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KM3NeT - Under water Cherenkov detectors
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Oscillation Research with Cosmics in the Abyss

ORCA


- Main goal -> NMO and oscillation parameters

- Dense instrumentation for few GeV atmospheric 

neutrinos 

- 40km off southern French coast near Toulon  

- Sea floor depth of the ORCA site ~2450m 

- 18 out of 115 Detection Units deployed


Astroparticle Research with Cosmics in the Abyss

ARCA


- Main goal -> High-energetic astrophysical neutrinos

- Sparse instrumentation covering 1km3 instrumented 

volume  

- 120 km off Sicily

- Sea floor depth of the ARCA site ~3500m 

- 28 out of 2x115 Detection Units deployed
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T H E  K M 3 N E T  D E T E C T O R S
6 ORCA

ARCA

1 Building Block (BB) "115 Detection Units
ARCA 2 BB
ORCA 1BB

Difference in the spatial distance of optical 
sensors 

● Sensitive to Cherenkov light emitted by charged particles

- Multi-PMT concept

Detector layout
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Deployment campaign
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September 2023 sea campaign ROV (Remotely Operated
Vehicle

Interlink cable
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September 2023 sea campaign ROV (Remotely Operated
Vehicle

Interlink cable
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Detection principle

● Flavour identification using morphology of light pattern

- Tracks → νµ CC

- Showers → νx NC / νe,τ CC

5

νx NC / veτ CCvµ CC

1 TeV 1 TeV
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Physics goals
● Study neutrinos in a vast energy range: from MeV to PeV


- Supernova explosions

- Atmospheric neutrino oscillations

- Indirect dark matter searches

- High energy cosmic neutrinos
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PoS ICRC2019, 849 (2020)
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Atmospheric neutrinos
● 1/10th of the energy from the parent cosmic ray


● Neutrinos mainly come from π± and µ
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Phys. Rev. D 100, 103018 (2019)
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● Multiple baselines, energies, and flavours

- Reconstructed topology, energy and zenith


● Downgoing vs upgoing asymmetry

- Constrains systematics

Oscillations

Atmosphere

cosmic 
ray

Detector

atmospheric 
muon

atmospheric 
neutrino

cosmic 
neutrino Ice/Sea

Earth

Up-going

Down-going

Vacuum

Matter
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Oscillations
● Neutrino energy > 100 GeV


- Too high energies to observe oscillations → interesting for BSM

● Multi-GeV


- First oscillation νµ → ντ  very sensitive to θ23 and ∆m3129 Page 4 of 16 Eur. Phys. J. C (2020) 80 :9

Fig. 1 Earth density profile, according to the Preliminary Reference
Earth Model (PREM) and its approximation by 4- and 12-layers of
constant density (commonly called PREM4 and PREM12, respec-
tively) [14]

with the PROB3++ [15] package and the PREM12 approx-
imation (cf. Fig. 1), which are consistently used throughout
this work. Due to the Earth’s geometry and its core-mantle
structure, the visible modulations of atmospheric neutrino
oscillations feature a clear zenith-dependence.

Note that the oscillation patterns for neutrinos and anti-
neutrinos flip between the two orderings. Thus, the NMO can
be determined by finding the enhancement in transition prob-
abilities from matter effects either in the neutrino channel
(NO) or anti-neutrino channel (IO). For detectors insensitive
to distinguishing neutrinos from anti-neutrinos on an event-
by-event level, the NMO still leads to a visible net-effect
in the amplitude of the observed matter effects, because the
atmospheric fluxes and the cross sections for neutrinos and
anti-neutrinos differ [16,17]. These differences mean that
atmospheric neutrinos are measured at higher rates than the
corresponding anti-neutrinos. Due to this rate difference, the
strength of observed matter effects in a combined sample of
neutrinos and anti-neutrinos is increased in case of NO and
decreased in case of IO, which is the main signature targeted
in this work.

The determination of the NMO has important implications
for searches for neutrinoless double-β decay, where the entire
mass region allowed in the case of IO is in reach of the next
generation of experiments [18,19]. The NMO must also be
determined as part of the search for CP-violation in the lepton
sector, where the sensitivity to δCP depends strongly on the
ordering [20,21]. Therefore, a measurement of the NMO is
targeted by several future long-baseline, reactor, and atmo-
spheric neutrino experiments, such as DUNE [22], JUNO
[23], PINGU [16,24], ORCA [25], and Hyper-Kamiokande
[26]. Moreover, current neutrino experiments such as T2K
[27], NOvA [28], and Super-Kamiokande [29] provide first
indications of the NMO. Combining the results from several

Fig. 2 Oscillation probabilities for an atmospheric νµ or νµ upon
reaching the IceCube detector, as a function of the cosine of the zenith
angle, θν , and the energy, Eν , of the neutrino, for the NO (a) and the IO
(b) hypotheses. The probabilities are shown for the neutrino appearing
as each of the three possible flavors, with the neutrino and anti-neutrino
cases shown as the top and bottom rows in each panel. The dominant
mixing of νµ and ντ is clearly visible, while the νe flavor is mostly
decoupled, except for a small contribution from matter effects below
Eν ∼ 15 GeV

experiments, recent global fits prefer Normal over Inverted
Ordering at ∼2 −3.5 σ with a small preference for the upper
octant (i.e. sin2(θ23) > 0.5) [30–33].

2 The IceCube neutrino observatory

The IceCube Neutrino Observatory [13] is a ∼1 km3 neu-
trino detector at the Geographic South Pole, optimized for
detecting atmospheric and astrophysical neutrinos above
Eν ∼ 100 GeV. It consists of 86 strings running through the
ice vertically from the surface almost to the bedrock, carrying
a total of 5160 Digital Optical Modules (DOMs) at depths
between 1450 and 2450 m [34]. Each DOM houses a 10”
photomultiplier tube and digitizing electronics, surrounded
by a glass sphere [13,35,36].

In the center of the detector, some of these strings form
a more densely instrumented volume called DeepCore [37].
It consists of 8 strings with an increased vertical density of
DOMs with higher quantum-efficiency, surrounding one Ice-

123
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Oscillations

● Few-GeV

- Mass ordering → matter effects difference between νµ → νe and ν̄µ → ν̄e

- Octant θ23 can also be extracted9 Page 4 of 16 Eur. Phys. J. C (2020) 80 :9
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It consists of 8 strings with an increased vertical density of
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ORCA 6 results
● Configuration with 6 Detection Units

● Analysed almost two years of data


- Selecting good quality runs (i.e. stable sea conditions) → 510  days of data-taking time

- Factor 1.5 more kton-years than previous analysis

11IRN Neutrino Meeting, 27/11/2023



Calibration
● Multiple calibration stages (K40 measurements, optical beacons, acoustic data, 

atmospheric muons, etc.)

● Run-by-run MC to account for changes in detector configuration (bioluminescence, 

position, active PMTs, etc.)

● Moon/Sun shadow → Data driven estimation of absolute positioning and angular 

resolution agrees with our expectation

12

4.2 σ significance  
(extension 0.49◦)

6.2 σ significance  
(extension 0.65◦)

L. Cerisy, Eur. Phys. J. C 83, 344 (2023)

🌖 ☀
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Event selection
● Two BDTs have been developed


- Reduce atmospheric muon background

- Distinguish between shower and tracks


● Good data/MC agreement 

- 5828 events observed after applying cuts

13IRN Neutrino Meeting, 27/11/2023
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● Two main variables

- Energy (muon → length vs showers → light).

- Direction (direct photons).


● Current approach is likelihood-based but promising performance with DNNs

Reconstruction

S. Peña, PoS(ICRC2023)1035.

Tracks Showers
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Atmospheric oscillations

15

● Analysis strategy

- Bins zenith, energy, and event types

IRN Neutrino Meeting, 27/11/2023



Systematics
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● 13 nuisance parameters to model flux, cross section and detector uncertainties

- Gaussian penalty terms (priors) introduced for some of them

- Values fitted within boundaries

9

Nuisance parameter correlations

The effects of the different systematic uncertainties are studied comparing the
nominal best-fit with the result of the fit when fixing the considered nuisance
parameter shifted by ˘ its post-fit uncertainty.
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● Results compatible with the existing measurements

● Dedicated talk on tau appearance → Spoiler alert: Very competitive!
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Atmospheric oscillations
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15

ORCA 6 DUs 510daysORCA6 DUs 354days

KM3NeT/ORCA competitive 

N E U T R I N O  O S C I L L A T I O N  W I T H O R C A

With respect to Neutrino 2022 conference
"

Increased event sample of a factor 5:
•Better selection track/shower ! ICRC2023 PoS 1191

•Added showers
•Livetime + 40%

ICRC2023 PoS 996

Δm232 vs sin2θ23
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Non Standard Interactions

● NC NSIs may alter neutrino oscillations in matter

- Very sensitive to εµτ and εττ-εµµ

18

Non-Standard Interactions

• NSIs appear naturally in several extensions of the Standard
Model (SM) which try to provide mechanisms for the origin
of neutrino masses.

• NCNSIswould affect neutrinooscillations inmatter through
coherent forward scattering.

• Atmospheric ν experiements are most sensitive to εµτ

and εττ − εµµ, followed by εeτ and εeµ.

LL*
LaA =

−2
√
2GFε

fL,R
αβ (ν̄αγµPLνβ)

(̄
fγµPL,Rf

)

H277 =
1
21UPMNS




0 0 0
0 ∆K2

21 0
0 0 ∆K2

31



U+
PMNS + �(x)




1 + ε22 ε2µ ε2τ
ε∗2µ εµµ εµτ
ε∗2τ ε∗µτ εττ



 , �(x) =
√
2GFn2(x)

IFIC (UV-CSIC) Results on Neutrino Non-Standard Interactions with KM3NeT/ORCA6 and ANTARES 2/23

Non-Standard Interactions

• NSIs coupling strengths inspected ony by one. They
give rise to a rich phenomenology.

• Difference in Pµµ between standard oscillations and
different realizations of NSIs coupling strengths.
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● Competitive constraints for multiple parameters

19

A. Lazo, PoS(ICRC2023)998

Summary & comparison to other experiments
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Best-fit distributions in ORCA6

• Reconstructed cosθz
transformed into baseline
and divided by reconstructed
energy.

• Distributions normalised to
the no-oscillation case.

• Small NSIs pulls→ NSIs
best-fit distributions follow
closely the standard
oscillation case.

• NSI 5 σ strength shown for
comparison.
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Non Standard Interactions
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Quantum decoherence

● Neutrinos may interact with fluctuating spacetime

- Decoherence of neutrino oscillations
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Invisible Decay
● Damping term in the third mass state → Non-unitarity


- Latest analysis shows a 1.8 σ for preference decay scenario
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Dark matter

● Annihilation of dark matter particles in the Sun

- Expect an excess of neutrinos in that direction (annihilation channels → different 

energy spectrums)
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Prospects - Standard oscillation
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● Before the end of the decade

- More detectors: SuperK-Gd, IC-Upgrade, KM3NeT-ORCA115, HyperK.

- Combination with JUNO enhances NMO sensitivity

arXiv:2211.02666 * Does not account for 
ORCA data with smaller 
configurations

* 
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Conclusions
● Take home message from new results of ORCA


- Calibration and data/MC → better understanding of the detector

- Competitive results using 5% of the final configuration! 


● Prospects:

- Already collected over 1200 kton-year of data -> ready to analyse

- Final configuration will play an important role in measuring neutrino oscillations, 

searching for new physics, and GeV neutrino astronomy.

24

Sterile Neutrinos Lorentz Violation

JHEP 10, 180 (2021) A. Domi, PoS(ICRC2023)1086

GW counterparts

arXiv:2311.03804

Standard oscillations

Eur. Phys. J. C 82, 26 (2022)
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