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They have the highest energies
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Gamma-ray energy = Proton energy / 10
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Redshift g | z=0

Note: v sources can be steady-state or transient




td

4
4

Redshift g

-

MeV y

TeV-PeV v
PeV p

Photohadronic or pp interaction
inside the source

“High-energy”

| z=0

Note: v sources can be steady-state or transient

Vv propagation
inside the Earth

v detection




S ED ED GD GD GD GD ED ED GbD Gb G GD GD GD Gb G G» G o,

Today & { Under construction !

«® - ~—7 e ;
immediate %ﬁj 4 Baikal-GVD ~

future -
KMsNeTﬁ\i\‘g 2 S

Schumacher, MB, Agostini, Oikonomou, Resconi, PRD 2025



—= ,
|\ _ s

— |
w

W W aw

di

&

£
73
Z
T~
£
=
O
[}
=
o3
S
=
g
k=
5
=



—_
3
(@)Y

T T T TTTTT T IIIIIII| T T T TTTTT7 T T T T TT7T7T T T T T717T7T1T

E IceCube MESE 11 yr
B J (ICRC 2025, prelim.)

IceCube v-induced cascades 11 yr
(ICRC 2025, prelim.)

IceCube HESE 7.5 yr (SPL, 2021)
IceCube cascades (SPL, 2020)
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Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant
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NGC1068
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Cosmic rays
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Neutrinos
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Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of science /

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120jL61()10 PeV

Inferred neutrino energy: 220351730 PeV

W & £ (Assuming E spectrum)

EﬂSMI[: .. = No known source
CAICHER

Deep satelsoope deect First ultra-high-energy neutrino
detected, waiting since 1969

energy ever recorded
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The three existing
large neutrino
telescopes are

independently
probing the diffuse

flux of TeV—LeV
cosmic V!
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Oikonamant Rescor prb202s  Rate of detected muon tracks relative to IceCube maximum
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Mid 2030s

Schumacher, MB, Agostini, Oikonomou, Resconi, PRD 2025
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@ IceCube-Gen2
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Othonamant Rescor prb202s  Rate of detected muon tracks relative to IceCube maximum



Measuring the diffuse flux precisely
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Steady-state point-source v, + 7, flux at 1 TeV,®g [10713 GeV ! em 257!
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Steady-state point-source v, + 7, flux at 1 TeV,®g [10713 GeV ! em 257!

100

6x1071

4 %1071

3x 1071+

2 x 1071

101

6x 1072

Combined detector exposure [Gton yr]

10 15 27 46 98 388 678
g o g
T = &
=
3 s E
k g B
N S 3
+ S
By 2040:
PLEVM-2 can discover (50)
I a source like NGC-1068
..... INGC 1068 /.2 e .
but half as bright!
<——IceCube 10-yr data release
LA NGC1068./.5. et ——
'~ Neutrino point-source discovery potential (5¢) at declination &
Declination Era
— = IceCube-only
—— 5= 0° (NGC 1068) ~ «= PLEYM-1
===+ PLEVvM-2
Full evolution
2020 2025 2030 2035 2040 2045 2050

Year



Steady-state point-source v, + 7, flux at 1 TeV,®g [10713 GeV ! em 257!
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Steady-state point-source v, + 7, flux at 1 TeV,®g [10713 GeV ' em 257!
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Steady-state point-source v, + 7, flux at 1 TeV,®g [10713 GeV ' em 257!
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PLEVM-1 can detect sources 40% as
bright as NGC 1068

— 2—6 sources detectable

PLEVM-2 can detect sources 10% as
bright as NGC 1068

— 10—40 sources detectable

Demanding only 30 evidence raises
prospects by 50%

(Rates depend on choice of local
source number density)

Schumacher, MB, Agostini, Oikonomou, Resconi, PRD 2025
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Redshift g | z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)
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Redshift g

| z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)
During propagation:
UHECRs deflected by
extragalactic and Galactic Detection:
magnetic fields UHECRs detected
at Earth
At production:
Each source injects é
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TAMBO: the™ Pased Observatory
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>4 KM SHIELDING FROM
BACKGROUND MUONS
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DEEP VALLEY [ Funded: first 100 units (TAMBITO)J

TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU




Trinity
Atmospheric Cherenkov imaging applied to PeV neutrinos

Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)

Trinity: 3 arrays each of 6 mirrors of 10 m?
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Detector placed on a
mountaintop looking
towards the horizon



Trinity
Atmospheric Cherenkov imaging applied to PeV neutrinos

Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)

Trinity: 3 arrays each of 6 mirrors of 10 m?

Trinity Demonstrator:

1.36 m?

Frisko Peak, Utah,
deployed 2023

particle
shower

-
....
-
-
-----
-----
Chae

Detector placed on a
mountaintop looking
towards the horizon
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RNO-G: Radio Neutrino Observatory - Greenland

In construction
35 in-ice radio stations planned

ARA + ARTANNA experience
7

RNO-G

ERT

7 calibration
W Pulser

E Hpol
ﬁ Vpol

Phased Array
i

- Power String

Helper String 1
Helper String 2
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Stations
@ Drilledin 2025

.12 Deployed in 2024
@ Deployed in 2022
Deployed in 2021
® Future Station
"

1 2 3 4

PISC Borehole

étation Operation Facility (SOF)

8 stations operational (Apr - Oct), Wind-power tested

4 additional stations drilled (as of today)




ICECUBE

Cosmic Ray Surface
Array

An air shower array that sits
on top of the optical array

One surface station installed
above each optical string

IceCube-Gen2 Optical
Module

4x the sensitivity of IceCube's
modules

9,600 new optical modules in
total to be deployed in the ice

80 modules on
each string, spaced
17 meters apart

DETECTORS

SURFACE * RADIO * OPTICAL

Antarctic bedrock

4+—— IceCube ——
(1 km)

4———————— |ceCube-Gen2 —8M8M8M )
(5 km)

A&

Shallow
Station

Amundsen=Scott South
Pole Station, Antarctica

A National Science Foundation-
managed research facility

Deep +
Shallow
Station

20m

Below-Ice
Radio Array
361 detector
stations spread
Oover an area
of 500 km?

High-energy

IceCube successor

Askaryan radiation

o

\

Radio array:
> 100 PeV v

~310 stations
~500 km?

J

~100x rate of EeV v

vs. IceCube




GRAND: Giant Radio Array for Neutrino Detection

% F ol
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Large xarray’ Qf«errrfénnas (50-200 MHz)
Detects geomagnetic radio emission from UHE particles

Three prototype arrays running since 2023:
GRANDProto300 e GRAND@Auger ¢ GRAND®@Nancgay

65 éﬁtems,-China 10 antennas, Argentina 5 antennas, France
— e g

First cosmic-ray candidates shown at ICRC 2025 Funded: extension to 300 antennas




HERON: Hybrid Elevated Radio Observatory for Neutrinos

BEACON phased-array stations (low-SNR detection) + GRAND antennas (self-triggering)
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geomagnetic effect:
radio signal

GRAND-type: %
standalone antennas

15 around each station
autonomous & external triggering
reconstruction

BEACON-type: '
phased stations

24 antennas per station
low energy threshold for triggering
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HERON: Hybrid Elevated Radio Observatory for Neutrinos

BEACON phased-array stations (low-SNR detection) + GRAND antennas (self-triggering)

Narrow field of view, high sensitivity:
Phase 1: 24 BEACON stations + 360 GRAND antennas [~ GRAND10k sens. for point sources]
Phase 2: 200 BEACON stations + 3k GRAND antennas [~ GRAND, IC-Gen2 sens. for diffuse flux]

geomagnetic effect:
radio signal

GRAND-type: %
standalone antennas

15 around each station
autonomous & external triggering
reconstruction

BEACON-type: ‘
phased stations

24 antennas per station
low energy threshold for triggering

m’ | Phase 1 funded |
/e

\J



RET: Radar Echo Telescope

Detect the ionization trail made by in-ice high-energy

RET—C\F\R\\é Cosmic-Ray particle showers via active radar sounding

y
- Qh /
g B Today: RET-CR to detect cosmic rays, proof of principle

Future: RET-N to detect neutrinos

]S;;;f:(}:if)rs Z / n Surface Stations Five stations deployed in 2024

Receivers




PBR: POEMMA-Balloon with Radio EUSO-SPB design

(UV fluorescence + Cherenkov),

— | augmented with PUEO-like
POEMMA-Balloon radio antennas

with Radio (P]BR)

Ultra-High-Energy~ R " % High Altitude Horizonthal
Cosmic Rays. . - .- Airshowers: (HAHAs)

(UHECRS) L~ N Opt1cal+Rad10
- UV Fluorescence g L R .

R Cbsmic'Ray's.E > PeV: -

Tau Neutrino
Optical+Radi0

e - Tau Neutrino

Tau Iepton decay

Southern Ocean




All-flavor neutrino flux, E?,CI)VH [GeVem 25 1sr 1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

Valera, MB, Glaser, PRD 2023
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@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E?,CI)VH; [GeVem 25 1sr 1]

IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Ultra-high energy range
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T Heinze et al., fit to Auger UHECRs
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs
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T Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs
@ IceCube vy (9.5 yr) extrapolated Rodrigues et al., all AGN

T Heinze et al., fit to Auger UHECRs
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Valera, MB, Glaser, PRD 2023

Neutrino energy, E, [GeV]

T Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs

Rodrigues et al., all AGN

Valera, MB, Glaser, PRD 2023

Neutrino energy, E, [GeV]
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@ IceCube HESE (7.5 yr) extrapolated

@ IceCube vy, (9.5 yr) extrapolated

Heinze et al., fit to Auger UHECRs

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN
QRodrigues etal., all AGN

Rodrigues et al., HL BL Lacs

@ Fang & Murase, cosmic-ray reservoirs
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@ IceCube HESE (7.5 yr) extrapolated

@ IceCube vy, (9.5 yr) extrapolated

Heinze et al., fit to Auger UHECRs

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN
QRodrigues etal., all AGN

Rodrigues et al., HL BL Lacs

@Fang et al., newborn pulsars

@ Fang & Murase, cosmic-ray reservoirs
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Valera, MB, Glaser, PRD 2023
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs

@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN © Fang & Murase, cosmic-ray reservoirs
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN @Fang et al., newborn pulsars
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs

@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN € Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN @Fang et al., newborn pulsars
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs

IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN Fang & Murase, cosmic-ray reservoirs Muzio et al., maximum extra p component
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ICeC ube IIESE 7.5 yr extrap()lated
( )
ICeClee vy (9.5 y r) extr ap()lated

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Rodrigues et al., HL BL Lacs

e Fang & Murase, cosmic-ray reservoirs

@ Padovani et al., BL Lacs

i) Muzio et al., maximum extra p component

Valera, MB, Glaser, PRD 2023
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs

IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN Fang & Murase, cosmic-ray reservoirs Muzio et al., maximum extra p component
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs

—_— € IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN @ Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component
T Heinze et al., fit to Auger UHECRs QRodrigues etal., all AGN QFang et al., newborn pulsars ® Muzio et al., fit to Auger & IceCube
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Open questions that call for cooperation

What rate of transient v sources is IceCube + KM3NeT + Baikal-GVD sensitive to?
[How about the future global neutrino network, a la PLEvUM?]

What are the dominant steady-state sources of high-energy neutrinos?
[Are they Seyferts, like NGC 1068?]

What e.m. observations would help find or understand neutrino sources?

[Do we need new instruments or are the ones we have enough?|

Are the sources of TeV-PeV neutrinos also the sources of UHECRSs?

[What UHECR and neutrino detection rate and precision would we need to test this?]

What are the diffuse flux and sources of ultra-high-energy neutrinos (> 100 PeV)?
[What do we learn from this?]

Is there new physics to be discovered in TeV-EeV neutrinos?

[Modified neutrino oscillations? New neutrino interactions? Dark matter? Broken symmetries?]



Thank you!
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Near the South Pole

IceCube Lab
S =SmE —— lceTop Volume ~ 1 km?, 1.5-2.5 km deep
e _-:.'_::—.___...-_ = / 81 Stations . .
S0m - e 324 opticel Bansare Completed in 2011 (86 strings)
Discovered PeV v in 2013
| IlceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array

1450 m (precursor to lceCube)

-.I /
Eiffel Tower
324 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

2450 m

2820 m

Karen Andeen, Matthias Plum, IceCube



Astroparticle Research Mediterranean Sea
[3.5 km deep, Sicily, running since 2015]
Final configuration: > 1 km?, 230 strings, 4100+ optical modules ® Today: 51 strings
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Oscillation Research with Cosmics in the Abyss
2.5 km deep, Toulon, running since 2017
Final configuration: 1 km? 115 strings, 2070 optical modules ¢ Today: 28 strings




. . T b B
In Lake Baikal, Russia N 2 VN e T & 2016

B nil_ g b s i alilley
- 6 |l " 2, 2017
om = alie -
Long-running succession of @ 2018
neutrino telescopes (since 1995) a5 2019
6 (1, 2020
Depths up to ~1.4 km @ 2o
: 5) @ 2022
Array of clusters of 8 strings -
750 m a1z 2023
. (3B 2024
Today: f @ 2025
~0.7 km?3, 14 clusters, 4212 OMs ! 000
1275 m & ama L3ser
1366 m == station
o0
Final configuration (in ~3 yr): Ostankino

~1 km?, 90 strings, 6000+ OMs 540 m



Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid /no redshift evolution)

Closest source with £ ¢VM+,7M = 107Y GeVem ?s7 !

effective local density peg [Gpc_?’]

Ackermann, MB ef al,, Astro2020 Survey (1903.04333) — See also: Silvestri & Barwick, PRD?2010; Murase & Waxman, PRD 2016
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Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis
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Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan
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N Shower Front

S

» Time-varying negative-charge ~20% excess

» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries




Precision in flavor




Astrophysical sources Earth
| Up to a few Gpc \

l
Eg.,

Oscillations change the number
T .
of v of each flavor, ., N, /.
Ditferent production mechanisms yield different flavor ratios:
(fe,s, lﬁ,s, ﬁ,s) = (jVe,s, M,s, M,S)/ Niot

Flavor ratios at Earth (o = ¢, 1, 1):

foz,@ — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc

Eg., Eg,
Oscillations change the number
of v of each flavor, ., N, /.

Ditferent production mechanisms yield different flavor ratios:
(fe,s, lﬂ,s, ﬁ,s) = (jVe,s, M,s, M,S)/ Not

: - . O
Flavor ratios at Eartm, 7): S eaaTimions,
Ja® = Z PVB—H/& fﬁ,S i ol

new physics
B=e,u,T T T

l




Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Volume [km?]

Mixing parameter
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Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Theoretically palatable regions: 2020 — 2040
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Neutrinos from the
Milky Way



Neutrinos from the Galaxy

1 Vitagliano, Tamborra, Raffelt, RMP 2019
10 |||||I'I'|'| T |||||I'I'| |||||I'I'|'| |l||||'|'|'| |||||I'I'I'| ||||||'|'|'| |||||||'I| ||||||§
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See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy

Vitagliano, Tamborra, Raffelt, RMP 2019

107" g T I |
: |
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no 107
o Search for >10-TeV
€ 10® astrophysical v
>
8 10-6 » Use muon tracks
= » Pointing accuracy: ~1°
U 107 » Atm. bg. is mostly v,
"I" » Self-veto screens for
- *I—‘ atm. muons to cut v bg.
:[4
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107" 10° 10" 102 10® 10* 10° 10° 107
Energy E [GeV]

See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy

Vitagliano, Tamborra, Raffelt, RMP 2019

107!

‘ P T — Ty ;
b 8 ° 3 I
o
* ° 8 ¢ : o 10_2
o ' py % —) .\
¢ @ o
. 2 f
Q7 Vut+Vy
Search for TeV Q" Search for >10-TeV
astrophysical v~ & E 10 i astrophysical v
o) AR
» But GP v are TeV S E 10-6 e » Use muon tracks
» Use cascades o = 1 » Pointing accuracy: ~1°
» Atm. v, bg. 10X lower ENU.I 107 5 » Atm. bg. is mostly v,
1105 Q

> Bg.-to-s1gpal. 108-.1 g "I" » Self-veto screens for
> Deep learning retains 5 8 *I—< atm. muons to cut v bg.

20 times more events, % 10 :[

2 X better angular res.

§ 10~ Lol v v vl bl

107" 10° 10" 102 10® 10* 10° 10° 107
Energy E [GeV]

See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting

Divide the Galactic Plane into 3 generic segments

™ [other segmentation schemes, too (e.., 2, 6)]

3 Segment$

Same cascade sample as 2023 discovery

\Oh Same unbinned maximum likelihood
/ ... but now segmented

In each segment: single power law

Fit flux normalization and spectral index

+8° width in Galactic latitude Note: No systematics yet
-40° < Galactic longitude < 40°




Neutrinos from the Galaxy: IceCube RS 20251150 « TolJuly 21

Improvements without template fitting

75°

3 Segments

Inner galaxy

Outer galaxy
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Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting

75°

Inner galaxy Outer galaxy
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Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting
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Constraints from the gamma-ray background

Murase, Ahlers, Lacki, PRD?2013

» Production via pp: v and gamma-ray
spectra follow the CR spectrum £*

HH HESE (3yr)
arXiv:1410.1749
HEH HH  Fermi IGRB (2014)

» Gamma-ray interactions on the CMB

make them pile up at GeV ::‘a 0=
» Fermi gamma-ray background is not 'E

exceeded only if I' < 2.2 S 10-¢
%

» But IceCube found I' = 2.5-2.7

pp scenario

10§ '
SFR evolution

» Therefore, production via ppis distavored
between 10-100 TeV

1073 1072




Diffuse v flux:
beyond the power law



V. Basu, A. Balagopal, A. Karle,

Diffuse TeV-PeV v flux: IceCube PoS(ICRC2025)985

1 — New all-flavor flux measurement at 1 TeV-10 PeV

i Preferred over SPL at... : 106 :
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i 42 o 7
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n n :
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O (© L
= spectrum e [
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o ~ o i
N> N>
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II‘
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Diffuse TeV-PeV v flux: IceCube

2 — New measurement using cascades at > 10 TeV

ey
T —*— Cascade 11 year (this work)

240 -#-- Cascade 6 year, PRL 125 (2020) 121104
— 2

| - Starting Tracks 10.3 year, PRD 110 (2024) 022001

) —&- Northern Sky Tracks 9.5 year, ApJ 928 (2022) 50
CT 351 —-¥- Inelasticity 5 year, PRD 99 (2019) 032004

E - » - HESE 7.5 year, PRD 104 (2021) 022002

O - MESE 11.4 year, Vedant Basu (2025), PhD Thesis
70 © - Combined Fit 11 year, PoS(ICRC2023) 1064

o ETE

<5) %

& I —— -

o0 26 ' .

|—|1 .

-]

— K >

~— 201 \

5 ‘,

% i ;,‘,./ o
(s} e

g 151 .

8 o R

ol A A e

1‘ é’é [ceCube Preliminary

K1 1.0 1 68% Confidence Intervals

2.2 24 2.6 2.8 3.0

Z. Chen, Z. Zhang, ]. Kiryluk (for IceCube)
PoS(ICRC2025)1011
11 yr of cascade data 11118

Cascades (v,, v, U;) and double cascédes (vr)

Background to double-cascade search:
v, charged-current cascades
L., U,, Ur neutral-current cascades
v, starting tracks

Extra cuts to find double cascades (+ self-veto):

total energy > 10*> GeV
inter-cascade length > 10 m

energy asymmetry

Produce v.-enriched sample with 90% v. purity
(Great for flavor measurements, see later)




Z. Chen, Z. Zhang, ]. Kiryluk (for IceCube)

Diffuse TeV-PeV v flux: IceCube PoS(ICRC2025)1011

2 — New measurement using cascades at > 10 TeV

| Cascade 11 year (this work) 11 yr of cascade data : 4 4 !

2 2h -#-- Cascade 6 year, PRL 125 (2020) 121104 R R

| ~4 Starting Tracks 10.3 year, PRD 110 (2024) 022001 '

7 —&- Northern Sky Tracks 9.5 year, ApJ 928 (2022) 50 Cascades (Uel Uy, UT) and double cascades (UT)
CT 35 -¥- Inelasticity 5 year, PRD 99 (2019) 032004

E - » - HESE 7.5 year, PRD 104 (2021) 022002 / \

O - MESE 11.4 year, Vedant Basu (2025), PhD Thesis ) .
T e - Combined Fit 11 year, PoS(ICRC2023) 1064 Single-power-law (SPL) fit to data,
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= agrees with previous results
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Discovery (50) of a steady-state point source

Neutrino point-source discovery potential (5¢7) ] PLEUM-1: IceCube + Baikal-GVD + KM3NeT + P-ONE

IceCube (IC) 14 yr (est.) ==-= IC14yr + PLEYM-210 yr .

KM3NeT 10 yr —-- 1C1ayr+PLEsM310yr L LEUM-2: IceCube-Gen2 + Baikal-GVD + KM3NeT + P-ONE
e i PLEvM-3: PLEvLM-2 + HUNT + TRIDENT +NEON

For a soft-spectrum source (e.g., NGC 1068)

10-13 Assumed v spectrum: &g - (E, /1 TeV) 32
r T T T T T T |

- Using muon tracks

| NGC 1068

| NGC 1068 / 2

vy + 7y, flux at 1 TeV, @y [GeV 1 em™2s71]
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Source declination, sin(J)




Discovery (50) of a steady-state point source

Il\TeCut;ingCI;jTt-source discovery potential 50)  PLEUM-1: IceCube + Baikal-GVD + KM3NeT + P-ONE
et e a1 PLEUM-2: TceCube-Gen2 + Baikal-GVD + KM3NeT + P-ONE
e e PLEVM-3: PLEUM-2 + HUNT + TRIDENT +NEON
For a soft-spectrum source (e.g., NGC 1068) For a hard-spectrum source (e.g., TXS 0506+056)
10-13 As;sumecli v spectrum: Dy - |<EV/ 1I TeV)I_‘Q’-2 Aslsumeld v splectrurfl: D -l (B 1I TeV)I_2
- Using muon tracks i | Using muon tracks

| NGC 1068 TXS 05064056 x 5

| NGC 1068 / 2

NGC 1068 / 5

vy + 7y, flux at 1 TeV, @y [GeV 1 em™2s71]
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How many more sources?

Local source number density
(Star-formation rate at z > 0)

. . . — —-10 -3 — —6 -3
Redshift evolution of number density 10~ Mpc 107° Mpc

. —— —11 -3 — -7 -3
of sources follows star-formation rate - i W hips
e W< | o <l L -
= racuon T \ YT E
All sources have identical luminosity Q o of diffuseflux| = @ @B <
= o |5 gfgE T
0 = . —J g ZiEze ]
PLEVM-1 can detect sources 40% as 5 107¢ 2 PR
bright as NGC 1068 = i . W38 ]
— 2—6 sources S i : ]
g 108 2__ ------- = ‘x\ 3
PLEVM-2 can detect sources 10% as ) ——— RN\ IS L
bright as NGC 1068 £ R\
= 1L LS
— 10—40 sources = £
C 1 Q ]
: . : S 1) 5 B N
Demanding only 3o evidence raises S E Onesowrceexpected 4L AEN PG
rospects by 50% g 107t e T
p p y 'g 1020 1018 1016 1014
3 _ 1
Z vy + 7y flux at 1 TeV, @y [GeV ! em

Schumacher, MB, Agostini, Oikonomou, Resconi, PRD 2025



KM3Nel
UHE neutrino



KM3NeT vs. IceCube & Auger

Diffuse flux of high-energy
astrophysical v

1076 ;
1] e Upper limits
IceCube TeV-PeV v Upper limits on UHE v
o
L 107 3]
m ] \eae “““
— 1 el ot
| | I' ......... i ANTARES (29_2_?.) ....... \Ce‘c:j """"" = @07'7'\
‘T‘ 10—8 . “&— ------------- I ‘....... “““‘::‘_‘_ """"""""" POQQ(
g ] e—_— IceCube fits
> — + —— NST (2022)
O 1073 = —— HESE (2021)
_;: ] —}— Glashow (2021)
“:'es SPL 68% NST (2022)
8, 107 SPL 68% HESE (2021)
10_11 * » ol aliade? . * R * ’ L S . . R A - ” LIS B % e N ¥ ¥ e o R
1 0y 10° 10° 107 108 ifog 1010 10

Neutrino energy [GeV]

KM3NeT Collab., arXiv:2502.08173 (adapted)
KMB3NeT Collab. Nature 638, 376 (2025)



KM3NeT vs. IceCube & Auger

UHE v flux inferred from KM3NeT event Flux is above upper limits!
when considered by itself
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KM3NeT vs. IceCube & Auger

UHE v flux inferred from KM3NeT event Flux is above upper limits!
when considered by itself
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KM3NeT vs. IceCube & Auger

non-observation by IceCube & Auger

UHE v flux inferred when considering \
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Muzio, Yuan, Lu, arXiv:2502.06944

Joint neutrino + cosmic-ray interpretation

Joint fit to IceCube and KM3NeT v data + Auger UHECR data
(Assuming 100 PeV for KM3-230213A)
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Pushing v physics
to the COSMIC frontier



Fundamental physics with high-energy cosmic neutrinos

Numerous new v physics effects grow as ~x, - E" - L

If BSM eftects are comparable in size to SM effects, then we can probe
ENT"( L\
n~ 1071 [ —— | PevV'™"
" ( PeV > ( Gpc > :

With 1-PeV v: k, ~ 10* PeV~! With 100-PeV v: k, ~ 10°! PeV™!
- =

Orders-of-magnitude improvement




Fundamental physics with high-energy cosmic neutrinos

E.g.,

n =-1: neutrino decay

n =0: CPT-odd Lorentz violation

n =+1: CPT-even Lorentz violation

Numerous new v physics effects grow as ~x, - E" - L }

If BSM eftects are comparable in size to SM effects, then we can probe
ENT"( L\
n~ 1071 [ —— | PevV'™"
" ( PeV > ( Gpc ) :

With 1-PeV v: k, ~ 10* PeV~! With 100-PeV v: k, ~ 10°! PeV™!
- =

Orders-of-magnitude improvement
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(Acts at production)
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

V‘—: ea \*H
DM annihilation,

DM decay.

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation: Standard expectation:

Power-law energy spectrum Q eci&‘\) Isotropy (for diffuse flux)
4
S (Acts during propagation)
&
~

Heavy relics
DM annihilation,

- DM decay,

Monopoles

(Acts at detection)

Standard expectation:
v and v from transients arrive
simultaneously

Standard expectation:
Equal number of v,, v, V.

Note: Not an exhaustive list



Standard expectation: \“ﬂ P
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Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
Equal number of v,, v, V.



Standard expectation:
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Standard expectation:
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Standard expectation:
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Standard expectation:
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simultaneously

Standard expectation:
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More: PoS ICRC2019 (1907.08690)

N ote: N ot an EXhauStiZ)e l lSt Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent



Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)m Isotropy (for diffuse flux)
2

3
&

o N

E}c? / ///

o [/
4 )

Reviews:

Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Standard expectation:
v and v from transients arrive
simultaneously

Standard expectation:
Equal number of v,, v, V.

More: PoS ICRC2019 (1907.08690)
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent
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