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KM3NeT

Water mass
ARCA : 1 Gton
ORCA: 7 Mtons

Lines
230
108

KM3NeT = ARCA + ORCA

Optical Modules
4140
1944

ARCA

PMTs  vertical horizontal spacing
128k 36m 70m
60k 9m 20m



Multi-PMTs

Design developed by KM3NeT

Applied now for in all next-generation detectors
Photon counting, nsec coincidences, directionality
Better calibrations

KM3NeT IC upgrade Hyperkamiokande




Single DOM signal

Rate [Hz]
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atm. muons — main contribution at
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Bioluminescence variable but no coincidences

40K — well understood, excellent ca
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Coincidence Level

Eur. Phys. J. C (2014) 74: 3056
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nigher values
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40K decays:
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Relative position calibration

Individual DOMs can be located to ~10cm

orientation precision

Reconstructed deviation of a DU in ARCA in 7 days

KM3NeT/ARCA30, preliminary

DOM 18
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Reconstruction DOM position shifts in ORCA in 4 days

KM3NeT/ORCA24, preliminary
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[J. Phys. . G43 . 084001 (2016) ]

Mass ordering with atmospheric neutrinos

Normal hierarchy Inverted hierarchy
* NMO: is v, the heaviest of the lighest of the m’| [ Vs 2 I —— m?
three neutrino mass eigenstates? " #—
. . Aol
e Matter along the neutrino propagation makes (= 2
the oscillation probability sensitive to NMO my, s
W,
V2
O™ (1, — Ve) & sin® Oa32sin? 077 sin? ( 25 m” L i v ‘
30 (Y e) =& 793251M" /15 SIn ik, I V1 3 T
, (A3, sin 2913)2
sin” (26h3) = J 3 Li=a B ~. 06 Anti-Neutrinos
(Ams3, cos ’..’fh_;@ E, Vo)™ + (Am3, sin26;3) = o4l cos(0;) = - 0.8
A U NO
= 0.2 10
o, .
e Resonnance occurs at E =7 GeV for 06T
D + Neutrinos
- neutrino and normal mass ordering A 047
- anti-neutrino and inverted mass orderin = 027 /\
9 o MRS A W A TEEEE————

5 10 15


https://doi.org/https://doi.org/10.1088/0954-3899/43/8/084001

Mass ordering at KM3NeT/ORCA

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

* ORCA designed to collect v with energies of 1-100 GeV

« Event topology (track/shower) allows to select flavour enriched v samples

Track
like
12evw |Shower
1>pions | like
v CC
e
v NC

effective volume [Mm”’]

=, 0C -5, CC KM3NeT
9 '—VeCC -'VeCC ........................................ L SSMR v,
SE/v.CC $.C0 |uidbi b
-VNC
7 TP P PP PP T
6 .....................
3| ERRRRRO: ONPNNPNONE: SO SN NS O L o S e Sl

1 2 3 4 5678910 20 30 40 50
neutrino energy [GeV]


https://doi.org/https://doi.org/10.1140/epjc/s10052-021-09893-0

Sensitivity with full ORCA (3 years)

« Atmospheric oscillation parameters

* NMO sensitivity
- strongly depends on 8, for NO

- band thickness corresponds to stat. fluct. (68% coverage)

NMO sensitivity [o]

- Normal Ordering KM3NeT
-V- Inverted Ordering
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- 8,p=180° :
| —Best Fit 8, gt Sl
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https://doi.org/https://doi.org/10.1140/epjc/s10052-021-09893-0

Mass ordering sensitivity with ORCA 115

» Degeneracy between NMO and Am?,,

o 150 T

<

100

50

True NO | Test NO

True NO | Test 10
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https://link.springer.com/article/10.1007/JHEP03(2022)055

How to lift the degeneracy

JHEPO03(2022)055

e JUNO much less affected by NMO/Am231 degeneracy

« JUNO’s Am231 measurement strongly boosts ORCA sensitivity (even without a full
combination)

« 150 7
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100 |

O

True N
g
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| Test NO
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| Tl "\
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https://link.springer.com/article/10.1007/JHEP03(2022)055

Projections for NMO Sensitivity

_ ] KM3NeT Preliminary Total now: 1.48 - 2.23 0
* Projections based on current 6 /7 /

. ~ IceCube / I
construction schedule and g e y f
conservative detector syst. >l JUNO / ]

/
] ORCA ’ g f
 Band thickness corresponds to 41 —— ORCA+JUNO - i 2
favourable/disfavourable scenarii 4 £

(NO/IO)

e ORCA is the most sensitive
experiment (until DUNE starts)

 JUNO/ORCA synergy allows for
world’s first determination (50) of

Sensitivity [o]

the NMO 2911 191“ Qﬁrb Qﬁr6 7930 QQSI 163&



Results on first data

 Extensive set of analyses performed on ORCAG6 (433kton.y) using methods similar to

those used for full ORCA sensitivity KMNT Prefiminary Tt 355 ongeas | st e 0200529 1505221
Standard Oscillations JHEP10(2024)206 wo}— COREAS = q 5,5 ;FORC“SEZ X OREARS
Sterile Neutrinos JHEP02(2026)080 ' 2 £ IE K | /s
Lorentz Invariance Violation arxiv:2603.04264 Elis.o ! 30
Quantum Decoherence JCAP03(2025)039  § - !
Neutrino Decay JHEP04(2025)105 = ., i1 ' 4 -
Non Standard Interaction ~ JCAP02(2025)073 % Ls ; 15
Tau appearance/NUNM  JHEP07(2025)213 &1 . il

« ORCAG public data set released: " R . é
https://zenodo.org/records/15715220 / SIS N U 1 §|° |

Date
» Update for standard oscillations shown in conference (2023) with 715 kton-yr (ORCAG6-11)

* Preparing next result with twice as much data for next month with 1.5 Mton-yr (ORCAG-18) .
» Plan to add up to ORCA24 by the end of the year (3.3 Mton-yr).


https://zenodo.org/records/15715220

Expected events

Sample Nig Nuoxg P [%] P, [%] P, [%] Pncl[% Catm [%]
ORCA 6-7 tracks 4793 36 12 96.8 0.8 0.5 0.8
ORCA 6-7 intermediates 1634 47 25.8 57.5 5.6 8.3 2.8
ORCA 6-7 showers 2193 03 375 34.4 8.4 17.4 2.4
ORCA 6-7 total 8619 136 15.5 74.4 3.7 6.4 1.6
ORCA 10-18 tracks 6544 44 2:5 94.9 1.1 0.9 0.7
ORCA 10-18 intermediates 2761 43 30.1 93.4 D 9.5 1.6
ORCA 10-18 showers 2725 37 40.5 31.4 8.7 18.1 1.3
ORCA 10-18 total 12030 124 17.7 71.6 3.8 6.9 1.0
Total 20649 260 16.8 72.8 3.8 6.7 1:2

e Expecting 20k neutrinos.
e High purity in the track channel.
e Mixed class to constrain systematics.
e Selection combines:
o Quality cut to select good reconstructed track and showers.
o Boosted Decision Trees to reject atmospheric muons and separate tracks and showers.



Counts

First peak at Data/MC

ORCA6_7 Track Class
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Counts

First peak at Data/MC
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ORCAG6_7 Track Class
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Counts

First peak at Data/MC
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Ratio to no oscillation

Ratio to No oscillations (Pseudo-Experiment)

KM3NeT Preliminary
Tracks Intermediates Showers
T R T TR | I A T I E | T T OO R R 2 |
L g T R e e e e
L | | £ _|_ .
08 | - | I:‘I_|| || | 1 |
0.6 | d + 1L ]
04 - - _ _- -_ _-.
0.2 HEZ3 Noosc 1 L 1 L s
[|—1 Asimov : i ] : ]
[| + Pseudo-experiment
0.0 N . N PP | P | MEPErErars | e | P | MR |
10! 102 103 10! 102 103 10! 102 103

L/E [km/GeV]

lllustration of how the distributions may look like with a PseudoExperiment.

L/E [km/GeV]

L/E [km/GeV]
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EReCO‘/CEe\/

Energy resolution

103,

Track Class

102;

101:_

1 KM3NeT Preliminary

10’

Intermediate Class

| KM3NeT Preliminary

—Ty

Shower Class

| KM3NeT Preliminary

102 103
ETrue / GeV
s ] ORCA10_18 ORCAG6_7

Improved energy resolution as we add more lines.
Most track events are uncontained, saturation at high neutrino energies.

103

19



Angular resolution

Track Class Intermediate Class Shower Class
KM3NeT Preli'minary ] KM3NeT Preli'minary T KM3NeT Preli'minary [
60 T T
o 50k
©
~
o 40t
O
o
S 30¢
I
g 20§
|_
S 10}
O_ — T T —! T T .'...v—— T _— T T —_—t T T rvvv‘r—— T —_— T ™ _— rvv_
10% 102 103 10! 102 103 10! 102 103
Etrue / GeV
ORCA10_18 ORCAb_7
e 10 degrees at 10 GeV for track events and 15 degrees for shower-like events.
e Intermediate class is comprised of a mix of lesser quality events that are challenging to reconstruct, poorer
angular and energy resolution. 20



Zenith angle resolution

Track Class Intermediate Class Shower Class
KM3NeT Preliminary I KM3NeT Preliminary ' KM3NeT Preliminary I
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(@]
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_20 L
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Etrue / GV
ORCA10 18 ORCA6_7
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Analysis

e Neutrino flux

- We replaced Honda flux by Daemonflux (data driven model, physics
driven uncertainties, coherent v and p fluxes description)

- Daemonflux does not include right now geomagnetic corrections at a few GeV. Temporal solution to
interpolate between HONDA2014 and Daemonflux at the transition region (5GeV).

Atmospheric Hadronic
conditions interactions:

Flux of

muons and
neutrinos

from satellite models + u
data calibration

Dembinski, Fedynitch, Gaisser, A. Fedynitch, M. Huber PRD JPY, A. Fedynitch, PRD 107,
ICRC 2017 & H. Dembinski 2019 106 (2022) 123037 (2023)

22



Analysis

e Neutrino flux
e Neutrino-cross section

_ short te rm: 1804 runs from ORCAG6, Exposure: 347.97 kt-y, High Purity Tracks

scaling of different x-section oo v comes 1 comes i
OUu v, +v, CC ) ve + 7. CC MEC

processes (RES, DIS, QE, v, NC) It — e -
[ v+ NC DIS Vu + U (:(: 1)157‘ :
- long term: | | GO s lvNcNEe v h o .
replace simple scaling factors with event £ [WEv+7NCQEL v, +7, CCQEL i
reweighting using GENIE with modified j 10k N
parameters and possibly other generators i ]
(Nuisance framework) oo NMO B 9
E‘ () o e | ..
5 l.() | | | | | | L I I B l_
=05 :

£ 0.0 : 1

5 | 101 102

True Neutrino Energy [GeV] 23


https://indico.cern.ch/event/1258933/contributions/6485808/

KM3NeT/ORCAG6 preliminary

0 90% CL:
| = Measurement

_ Sensitivity assuming
nominal values

M * Best-fit point

. 110
Analysis 91

106
104
102
100 +
98
96
94 4

107

Next round of analyses on-going with ORCA18
Major improvement of the treatment of systematics

TS

e Neutrino flux

Normalisation scale [%]

. . 10?
* Neutrino-cross section 92
e Detector response 9088 90 92 91&;{31 :?:nlgtiilsg'to[i/:]osnonz 114
- improve detector modelling by physics driven effects Stopping Muon, ICRC 2025
decoupling the effects in the triggering from the effects in the

reconstruction.

- simulate MC for different DOM efficiencies &
water absorption length

- measure abs. length and DOM
efficiency with stopping p (time
dependent meas.) and/or other
sources (*°K, POCAM, T-REX)

24


https://indico.cern.ch/event/1258933/contributions/6485808/

https://doi.org/10.5281/zenodo0.13234815

Standard Oscillations

KM3NeT Preliminary

KM3NeT Preliminary
_l I . I I 1 I I I 1 I I I | 1 I 1 [ I I I 1 . 1 I—
g, ]
$ | 30
0 [ 1 1
[— KM3NeT (1.5 Mtony) (90% CL)| ' ' ' 1 _' T '_
sor 1 T ] T
22.5
S o228t 1 F . ?
. | | 2
é 2.6:— - NE”
o <12.0
~m 24 F - i 7
E [ il 90% CL .
[ 1 ] B IceCube 2024 — SK 2023 .
22 I 1 T ] B T2K 2023 MINOS 2018 =
[ 1 ] 1.5~ NOvVA 2024 95% CL =~ s=ssuss ORCA 715 kt-yr MC &
gplst o oo o o0 ow oo ve e weee ] [ecoaws.of BECLEELED ORCA 21 Mt-yr MC ~ ssssuus ORCA 1.5 Mt-yr MC &
0.3 0.4 0.5 0.6 0.7 0.8 0 2 - - 0'3 - L - L 0'4 - - - L 0'5 - - : - 0'6 - - : - 0'7 -
sin2 6,3 ~Esiega . . sin2923 . .

* Reaching competitive values with the sensitivities of this dataset.

» Improved precision not only from statistics but from the modelling of our uncertainties.
25



https://doi.org/10.5281/zenodo0.13234815

NMO

Previous result KM3NeT Preliminary
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S I i Néf
o L -
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0= 2 0 > 4
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JHEP07(2025)213

Tau Neutrinos

« ORCA accesses one of the world’s largest
v_sample
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Based on:
[1] arXiv:1711.09436. [2] arXiv:1901.05366. [3] arXiv:2502.01443. [4] arXiv:1805.04163. [5] arXiv:2307.15295. [6] arXiv:2103.09885.
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Tau Neutrinos
, KM3NeT preliminary

0.2 -

0.0

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
St value
KM3NeT preliminary
KM3NeT 2026 (ORCA6-18) [CC]
0.48*9-33
e KM3NeT 2025 (ORCA6) [CC]
073183
IceCube 2025 (3 yr) [CC+NC]
057403
IceCube 2019 (3 yr) [CC]
1.1033:33
Eeesss@esssssmmm  OPERA 2018 [CC]
1.367328
Super-K 2024 [CC]
7.0 0.5 1.0 15 2.0 2.5 3.0 35

N, (10)

All systematics

Only stats

Flux systematics
Xsec systematics
Detector systematics
StdOsc parameters

Excepted high
precision with
ORCAG6-18 sample.
Dominated by the
uncertainties in the
oscillation
parameters and the
flux uncertainties.
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Search for sterile neutrinos

« ORCAG® search for sterile neutrino above 1eV?2

already gives competitive results

 Expected significant improvement with 1.5Mt-yr

IU74|2

KM3NeT Preliminary
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Prospects by 2030

NMO:

- 2—40 ORCA alone
- 3.5-50 ORCA/JUNO

e

23

- 4-7% relative precision

A x-section

- 5% relative precision

BSM

- improvement x4 wrt ORCAG

Sensitivity [o]

KM3NeT Preliminary

Total now: 1.48 -2.23 0

- 2
— = |ceCube /,’ I’ ///’
| == DUNE / L-
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ORCA 4 ¥ |
] " 4
— = ORCA+JUNO e _,, o
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Conclusions

« KM3NeT has a unique potential to determine the NMO
* Neutrino physics program extends well beyond NMO
e First results with 5% of the total detectors (ORCAG) are already competitive

e New result with 4x more data and updated modelling of the systematic uncertainties soon
to be unblinded.

Thank you for your attention
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Position Calibration

Individual DOMs can be located to ~10cm

orientation few deg
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Impact of systematics Std Osc

DDDDDDD

HHHHH

KM3NeT Preliminary
= o
N o
[
i
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

2 40 _ A2, bf
(Ams3, Am3,°M)/0pams,

ETrigger [~

1 1
-1.00 -0.75 -0.50

KM3NeT Preliminary

+0o
-0

1 1 1
-0.25 0.00 0.25 0.50

(9%30 - 95;)/0023

Most important
source of
uncertainties are
our cross section
systematics and
our energy scale.
Flipping mass
ordering when
shifting the
mixing angle and
fitting for the
mass splitting.
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Impact of systematics NMO

Impact on the NMO dominated by the
mixing angle (expected)

Most important systematic right now is our
HONDA-Daemon interpolation <5 GeV,
which is a temporal solution for the
absence of geomagnetic effects in
Daemonflux.

KM3NeTPreliminary

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
(Ax2, — Dx3)I0x3
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Impact of systematics Tau

KM3NeT preliminary

e Impact on the tau appearance i
dominated by the mass splitting. i
e Quite important flux uncertainties and =
our energy scale. o

Oscillation Parameters
Cross section parameters
Detector Modelling

"] mmm +0 shift
F2

B -0 shift
B Flux parameters

—-0.4 —0.2 0.0 0.2 0.4
(8:9—SM)jos.



. https://doi.org/10.5281/zenodo.13234815
The previous dataset

» After selection: 9751 neutrino candidates (715 kton.y)
« Separated in three classes:

- high purity-tracks (i.e. with minimal muon contamintion)
- low purity tracks
- showers
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Tau Neutrinos

* ORCAG6 v_sample exploited to

- measure v_Cross section
- constrain V. normalisation

- constrain non-unitarity mixingj

KM3NeT/ORCAG, 433 kton-years
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a = | a9y g 0

a11 0
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Best limit on a,,: [0.95, 1.04] at 95% CL

KM3NeT/ORCAG6, 433 kton-years
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L orentz Invariance Violation

Lorentz invariance® can be violated in models
trying to unify QFT&GR

* Model independent search using EI;'II\'/“@I\/IE)

¥ 5
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e Complementarity ORCA/ARCA to test the H
terms in different energy regimes

*Lorentz Invariance: physics is identical for all interial observers
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https://doi.org/10.22323/1.501.1058

Lorentz Invariance Violation

e ORCAG6 and ARCA21 data set already put very competitive constraints

Exclusion regions for isotropic LIV coefficients
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Non Standard Neutrino Interactions

* NSI typically arise in models providing

mechanisms to explain the origin of v masses

* Model independent search with EFT:

0 0 0 1 tEce Eeu
Hog = 2E(u 0 Am%1 0 U + A(x) Een  Epp
0 O Am%1 B B

 NC-NSI affect v oscillations in matter by
modifying coherent forward scattering

« ORCAG data provide competitive results
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Neutrino Decay

* Hypothesis: neutrino decay to invisible products

* Analysis focuses on v, decay (others constrained
by solar and Super Novae)

* Model independent search with EFT
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Stats vs Syst

 ORCA is dominated for a long time by statistical uncertainties

NMO sensitivity [o]

Qo

| |- Normal :Ordering K M3Ne7;’

_  [<= Inverted Ordering

data taking period [year]
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Quantum Decoherence

« Oscillations affected by decoherence, described by a damping term

P(ve — VIB) = Z 0(1/1'0;,-0;]-Oﬁj‘e_iAE'ﬂi’_)’i.i’
i.J

_ o[ EY
Yij =Vij GeV
e ORCA well suited to study n =-2, -1
e ARCA well suited to studyn=0,1, 2,3

data allows to set limits
comparable to DeepCore but other exp.

at lower energy (RENO, KamLAND, T2K)
put stronger bounds for n<0.

JCAP03(2025)039

Upper Limits on y31
[GeV]

n=-2 n=-1

ORCAG6 8.4-102" 2.7-10%

NO, 90%CL

arXiv:2306.14699 6.9-10 2 2.1-10 2

y31=y32
NO/10, 90%CL

ORCAG
NO, 95%CL

RENO T2K

11.7-10 4.2:10 22
21

DeepCore 4.3:10%° 2.0-10

y31=y32
NO, 95%CL
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Quantum Decoherence

« Oscillations affected by decoherence, described by a damping term

P(va — vg) = Z UaiUEiUzjﬁﬁj‘e_iAEiﬂ_”ﬂ

i.j
_ o EY
Yij = 7Vij GeV
ORCA well suited to study n = -2, -1
ARCA well suited to studyn=0,1,2, 3

ORCAG data allows to set limits
comparable to DeepCore but other exp.
at lower energy (RENO, KamLAND, T2K)
put stronger bounds for n<0

Upper limits [GeV]
n=-—2 n=-—1

ORCA6. 90 %CL NO 10 NO 10
o1 281074 [|46-107% | 1.1-107% | 1.9-10%4
I3 84-107"" | 22-107% [ 2.7-107%* | 0.8-107>°
'y =Ty 41-107%* [ 29-10~*" | 1.8.-107%% | 1.1-10*°

ORCAS6. 95 %CL NO 10 NO 10
T2 3.7-107“" | 69-107"* | 1.6-107> | 8.0-10%4
T 11.7-10° 21 [ 32.10°2F [ 421072 1.3-10~ 22
s =y 52107 | 36107 | 395107 | 18810

Upper limits [GeV]|
n=-—2 n=-—1
Reported in [14], 90 % CL
Ty, =T 7.9-10~%7 (KL 1.8 - 1027 (KL

'3 =T'32 6.9-10~= (R) 2.1-10~= (T2K)

Iz =TI 7.9-107°" (KL) 1.8-10"* (KL)

Reported in [18], 95 %CL NO 10 NO 10
oy =TI 75-107% | 5.0-10%°| 35-107% | 2.8-10~4
I3 = a3 43-107%0 | 1.4.-1072 | 2.0-107%1 | 5.8-10~%
o =TIy 12-100%% | 83-107% | 54-104%% ]| 36-10~*
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NMO Net Effect

 Degeneracy between NMO and chirality is broken by cross-section (and flux) difference
between neutrinos and anti-neutrinos

e Strong net effect even without chirality measurement
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