaboration, Sensitivity to light sterile neutrino mizing parameters with
KM3NeT/ORCA, JHEP 10 (2021) 180 [arXiv:2107.00344] [INSPIRE].

KM3NET collaboration, The KM3NeT multi-PMT optical module, 2022 JINST 17 P07038
[arXiv:2203.10048] [INSPIRE].

KM3NET collaboration, gSeaGen: The KM3NeT GENIE-based code for neutrino telescopes,
Comput. Phys. Commun. 256 (2020) 107477 [arXiv:2003.14040] [INSPIRE].

C. Andreopoulos et al., The GENIE Neutrino Monte Carlo Generator: Physics and User
Manual, arXiv:1510.05494 [INSPIRE].

A.G. Tsirigotis, A. Leisos and S.E. Tzamarias, HOU Reconstruction & Simulation (HOURS):
A complete simulation and reconstruction package for very large volume underwater neutrino
telescopes, Nucl. Instrum. Meth. A 626—627 (2011) S185 [InSPIRE].

GEANT4 collaboration, GEANT/ — a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003)
250 [INSPIRE].

G. Carminati, A. Margiotta and M. Spurio, Atmospheric MUons from PArametric formulas: A
Fast GFEnerator for neutrino telescopes (MUPAGE), Comput. Phys. Commun. 179 (2008) 915
[arXiv:0802.0562] [INSPIRE].

Y. Becherini, A. Margiotta, M. Sioli and M. Spurio, A Parameterisation of single and multiple
muons in the deep water or ice, Astropart. Phys. 25 (2006) 1 [hep-ph/0507228] [INSPIRE].

ANTARES collaboration, Monte Carlo simulations for the ANTARES underwater neutrino
telescope, JCAP 01 (2021) 064 [arXiv:2010.06621] INSPIRE].

S. Bourret, Neutrino oscillations and earth tomography with KM3NeT-ORCA, Ph.D. thesis,
APC, Paris, France (2018) [INSPIRE].

R.J. Barlow and C. Beeston, Fitting using finite Monte Carlo samples, Comput. Phys.
Commun. 77 (1993) 219 [INSPIRE].

G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based tests
of new physics, Eur. Phys. J. C 71 (2011) 1554 [Erratum ibid. 73 (2013) 2501]
[arXiv:1007.1727] [INSPIRE].

S.S. Wilks, The Large-Sample Distribution of the Likelihood Ratio for Testing Composite
Hypotheses, Annals Math. Statist. 9 (1938) 60 [INSPIRE].

— 95—


https://doi.org/10.1007/JHEP10(2021)180
https://arxiv.org/abs/2107.00344
https://inspirehep.net/literature/1873786
https://doi.org/10.1088/1748-0221/17/07/P07038
https://arxiv.org/abs/2203.10048
https://inspirehep.net/literature/2054872
https://doi.org/10.1016/j.cpc.2020.107477
https://arxiv.org/abs/2003.14040
https://inspirehep.net/literature/1789306
https://arxiv.org/abs/1510.05494
https://inspirehep.net/literature/1398588
https://doi.org/10.1016/j.nima.2010.06.258
https://inspirehep.net/literature/889273
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://inspirehep.net/literature/593382
https://doi.org/10.1016/j.cpc.2008.07.014
https://arxiv.org/abs/0802.0562
https://inspirehep.net/literature/778815
https://doi.org/10.1016/j.astropartphys.2005.10.005
https://arxiv.org/abs/hep-ph/0507228
https://inspirehep.net/literature/687798
https://doi.org/10.1088/1475-7516/2021/01/064
https://arxiv.org/abs/2010.06621
https://inspirehep.net/literature/1822820
https://inspirehep.net/literature/1787281
https://doi.org/10.1016/0010-4655(93)90005-W
https://doi.org/10.1016/0010-4655(93)90005-W
https://inspirehep.net/literature/35053
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://arxiv.org/abs/1007.1727
https://inspirehep.net/literature/860907
https://doi.org/10.1214/aoms/1177732360
https://inspirehep.net/literature/1247197

	Introduction
	Invisible neutrino decay effects in oscillation probabilities
	The KM3NeT/ORCA detector
	Analysis
	Results
	Invisible neutrino decay sensitivity
	Invisible neutrino decay discovery potential
	The role of theta(23) in the invisible neutrino decay
	The impact of invisible neutrino decay on the oscillation parameter measurements
	The impact of invisible neutrino decay on the NMO sensitivity

	Conclusions

