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KM3NeT Science Objectives: Astroparticle

Astrophysical neutrino sources are cosmic ray accelerators

Astrophysical beam dumps:
High-energy cosmic rays interact with gas or radiation

Neutrino production processes:

p+ply = X+7"—yy

* Hadro-nuclear interactions (p + p) > X+t - yi = ;/-;:
* Photo-hadronic interactions (p + =) . )
(p+v) pr = et +,+u,

v and y produced in interactions of HE nucleons with matter or radiation

but y not exclusively produced in hadronic processes - high-energy electrons collide with low-energy
ambient photons (inverse Compton scattering)

neutrinos:
“smoking gun” signature for hadronic acceleration
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KM3NeT Science Objectives: Astroparticle

Explore the High Energy Universe

Current knowledge about the Universe comes mostly from
photons and cosmic rays

neutrinos: unique messengers

* no interactions with ambient matter or radiation
¢ no deflection by magnetic fields

e information on the internal processes of the astrophysical
sources inaccessible through photons or cosmic rays

neutrinos: probe of fundamental processes

e origin of UHE cosmic rays
p+ply > X+1"-yy y Y

> X+7a5 - uT 188
H H oy (hadronic / leptonic)
”i- e ei + v, + U

U
Cosmic ray acceleration yields v and y with similar KM3NeT/ARCA for Neutrino Astronomy

abundance and energy
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e production mechanism of HE gamma-rays




Neutrino flux
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» Atmospheric:

10" 10® 10"

107 1 ,
) IN1087 » Supernova neutrinos:
10 | CvB ™ 99% of the gravitational binding energy
5 L DSNB of a collapsing star is released in the

form of neutrinos

» Cosmogenic:

» Astrophysical:
High energy cosmic ray
interactions with gas / radiation

Cosmic ray interactions in the
atmosphere produce charged mesons
whose decays produce neutrinos

Ultra high energy cosmic ray
interactions with the cosmic
microwave background
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Science Objectives: from MeV to PeV neutrinos

Supernova explosions Neutrino oscillations Dark matter Cosmic neutrinos
Neutrino mass hierarchy Exotic searches Multi-messenger astronomy

Cosmic rays studies

KM3NeT/ARCA >

Direction and energy resolution are of primary importance

+ oceanology, biology, seismology
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» ARCA:51DUs
» ORCA taking data with 42 DUs
(since early July)

S S
Y
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Analyses/results:
e ARCAG6-21 dataset
R » ORCA6-18 dataset

ARCA | Optimised to identify and study astrophysical neutrino sources (TeV — PeV)

ORCA | Optimised to study neutrino properties through oscillation studies (GeV)

Both can be used for neutrino astronomy from few MeV to hundreds of PeV

E. Tzamariudaki, August 27, 2026
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The KM3NeT neutrino telescope in the Mediterranean

* High visibility of the Galactic region = ~ 70 % for the Galactic Centre

* Optical properties of water = Mapping the Southern sky with unprecedented angular resolution
* tracks @ 10 TeV :~0.1°
ALAELIEI « cascades @ 10TeV :<2°

The sky in Galactic coordinates |

From the §outh Pole From the Mediterranean Sea
Visibility for up-going neutrinos
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Neutrino telescopes: background sources

e noise: background from YK decays (constant natural source for PMT calibration) and background from
bioluminescence (life forms in the deep sea emitting light)

e cosmic ray interactions in the atmosphere produce n* and K* whose decays produce neutrinos and muons

KM3NeT/ARCA

10° .
—  Atmospheric g
10-7 3 JUI — .‘3‘|[t'_lr-|?|li'l'il %
—— Cosmic #y + #2, OC
-
107 —— Atmospheric
s & muons,
107 h=1680 m.w.e. — 1P
3 n Uy
o) F ~ Atmospheric -
w 10" - muons, 8
T E h=3880 m.w.e, —
'E 10." 3 E
= 12 f 1
é 10 " F E
10" - |:1
0 F
10™ r_ v, induced, E >100 GeV =
45 2
10 " f —— v, induced, E >1 TeV
10"6 i z 3 i 3 1 X i X 3 ] 10-1
-1.0 -0.8 -06 0.4 -0.2 00 0.2 04 06 08 1.0 107 10° 10* u’ 1" 107 107 1’

cose Lr-"' rack l(—;"l\-]

2402.08363 astro-ph.HE
http://doi.org/10.1016/j.physrep.2025.04.001 P
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> Supernova neutrinos:

Unique Supernova neutrino detection

massive star

. et
o . -r'. A .
o SE S

H
He

& SN1987A in the Large Magellanic Cloud

@ Neutrinos arrived 2 h earlier than photons
z colapse R Cconfirmation of the basic theoretical
Bl i, © Anglo-Australian Observatory
| o picture of the death of a star
\{‘ N o * 99% of the gravitational binding energy of a collapsing star is released in
i) the form of neutrinos
% 2 / * neutrinos in the 10 — 20 MeV energy range
8 * neutrinos emitted on a timescale of ~¥10 s from the onset of the collapse,
when the star envelope is opaque to the electromagnetic radiation
* Expected rate of CCSNe in the Galaxy ~ 1.6 + 0.5 per century SNEWS
: . \ 4
« KM3NeT detection of the neutrino burst to generate an alert PR O A A

for optical observatories.

Information from different telescopes to identify a CCSN, locate

it and alert telescopes for prompt electromagnetic follow-up

E. Tzamariudaki, August 27, 2026




Neutrinos from core-collapse supernovae

* neutrinosin the 10 — 20 MeV energy range -> far below KM3NeT sensitivity

* explore multi-pmt DOM
* supernova burst can be detected by observing an increase of multiple PMT
hits within a single DOM in a narrow time window ( ~ 10 ns)

v’ at least 4 hits in a single DOM within 15 ns from PMTs whose axes lie within 90°
v veto applied on the number of triggered DOMs to suppress atmospheric muon background

1004 ] —_ B.ar.lcgrnund
o [ l_ Signal
g0 | | == Five observables to describe the spatial
5 / === = distribution of hit PMTs in the DOM
E 104 T .
. BNy to separate signal from background by
\ &= 40K decays and atmospheric muons.
! ° B Iu'h.lltil;:ilr_it).I 12\ 1
9K decays atmospheric muons
10
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Neutrinos from core-collapse supernovae

Multiplicity 6 Multiplicity 8 Multiplicity 9

to separate signal from background by #°K decays and atmospheric muons [ F =

 multiplicity & total ToT (related to the signal intensity) ﬁ 7 — |~I LLLI__ ia L'j' in
* hit concentration/cluster R (related to the spatial distribution) puEs—E— = A
! + t

e, . 4 4 I | Signal
* position (cosBO) of the hit cluster on the DOM e N I M e T
Total ToT [ns] Total ToT [ns] Total TaT [ns]
* average hit timing (At) (related to the temporal spread of the signal) o | =i
Iﬂ[)._‘:- Signal
10%4— —— Background 20'3_ | '
Signal Ho2 4 =
MiSa= L 1 .S 1| —(il]
] [ B il | ISl Ny
§ 0 : =— 0.2 0.4 0.6 0.8 0.2 0.4 D& 0.8 0.2 0.4 0.6 0.8
E . ‘ R [ IR
E 10 —|_‘  S—— 0.30 4 | —— Background
E 10 l‘—l_ 0 0.25 —— Signal
_l—l_ %o.m | |
107 e | ED.]S I | |
= 2 ' ly
= 0.10
10 — Background 10-" . . £ oo | ol Hyl [,*LLI_L‘_
e ! ° ° ru'lullzilrj:icit).I 12 14 15 o L|‘—|—.",:__ | _FNJLJI_-L“_. 1 —‘—|_|J— ' — F—
0s -0 -05 08 05 10 -10 -05 00 05 10 -l0 -05 00 05 10
cos@ cos@ cos#
gos — _ ==
goﬁ E 10} ] = :'_‘ = J =
S0 = H —
. — Use BDTs for separating CCSN = | R ‘
0.0 i . R = | H — Background I
T - | signatures from background . jjIE— = £— s =
L B = X 0.0 2.5 5.0 75 10.0 0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
02 ! 1 1At [ns] 1L [ns] 1at) [ns]
0.0 0.2 0.4 0.6 0.8 1.0

BDT discriminant

https://arxiv.org/abs/2511.18565
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neutrinos in the 10 — 20 MeV energy range -> far below KM3NeT sensitivity

explore multi-pmt DOM

supernova burst can be detected by observing an increase of multiple PMT
hits within a single DOM in a narrow time window ( ~ 10 ns)

A ORCA background
¥ ARCA background
—— Total background

HEN 40 M at 10 kpc
27 Mg at 10 kpc
11 M at 10 kpc

104{ ORCA24-ARCA29
New selection

Number of events (in 500 ms)

1 ORCA115-ARCAZ230
New selection

100
Y A Y
o 3 1 =V | |
A A
102 4
A
A
103 A
6 7 8 9 10 11 7 8 9 10
Multiplicity Multiplicity

https://arxiv.org/abs/2511.18565

Use single DOM variables to search for
supernova neutrino bursts

Machine learning techniques (Boosted Decision
Trees) for event selection

Identify CCSN neutrinos without relying on
information from other experiments

12
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Neutrinos from core-collapse supernovae

Sensitivity as a function of the CCSN distance to Earth

ORCA24-ARCA29 : ORCA115-ARCA230
50 ! 11M, 101 5011 11 M, |243
i « 27M 401 * 27Ms {456
a0 : 20 MD 133 | = 40 Mg
: . @ :
307110 E ORCA 198 1 307 ORCA 1100 »
AL ---- ARCA 5 i ---- ARCA 3
5201 1Y\ 48 @ 201, 54 @
P W i= - > : z
= W ol = un = s 4
3 N\ . o 3 : . O
i ; ""'.: ! E I ° S 10 ! Ly I 19 o
At R 5 Vg & g
10 E:‘L‘ AN E. S g :: 5, g
| 5 :L\_-:. | :_’;‘::]\\\\\\ i: 2 : ; |‘: E \\\ =
5118 1% W12 \j 6 541215 - - 7
g 10 k. N2 oL 2
0\ WIS 28\ q S
3- : \-\_ _3 3_ I 1 | : I ‘:'-._I I -3
0 20 40 00 80 100 120 0 20 40 60 80 100 120
Distance (kpc) Distance (kpc)

https://arxiv.org/abs/2511.18565

« KM3NeT will achieve full Galactic sensitivity

e KM3NeT can play an important role in the detection M SNEWS
and localization of the next Galactic supernova

E. Tzamariudaki, August 27, 2026

SUPERNOVA EARLY WARW SYSTEM
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neutrino oscillations

* Mixing between neutrino flavour and mass eigenstates — PMNS matrix ~ >%  Nomal Mass Inverted Mass
ierarchv : A W
Ve Ua Ue Ues vy Hicrarchy Hierarchy
V,u, = U,ul U,uZ Up3 1)
Vr UT]. UT2 UT3 V3

2
I s . m_>
iému ~ 7.59 x 107 %eV?

* Neutrinos are produced as flavour eigenstates and propagate as a m)
1

superposition of the three mass eigenstates (m2, | ~ 2.43 x 10-36V?
* asthey propagate, the wavefunction of each mass state evolves with

a different frequency
* Change of superposition mixture of mass eigenstates as the neutrino 15"121 ~ 7.50 x 10

travels large distances

|6m3, | & 2.43 x 10~ %eV?

-~
~
-~

(.
—0o <' B
13

9
I

-~
-
-~

E can happen only if neutrinos have mass

m) Standard Model is not the complete theory of the fundamental components of the Universe

2
P, s = sin?(26)sin? (1.27 Am'L )

WV EN G fe){e: | Neutrino properties through atmospheric neutrino oscillation studies
* neutrino mass ordering

* measure oscillation parameters

* New physics (sterile neutrinos, NSI & other)

14
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» Large flux of atmospheric neutrinos
» Study atmospheric neutrino oscillations (few GeV energy regime)

» Oscillation pattern distorted by Earth matter effects leading to an
enhancement of the v /v, <> v, /V, transition. Largest effects for
~7 GeV neutrinos passing through the Earth mantle. Allows for
determination of mass ordering because of different behaviour of

neutrinos/antineutrinos

P(v,—V,)

ra

1 10 10
Neutrino Energy [GeV]

Matter effects
E. Tzamariudaki, August 27, 2026

P(v,—Ve)

Density (g/cm’)



Science Objectives: Study atmospheric neutrino oscillations

detector
» Study atmospheric neutrino oscillations (few GeV energy regime)

» Oscillation pattern distorted by Earth matter effects leading to an
enhancement of the v /v, <> v /7, transition. Largest effects for
~7 GeV neutrinos passing through the Earth mantle. Allows for
determination of mass ordering because of different behaviour of
neutrinos/antineutrinos

Density (g/cm®)

» KM3NeT: no event-by-event v/V separation, but event rates
affected by differences in flux/kinematics/cross-section

. O — x10°* . 0 x107
S 100 s F 100
» KM3NeT » KM3NeT
8 _0.2 Track class 980 8 _0.2- Shower class 880
© " - A
: 60 - .
g ___ig - o Impact specific regions
c£-04+ £-04}- | .
“§’ i el | 20 2 f 20 in B(L) and E
8-0.61 ‘ §-0-6~
' | -20 -20
—0.8:— 11TV _40 -0.8F ; ' ’ : 40
" , -60 ' ~-60
I RS 00 TSNS R EEe 1 -
3456 10 20 30 100 3456 10 20 30 100
reconstructed Energy [GeV] reconstructed Energy [GeV]
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Neutrino oscillations with KM3NeT/ORCA6-18

KM3NeT

oRcAts.18 ORCA15.18 Shower-like

144 E'!J 2 Lz \:\'
2 BDTs: - P
T @ H
. i i I , 1000 o ., 1500 E
Rgeptmg atmospheric muons ,* HE Frackiike 5 I
* Distinguish event topology ~ ©« o ,,..,1",'..‘f",”"fr..,“,',"f'f',a,"‘f,,,.,,,,..0,
s 500 B m"{-'::l. N "]
200 . . : B leeCube 2024 —— 5K 2073 ]
o : B —— T2K 2023 MINOS+ 2018 ]
9] | 8} = =]
=2 s> B MOWA 2024 == KAMINGT/ORCA 1,260y i
%1 | by pepcieie . El.,_i'f'H T U ¥ S B N
o phafe et a v : L
0 1p-e 10-5r“|| 1074 1072 fo=2 LT 1c1-k1 100 B e -
uonscore - lrackscore 25 l— |: = — - -
S e B — PR S e e i ( ( ":.___ ___:,,-’ > i
¢l (—
-9 s ]
@ 2 -
E?

ORCAG6-18: Clear oscillation pattern I ————————
1.2p KBII3NIeTfC?FF(I:J‘lIrrelin'llinalrylﬁl.f !lﬂltlrfn-yrll —s best'ﬁt Values: ‘\g'!, -1.8~ ID_:
1.1F- tracks ] - -2l -

IR : Am2. = { —2:085509 x 10%eV2, st E

Z oof 3171 [2.12, 2.28] x 10~3eV?, NO -

é‘-} c 2.4 =

zé 0-85 P Ooa =0 4r’+().l(i —E.E:— _:

2 07} SI™ Va3 = U.49_g 05 ; ]

1 = ORCAS-18 tracks

2 E —+— Daa 28 =

T 0'65 ------- sy 2 l()g(./.I;\'()/E,o) = —(.18 : 0'3 0'?
05:_ ------- Mo-Oscillations. d .
0.4t T I . .

® e peeny Slight preference for Inverted Ordering
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Neutrino oscillations with KM3NeT/ORCA6-18

Slight preference for Inverted Ordering Adding DayaBay + JUNO constraint
ok o —2.081095 x 10~3eV?, 10
31 = 1 [2.12, 2.28] x 10~%eV?, NO * Tight constraint from JUNO & DayaBay on the absolute value of

$20 0 45+0.16 the atmospheric mass splitting Am?;,
sin® 03 = 0.457 55

e (Can be used as external constrain
2]()g([:‘\'()/£1()) = —(.18

KM3MeT/ORCA 1.4Mion-yr Preliminary

- T el T NID A KM3NeT/ORCA Preliminary (1.4 Mton-yr) ORCAB-18
1 icoCube 2024 — 55 2023 ]
— = 0, 200 T T T T T T
|- = R Wb 2008 = |82 =43.29 " (NUFite.1 - NO) ' ' i [— nojoNo (p-0s7n
B HNOwA 2024 = KM3NaT/ORCA 1. 401y il a7 b ’ i —_— 0 JUNCY (p=01013)
o V| s, =40
™ - = 1
L Moo | i 1
- 3 . s :
2.5_— ( -x-— = ;,> — _5 0125 F ]
- — - 2 oam f 1
tgl I CL//D | Ig SR 1
L 2 — z
£ oo b 4
‘Fc: Luaasleasaoblesaalovialoniiacceloassl I 23'.
= -~ ; - - . . - "] ozs 4
ﬁ -1.8~ ]
i 10 ] o000, e
< -2 ]
22f -
24 ] O rejected with 2.5 ¢
26 =
_oal =
- L
0.3 0.7 18
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Cosmic Ray studies

» Atmospheric muons and neutrinos:
Products of hadronic interactions of (charged)
cosmic rays in the upper atmosphere of the Earth

e Background for neutrino astronomy
e C(Calibration

e Cosmic ray physics

e composition of cosmic rays

* composition of air showers

* muon deficit puzzle: simulations of cosmic-ray-induced air
showers, which include state-of-the-art hadronic interaction
models, underestimate the number of muons detected on Earth

19
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> Atmospheric muons

Atmospheric muon event rate: different zenith angles
correspond to different slant depths travelled (different path
lengths in the atmosphere imply different energy thresholds)

KM3NeT/ORCAG

KM3NeT/ARCAG

events
S - Sr

Ratio to MC
Ratio to MC

8505 065 065 07 075 05 085 00 055 1 85 065
cos 8 Eur.Phys.J.C 84 (2024) 7, 696

s Atmospheric muon bundles weighted to detailed cosmic ray air shower simulation (CORSIKA) with GSF

to describe the primary cosmic ray flux and mass composition + Sibyll 2.3d for the high-energy HIMs
s 40-50% excess of data

20
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Cosmic Ray studies

> Atmospheric muons

B. O Fearraigh et.al. PoS ICRC2025
V. Ellajosyula et al. TeVPa 2025

Atmospheric muon event rate: different zenith angles
correspond to different slant depths travelled (different
energy thresholds for muons at sea level).

KM3NeT/ORCA-13 Preliminary, absoprtion length 90%

o 10%
I,_ E
n C
-
Im 0
‘E‘ 10_1§ = T 1 1
E F \ stat? + daemonflux? + absorption? + PMTeff?
E L y stat? + daemenflux? + absorption?
é 1072k v stat? + daemonflux?
w f o stat? + tuning?
F 4+ Data, livetime: 1.24 days
§ MUPAGE: daemonflux K + default £ + R,v CORSIKA

10—3 I L I

1.50
w 1.25F
= _
T 100 ittt
‘:‘E ' e ———— ————
0O 0.75F

0'58.3 0.4 0.5 0.6 0.7 0.8 0.9

Reconstructed cos@

1.0

10%

Event Rate [s~! sr~1]

1.50

U 1.25
3
©1.00

jid
0 g,75F

03¢,

10~

KM3NeT/ARCA-21 Preliminary

i stat? + tuning? + dae

y stat? & tuning? + daesmenflux? 4 absorption?

y stat? + tuning® + daemonflux®

o stat? + tuning?

+ Data, livetime: 1.25 days

-+ MUPAGE: daemanflux K + default £ + R,w CORSIKA
1 | | |

monflux? + absorption’ + PMTeff*

5 —l—_'__'_—o—-—o—n—_'_—n—_‘_'_'___,_—'—

06 0.7 0.8

Reconstructed cos@

0.5 0.9

1.0

¢ Flux parametrization in atmospheric muon bundle generator tuned to Daemonflux weighted CORSIKA

s Daemonflux: GSF for primary cosmic ray flux and mass composition + data driven model (DDM) as HIMs

¢ Better agreement with the data

E. Tzamariudaki, August 27, 2026
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https://inspirehep.net/literature/3067124
https://inspirehep.net/literature/3067124
https://inspirehep.net/literature/3067124
https://inspirehep.net/literature/3067124
https://inspirehep.net/literature/3067124
https://indico.ific.uv.es/event/7986/contributions/28300/attachments/14128/20463/KM3NeT_TeVPA_Daemonflux.pdf
https://indico.ific.uv.es/event/7986/contributions/28300/attachments/14128/20463/KM3NeT_TeVPA_Daemonflux.pdf
https://indico.ific.uv.es/event/7986/contributions/28300/attachments/14128/20463/KM3NeT_TeVPA_Daemonflux.pdf
https://indico.ific.uv.es/event/7986/contributions/28300/attachments/14128/20463/KM3NeT_TeVPA_Daemonflux.pdf
https://indico.ific.uv.es/event/7986/contributions/28300/attachments/14128/20463/KM3NeT_TeVPA_Daemonflux.pdf

» Atmospheric neutrinos

Measurement of the atmospheric muon neutrino flux with ORCA6

cosmic ray

KM3NeT/ORCAG - 433 ktonyears

— T I T I T T I T T T T | T T T T
cosmic ray o : =
R T .- | | 3
RN 2 10°E ; | E
i o = ; é é =
\ hadronic sh s . , - i i .

adronic showers - SN Credit: A. Franckowiak s AN S
[ ) WA | T8 P o @ E : =
‘:?.' 1 1 ) *-55::""-- —:',a‘ K H 'LIJ — H i =
A SR p°s ‘Dt — - ; : 3
':.-"" :.' K+ +\ : K ‘." If= 107 .- . . 5 —'T . -
| ﬂ L & = |~ Frejus {1995) é a :

2 F \ T -5 L Super-Kamiokande (2016) ""-.‘
H L ] .|‘ = 1D = _|,_‘_. %
0/ + et \% = ANTARES (2021} : : - =
L € ¥ {1 : ! : .

," ! 1[}—6  — KM3NeT/ORCAB (2025) NUNI PP ~ ......................................... -
;’ E | === HKKM14 v +7_ wi osci E
e W ut Y R T N NS IS B P
-1 0 1 2 3 I 4 E G UE

* tional” “prompt” 0 e
conventiona promp Eur.Phys.J.C 85 (2025) 8, 871 g,,(E/GeV)

Measurement of the atmospheric neutrino flux
 Conventional (kaons & pions) — mainly muon neutrinos
* Prompt (charm) —becomes important at high E,, - produced by the decay of short-lived charm mesons -

direct probes of the energy and composition of UHE cosmic rays =—

— | results for ORCA / work in progress for ARCA

challenging: calculations of charm
production need PDFs at very low
Bjorken-x & need high statistics at HE

E. Tzamariudaki, August 27, 2026



Astrophysical neutrinos

check EM source catalog

 Neutrinos from source candidates , _
look for hotspots in the neutrino sky

* Neutrinos from the Galactic plane

e Diffuse flux . summed r.1eutr|no emission from unresolved
cosmological sources

23
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Astrophysical neutrinos

B NGC 1068 Astro. v,
TXS 05064056  =—4= Astro. v, v;
» In their respective energy ranges the sources =~ 107
NGC 1068 and TXS 0506+056 contribute no more +T
than 1% to the overall diffuse flux of S 1 o T T
astrophysical neutrinos. O R e s
g4 )
5 | -
10° 10° 10° 10° 107
KRA? Model = KRA® Best-Fit v Flux FK' [GC\.]
, e = ::(:B:I:I;Itl-;k?lrﬂux (22)
106
> Galactic neutrinos contribute ~6-13% to the
diffuse astrophysical flux (at 30 TeV) 3
;;10—7
1078+
10° 10" ‘165 ‘ 165‘ 107 24
E. [GeV]
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Astrophysical neutrinos: point sources

e Select upgoing and horizontal events (zenith > 80°) to suppress the atmospheric muon background

* Reconstructed tracks: apply cuts to ensure reliable reconstruction — mostly vV, CC events

* Machine learning techniques (Boosted Decision Trees) for the final event selection

Point sources search selection: ORCA:
accurate direction reconstruction is vital enhances the effective area at low energies
angular resolution
102 102:
Median, 68% quantiles v, + U, f PRELIMINARY
—— KM3NeT/ORCA18 10! é_Pomt—source analysis level
—— KM3NeT/ARCA21 100;_
_ 1ot
g
2
S,
3 10°
PRELIMINARY u + Dy
—— KM3NeT/ORCA18
101 ] —— KM3NeT/ARCA21
-9
10° 10' 102 10° 10* 10° 10° 107 10° 10 10° 10 102 10° 10¢ 10° 106 107 108

E, [GeV] E, [GeV] 25
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Astrophysical neutrinos: point sources

Angular search region: a cone centered at the source position with extension a S//;x/
Binned log-likelihood search: PDFs of expected signal and background from 2D histograms ws
of logyg E;eco VS S€Mi-aperture angular region around each source a in [0°, 5°]

Likelihood function: log,4 L = 2 [N;log(B;+&S;)-(B;+¢&S;)]

bins

—~8 ~8
* N;:number of data events in bin j % % Background
* S;:signal PDF extracted from MC s s S
* B;: background PDF from scrambled data Ez EZ
e ¢: signal strength 3 3
2 2
PSEUdO-EXperimentS Varying &I A= Ioglo L (f = E) — |Og10 L ((f =0) '0051 152253354455 10051 152253354455
al’ a[°]

106 sources tested for different spectral index hypotheses: ®,, « E*Y fory = 2.0, 2.5 and 3.2 (for NGC 1068 only)

Sources in the range —90° < & < 40° where the KM3NeT visibility for upgoing and horizontal events is >35%

26
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Binned likelihood formalism

Testing two hypotheses:

the null hypothesis Hy = Hp,cigroung @nd the alternative hypothesis Hy = H g5 4 backeround

I Expected number of events I / signal strength I

log £(¢) = )  [Nilog(B; +£S:) — Bi — &S]
iEbins / T
Number of observed events I expected background I I Expected signal

Test statistic (TS) A = log £(¢ = &) — log L(¢ = 0)

- background only
¢ value of € that maximizes the hypothesis

likelihood for a given dataset and
signal/background model

27
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Sensitivity and Discovery potential

Testing two hypotheses:
the null hypothesis Hy = Hy,, (groung @Nd the alternative hypothesis Hy = H 551 4 packground

Pseudo-experiments (PEs)

randomly draw N; events in each bin from a Poisson distribution with mean B; and B;+ ¢, S;

background signal (¢) + background
distribution
H]/
g A=log £(¢ =€) —log L(¢ = 0)

Test statistic (T5) A

28
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Sensitivity and Discovery potential

Testing two hypotheses:

the null hypothesis Hy = Hp,cigroung @nd the alternative hypothesis Hy = H g5 4 backeround

background
distribution

signal (¢) + background

S

-

A =log £(¢ = &) —log L(¢ = 0)

discovery potential

signal strength (neutrino flux) for P-value: integrating background-only TS from the median of
which TS higher than the median for a signal TS until infinity.
background-only in 90% of the cases flux normalisation for which a 30 or 56 discovery could be

claimed in 50% of the PEs
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Astrophysical neutrinos: point sources

* For all candidate sources data are consistent with the background-only hypothesis
« KM3NeT/ARCA: top 3 candidates consistent for E2, E"2> spectra (CGCG 420-015, Mkn 421, J0339-0146)

« KM3NeT/ORCA: top candidates shift with spectral index - for E'2°, E3 spectra top candidate is the unknown
source LHAASO J1848-0001u

KM3NeT/ARCA Preliminary

— 1077
—

' KM3NeT/ORCA Preliminary
ri.] | * —y=2
€ 10-3F e g — y=25
S = % et o g y=3
%.J n «* - *__*.:._‘—-— o e s T —— y=32
Q] T - * Observed limits
: g 1074 « | —— Sensitivity
Q i :

o Sensitivity i * *ti " . * e -

o~ —— ARCA19-21 -this work- (336 days) % ko - * 5 X Pt

=4 —— ANTARES (15 yr} O 10-°k * e *

o — lceCube (10 yr) :‘

5 10—9 Ly N

e =
o 51076 !

= e

TL] © - * * 1*** e “t** » * ¥
If} W

[

=0

L= 10-7— T T T T T T T T

10 10
-1.00 -075 -050 -025 0.00 0.25 0.50 0.75 -10 -08 -06 -04 —0; 0.0 0.2 0.4 0.6
: : H sin
sin(declination
( ) I. Del Rosso, ISVHECRI 2026
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https://agenda.infn.it/event/47390/

Astrophysical neutrinos: point sources — all sky scan

e Search for an excess over uniform background: 2.6 million bins; 6 < 40°
* Binned log-likelihood search — 2D histograms in reconstructed energy and direction

e Data-driven background

* Sky map: candidate sources indicated by red circles - hotspots do not coincide with any of our pre-selected
candidate sources

KM3NeT/ARCA19-21 Preliminar R i
5 oy —-m—...,,_l,._ : Y KM3NeT/ORCA Preliminary, E~?

T

DT ke £ TR §
______
s

R 3 -

£ . i
5.t , CGCG 420-015
a0 7 Tl PN

Declination (deg)

=503V = -
e 5
B s Right Ascension (deg)
I B
| S ° o) :
o 5

I. Del Rosso, ISVHECRI 2026
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Diffuse flux of neutrinos from the Galactic Ridge

Galactic plane: most prominent source in the sky

(I: Galactic longitude; b: Galactic latitude)

Galactic Ridge: inner region of the Galactic plane defined by |/| <30° and |b| < 2°

 ANTARES found an excess of events incompatible with the background-only hypothesis at 96% C.L.
* |ceCube reported the first observation of high energy neutrino emission from the Galactic plane at 4.50

KM3NeT/ARCAG-21 o .

7,

180 @

galactic latitude (°)
+

galactic longitude ()

https://arxiv.org/abs/2608.06163

E. Tzamariudaki, August 27, 2026

Select upgoing tracks to reduce atmospheric muon background

Loose selection and then BDT to further suppress
mis-reconstructed atmospheric muons

Model independent approach & data-driven background: event
counts & energy distributions in pre-defined signal (ON) region &
in signal-depleted (OFF) control region

OFF regions correspond to the ON region in sky coverage but shifted
in right ascension

32




Diffuse flux of neutrinos from the Galactic Ridge

Search for an excess at high energies in the ON region — no excess found so far — limits
90% C.L upper limits (U.L.) derived for spectral indices v € [2.2. 2.71

kKM3INeT/ARCAG+8+194+21, 640 days

B —— EM3NeT/ ARCAG+8+10+421 combined 90 C.L. Upper [imit [this wark]
EM3INeT/ARCAZ1, 287 days - — ANTARES { Galaclic Ridae best-fit fus and 68% C.L. constraints [2022]
r lceCube ¢ KHHE‘, model best-fit flux [2023)
| ! ?:Tﬂ?ql:im; AHTARES | = lIceCube / 7 model best-fit flux [2023]
Bacioyound fromn dats OFF zone .—I'-_|
104 =5
E 7 10
r T =
L t
i
£
& 10°% f | E
T I : | }
v
@ = =
i (VN
10—t E R g
. =
.
L
10~ -
102 3
2.5 3.0 35 4.0 4.5 5.0 5.5 ; T ; T ; T ' T
. 103 104 109 106
leg10(Ereca / [GeV) https://arxiv.org/abs/2608.0616

Energy [GeV]

U.L. expresses the maximum value of the signal flux compatible with the number of observed events

assuming no real signal is observed.
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All sky diffuse astrophysical neutrino flux

All sky: cannot exploit source position to search for an excess of neutrinos in a specific direction —
need a neutrino sample of high purity

* Select upgoing tracks (zenith > 90°) to reduce atmospheric muon background — ARCA 6-8-19-21 dataset used
* Loose selection and then BDT to further suppress mis-reconstructed atmospheric muons
e Selection and BDT inputs based on the reconstruction output

e Background estimation from MC simulation

10%p

KM3NeT/ARCA21, 287 days
at:

Use the Model Rejection Factor (MRF)
technique to find the optimal cut on the
energy estimate

-
(=]
T

[
(=]
~
T™oT

,..
<
™

Events / bin

-
L=
©

e J

107

ﬂ Talk by C. Karagiannis T

1072 F

e R R R . Contribution of astrophysical neutrinos

‘ 10G10 (Ereca/GEV)

https://arxiv.org/abs/2608.06163 _ enhanced at hlgh energies

E. Tzamariudaki, August 27, 2026
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KM3NeT/ARCA6-21 detector sensitivity

Assume single-power-law spectrum for the cosmic flux
90% upper limits for selected spectral indices

KM3NeT/ARCA6+8+19+21, 640 days

107%¢

E? dN/dE [GeV cm~2 s~ 1 sr71)

1077

1078

10-°

w— KM3NeT § ARCAG+B+19+21 combined 90% C.L. upper limit (ths work]
w— ANTARES 90% C.L, upper limit [2024]
B IceCube tracks 684 1f best-fit flux [2022]

leeCube HESE 68% 17 best-fit flux [2021]

10

' '165 ' o '106 ' "YiO’
Energy [GeV]

https://arxiv.org/abs/2608.06163

E. Tzamariudaki, August 27, 2026

Astrophysical flux parameters estimation with
KM3NeT/ARCA6-21 data (Bayesian framework)

4.0

3.5F

3.0

>2.5

2.0

15

1.0

oo :.3.03:3 x 10718 GeV~! cm™2 57! sr7!

KM3NeT/ARCA6+8+19+21, 640 days te-27
| & bestfit 14
— B8 % contour
- 80 % contour
=+ 99 % contour 12
S b
e T
“\'N 1.0
~
~ Ly
! S
e 2.5,
] k)
e @
5 “
RN, ]
O
a
a4
e
T T T T Qo
2 4 6 8 10

do [GeViecm? s ' sr']x 10718

) 0.30
"‘J{ = 3 001_0_35
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Real-time analysis system

Multi-messenger astronomy — simultaneous observation of different cosmic messengers
Real-Time Analysis (RTA) system:

* detection of SN neutrinos (MeV)
* Follow-up of external alerts

e Selection of GeV-PeV neutrinos - reconstruction and classification , _
* Neutrino alert sending

ORCA

SN processor shore Event
station writer Eve‘u.s e oo -y

SN modu Neutrino alerts
PRCA RTA dispatcher o e
DAQ c } A
g ' EXTEANAL
= s » T Online analysis
Reco Tracks +Showers, Classifier Multi-messenger dispatcher pipeline
35
ARCA » £3
SN processor sh 3 =
5,.,:;,(: = GCN alert Alert Alerts DB
ARCA o e Internal shifter tools KM3NeT alert Sending system
DAQ ST T 1 currently under commissioning

Other telescopes credit: Mathieu Lamoureux

Reco Tracks+Showers, Classifier
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......

=3
O | >
Kpl 5%

=8  KM3NeT/ARCA: observation of an ultra-high energy neutrino @

KM3NeT

DEMOKRITO

3672 triggered PMTs!
~35% of ARCA21 illuminated

colour-coded based on
detection time relative to
the first triggered hit.
length of each cone
corresponds to the number
of photons detected by the
respective PMT.

KM3-230213A: ~30 times higher energy compared to the highest energy neutrino from IceCube 27
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» well reconstructed track: “bright” track selection (length > 250 m, NtrigPMT > 1500, logL > 500)

* time residuals consistent with Cherenkov light emission

Difference between time of arrival of
the detected photons and the

expected time from Cherenkov
radiation by a relativistic muon

E. Tzamariudaki, August 27, 2026
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KM3-230213A

line 26
o= 2’:::
QO i |
"g‘ef— : ' E
5 u;-'_ P : | E
= E - - e
=33 e
G gl g,
Hit arrival time (ns)
0 100 200 300 600 700 800 o mldis;an;eabstu.\;tlmialm;w [r:;]
distance along track (m)
line 16
H 89 185—
3£
g ue- : » Hit times fully consistent with Cherenkov photons
= A
; o » Well reconstructed muon track
Q E ot » Three showers detected — light profile as expected from
E stochastic losses from very high energy muons
%o.:-: ¢ 7 1.0’00 e R R

Hit arrival time (ns)
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KM3-230213A

 0.6° above the horizon — not included in the diffuse flux sample
* celestial coordinates: (RA, dec) = (94.3°, -7.8°)
* reconstructed track: “bright” track selection (length > 250 m, NtrigPMT > 1500, logL > 500)

6
10 Muon energy

Number of trigaered PMTs

LI SR A LR |
10° 10Pev [ 1,000PeV 5000 ﬂ"r:'r - 3672
B [ 100Pev — —— KM3-230213A E, = 120%° PeV
1074~ 4000
ol 2 T T R s
_ : G
= o 02_3000
O 10 g
¥ S 0.10
$ 10+ S o 68% CL
@ s Il Stat. only
1075 S 0.05 B Stat. + syst.
1 T
s 1000 =" S b g v
107 ol 3456 10 2%”3[% vy 100 20
o
10-104 | Nature 638 (2025) 8050

=

: , : : o 110
High-quality reconstructed horizontal muon with energy: £,, = 120" ;," PeV

1.0 1.5 2.0 2.5 3o 3.5 4
log;o ( Number of triggered PMTs)/

KM3-230213A Simulated muons traversing the detector in the same location and direction
corresponding neutrino energy: £, = 2201'%8 PeV (E-2 spectrum)
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KM3NeT/ARCA21: observation of an ultra-high energy neutrino

. MC simulation b ARCA21 data
0 | 4.00 10
L D012
3.75
- : 0810 . S £
5 : B £ 5 "
o 10 E "] o 1
¥ E aoms E B 325 %
g § B g
£ . B 2 E 200 - z
] " 0006 5 E] k-]
< : S o
=1 = o004 E 5 n 1w =
g E > g 2m
u
oo 225 J
" ]
0 aon | "M, Nature 638 (2025) 8050
.00 075 -080 -026 O 028 080 078 100 400 -076 -080 -02% @ 025 0S0 078 1.00
caslzenth anghka) cog|zanith angla)

High-quality reconstructed horizontal muon with energy: F,, = 1207 ;," PeV
corresponding neutrino energy: F, = 2204_'51’38 PeV  (E spectrum)

Assuming reconstructed direction and energy:

» Expected atmospheric muon contribution @ 100 PeV: << 1010 event/year (20 of reconstructed direction)
» Atmospheric neutrinos with energy >100 PeV: << (1-5) x 10~ event/year

E. Tzamariudaki, August 27, 2026
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KM3-230213A

KM3NeT

* 0.6° above the horizon — could it be an atmospheric muon?

Not an atmospheric muon

Elevation : 0.6°

= 0 — Nomnmarecion | ¢ Maximal range of EeV energy muons in water
| g S5 Lo SRk ~60km (if E, > 10 PeV effective range ~30km)
L . .
s e Bathymetric data showing the path travelled by
v . .
¥ a muon along the reconstructed direction —
§ 3500 total amount of traversed matter ~300km
2
g -4000
0 20 40 60 80 100 120 140 160
Distance to ARCA [km] . . .
Nature 638 (2025) 8050 << 1019/ year at this direction / energy
<< 10>/ year assuming 5o directional error
w"E‘ T T T T T T T T 1 p’i’??‘f
- KM3NeT preliminary _f ;':&;'_{ i >
— E, =100 EeV ]
Distance j
assuming .
cosB=-0.011 H

10! M EPEE ' TR BT PR BT W N S S "
0 20 40 60 a0 100 120 140 160 180 200

lenaht / kr 42
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E20lf . [GeVcm™2 571 sr!]

107"

1077 4

10—3 J

10—9 .

10—10 .

1071

104

Phys.Rev.X 15 (2025)

Probability of observing one event in KM3NeT and zero in both IC-EHE and Auger
assuming the flux resulting from the joint fit is about 0.5%

KM3-230213A: highest energy neutrino detected

Neutrino energy [GeV]

E. Tzamariudaki, August 27, 2026

KM3NeT alone

Upper limits

KM3NeT
7| = KM3-230213A E2 fit
s Joint E72 fit

Joint BPL fit (this work)

IceCube fits

—+— NST (2022)

—— HESE (2021)

—}— Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)

\

KM3NeT + IceCube-EHE + Auger




KM3-230213A origin: galactic / extra-galactic / cosmogenic

KM3-230213A of galactic origin?

KM3-230313A far away from the Galactic Centre, and ~11° offset from the Galactic Plane
search for potential gas targets within the vicinity of the event

Velocity-integrated CO brightness temperature
tracing molecular gas * low fluxes of the Galactic diffuse emission at UHE

150 °

e difficult to accelerate particles to such high
0° / S . . .
'i S“é'f T ‘; __j:. 50 energies in Galactic systems

5, O”If"\ame"t : Nonl;;rn flament * lack of a nearby potential Galactic particle
@ M‘j" R2 e « accelerator (LHAASO & HAWC: no VHE y-ray

|
—
=

o

Galactic Latitude

Weo [K km S_]']

b Qr:on B cloud counterpart detected)

—20° 4

Not likely of galactic origin

T T T T
230° 220° 210° 200°
Galactic Longitude

Astrophys.J. 1003 (2026)

E. Tzamariudaki, August 27, 2026
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KM3-230213A origin: galactic / extra-galactic / cosmogenic

KM3-230213A of blazar origin?

1 R(68%) 171 R(Q0%) [ R(99%)
-6
< VLBI O Gammaray # 5BZCAT [ X-ray + radio + infrared 2 T 1T T T T 1= Upper limits
- KM3NeT
"l‘ 107 I FU | el KM3-230213A E-2 fit
-5 - O
L e I maf Joint £ fit
-5 Nm 1078 4 IceCube fits
lE ~4— NST (2022)
7 O —— HESE (2021)
< S > -9 ] —— Glashow (2021
g = @ i .
& LS * — O SPL 68% NST (2022)
S g : | i #11 | = SPL 68% HESE
: L ;oo ”: b (2021)
@ K B
o = 10-10 4 .
[ This work
-9 Diffuse blazar best-fit model
(KM3NeT/ARCA + IceCube)
-10 10~ T ‘ - ! ; ! 1o Band
104 10° 10° 107 108 10° 1010 1011
y Energy [GeV]
JCAP 03 (2026) 033
08 97 96 95 94 93 92 91

RA J2000 (°)

A population of blazars may contribute significantly to the
UHE neutrino emission leading to KM3-230213A

E. Tzamariudaki, August 27, 2026
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KM3-230213A origin: galactic / extra-galactic / cosmogenic

KM3-230213A of cosmogenic origin? Cosmogenic neutrinos: Cosmic rays can interact with background
photons (Cosmic Microwave Background or Extragalactic Background

P+ vk = AT - nt+ 7t . .
— Light) on their path to the Earth
— eVl

1078 10-6
_ Zmax = 1 * - Zmax = 6 4
TL 10 IL 1077 o 10“‘1‘.. /
n e th e 0% I
0 _*_u..ﬁ_ e (2028 ", c o = [ ' s p2di <
%] ™ . - - "”",f— E ARTARS ; S i
l‘l\l 1078 1 - I : paaae _"__,.......,.::.' ___.._._-_-_'_‘_'.'.'-'-""' oy g ﬁll 10-° 4 1 --::.._'k-—-—- g
E :tt st TP , E g - : %

— o > —_ SR 3

ot - . 5
—é‘_\ 107t - r? 10-*
L 4 w -4

e 10° 10° 10° S 107 Toe 107 T W 16= Neutrino energy [GeV] -

Neutrino energy [GeV] Astrophys.J.Lett. 984 (2025) 9y

in tension with the standard cosmogenic neutrino

Strong positive cosmological source evolution allowing
predictions based on the observations by Auger and TA

for a non-negligible fraction of protons in the UHECR flux
redshift evolution of the UHECR luminosity density S(z) oc (1 + 2)™

Cosmogenic flux will depend on source evolution m, z fraction of protons in the UHECR flux

max’

E. Tzamariudaki, August 27, 2026
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KM3NeT instrumented volume increasing (currently ARCA51 & ORCA42)

* CCSN neutrinos

 Atmospheric neutrino oscillations

* Cosmic ray studies

e Astrophysical flux

e Real-time multi-messenger program

e Dark matter studies, BSM physics (not covered here)

1 Point source and diffuse flux results using up to ARCA21 & ORCA18 data

1 Analyses being updated for more recent detector configurations

(J Observation of the UHE event KM3NeT-230213A: a milestone in the search for the
origin of UHE neutrinos — more UHE events are required to identify their sources

E. Tzamariudaki, August 27, 2026
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Astronomical coordinates

north

celestial pole

Earth’s orbital plane

X |
|

\

south
celestial pole
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KM3NeT

Angular resolution Energy resolution
o~ 35_ : — B : ; :
[e)) & R : 5 : 1 = 50F 1
8 E = : = shower class, selected v, CC < 50F E
gl 1] Y SR S e = IEE T shower class, selected V, CC}-- 8 40 KM3NeT ¢ 40r
= S\ S track class, selected v, CC = 3L = 30F
e : : : : H > )
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neutrino energy [GeV] neutrino energy [GeV] neutrino energy [GeV]

Pointing accuracy dominated by
neutrino kinematics

* Direction resolution better than 15° at relevant energies
* Energy resolution: ~ 25%
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Binned likelihood formalism

to identify source candidates datasets are represented by 2D distributions:
e distance of a reconstructed direction to the candidate source location

* reconstructed energy: different spectral indices for signal and atmospheric backgrounds Scra"f‘bl'f‘g the
data in right
BOO= A
z cension
LogL(E) = ) NiLog(B; + £S)) —B; —ES; I &
iEbins/X 2 _-' :
—8 QS\
Actt Z 3 - Background
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