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KM3NeT/ORCA is an underwater neutrino telescope currently under construction in the Mediter-
ranean Sea, with the goal of measuring atmospheric neutrino oscillation parameters and determin-
ing the neutrino mass ordering. KM3NeT/ORCA can additionally provide constraints on physics
beyond the Standard Model which could appear through strong matter effects, such as the neutrino
Non-Standard Interactions (NSIs). This work reports on the results of the NSIs search with the
final dataset of ORCA6, the first configuration of ORCA with six detection units, which uses 433
kton-years of exposure and improved calibration, reconstruction and selection methods compared
to previous works. The obtained bounds at 90% CL, |𝜀𝜇𝜏 | ≤ 5.5 · 10−3, |𝜀𝑒𝜏 | ≤ 7.8 · 10−2,
|𝜀𝑒𝜇 | ≤ 5.8 · 10−2 and −0.015 ≤ 𝜀𝜏𝜏 − 𝜀𝜇𝜇 ≤ 0.016, are comparable to the current most stringent
limits on any NSIs parameter.

38th International Cosmic Ray Conference (ICRC2023)
26 July - 3 August, 2023
Nagoya, Japan

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:Alfonso.Lazo@ific.uv.es
https://pos.sissa.it/


P
o
S
(
I
C
R
C
2
0
2
3
)
9
9
8

NSIs search with KM3NeT/ORCA6 Alfonso Lazo Pedrajas on behalf of the KM3NeT Collaboration

1. Introduction

1.1 Neutrino Non-Standard Interactions

The Neutrino Non-Standard Interactions (NSIs) appear naturally in several extensions of the
Standard Model (SM) proposing mechanisms for the origin of neutrino masses. NSIs are incor-
porated through effective four-fermion interactions which lead to both charged-current (CC) and
neutral-current (NC) interactions. NC NSIs affect the coherent forward scattering of neutrinos on
fermions in matter, ultimately leading to modifications of neutrino oscillation probabilities in matter
potentials. In the ultrarelativistic limit, neutrino propagation in matter is governed by the effective
Hamiltonian Heff = Hvac + HSI + HNSIs given by [2]

Heff =
1

2𝐸
U


0 0 0
0 Δ𝑚2

21 0
0 0 Δ𝑚2

31

 U
+ + 𝐴(𝑥)
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1 + 𝜀𝑒𝑒 𝜀𝑒𝜇 𝜀𝑒𝜏

𝜀∗𝑒𝜇 𝜀𝜇𝜇 𝜀𝜇𝜏

𝜀∗𝑒𝜏 𝜀∗𝜇𝜏 𝜀𝜏𝜏

 , (1)

where 𝐴(𝑥) =
√

2𝐺𝐹𝑛𝑒 (𝑥) is the standard matter potential for the electron number density at a given
point, and U is the three-flavour PMNS matrix. The NSIs strength is therefore measured relative
to the standard electroweak interaction, and is parameterised by six independent parameters: the
complex off-diagonal terms induce flavour-changing (FC) neutral current interactions (𝜈𝛼 + 𝑓 →
𝜈𝛽+ 𝑓 ), whereas the real diagonal parameters cause non-universal couplings of the different neutrino
flavours to fermions.

Neutrino propagation in matter is sensitive to the vector part of the NC-NSIs lagrangian, and
to the incoherent sum of the scattering amplitudes of neutrinos on the three types of fermions found
in matter [2]. For this reason, NSIs are customarily parameterised as

𝜀𝛼𝛽 = 𝜀𝑒𝑉𝛼𝛽 + 𝑁𝑢

𝑁𝑒

𝜀𝑢𝑉𝛼𝛽 + 𝑁𝑑

𝑁𝑒

𝜀𝑑𝑉𝛼𝛽 , (2)

where the fractions denote the relative abundance of electrons, 𝑢- and 𝑑-quarks inside neutral Earth
matter. In the following, only the NSIs coupling to the 𝑑 quark is considered, since other choices
can be derived by a simple rescaling given by the relative abundance of the other fermions.
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Figure 1: Difference in muon neutrino survival probability between the standard interaction case (STD)
and four different non-zero NSIs hypothesis. Oscillation probabilities are computed numerically with the
OscProb package [3].
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Figure 1 presents the change induced by non-zero NSIs parameters (one at a time) to the muon
neutrino survival probabilities. These are weighted according to the atmospheric flux composition
and cross section ratio of 𝜈𝜇/𝜈̄𝜇 ∼ 2, with oscillation parameters fixed at the NuFit 5.0 values
[4]. Given ORCA’s current instrumented volume, NSIs effects are mostly accessible through
modifications in the position and amplitude of the oscillation valley between 10 and 40 GeV.
For 𝜀𝜇𝜏 and 𝜀𝑒𝜇, there are additional signatures at high energies (above 50 GeV) which are also
observable with the current detector configuration.

1.2 The KM3NeT/ORCA detector

KM3NeT/ORCA is a water Cherenkov detector currently under construction in the Mediter-
ranean Sea, 40 km offshore Toulon at a depth of around 2450 m [1]. Its main goal is the determination
of the neutrino mass ordering (NMO) by studying the oscillations of few-GeV atmospheric neutri-
nos produced by cosmic ray interactions in the atmosphere. Neutrino interactions near or inside the
instrumented volume produce secondary charged particles, whose Cherenkov light yield is detected
by a three-dimensional grid of Digital Optical Modules (DOMs), housing 31 photomultiplier tubes
(PMTs) each, in order to reconstruct the parent neutrino energy and direction based on the deposited
light. By inspecting from horizontal to vertical neutrino arrival directions, KM3NeT/ORCA can
probe baselines ranging from ∼ 102 km to O(104 km) traversing different Earth layers, while being
sensitive to energies between 1-100 GeV.

The detector is undergoing a modular construction with a final foreseen configuration of 115
vertical Detection Units (DUs), each housing 18 DOMs uniformly spaced every 9 m. DUs are
deployed at the seabed following a layout with 20 m of inter-DU spacing and around 200 m of
vertical length. Benefiting from this dense instrumentation, ORCA will be able to probe the
low-energy range of the atmospheric neutrino spectrum (1-10 GeV) with unprecedented statistics.
Since January 2020, the first configuration with six DUs (ORCA6) uninterruptedly took data until
November 2021, when it was expanded with more detection units.

2. Event sample and selection

The dataset used in this work covers 433 kton-years of exposure of ORCA6, which were selected
according to strict quality criteria on the environmental conditions and stability of the data-taking.
The event filtering starts with a directional cut to keep up-going reconstructed events, followed
by trigger and reconstruction quality requirements, efficiently rejecting most of the pure-noise
background. The next level of event filtering uses the output of a Boosted Decision Tree (BDT),
which was trained on reconstruction algorithm features to discriminate between atmospheric muons
and neutrino-induced signal. The BDT cut allows to keep the atmospheric muon contamination
in the sample below 5%, while retaining 60% of the neutrino signal from the previous selection
level. Finally, a second BDT output discriminates between track-like topologies (𝜈𝜇 CC and 𝜈𝜏 with
subsequent 𝜏 muonic decays) and shower-like ones (𝜈𝑒 CC, 𝜈 NC and remaining 𝜏 decays). The final
sample comprises 5828 observed events split into three classes: high purity tracks with negligible
atmospheric muon contamination and estimated 95% 𝜈𝜇-CC purity, low purity tracks with 4%
muon contamination and 90% 𝜈𝜇-CC purity, and a shower class with 46% of muon neutrinos.
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While the three are approximately equally populated, the high purity track class enhances the 𝜈𝜇-
disappearance signal and renders the dataset the most sensitive to 𝜀𝜇𝜏 and 𝜀𝜏𝜏 − 𝜀𝜇𝜇, whereas the
shower class opens the possibility to constrain the electron NSIs sector (𝜀𝑒𝜏 and 𝜀𝑒𝜇).

3. Analysis method

Nominal value Syst. unc.
Δ𝑚2

31 · 10−3 [eV2] 2.517 (NO) /−2.424 (IO) free
Δ𝑚2

21 · 10−5 [eV2] 7.42 fixed
𝜃23 [◦] 49.2 (NO) / 49.3 (IO) free
𝜃21 [◦] 33.44 fixed
𝜃31 [◦] 8.57 (NO) / 8.60 (IO) fixed

High purity Normalisation 1.0 free
Overall Normalisation 1.0 free
Shower Normalisation 1.0 free

Atm. Muon Normalisation 1.0 free
HE Light Sim 1.0 ±50%
Energy Scale 1.0 ±9%

Flux energy slope 0.0 ±0.3
Flux zenith slope 0.0 ±2%

𝜈𝜏 Norm 1.0 ±20%
𝜈 NC normalisation 1.0 ±20%

𝜈𝜇/𝜈̄𝜇 0.0 ±5%
𝜈𝑒/𝜈̄𝑒 0.0 ±7%
𝜈𝜇/𝜈𝑒 0.0 ±2%

Table 1: Summary of the systematic uncertain-
ties considered in this study.

The analyses in ORCA proceed by comparing
our observation with Monte Carlo (MC) templates
weighted according to the hypothesis being tested.
We use a Maximum Likelihood Estimator (MLE)
of the NSIs and nuisance parameters, which uses
the Poisson likelihood (L) of observing the data
given our MC expectation, binned in reconstructed
zenith angle (baseline) versus reconstructed energy.
Confidence intervals of the parameters are con-
structed by scanning the negative Log-Likelihood
Ratio (−2 log(L𝑁𝑆𝐼𝑠/L𝑏 𝑓 ) = −2Δ logL) of each
point in the NSIs space, computed using L at fixed
NSIs over the likelihood at the global best fit. Fifteen
nuisance parameters are profiled over in the MLE of
the parameters. They model a variety of system-
atic uncertainties of the atmospheric neutrino flux
(composition, energy and directional dependence),
detector-related uncertainties (water properties, light propagation), interaction cross-section uncer-
tainties (NC, 𝜈𝜏 and individual class normalisations) and background modelling. Table 1 presents
a summary of the nuisance and oscillation parameters with their assumed prior uncertainties, when
applicable. The nominal oscillation parameter values are taken from NuFit 5.0 [4].

4. Results

The one-by-one best fit NSIs parameters and 90% CL allowed regions, extracted from the
−2Δ logL scans to the data assuming Wilks’ theorem [5], are presented in table 2. No significant
deviation from the standard interaction hypothesis was found for any NSIs parameter, with p-values
ranging from 0.23 to 0.90.

Hypothesis Best fit
|𝜀𝑖 𝑗 |, 𝛿𝑖 𝑗

p-value Real-valued
90% CL limit

Complex
90% CL limit

𝜀𝜇𝜏 0.001+0.003
−0.001, 0+360

−0
◦ 0.66 [−0.0047, 0.0052] ≤ 0.0055, 𝛿𝜇𝜏 ∈ [0◦, 360◦]

𝜀𝜏𝜏 − 𝜀𝜇𝜇 0.00 ± 0.01 0.90 [−0.015, 0.016] —
𝜀𝑒𝜏 0.04 ± 0.03, 190 ± 70◦ 0.23 [−0.077, 0.028] ≤ 0.078, 𝛿𝑒𝜏 ∈ [0◦, 360◦]
𝜀𝑒𝜇 0.03 ± 0.02, 140 ± 70◦ 0.25 [−0.056, 0.043] ≤ 0.058, 𝛿𝑒𝜇 ∈ [0◦, 360◦]

Table 2: Best fit results and 90% CL limits for the NSIs parameters from the fits to the data.
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(a) −2Δ logL contour of |𝜀𝜇𝜏 | vs 𝛿𝜇𝜏 .
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Figure 2: Likelihood ratio contour at 90% CL of the complex parameter 𝜀𝜇𝜏 (2a) and profile of the real
parameter 𝜀𝜏𝜏 − 𝜀𝜇𝜇. In 2a, the top and side plots show the projections of −2Δ logL when the other variable
is profiled over.
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(a) −2Δ logL contour of |𝜀𝑒𝜏 | vs 𝛿𝑒𝜏 at 90% CL.
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(b) −2Δ logL contour of |𝜀𝑒𝜇 | vs 𝛿𝑒𝜇 at 90% CL.

Figure 3: Likelihood ratio contour at 90% CL of the complex parameters 𝜀𝑒𝜏 (3a) and 𝜀𝑒𝜇 (3b). The top
and side plots show the projections of −2Δ logL when the other variable is profiled over.

Figures 2a, 2b, 3a and 3b show the allowed regions obtained from this study. No sensitivity
at 90% CL was observed for the complex phases of the flavour-violating NSIs coupling strengths,
although somewhat stronger bounds are placed on |𝜀𝑒𝜏 | and |𝜀𝑒𝜇 | when their corresponding complex
phases are restricted outside the range [90◦, 270◦] and [45◦, 240◦], respectively. Given the reduced
sensitivity of ORCA6 to the NMO and 𝜃23-octant, −2Δ logL is profiled over the two assumed
neutrino mass orderings and the two octants as starting points for the fits.
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Figure 4: Ratio of events respect to the no oscillation hypothesis as a function of the baseline over re-
constructed energy bin (𝐿/𝐸). The observed ratios are shown together with the prediction from the fits
to five different hypothesis: the standard oscillation best fit (all), 𝜀𝜇𝜏 best fit, 𝜀𝜏𝜏 − 𝜀𝜇𝜇 best fit, 𝜀𝑒𝜏 best
fit and 𝜀𝑒𝜇 best fit. The 68% trials band is drawn by fitting the standard oscillation hypothesis to 1000
pseudo-experiments, generated from Poisson fluctuations of the data best-fit MC template under standard
oscillations. Additionally, the yellow lines overlaid on every plot show the expectation from shifting each
NSIs parameter to its 5𝜎 limit, while keeping all systematic values at their best fit.

Figure 4 presents the number of observed and expected events as a function of L/E (baseline
over reconstructed energy) for different oscillation best-fit scenarios, normalised to the expectation
for the no-oscillation case. All distributions are shown only for the high purity track class, which
is the most sensitive set to neutrino oscillations out of the three classes fit in the analysis. The
oscillation valley between 300 and 2000 km/GeV is clearly visible in data and all expectations. For
the four NSIs best fits, the resulting distributions follow closely the standard oscillation case, since
no significant pull was observed on any coupling strength. For comparison, yellow dashed curves
show the expectation from shifting each NSIs parameter alone at its 5𝜎 threshold, while keeping
all systematic values at their corresponding best fit. The effects observed in these shifts are fully
compatible with the oscillation probabilities computed numerically in figure 1.

In the following, the impact of each systematic on the individual NSIs coupling strengths
is studied, in correlation to the rest of the systematics set. The approach followed consists in
shifting the value of one systematic at a time ±1𝜎 away from its best fit value for the given NSIs
parameter, fix it and fit the remaining systematics together with the parameter of interest (PoI, the
NSIs parameters in our case). The impact of the systematic shift is reflected as a deviation in the
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PoI from its best fit to the data, divided by the 1𝜎 uncertainty obtained in the real-valued profile of
the PoI. Only deviations in the absolute value of the PoI are considered, since the NMO profiling
during the fits can lead to sign flips in the PoI. This procedure yields the bar plots shown in figures
5a, 5b, 5c and 5d. On top of the bars, the black dots show the pulls exhibited by the systematics in
the NSIs fits, where all nuisance parameters were free to vary. For this, the central values of the
oscillation parameters were those of table 1 for NO , since Δ𝑚2

31 > 0 was preferred for the four NSIs
fits. As can be seen, all constrained nuisance parameters were found well within their expectation.
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(c) 𝜀𝑒𝜏
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(d) 𝜀𝑒𝜇

Figure 5: Systematics shift plot for the one-by-one NSIs coupling strengths. The light and dark blue bars
reflect the shift exerted on the PoI by the upper and lower shift of the systematic, respectively. The bars are
to be read with the lower blue axis. The overlaid black dots are the pulls experienced by the systematics in
the NSIs fit, (systbf − systnom)/𝜎syst, being systnom the nominal values from table 1, and 𝜎syst is the prior
width for constrained systematics, or the post fit 1𝜎 uncertainty for unconstrained ones. The pulls are to be
read with the upper black axis. The horizontal error bars on the pulls are the ratio of the post fit uncertainty
to the prior width. For unconstrained parameters which do not have priors, the error bars are set to one unit.

Figure 5 then shows that the oscillation parametersΔ𝑚2
31 and 𝜃23 have the biggest impact among

all nuisance parameters, followed by the class normalisations, based on their shifts induced on the
PoI. In particular, Δ𝑚2

31 appears as the most important systematic for 𝜀𝜇𝜏 , due to both parameters
being able to shift the position of the oscillation valley, whereas 𝜃23 is the one for the remaining NSIs
parameters, driven by the similar effects produced on the oscillation valley amplitude by varying the
value of 𝜃23 and 𝜀𝜏𝜏 − 𝜀𝜇𝜇 or 𝜀𝑒𝜏 . Finally, 𝜀𝑒𝜇 is most impacted by the shower class normalisation.
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5. Summary and conclusions
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Figure 6: Comparison of the 90% CL limits re-
ported in this work and DeepCore [6], IceCube
[7], Super-K [8], ANTARES [9] and MINOS
[10]. DeepCore and MINOS results were re-
scaled to match the down-quark coupling used by
the other experiments, using the factor deduced
from [6].

This work reports on the results from the NSIs
search with 433 kton-year of ORCA6. No sig-
nificant deviation from standard interactions was
found by measuring atmospheric neutrino oscilla-
tions with a sample of 5828 events, split into high
purity tracks, low purity tracks and showers. The
analysis has constrained NSIs coupling strengths at
the 90% CL, assuming couplings to down quarks,
to be |𝜀𝜇𝜏 | ≤ 5.5 · 10−3, |𝜀𝑒𝜏 | ≤ 7.8 · 10−2,
|𝜀𝑒𝜇 | ≤ 5.8 ·10−2 and −0.015 ≤ 𝜀𝜏𝜏 −𝜀𝜇𝜇 ≤ 0.016.
The resulting bounds are similar to the most strin-
gent ones reported up to date, which are shown for
real-valued NSIs parameters in figure 6, and still of-
fer room for improvement in the near future, coming
mainly from the extensions of ORCA’s instrumented
volume with more detection units.
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