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ABSTRACT: In the era of precision measurements of neutrino oscillation parameters, it is
necessary for experiments to disentangle discrepancies that may indicate physics beyond the
Standard Model in the neutrino sector. KM3NeT/ORCA is a water Cherenkov neutrino
detector under construction and anchored at the bottom of the Mediterranean Sea. The
detector is designed to study the oscillations of atmospheric neutrinos and determine the
neutrino mass ordering. This paper focuses on the initial configuration of ORCA, referred
to as ORCAG, which comprises six out of the foreseen 115 detection units of photosensors.
A high-purity neutrino sample was extracted during 2020 and 2021, corresponding to an
exposure of 433 kton-years. This sample is analysed following a binned log-likelihood approach
to search for invisible neutrino decay, in a three-flavour neutrino oscillation scenario, where
the third neutrino mass state r3 decays into an invisible state, e.g. a sterile neutrino. The
resulting best fit of the invisible neutrino decay parameter is az = 0.9215:28 x 1074 V2,
corresponding to a scenario with 623 in the second octant and normal neutrino mass ordering.
The results are consistent with the Standard Model, within a 2.1 ¢ interval.

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

ARX1v EPRINT: 2501.11336

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP04(2025)105


mailto:km3net-pc@km3net.de
mailto:vcarrretero@km3net.de
https://doi.org/10.48550/arXiv.2501.11336
https://doi.org/10.1007/JHEP04(2025)105

Contents

1 Introduction 1
2 Invisible decay effects on neutrino oscillations 2
3 The KM3NeT/ORCA detector 4
4 Data sample and event selection 4
5 Analysis method 7
6 Results 9
7 Conclusions 15
The KM3NeT collaboration 21

1 Introduction

The discovery of neutrino oscillations at the turn of the century, implying the existence
of at least two non-zero neutrino mass states, constituted the first landmark observation
of a deviation from the Standard Model (SM) of particle physics [1]. While most of the
parameters that govern the oscillation mechanism are now measured with good precision [2],
some of them remain uncertain, such as the Dirac CP phase (§), the octant of the mixing
angle 693, and the neutrino mass ordering, which is either normal (NO: m; < mg < ms3)
or inverted (I0: m3g < m; < mg). Other signatures of physics beyond the Standard Model
(BSM) may exist in the neutrino sector and are actively searched for, one of them being
the possibility of neutrino decay.

The concept of neutrino decay was introduced in 1972 as a potential solution for the solar
neutrino problem [3], although subsequent investigations revealed that the neutrino decay
scenario cannot account for the observed deficit of solar neutrinos [4]. Massive neutrinos
may have radiative decay channels, e.g. v; — v; + [5, 6]; however the expected lifetimes for
such processes are too long to be tested experimentally [7, 8]. A variety of BSM theoretical
scenarios have also been proposed, typically allowing for the decay of (Majorana or Dirac)
neutrinos into a lighter fermion state and some BSM particles; we refer the reader to ref. [9]
for a brief overview of such, and more exotic, models.

Neutrino decays can be phenomenologically classified into visible or invisible channels,
depending on the nature of the decay products and their detectability [10]. Invisible decay
occurs when the decay products remain undetected, either because they are sterile neutrinos
or because they have such low energy that they fall below the detection threshold of the
experiment. In contrast, visible decay involves either the emission of photons or the produc-
tion of lower-energy active neutrinos, which retain enough energy to be detected through
interactions. In this paper, we primarily focus on the scenario of invisible neutrino decay,



regardless of the specific decay model or products. This is mainly motivated by the fact
that the expected decay signal from the non-sterile channels in the atmospheric neutrino
telescopes is expected to contribute only negligibly to the event rate at the lowest detectable
energy threshold because of a sharply-decreasing atmospheric neutrino flux with energy.

The iglvisible decay of relativistic neutrinos can be described by a depletion factor
D = 6_%, where 7; is the rest-frame lifetime of the neutrino mass state m;, representing the
fraction of neutrinos with energy E that survive after travelling a distance L. The invisible
neutrino decay is then characterised by the parameter a; = %’ which is expressed in natural
units of eV2. In principle, any of the neutrino mass eigenstates v, v9 and v3 having non-zero
mass could potentially lead to invisible decays.

Currently, the most stringent, albeit model-dependent, limits on neutrino decay come
from cosmology [11]. Other studies have shown that the decays of 11 and vy are strongly
restricted by data from the supernova SN1987A [12] and solar neutrino experiments [13].
While the decay of 3 remains an open possibility, ongoing accelerator, atmospheric, and
reactor neutrino experiments have not yet observed any evidence of this phenomenon. Existing
constraints on the neutrino lifetime based upon invisible decays are generally weaker, mainly
arising from combined fits using data from T2K and NOvA [14] (a3 < 2.4 x 107* eV? at 90%
CL), T2K and MINOS [15] (a3 < 2.9 x 107% eV? at 90% CL), T2K, MINOS and NOvA [16]
(a3 < 2.7 x 107° eV? at 90% CL) and SK, K2K and MINOS [17] (a3 < 2.3 x 1076 eV? at
90% CL). Constraints on neutrino decay can also be inferred from astrophysical neutrino
data. In particular, the tension observed between different classes of events in IceCube data
has been reduced by ~ 3¢ when considering the invisible neutrino decay hypothesis [18].
For a more comprehensive exploration of the current status and future prospects concerning
neutrino decay, both invisible and visible, readers can refer to the review in ref. [9].

Due to their sensitivity in a large range of neutrino energies and propagation distances,
atmospheric neutrino experiments are particularly appealing to investigate the effects of
neutrino decay. Large-volume Cherenkov detectors, such as the KM3NeT/ORCA underwater
neutrino telescope [19], offer the possibility to detect atmospheric neutrinos in the GeV to
TeV range, which are an excellent probe for this kind of BSM effects that depend on the
L/FE ratio. The potential of the complete ORCA detector for probing the invisible decay
model using such atmospheric neutrinos has been studied in ref. [20], showing that it could
improve current limits on ag by up to two orders of magnitude.

In this paper, the invisible neutrino decay of v3 is probed with the data sample collected
with ORCAG, an early subarray of the KM3NeT /ORCA detector, in the period from January
2020 to November 2021. Section 2 briefly discusses the effects of invisible decay on neutrino
oscillations. Section 3 presents the KM3NeT/ORCA neutrino detector. Section 4 summarises
the event selection, reconstruction and classification procedures. The analysis method is
described in section 5, and results are presented and discussed in section 6.

2 Invisible decay effects on neutrino oscillations

In the standard, 3-neutrino oscillation framework, flavour eigenstates vg (8 = e, 1, T) are
linearly related to the mass eigenstates v; (i = 1,2,3): vg = 3 Uj;vi, where the Upg;
are the elements of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [21, 22],



which can be parametrised in terms of three real mixing angles 6;; (i < j) and one complex
phase § accounting for possible CP-violating effects. In the case of atmospheric neutrinos
crossing the Earth, coherent scattering on electrons along the path of the neutrino modifies
the oscillation probabilities. The main effect is an amplification of the transition probabilities
(vy <> V) in the resonance region (around 3 — 8 GeV) [23].

The Hamiltonian that describes the propagation of a neutrino through matter, incor-
porating the effect of invisible decay, can be written as:

1
Hrotal = E(HO+HD+HM)7 (2.1)

where F is the neutrino energy, Hy represents the Hamiltonian in vacuum, Hj; encompasses
the effects of coherent scattering on electrons along the path of the neutrino, and Hp
accounts for neutrino decay. In the flavour eigenstate basis, the Hamiltonian responsible
for oscillations reads:

. 0 0 0 00 0 V0o
Hrowa = 5= |U | 0 Am3, 0 ut+uloo o |U'+|oo00], (2.2)
0 0 Am% 00 —ias 000

with U being the PMNS matrix, V = £v2N.Gr the matter potential, N, the electron
density in matter and G the Fermi constant.

The introduction of Hp thus essentially leads to a shift in the mass splitting, from Am%;
to Am3; — iaz, becoming a complex number. Neutrino decay induces a global reduction in
the neutrino flavour oscillation probabilities and introduces a damping effect that reduces
the amplitude of the oscillatory terms [24, 25].

The influence of neutrino decay on the oscillation patterns of Earth-crossing neutrinos
is illustrated in figure 1 for a specific neutrino path length and different values of the as
parameter. Neutrino oscillation probabilities are computed with the OscProb software [26]
and the Preliminary Reference Earth Model [27] is used for the density profile of the Earth’s
interior. The effects of decay due to a3 are more pronounced in channels related to the muon
flavour, primarily because v3 contributes more to v, compared to v,. In vacuum, the neutrino
decay affects most significantly the P, channel, regardless of the mass ordering. However,
the amplification of the transition probabilities v, ++ v, (resp. v, <> ) for the normal
ordering (resp. inverted ordering) by matter effects renders these channels more sensitive to
neutrino decay than in the vacuum case, especially in the energy range around the resonance.
Neutrino decay also affects v, <+ v, transitions, with a more pronounced effect at energies
below 10 GeV. Given the kinematic threshold for tau production, this channel plays a less
significant role in overall sensitivity to neutrino decay.

The parameters ag and 623 exhibit subtle correlation effects that vary between oscillation
and survival channels. The interplay between these two parameters has been extensively
investigated for specific baselines in previous studies, such as refs. [16, 28-30]. Decay-induced
attenuation in transition channels can be mimicked by a standard oscillation scenario with a
lower 23 value, while in survival channels, the effect is reversed. Figure 2 shows the muon
neutrino survival and electron-to-muon transition probability for four combinations of o3 — a3



values and two different incoming directions. The decrease of the survival probability P, at
the oscillation maxima due to decay effects could be partially compensated by reducing the
value of 23 to the lower octant, but this would increase the probability in the energy range
where matter effects are relevant. On the other hand, in the case of the transition probability
P, a higher value of 023 can compensate the decrease caused by the decay effects. The change
in the value of #23 needed to compensate these effects depend on the cosine of the zenith
angle, since the decay effects would be larger the longer the path. Therefore, this interplay
degrades sensitivity to the invisible decay parameter unless the experiment can resolve a wide
range of baselines and oscillation channels, allowing these effects to be disentangled [20].

3 The KM3NeT/ORCA detector

The KM3NeT research infrastructure comprises two water Cherenkov detectors, called
KM3NeT/ARCA and KM3NeT/ORCA, both currently under construction in the Mediter-
ranean Sea [19]. KM3NeT/ARCA (Astroparticle Research with Cosmics in the Abyss) is
located off the Sicilian coast near Capo Passero (Italy), 100 km offshore, at a depth of
3500 m. Its design is optimised for the detection of high-energy neutrinos from astrophysical
sources in the TeV—PeV range. KM3NeT/ORCA (Oscillation Research with Cosmics in
the Abyss) is being built near Toulon (France), 40 km offshore, at a depth of 2500 m, with
the objective of measuring atmospheric neutrino oscillations in the GeV—TeV range and
determining the neutrino mass ordering [31].

Both ARCA and ORCA detectors consist of arrays of detection units (DUs), which are
vertical lines anchored to the seabed and supporting 18 digital optical modules (DOMs),
pressure-resistant glass spheres, each equipped with 31 photomultiplier tubes (PMTs) along
with the associated readout electronics and calibration instruments [32]. Upon completion,
KM3NeT/ORCA will comprise 115 detection units, with an average horizontal spacing
between DUs of ~ 20 m and a vertical inter-DOM spacing of ~ 9 m, corresponding to a
total instrumented volume of about 7 x 10 m3. KM3NeT/ORCA has already begun data
collection during the construction phase, using increasing subsets of the planned final detector
setup. During the initial phase referred to as ORCAG6, the detector was operating with six
out of the total 115 DUs, corresponding to an instrumented volume of about 4 x 10° m?.

The detection principle is based on the observation of Cherenkov radiation induced by
relativistic charged particles originating from neutrino interactions and travelling in seawater.
When PMT pulses exceed the predefined threshold, they are digitised and analysed based on
their start time and duration. The data are used to reconstruct the energy and direction
of the incoming neutrino. More details about the KM3NeT data acquisition and event
reconstruction are provided in refs. [19, 33].

4 Data sample and event selection

This work uses data collected with the partial configuration ORCA6 of the KM3NeT/ORCA
detector. In this section, the event selection and classification procedures are briefly sum-
marised; a complete description can be found in ref. [33] since the same dataset is used.
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Figure 1. Probability of muon neutrino survival (top left), muon-to-electron neutrino transition
(middle left), muon-to-tau neutrino transition (bottom left), muon antineutrino survival (top right),
muon-to-electron antineutrino transition (middle right) and muon-to-tau antineutrino transition
(bottom right) as a function of energy. All plots are obtained assuming normal ordering (NO) and
cos B, = —0.85, where 6, is the zenith angle associated with the neutrino trajectory, as measured from
the vertical at detector location. Four values of the decay parameter are considered: az = 0 (black),
az =107% eV? (blue), a3 = 107% V2 (red) and a3 = 1073 eV? (magenta). Oscillation parameters are
set to the NuFit 5.0 values with SK data [2].
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Figure 2. Muon neutrino survival (left) and electron-to-muon transition (right) probabilities as a
function of energy, at a cosine of the zenith angle cos, = —0.85 (top) and cosf, = —0.50 (bottom),
assuming NO. Four cases are shown: a3 = 0 with #33 = 50° (solid black), and a3z = 1075 eV? with
023 = 50° (dashed green), 03 = 52° (dashed red), and 623 = 40° (dashed blue).

The data analysed were collected between January 2020 and November 2021 using only
period characterised by stable environmental conditions. After this selection, a total of
510 days out of the 633 days of data taking remain, corresponding to a total exposure of
433 kton-years.! The event reconstruction considers two distinct topologies: track-like and
shower-like. Track-like events arise from charged-current (CC) interactions of v, and v,
which produce a muon in the final state. Events with electromagnetic or hadronic showers
are produced by v, and v, CC interactions, as well as neutral-current (NC) interactions of all
neutrino flavours. Quality cuts based on the reconstruction filter out noise events, primarily
from 4°K decays and bioluminescence [34, 35]. The analysis focuses on up-going events with
the cosine of the zenith angle cosf, < 0 to minimise atmospheric muon background. To
further distinguish neutrino-induced signals from misidentified atmospheric muons, a boosted
decision tree (BDT) trained on reconstruction features is applied. The final event selection
includes 5828 events, with an atmospheric muon contamination below 2%.

!The exposure is computed by summing, for all the selected data taking periods, the product of the livetime
by the number of active PMTs, and assuming that each active PMT instruments 108.8 tons of water (obtained
by dividing the planned instrumented mass of KM3NeT/ORCA115 by the total number of PMTs in the full
detector).



KM3NeT/ORCAG, 433 kton-years

Channel High Purity Tracks Low Purity Tracks Showers | Total
v, CC 1166.2 1202.9 639.6 | 3008.7

v, CC 607.3 605.6 217.8 | 1430.7

v, CC 40.2 69.4 457.7 | 567.3

v, CC 16.7 26.9 190.6 | 234.2

v CC 14.6 13.8 95.8 | 124.2

v CC 6.6 6.0 37.2 49.8

v NC 10.4 18.5 236.3 | 265.2

v NC 3.2 5.5 70.2 78.9
Atm. Muons 4.3 53.3 13.5 71.1
Total MC 1869.5 2001.9 1958.7 | 5830.1
Total Data 1868 2002 1958 5828

Table 1. Number of expected events and data events passing the selection criteria per class and
interaction channel compared to the total number of data events in each class for an exposure of
433 kton-year. The values correspond to the best fit which is detailed in section 5 with nuisance
parameters as given in table 3.

A second BDT is employed to classify events into track-like and shower-like categories
based on their topologies. The track-like category is then divided into two subcategories:
(i) a high-purity track-like class with minimal atmospheric muon contamination and an
estimated v, CC purity of 95% and (ii) a low-purity track-like class with less than 4% muon
contamination and 90% v, CC purity. The classification thresholds are optimised to maximise
sensitivity to standard neutrino oscillations. In table 1, the observed and expected number
of selected events per class and interaction channel are shown.

This division of track-like events into high- and low-purity classes enhances sensitivity
to standard oscillation parameters by isolating events with superior angular resolution in
the high-purity class. The energy range for events in the track classes spans from 2 to
100 GeV, while the shower class covers a broader range from 2 GeV to 1TeV. This energy
threshold for track-like events is applied to minimise the number of high-energetic tracks
that pass through the detector and just leave a small fraction of their energy in it. The track
energy is essentially estimated from the measured track length. Due to the limited size of
the detector the algorithm provides a constantly lower energy measurement for neutrino
energies above 50 GeV as most tracks at these energies deposit only a fraction of their total
energy within the detector.

5 Analysis method

The analysis procedure to constrain the insivible decay parameter a3 is based on the min-
imisation of a binned negative log-likelihood of the 2-dimensional distribution of events in
reconstructed energy Fieco and cosine of the zenith angle cos 0., comparing the observed



data to a model prediction [36, 37]:
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where N{m’d and Nidat are respectively the expected and observed number of events in bin
1. The vector € represents the nuisance parameters, some of them externally constrained by
other experiments. This information enters the log-likelihood as a Gaussian term derived
from the probability density function (PDF) of the auxiliary measurement. The mean
value (e;) and standard deviation o are the parameters used to define these PDFs. The
coefficients 5; are normally distributed with uncertainties o;, which account for the statistical
uncertainties arising from limited Monte Carlo statistics, following the Barlow-Beeston light
approach [33, 38, 39].

The number of expected events is computed using the KM3NeT package Swim [40],
which combines the atmospheric neutrino flux (HONDA 2014 at the Frejus site without
mountain over the detector for solar minima [41]), neutrino oscillation probabilities (OscProb
package [26]) and the detector response weighted by the respective neutrino-nucleon CC and
NC cross sections (GENIE [42, 43]). The detector response is simulated with Monte Carlo
events by mapping the expected rate at a given bin of reconstructed energy and reconstructed
cosine of the zenith angle to the corresponding bins of true energy and true cosine of the
zenith angle. Neutrino events in KM3NeT/ORCA are generated with gSeaGen [43] and
atmospheric muons are generated with MUPAGE [44, 45]. Cherenkov photons induced by
charged particles are propagated to the PMTs using the KM3NeT package KM3Sim [46]. To
speed up the simulation of light propagation in the case of high-energy particles, a custom
KM3NeT package based on precomputed tables of PDFs of the light arrival time is used.
The optical backgrounds due to the PMT dark count rate and to the decay of “°K present in
seawater are included through a KM3NeT package which also simulates the digitised output
of PMT responses and the readout. The simulated events then follow the same triggering
and reconstruction chain as described in section 3 for real data.

Those oscillation parameters for which KM3NeT/ORCA has no sensitivity are fixed to
NuFit 5.0 including SK data values and shown in table 2. The nuisance parameters considered
in this analysis can be cast into 3 categories: normalisation factors, fluxz shape systematics
and the absolute energy scale of the detector. The normalisation factors aim to account
for uncertainties in the cross sections and event selection efficiency and are applied to scale
respectively the overall amount of events, fay, the High Purity Tracks fypr and Shower
fs events, the NC events, fnc, the 7 CC events, frcc, the atmospheric muon events, f,
and the high-energy events simulated with a different propagation software fyg. The fug
normalisation factor is introduced to take into account the different assumptions on light
propagation made by the two light propagation software packages used. A scaling is therefore
applied for NC events with true energy above 100 GeV and for CC events with true energy
above 500 GeV. The fluxr shape systematics aim at modelling uncertainties in the neutrino
flux by altering the ratio of up-going to horizontally-going neutrinos, dg, the spectral index



Parameter NO
012 33.44°
013 8.57°
Am3, 7.42 x 1075 eV?
ocp 197°

Table 2. The three-flavour neutrino oscillation parameters which are fixed in the analysis from NuFit
5.0 [2] for normal ordering including SK data.

d~, the ratio of v, to v,, s,z, the ratio of v, to v, sece, and the ratio of v, to v, s¢,. The
absolute energy scale of the detector Eg is implemented to account for uncertainties in the
water properties (light absorption and scattering) and in PMT efficiencies, by shifting the true
energy response function. Central values and uncertainties are summarised in table 3. The
normalisations of the overall amount of events f,y, the High Purity Track fuypt and Shower
fs events, and the atmospheric muon events f, are fitted freely without any constraint to
accommodate for uncertainties in the selection efficiency. More details on the implementation
of nuisance parameters are provided in ref. [33].

6 Results

The best fit is obtained by minimising the negative log-likelihood ratio (equation (5.1))
using 8 starting points, f23 = {40°,50°}, Am3; = {2.517 x 1073, -2.428 x 1073} eV? and
Es = {0.95,1.05}. In each fit, the parameter space is restricted to the corresponding a3
octant, mass ordering and energy scale below/above one to avoid local minima.

After performing the full minimisation of equation (5.1) the observed log-likelihood ratio
A is found to be 489.3. To assess the goodness-of-fit, a set of 2000 pseudo-experiments
are generated assuming NuFit 5.0 values, as = 0 and the nuisance parameters at their
nominal values. The log-likelihood ratio Agor = —2In L is computed for each of them
and the corresponding distribution is shown in figure 3. The probability of observing a
A equal or larger than the observed value is (1.21 4+ 0.24)%. The uncertainty is derived
by bootstrapping the 2000 pseudo-experiments, i.e. sampling the pseudo-experiments with
replacement to recompute the p-value.

The best-fit value is ag = 0.92:1]:?? x 10™* eV?2, corresponding to a scenario with a3
in the second octant and NO. The errors are computed via the Feldman-Cousins (FC)
method [47] for 68% CL. The best-fit values of the nuisance parameters, along with their
post-fit uncertainties at 68% CL are shown in table 3 assuming Wilks’ theorem [48]. The
post-fit uncertainties are computed by profiling each of them as a parameter of interest.

The allowed region at 90% CL for both the mixing angle 653 and the invisible decay
parameter as is shown in figure 4, with the best-fit value indicated with a dot. The contour
is derived assuming Wilks’ theorem due to computing constraints. The shape illustrates
the interplay between both parameters discussed in section 2: the allowed range for ag is
larger in the first octant region. While the current sensitivity of ORCAG6 is insufficient to



Parameter CV =+ uncert. | Std. Best Fit | Decay Best Fit | Post-fit uncert.
fan 1.00 1.11 1.35 |  —0.20/+0.25
fupr 1.00 0.92 0.92 —0.04/+0.04
fs 1.00 0.92 0.88 | —0.06/40.06
JHE 1.0+ 0.5 1.59 1.81 —0.32/+0.35

fu 1.00 0.51 0.25 | —0.25/40.35
frce 1.00 + 0.20 0.92 0.96 —0.19/40.19
Inc 1.00 + 0.20 0.86 0.89 | —0.19/40.19
Suji 0.00 £ 0.05 0.00 0.00 | —0.05/40.05
See 0.00 £ 0.07 0.01 0.01 —0.07/40.07
Spue 0.00 £ 0.02 -0.004 -0.004 | —0.020/+0.020

5y 0.0 + 0.3 -0.019 -0.075 | —0.035/4-0.04

59 0.000 £ 0.020 -0.005 0.004 | —0.020/40.020

E, 1.00 £ 0.09 1.03 0.98 | —0.08/40.10

623 [°] 49.2 45.5 46.2 —4.0/4+4.0
Am3,[x1073 eV?] 2.52 2.18 215 | —0.25/40.28

Table 3. Nuisance and oscillation parameters considered in this analysis. The second column provides
the central value and uncertainty of the Gaussian prior entering the log-likelihood ratio calculation.
The third, fourth and fifth columns correspond respectively to the best-fit value assuming standard
oscillation hypothesis, the best-fit value assuming decay scenario and the corresponding post-fit
uncertainty at 68% CL as obtained from the fit of ORCAG data to as.

disentangle the 93 octant, this parameter is expected to be determined at 90% CL within 3
years of operation of the full ORCA detector [20], leading to a stronger constraint on as.
In order to compute Feldman-Cousins corrections to the parameter uncertainties, a set of
2000 pseudo-experiments is generated for several testing points along the profile. The results
compared to the expectation from Wilks’ theorem can be seen in figure 5. The decrease of
Feldman-Cousins threshold values for a3 — 0 reflects the fact that the validity conditions of
Wilks’ theorem are not met due to the presence of boundaries in the parameter space [49].
The difference in the likelihood of the best fit to the standard oscillation hypothesis
is Adgps = 2.8. The corresponding p-value is computed by simulating pseudo-experiments
using as true parameter values the NuFit v5.0 best fit and computing the log-likelihood ratio
AN = —2(log Lsyr — log Lp) between the Standard Model (SM) hypothesis (a3 = 0) and
the invisible neutrino decay (D) hypothesis (a3 free). The distribution of the log-likelihood
ratio is shown in figure 6, together with the value observed from ORCAG6 data analysis. The
probability of getting A\ equal or higher than A)gps is (3.9+0.4)%, corresponding to 2.10.
In figure 7, the ORCAG result is compared with the ones obtained from combined fits
using long-baseline and atmospheric neutrino data (see table 4). The data best-fit and
intervals are in the same order of magnitude as those of combined fits with long baseline data,

,10,



KM3NeT/ORCA®6, 433 kton-years
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Figure 3. Distribution of A values from 2000 pseudo-experiments used to carry out the goodness-of-fit
test. The vertical line indicates the observed value of A corresponding to the best fit to the data.
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Figure 4. Allowed region at 90% CL obtained from ORCAG6 data for the 623 — a3 parameters. The
best-fit value is indicated with a dot.

T2K+NOvA (red) [14] and T2K4+MINOS (magenta) [15] and one order of magnitude weaker
than the combination of T2K+MINOS+NOvA (blue) [16]. Note that for the combination of
SK, K2K and MINOS data (green) [17], a two-flavour approximation is applied and matter
effects are neglected, so that a complete treatment may relax the second minimum. Future
accelerator experiments, such as DUNE [50], MOMENT [51], ESSnuSB [28] and T2HKK [29],
as well as reactor experiments like JUNO [52], and atmospheric neutrino experiments like
INO [53], are expected to provide an improved sensitivity to this parameter.
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Figure 5. Profiled log-likelihood ratio of the invisible decay parameter, aiz. The black line represents
the observed result. Horizontal dashed lines represent the 68% and 90% CL thresholds assuming
Wilks’ theorem, while the red and blue lines show respectively the 68% and 90% Feldman-Cousins CL.
The uncertainty bands are the standard deviation with respect to the CLs derived by sampling the
pseudo-experiments with replacement.
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Figure 6. Distribution of the test statistic A\, obtained from a set of 2000 pseudo-experiments
generated assuming as true NuFit v5.0 values and a3 = 0. The vertical line indicates the observed
test statistic value.
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Figure 7. The observed profiled log-likelihood scan (black) compared with combined fits using data
from: T2K+NOvA (red) [14], T2K+MINOS (magenta) [15], T2K4+MINOS+NOvA (blue) [16] and
SK+K2K+MINOS (green) [17].

Experiment UL (90% CL) [107%eV?] | Reference
ORCAG6 (433 kton-year) [10, 380] | this paper
ORCA (70 Mton-year) 3.7 [20]
T2K, NOvA 200 [14]
T2K, MINOS 240 | [15]
T2K, NOvA, MINOS 27| [16]
K2K, MINOS, SK I+11 23| 117
DUNE (5v-+57) yr 13| [50]
MOMENT (10 yr) 2 | [51]
ESSnuSB (5v+5v) yr 16 — 13 [28]
JUNO (5 yr) 7 [52]
INO-ICAL (10 yr) 44| [53]

Table 4. Average upper limits (ULs) at 90% CL for the decay parameter g for combined fits (blue)
and future experiments. 70 Mton-years of ORCA correspond to 10 years of data taking with the full
detector. This ORCAG analysis provides an interval at 90% CL after Feldman-Cousins corrections; an
upper limit can be set above 96% CL.
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Figure 8. Ratio to the standard oscillations best fit of the reconstructed length over energy ratio,
L/E, for High Purity Tracks (upper-left), Low Purity Tracks (upper-right) and Showers (bottom).
The data points are shown with error bars in black, the best fit for standard oscillation hypothesis in
dashed grey, the best fit assuming invisible neutrino decay in solid red, and an extreme case of decay
(az = 1.1 x 1072 eV?) in solid blue.

The ORCAG6 event distributions for each of the three event classes are presented in
figure 8 as a function of the reconstructed L/FE ratio. In each plot, the data are compared to
the standard oscillation best fit, the invisible decay best fit and to an extreme decay case
(a3 = 1.1x1073 eV?), using the nuisance parameters the best-fit values to the decay hypothesis.
The underfluctuation at large L/E values in the High Purity Track class is compatible with
the decay hypothesis, but no such clear decrease is visible in the two other event classes.

The impact of each nuisance parameter on the estimation of the parameters of interest is
evaluated separately, by repeating the fit while shifting the parameter value up and down by
its own post-fit uncertainty. Then, the overall best-fit value of the parameter of interest is
compared with the fit obtained with the "shifted” values. The difference between the nominal
best fit of the parameter of interest and the "shifted” value normalised to its 1 ¢ uncertainty
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Figure 9. Impact of the nuisance parameters on ag evaluated by repeating the fit shifting the
nuisance parameters by their post-fit uncertainties and comparing the fitted value a5 to the best-fit
value, agf (bottom axis). The pulls of the nuisance parameters are reported as dots (top axis) with
bars representing the ratio between the post-fit uncertainties and the pre-fit uncertainties (the ratio is
set to 1 for unconstrained nuisance parameters).

is reported with boxes in figure 9. Additionally, the pulls of the best-fit (BF) nuisance
parameter values with respect to the central values (CV), (egr — ecv)/o, are reported as
dots with error bars where o represents their pre-fit uncertainty. Error bars for the pulls are
defined as the ratio between post-fit and pre-fit uncertainties. In the case of unconstrained
parameters, where no pre-fit uncertainty is set, the post-fit uncertainty is used instead.

The invisible decay parameter is mostly affected by the flux normalisation factor, the
spectral index 0, and the horizontal-to-vertical ratio dy (as the events most affected by
invisible decay come from low energies and longest paths), and 6a3. The spectral index and
the normalisation of high energy simulated events can be constrained better with the data
than with the auxiliary measurements, as can be seen from the small bars. The pull in
the normalisation of high-energy simulated events is expected, because the light simulation
software used for high energies leads to a reduced number of selected events with respect
to the simulation made with KM3Sim.

7 Conclusions

Based on a sample of 5828 neutrino candidates collected with the ORCAG6 detector, the
invisible neutrino decay parameter a3 has been measured. The result is:
a3 = 0927528 x 107 ev2.

The corresponding likelihood ratio value is 2In(L,/Lgy) = 2.8 and the associated p-value
is (3.9 £ 0.4)%, corresponding to 2.1 0 compatibility with the Standard Model hypothesis
of no neutrino decay.



The constraint on the invisible decay parameter obtained in this study is compatible with
results from combined fits with data from long-baseline neutrino experiments and is of the
same order of magnitude. This result indicates that even at early stages of KM3NeT/ORCA,
with a small detector and limited statistics, the potential to probe scenarios beyond the
Standard Model is significant.
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