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1. Introduction

KM3NeT/ORCA (Oscillation Research with Cosmics in the Abyss) is a water Cherenkov neu-
trino telescope under construction at a depth of 2450 m in the Mediterranean sea [1]. It is designed
to measure atmospheric neutrino oscillations in the energy range 1-100 GeV, with the main goal
of determining the neutrino mass ordering (NMO). KM3NeT/ORCA is instrumented with photo-
multiplier tubes (PMTs) detecting the Cherenkov light induced by the relativistic charged particles
produced in neutrino interactions. The detector consists of a 3D array of glass-spheres named
Digital Optical Modules (DOMs) [2] housing 31 3-inch PMTs each. The DOMs are arranged along
vertical structures called Detection Units (DU) carrying 18 DOMs each, with a vertical distance of
9 m between DOMs. Each DU is anchored to the seabed and remains vertical due to the buoyancy
of the DOMs and of a buoy tied on its top. The DUs are arranged side by side following a cylindrical
footprint, with a horizontal spacing of 20 m. When completed, KM3NeT/ORCA will consist of
115 DUs. Currently (September 2024), 23 DUs are deployed and taking data. KM3NeT /ORCA
is part of a network of Mediterranean undersea neutrino telescopes. Another larger telescope, is in
construction at a depth of about 3500 m offshore Portopalo di Capo Passero, Sicily, whose main
goal is the identfication of astrophysical high-energy neutrino sources [1].

Even though it is designed to determine the NMO, KM3NeT/ORCA has been successfully
used to probe Beyond the Standard Model (BSM) hypothesis [3—5]. A popular extension of the
standard model consists in searching for an additional sterile neutrino state. In that 3 + 1 model,
the sterile neutrino does not interact through weak interaction and can only be detected through
the way it affects the oscillation probabilities of the other, active states. In the past 25 years, there
has been a series of experimental anomalies, mainly in short-baseline experiments, which can all
be explained individually by oscillations with a light sterile state with a square mass difference
of the order of 1 eV [6]. Sterile neutrino searches are also performed with longer baselines, for
instance with neutrino telescopes. Recently, the IceCube collaboration has reported an updated
measurement of the 6,4 mixing angle from atmospheric v, disappearance with a persistent hint for
a (not significant) sterile signal at a mass splitting Amf11 = 3.5eV? [7]. In this contribution, the first
search for an eV-scale sterile neutrino performed with KM3NeT/ORCA is presented.

2. KM3NeT/ORCAG oscillation data set

The analysis presented in this contribution has been performed using the same data sample than
the standard oscillation analysis presented in [8]. It was acquired with a preliminary configuration
of ORCA with 6 detection units operating, referred to as ORCAG6. The data-taking period of ORCA6
lasted about 2 years and the exposure of the sample used here, accounting for the instrumented
volume around working PMTs, amounts to 433 kton-year.

The event selection and classification is performed using two sets of Boosted Decision Trees
(BDTs) which summarize the reconstructed quantities into an atmospheric muon score p, used for
atmospheric muon background rejection, and a track score p; used to discriminate between the
track event topology seen when a muon induced by v,, charged current interaction is detected, and
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the shower topology caused by all other types of interactions. Events with p,, > 1.8 x 1073 are
considered background and are discarded. The remaining events are split between tracks (p; > 0.7)
and showers (p; < 0.7). This defines the shower class. Finally, track events are split into two classes
based on the percentage of background atmospheric muons ("high-purity" for p, < 1.1 X 10~ or
"low-purity" for p,, > 1.1 x 10~*). The performance of the BDTs and the cuts used on the scores to
reject the atmospheric muon background and define the three event classes are shown in Figure 1.
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Figure 1: Comparison of the distributions of the atmospheric muon score (left) and track score (right) for
data and MC [8]. The vertical lines show the applied cuts.

The total data sample contains 5828 events. The 2D distributions of cosine of the reconstructed
zenith angle versus reconstructed energy are shown for the three classes in Figure 2 (top).
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Figure 2: Event distributions for each class in the data (top) and at the best fit point of this analysis (bottom).
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3. Oscillation analysis

The analysis is performed by comparing the measured 2D event distribution in each class with
the ones predicted by the model implemented in the KM3NeT package Swim [9]. The agreement
between the measured and predicted distributions is quantified by a log-likelihood function. The
predicted event distributions depend on the values of the oscillation parameters of interest, but also
on nuisance parameters used to model the systematic uncertainties on the atmospheric neutrino flux,
on the neutrino interaction cross-section, on the light simulations and on the detector performance.
The standard atmospheric oscillation parameters Am%l and 6,3 are also nuisance parameters with
respect to the sterile neutrino search.

The light sterile neutrino search is performed in a frequentist way, by scanning the phase space
of interest (|U,,4|2, |U+4|?) under the assumption Ami1 = 1 eV2. The mixing angle 04 and the
phase 014 are fixed to zero in the fit as ORCA6 has been shown not to be sensitive to them. In that
case, the mixing elements of interest can be expressed as:

Ups = sin(924)e_i‘524

Uzr4 =cos(624) sin(634) W

The main feature which provides sensitivity to these parameters for ORCAG6 is the first v, — v

oscillation maximum (at around 25 GeV for vertical up-going neutrinos). When either 6,4 or 634

are non-zero, the amplitude of the maximum decreases and the position of the maximum is shifted

when both are non-zero. The position of the maximum also depends on the d,4 phase, which is thus
set free in the fits.

4. Light sterile neutrino search with KM3NeT/ORCA6

The upper limit obtained for |U 4 |> and |U4|? at a 90% confidence level, under the assumption
that the log-likelihood ratio follows a y? distribution with two degrees of freedom (Wilks’ theo-
rem), is shown in Figure 3. It is compared with current best limits measured by Super-Kamiokande,
ANTARES, IceCube (full detector) and IceCube-DeepCore. It is striking to see that ORCA, with a
very limited configuration including only 6 DUs and with a livetime of 1.4 years, already yields the
world’s second best limits on |U,4|? in the case of an eV-scale sterile neutrino. For comparison, the
best limits from other experiments were obtained with years of data taking from complete detectors
(12.2 years for SK, 7.8 years for ANTARES, 10.7 years for IceCube and 7.5 years for DeepCore).
The best fit is obtained at |Uﬁ,4|2 = 6.89 x 1072 and |U.4|> = 2.35 x 107, The predicted event
distribution at the best fit point for each class is shown in Figure 2 (bottom), showing how closely
it matches the data.

However, it must be mentioned that the competitive upper limits obtained with ORCA6 are
more restrictive than what was expected from the sensitivity, as shown in Figure 4 (left). This
difference is understood: it comes from the under-fluctuation in the data event distribution at the
first v,, oscillation maximum, clearly seen around 10° km/GeV in the L/E distribution shown in
Figure 4 (right) for the high-purity track class. This fluctuation favors oscillation parameter values
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causing a deep v,, disappearance maximum, while a high value of |U-4|* will make the maximum
shallower, as shown by the orange dotted curve. This explains why high values of |U.4|? are so
strongly rejected by the ORCAG6 data.

0 KM3NeT/ORCA6 Work in progress, 433 kt-y

T T
90% C.L.

— This work
0.25F * Best fit p
3 DeepCore 2024
S IceCube 2024
g 0.20k ANTARES 2019 |
‘m SK 2015
<
)
>
% 0.15} E
o
%)
Il
«_0.10 .
T
IS}

0.05

e N | M e S |
103 102 101!
s 2
|(J‘u4|2 = sin 924

Figure 3: 90% CL upper limits on the U 4 and U4 mixing elements obtained by ORCA6 assuming Ami1 =1
eV2. The results are compared to previous measurements from SuperK [10], ANTARES [11], IceCube (full
detector) [12] and DeepCore [13]. The excluded regions are on the top right side of the contours.
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Figure 4: Left: Comparison of the observed and expected 90% CL upper limits on the U4 and U4 mixing
elements for the ORCAG6 433 kton-year sample, assuming Ami1 = 1 eV2. The excluded regions are on the top
right side of the contours. Right: Event distributions in L/E for the high purity track class for the ORCA6
data (black), compared with the model’s prediction at the best fit point in the eV-sterile neutrino case (red)
and in the standard oscillation case (dashed blue). The dotted orange curve shows the model prediction for
an arbitrary point in the (|U,4|%, |U4|?) phase space with high |U4|*.
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