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Astrophysical neutrino spectra

Astrophysical 
neutrinos-
challenge of 
small 
cross-section 
AND low 
fluxes





Neutrino mass ordering

KM3Net and JUNO Collaborations arXiv/2108.06293



Neutrinos – messengers from cosmic-ray 
acceleration sites
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• Astronomy with VHE 
photons is restricted 
to a few Mpc

Neutrinos complement gamma rays

• Neutrinos are a 
definitive signature of 
hadronic acceleration



Cherenkov neutrino telescopes

Detect the Cherenkov
light from the 
charged products of 
neutrino interactions



Neutrino telescope network



Neutrino telescope network

KM3NeT ARCA/ORCA
Astrophysics/Oscillation Research 
with Cosmics in the Abyss
ARCA 3.5km depth, Sicily
Large sparse grid, 1-2 strings 
operational
Goal: 2 X 115 strings 2026
ORCA 2.5km depth, Toulon
Small dense grid,6 strings 
operational
Goal: 115 strings 2024

Baikal-GVD

900 modules 
on 12 strings

Decommissioned in 2022



Neutrino telescope network - future



Neutrino telescope network - future

P-One

TRIDENT

70 strings ~3 km3



Neutrino telescope network - future

TRIDENT

1200 string 7.5 km3



IceCube Neutrino Observatory
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Neutrino signatures

Track Shower or cascade Double Bang
(Data) (Data) (Simulation)

factor of ≈ 2 
energy resolution

(in Eμ rather than Eν )
< 1° angular resolution

15% deposited energy resolution
angular resolution 
ice: 10° for >100 TeV
Antares / KM3NeT: 4° / 2° @10 TeV
Baikal 3°-3.5° @100 TeV

CC Muon neutrinos NC all neutrino flavours ~PeV Tau neutrinos
CC Electron and Tau neutrinos 



Backgrounds
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Background removal strategies
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• Select cascade events to reject muon events
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• Select upward going events 
to reject muon events
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Background removal strategies
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• Select cascade events to reject muon events

• Select upward going events to reject muon 
events

• Use the outer part of the 
detector to reject muon events 
and select “starting events”

• Use the different spectral slopes 
to discriminate atmospheric 
and astrophysical neutrinos Log(Energy)

Lo
g(

Fl
ux

) ~E-3.7
atmospheric

~E-2

astrophysical



IceCube milestones



First astrophysical neutrinos detected…



Upward-going muon search
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Now 10 years of 
observations
8 year      6.7 σ
~500 astrophys neutrinos



Diffuse astrophysical neutrino spectrum

Inconsistent with pure 𝜐𝜐atm > 5 σ (> 3 σ, > 1.8 σ) 
by IceCube (GVD, ANTARES)



ANTARES and GVD results consistent with IceCube

GVD collaboration arXiv 2211.09447.pdf 



ANTARES and GVD results consistent with IceCube

GVD collaboration arXiv 2211.09447.pdf 



Energy in gamma rays, cosmic rays and neutrinos
Ahlers & Halzen arXiv1805.11112
Progress in Particle and Nuclear Physics
Vol. 102, 17.05.2018



IceCube milestones



AGN Taxonomy

Theo Glauch PhD thesis

Different classes related to: 
- Jetted or non-jetted
- Line of sight orientation

NLR Narrow Line Region

BLR Broad Line Region
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IceCube neutrino source detections

TXS0506+056 NGC 1068 or M77

Non-jetted AGN with obscured 
black hole

Steady state emission

z = 0.00381    47 million light years

Blazar – AGN with relativistic jets 
orientated towards line of sight

Transient emission

z = 0.3365    5.7 billion light years



Two papers in
Science  (2018)
Vol. 361, Issue 6398
Describing neutrinos 
detected from the 
direction of the  
blazar TXS0506+056

TXS0506+056
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• IceCube issued an alert on September 22nd, 2017

IceCube-170922A and TXS 0506+056



• IceCube issued an alert on September 22nd, 2017
• Follow up observations by ANTARES, HESS, Fermi-LAT,

Swift, AGULE, MAGIC, HAWC, VERITAS…

IceCube-170922A and TXS 0506+056

• TXS 0506+056 flaring at the time of neutrino observation
• Archival search of IceCube neutrino data found neutrino burst 

in 2014



Neutrinos compared with Fermi gamma rays
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Neutrinos compared with MASTER optical
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The robotic optical telescope MASTER network has been monitoring the
source since 2005 and found the strongest time variation of the source over a
period of two hours after the emission of IC170922, with a second variation
following the 2014-15 burst



TXS0506+056 neutrino source

• Flaring source; the fact that the source state is 
special is argued by noting that there are many 
closer blazars without observed neutrino emission
• A subset of blazars, around 1 -10% of all blazars, 
bursting once in 10 years at the levels of TXS 
0506+056, can accommodate the diffuse cosmic 
neutrino flux.
• A source which is transparent to gamma rays is 
unlikely to host the material necessary to produce 
neutrinos –some evidence for neutrino emission 
during gamma-ray suppressed state 
(arXiv2009.09792)

Halzen and Kheiransdish arXiv:2202.00694



NGC1068



Search for excess over background

• 670 000 neutrino events
• Pixels in the sky evaluated for source significance



Search for excess over background

• Need good reconstruction of directions and 
energies
• Need good models for how directions and energies 
differ between signal and background



Sky scan and source search

…



Evidence for neutrino emission from NGC1068

Global significance 4.2 σ



NGC1068 Neutrino spectrum

Main contribution to the excess from 1.5 TeV to 15TeV



Models for neutrino emission from NGC1068

K. Murase et al PRL 20, arXiv:1904.04226v2

Starburst activity, 
outflows and Compton-
thick nucleus

Neutrino emission factor 
higher than gamma-ray 
suggests from optically-
thick environment

X-ray photons generated 
through photon 
Comptonization from the 
accretion disk in the 
corona, the hot plasma 
above the disk, providing 
the conditions for the 
production of neutrinos 
and absorption of 
gamma rays. 



Sources and the diffuse flux



IceCube neutrino limits on LHAASO sources
“Searches for Neutrinos from LHAASO ultra-high-energy γ-ray sources using 
the IceCube Neutrino Observatory,” The IceCube Collaboration: R. Abbasi 
et al. Submitted to The Astrophysical Journal 
Letters. arxiv.org/abs/2211.14184

https://arxiv.org/abs/2211.14184


LHAASO Galactic Sources

Nature 594, 30-31 (2021)



IceCube neutrino limits on LHAASO sources
“Searches for Neutrinos from LHAASO ultra-high-energy γ-ray sources using 
the IceCube Neutrino Observatory,” The IceCube Collaboration: R. Abbasi 
et al. Submitted to The Astrophysical Journal 
Letters. arxiv.org/abs/2211.14184

https://arxiv.org/abs/2211.14184


From discovery to astronomy 

The next Generation IceCube:  
A wide band neutrino observatory 
(MeV – EeV) using several detection 
technologies – optical, radio, and 
surface veto.

Next generation IceCube facilities



Next generation IceCube facilities

Timeline shifted ~3 years due to Covid
Current plan: Upgrade complete by Feb 2026
Gen 2 still under review, drilling starting in 2028-29…?



Summary

•Neutrino astronomy has come 
of age allowing a unique view 
into the high-energy Universe
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Earth absorption



Glashow Resonance



Use waveform double pulse pattern for 𝜐𝜐𝜏𝜏astr

Previous analysis

New analysis soon
to be published using 
waveform information and 
neural networks:

Sees 7 candidate 𝜐𝜐𝜏𝜏astrevents



Neutrinos from cosmic ray interactions at acceleration site

p

γ µ+

π+

e+

n
e- p

νe

νµ

νe
νµ

Flavour ratio astrophysical neutrinos

Flavour ratio at source

𝜐𝜐𝑒𝑒: 𝜐𝜐𝜇𝜇:𝜐𝜐𝜏𝜏
After oscillations
𝜐𝜐𝑒𝑒: 𝜐𝜐𝜇𝜇:𝜐𝜐𝜏𝜏 at Earth

Protons
(complete pion decay)

1:2:0 0.30 : 0.36 :  0.34

Neutrons 1:0:0 0.55 : 0.17 :  0.28
Protons
(Muon-damped pion decay)

0:1:0 0.17 : 0.45 :  0.37

Protons
(Muon decay)

1:1:0 0.36 : 0.31 :  0.33



Current flavour results

Need to shrink the 
contours to probe 
different source 
ratios and 
New Physics, new 
result soon from 
IceCube



High Energy Starting Event search strategy
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• Use outer parts of the detector as a veto-region
• Reduces both muon and southern hemisphere atmospheric 

neutrino backgrounds

Muon accompanying the neutrino trips the veto
Schönert et al, 2009, Gaisser et al. 2014, Argüelles et al 1805.11003



Neutrino emission during blazar γ-suppressed state 



arXiv2009.08914

Association with radio blazars?



Association with radio blazars?



Neutrino emission during blazar γ-suppressed state 
arXiv2009.09792



Theo Glauch PhD thesis

Gamma-ray and cosmic-ray horizon
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