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• from discovery to astronomy: there is a lot happening

• the high-energy neutrino sky and the discovery of the first neutrino sources

• KM3NeT: a 220 PeV neutrino!

• neutrino physics at PeV energy



10,000 times too small to 

do neutrino astronomy…



1 km3 of Antarctic ice

 instrumented with 5160 PMT 

(10inch) below 1450m







• upgoing muon

• produced by 8,700 TeV neutrino

• 2,600 TeV deposited energy

• not atmospheric

• reconstructed < 0.3 degree

• astronomy



• from discovery to astronomy and neutrino physics: rapid progress !

~ 1 km3

≧ 10 km3

• evidence for cosmic

     neutrinos

• EeV detectors 

IceCubeUpgrade
IceCube-Gen2, 10 km3

• megaton GeV detectors: IceCube Upgrade, ORCA, HUNT



NUFACT 2025

• KM3NeT ORCA

• IceCube Upgrade

    (December 2025)

• interesting 

complimentarities 

with JUNO



in the extreme energy universe neutrinos are unique astronomical messengers

energy in photons in the Universe as a function of their frequency

neutrinos

     [TeV-PeV]

CGB

cosmic rays

 + EBL → e+ + e-





the opaque extreme Universe:

p

e+

e- + EBL → e+ + e-

• TeV~ PeV photons interact with extragalactic 

background light (CMB and higher energy 

background photons) before reaching our telescopes

• their energy is reprocessed into lower energy

photons





cosmic ray challenge

both the energy of the 

particles and the total 

luminosity of the 

accelerators are large

  

gravitational energy from 

collapsing object

is converted into

particle acceleration?



nearby
radiation

supermassive

black hole

→ p + 0

p +  → n + +

 

 and  beams : heaven and earth cosmic accelerators powered by gravity



cosmic accelerators:

protons accelerated near

a black hole are

submersed in 

a target of radiation

and produce pions

neutrino sources track

cosmic ray accelerators
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10 msec movie of

IceCube taking data

muons detected per year

• cosmic ray muons ~ 1011

  (3000 per second)

• atmospheric neutrinos ~ 105

 

  (1 every 5 minutes)

• cosmic neutrinos            ~ 200
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


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muon neutrino events

[filtered by the Earth]:

atmospheric vs 

cosmic

Number of Events

Data/MC

cosmic

atmospheric



Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

Flux == dN/dE ~  E-2.5



(throughgoing muon)

(recoil nucleus)

(electron or tau shower)

other neutrino flavors
8.7 PeV muon neutrino

PeV electron neutrino



superior total energy

measurement

 to 10%, all flavors, all sky

neutrinos interacting

inside the detector

superior angular resolution < 0.3o

including systematics

muon neutrinos

filtered by the Earth





structure emerging in the neutrino spectrum?



in the extreme universe the energy in neutrinos (and 0 gamma rays)

is larger than the energy in GeV gamma rays observed by Fermi

energy density in the Universe as a function of frequency

→   neutrinos
Fermi NASA gamma-

ray satellite



where is the 

neutrino Galactic 

plane?

visible

166 neutrino

starting events
by geometry the flux 

from your own 

Galaxy should 

dominate

the diffuse flux from 

all other galaxies 

combined!



two surprises:

• the large neutrino and associated gamma ray flux

• the Milky Way is not a dominant feature in the 

neutrino sky (powerful accelerators produce 

neutrinos in other galaxies that do not exist in our 

own)
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the first cosmic accelerator

 in the IceCube neutrino skymap:

the active galaxy NGC 1068 

neutrinos originate in the dense core within ~ 10 Schwartzschild radii of the 

supermassive black hole



~200 cosmic neutrinos

one year of IceCube neutrinos >100 GeV

 (reaches neutrino purity of 97% but overwhelmingly atmospheric)



• maximize the (model 

agnostic) likelihood L 

at each point in the 

sky

• usually, add energy 
term to the signal 

likelihood S



-0.01°

40.67°

Grid 0.03° x 0.03°

• most significant of 110 preselected sources
• leading hotspot in the neutrino sky

Equatorial Coordinate System

at the NGC1068 location

➡ astrophysical neutrino events = 79  

➡ spectral index = 3.2 ± 0.2

➡ single source significance 5.2

➡ (offset 0.110) 
➡ 1 in 100,000 scrambled data sets have object ≥ 5.2σ = 4.2σ

➡ p-value <10-5 including all trials

NGC 1068



80 high-energy neutrinos

from the direction of the

active galaxy NGC 1068

update:

80→100 

neutrinos

10→13

years

10 years



NGC 1068

comes 

into focus

0.35 deg        →         0.1 deg        →          0.04 deg         



• target: the neutrinos are produced 

in the optically thick core of 

plasma emitting X-rays (corona) 

and dense clouds of hydrogen 

(protons)

• accelerator(s): electrons and

    protons are accelerated in the

    turbulent magnetic fields

    associated with the accretion disk,

    in the infall onto the black hole,…



NGC 1068: an obscured cosmic accelerator 

Fermi-
LAT

MAGIC

(2) K. Murase et al., PRL’20

(1) Y. Inoue et al., 
ApJL’20

where are the

0 gamma rays ?

a gamma ray for every neutrino?



number of target X-rays

NGC 1068 core: large optical depth of  protons (and 0 gamma rays) in X-ray corona

R

neutrinos originate within R =10~102 Schwarzschild radii from the BH

optical depth  = cross section x target density

2411.14598 [astro-ph.HE]

size of the target

https://arxiv.org/abs/2411.14598


the neutrinos escape

the gamma rays do not

… like at Fermilab

gamma rays lose energy

to appear below Fermi’s

threshold

neutrinos produced at

10 Schwartzschild radii

from the black hole

supermassive black hole immersed

in X-ray emitting plasma (corona)



sub-leading sources from binomial analysis

(also the 3 top sources)

now 3.4 p-value



TXS 0506+056 detected in 2017
• multimessenger
• IceCube archival data
• observation of optical flash 

2hours after IC170922
• associates the neutrino with
      the source at the 50 level



→ 2022 Evidence for Neutrino Emission from NGC 1068 

     Binomial analysis TXS 0506 and PKS 1420

The emergence of a new class of sources: high X-ray active galaxies

→2024: IceCube Search for Neutrino Emission from X-ray Bright Seyfert Galaxies

              Northern sky NGC 4151 and CGCG 420-015

     arXiv:2406.07601

→2024 Search for neutrino emission from hard X-ray AGN with IceCube

  NGC 4151

    arXiv:2406.06684

→2024 Starting event search for  Seyfert galaxies

    TeVPA 2024

Circinus

→2024 Binomial excess from 12 X-ray bright Seyferts (update) TeVPA 2024



more sources …

• two brightest active 

galaxies discovered 

by Seyfert in 1943



(Emma Kun et al., Neronov et al.)

• hint from NGC 1068

• is there a correlation between 

the X-ray and neutrino flux ?



sub-leading sources from binomial analysis

(also the 3 top sources)

now 3.4 p-value



2 alerts!

binomial test of X-ray bright (non-jetted) active galaxies 



Binomial test of non-jetted sources



the Shapley cluster of superclusters

clusters of superclusters

• neutrinos produced in individual 

active galaxies

• higher energy cosmic rays 
produced over the larger 

complex à la Hillas

• neutrino fluxes lower because of 

low target densities of larger 

scales
• need the next-generation 

detectors

solution to the extragalactic cosmic ray problem?



neutrinos from the Galactic plane !



||||||||||

Fermi-LAT 12-year Survey, E > 1 GeV

2 years of data
  Galactic Plane p-value: 65%

7 years of data
  Galactic Plane p-value: 2.1% (2𝝈)

Science 380 (2023) 1338

2017 paper 2019 paper

•   Deep learning improved
   resolution by 2, sensitivity by 3

•  13 years of data Galactic Plane:
        5.7𝝈 post trial (Lepton-Photon
        2025, Madison)



27/09/2025 M. Rameez 47



Milky Way viewed in
neutrinos
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techniques mature (and improving) and agree on the muon neutrino spectrum



5118 Jun 2024

Uncharted Territory: E = 220 PeV



• Expected atmospheric muon contamination @ 100 PeV: << 10-10 event/year within 2σ reconstructed direction 

• Expected rate of atmospheric neutrinos >100 PeV: << (1-5) x 10-5 event/year





common fit of KM3NeT event

and IceCube events

(Lu Lu, Lepton-Photon 2025, Madison)



icecube.wisc.edu

neutrino astronomy 2025

• it exists

• more neutrinos, better 

neutrinos, more telescopes

• closing in on cosmic ray 

sources a century after

    their discovery
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tau decay length:

c = 50m per PeV

tau neutrino production and decay



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime



• (e) = () at the source oscillates to (e) = () at Earth

• high energy (~ PeV) nutau neutrinos are of cosmic origin: 7 events consistent with 

starting events 

(medium energy)
machine learning

PMT signals



one million atmospheric neutrinos:

• threshold 100 TeV → 5 GeV

•  > 2 megaton detector

• near 25 GeV energy nearly all muon 

neutrinos reappear as tau neutrinos. 

We measure both!

IceCube veto: less background than SNOLAB

DeepCore



NUFACT 2025

KM3NeT ORCA

and

IceCubeUpgrade

soon





also dark matter, BSM physics, supernova watch,…glaciology





...)(2222 += n

QGM

E
EmpE

• quantized space: quantum

    fluctuations of space-time when

    geometry is activated

• oscillations as interferometer sensing

    quantum fluctuations

• the effects are small but become

    observable for high energies and long

    distances
 ,

so far standard oscillations prevail

with no evidence for decoherence 

even after probing MQG > MPlanck

[2308.00105 [hep-ex]]

https://arxiv.org/abs/2308.00105
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• it exists

• more neutrinos, better 

neutrinos, more telescopes

• closing in on cosmic ray 

sources a century after

    their discovery

• Galactic PeVatrons
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Astrophysical Tau Neutrino Search  

→ Standard Model: 8 expected on a background of 1 and 7 found for a flavor ratio 1:1:1



• MAGIC, HESS and VERITAS: no TeV gamma rays at the time the neutrino

     was produced

• MAGIC: onset of the TeV flux 5 days after IC170922

• confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours

     after the neutrino

gamma rays in 2017 at the time the neutrino is produced ?
a few ~10 GeV photons and not much else, consistent with 

an obscured source, not a blazar



MASTER
robotic network

optical observations

TXS 0506+056
since 2005

blue panels:
expanded time axis

years → seconds

seconds after

2014-15 burst

seconds after

IC170922

time variation of flux

times
signal-to-noise

hour-scale

variability of the

source after

neutrino emission



→ p + 0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth

p +  → n + +

~ cosmic ray + neutrino 

 and  beams : heaven and earth where are the gamma

rays from 0 ?

pionic gamma rays

lose energy in the

target that produces

the neutrinos



p +   → p + 0

~ cosmic ray + gamma

p +  → n + +

~ cosmic ray + neutrino 

 and  beams : protons on target

• pionic gamma rays are absorbed in the target 

that produces the neutrinos

• optical depth  = cross section x target density

R



?

opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

terra incognita:

only revealed by

neutrinos
 

 

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:

neutrinos and cosmic rays

Universe beyond our Galaxy is opaque to gamma rays



p



neutrinos:  perfect messengers

e+

e-

• electrically neutral

• massless (in this talk) 

• like a photon but weakly interacting

• track cosmic ray sources

• … but difficult to detect





• gamma rays from 

neutral pions lose 

energy in the 

sources

• they emerge below 

Fermi threshold

2205.03740 [astro-ph.HE]

o photons

https://arxiv.org/abs/2205.03740


→ crash program to upgrade the performance of IceCube

• improved detector geometry

• each photomultiplier calibrated individually

• improved characterization of the optics of the ice

• improved muon angular resolution and

     energy reconstruction using machine learning

• point spread function consistent with simulation or,

    we were partially blind

• …

 → applied to 10 years of archival data (pass 2), data unblinded, 

            result …
   



are not sources

of neutrinos





NASA Fermi satellite

does not observe the

gamma rays that

accompany IceCube

neutrinos

they appear at MeV

energies or below



NASA Fermi satellite

does not observe the

gamma rays that

accompany IceCube

neutrinos

they appear at MeV

energies or below



• ultra-transparent ice below 1.35 km

• absorption length: 100 ~ 250+ m

“In summary, this is a detector that requires a number of    

happy accidents to make it feasible. But if these should 

come to pass, it may provide the least expensive route to 

a truly large neutrino telescope. Exploratory studies may

begin at the South Pole Station within the next few years”
First Venice Meeting on Neutrino Telescopes.



IceCube:
5160 10-inch photomultipliers,

60 per string on 86 strings,

instrument one km3 of

Antarctic ice between

1.4 and 2.4 km depth
  as a Cherenkov detector 







strings of

optical

sensors

a muon speeds through

the ice leaving a trail of

blue light which reveals

its direction and the dir-

rection of the neutrino



• maximize the (model 

agnostic) likelihood L 

at each point in the 

sky

• usually, add energy 
term to the signal 

likelihood S



in the extreme universe the energy in neutrinos is larger than the energy in

 gamma rays observed in the GeV energy range 

energy in the Universe as a function of color of the light

→   neutrinos
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