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•A distant city turns 
many streetlights 
into one glow

•The distant universe 
turns many cosmic 
accelerators into one 
diffuse neutrino flux



Diffuse microwave photons 
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Diffuse gamma-ray photons 

5



6



High-energy gamma 
opaque in Universe 
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High-energy gamma 
opaque in Universe 

8



High-energy gamma 
opaque in Universe 

Known high-energy 
Universe through 
charged particles 
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Hillas plot
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FROM CLOUD CHAMBERS TO EXTENSIVE AIR SHOWERS
Particle shower universality: fundamental laws at over 10 orders of magnitude in energy 
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Katz & Spiring, arXiv:1111.0507



Directly from sources
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Katz & Spiring, arXiv:1111.0507
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Katz & Spiring, arXiv:1111.0507



A Universal Particle Shower Problem 

• A high-energy particle initiates a cascade.

• At each stage, energy is partitioned among EM particles, muons, 
neutrinos, and hadrons.

• Whether mesons decay, reinteract, or cool determines the neutrino 
output.

• This same logic governs atmospheric backgrounds, astrophysical 
sources, and flavor signatures.



• Hadronic and photohadronic interactions initiate the cascade

• Inelastic collision → secondary hadrons: π±, K±, π⁰, and heavier 
mesons



• A primary (CR, proton, γ-ray) hits a target (air nucleus, CMB photon, 
gas cloud)

• Inelastic collision → secondary hadrons: π±, K±, π⁰, and heavier 
mesons

• Each secondary faces three fates: decay  |  re-interaction  |  energy 
loss (cooling)

• Neutrinos only emerge from decay — they cannot be created by EM 
or hadronic cooling

• The neutrino yield is set by the competition between these three 
rates

Γ_dec = 1/γτ           (decay rate)

Γ_int = n σ_inel c      (interaction rate)

Γ_cool = -dE/dt / E    (cooling rate)

P(decay) = Γ_dec / (Γ_dec + Γ_int + Γ_cool)



How inelastic collisions divide energy among 
secondary species
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Slide from 
Kohta Murase

19



Why X-rays are important?
• Pion productions   
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bulk Lorentz factor Γ of the relativistic plasma (jets) 1~100 
in GRB, AGN, TDE…

Threshold photon energy in proton's rest frame

Observed photon energy required for pion 
production with PeV protons

~50 TeV neutrinos from p–gamma jetted sources are 
expected to be accompanied by X-rays

JCAP11(2019)007

2



21

Atmospheric nu

Conv.

prompt



Air showers: the Atmospheric neutrino factory 

• Cosmic ray (mostly proton/He nucleus) strikes 
air nucleus at ~15 km altitude

• Inelastic collision: NN → π±, π⁰, K±, … with 
multiplicity ∝ ln s

• Neutral pions decay promptly (cτ = 25 nm) → 
gamma-ray sub-shower (EM component)

• Charged pions propagate in air: decay OR re-
interact, depending on energy vs. ε_π

• Below critical energy ε_π: decay dominates → 
conventional atmospheric neutrinos

• Above ε_π: interaction dominates → pions are 
absorbed → flux suppressed
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Earth's atmosphere is a natural hadron calorimeter producing conventional neutrinos

l_dec = γcτ = (E/m)cτ    

[meson decay length]

l_int = 1/(n σ_inel)      

[interaction length in air]

Decay dominates when  

l_dec < l_int



Critical energy 

• Define critical energy ε: where l_dec = l_int, 
i.e., decay rate = interaction rate in air

• For E ≫ ε, flux is suppressed by factor ~ε/E — 
the spectrum steepens by one power

• For E ≪ ε, the meson decays freely → neutrino 
flux tracks primary CR flux (E⁻²·⁷)

• Kaons have shorter lifetimes AND smaller 
cross sections → larger ε_K vs ε_π

• At E > ε_π ~ 115 GeV: pion contribution 
suppressed; kaon contribution still alive

• At E > ε_K ~ 850 GeV: kaon contribution also 
suppressed; both conventional components 
steep
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After a decade of IceCube



1-100 TeV gamma-ray dark sources

Plot adopted from Markus Ahlers

Violate Fermi diffuse gamma-ray if nu 
sources are transparent to gamma
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Spectra features? Connection with UHE?

Plot adopted from Markus Ahlers
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Highest-energy KM3Net/ARCA21 event
Partially constructed array in 
Mediterranean

Unique, high charge event detected

Assuming 𝐸−2 spectrum:
→ 𝐸𝜈 = 220−110

+570PeV
→ Strong prior dependence, large 
energy uncertainty
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Nature 638, 376–382 (2025)

See talk by N. Kamp!



Nature volume 638, pages376–382 (2025)

https://www.nature.com/


UHE neutrinos: a smoking gun signature
• Photopion produced neutrinos 

have 1/20 the primary energy-
per-nucleon

• CMB target: 1019.7 eV energy 
threshold => EeV energy 
neutrinos

• CIB target: 1018 eV energy 
threshold => O(10 PeV) 
neutrinos
oAmbient photons in source can 

also serve as target

De Angelis & Mallamaci, 
Eur.Phys.J.Plus 133 (2018) 324
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The highest energy neutrinos 

• 3 events with neutrino energy > 5 PeV over a decade of data taking

Nu energy ~11.4±2.5 PeVDeposited energy: 6.05 ±0.72 PeV
Nu energy ~6.3 PeV

Muon energy: 4.5±1.2 PeV
Nu energy ~ 9 PeV 31

ApJ 833 3 (2016) Nature 591, 220–224 (2021) PoS-ICRC2023-1030 (2023)

https://www.nature.com/


The highest 
energy 

cosmic rays

Hybrid air shower 
detections from the 

Pierre Auger Observatory 
(2004 to now)

Observables: cosmic ray flux; 
mass composition via Xmax

32
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Joint UHECR-neutrino likelihood maximization

• Ultra high energy cosmic rays
• Flux >1017.5 eV
• Full Xmax distributions >1018.6 eV**

▪ Rather than fitting only first two 
moments

• High energy neutrinos**
• Poisson distribution in energy-

zenith-flavor bins >5 PeV**
• Non-observation of neutrinos 

>15 PeV**

Assumptions: standard sources, SFR source evolution, 
mixed composition injection, Sibyll2.3d hadronic 
interaction model,
Auger energy scale shifted by +1𝜎, Xmax scale by -1𝜎

**NEW THIS ANALYSIS
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Result: UHECR 
parameters 
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Common origin with UHECR?
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Assume KM3Net/ARCA exposure is ~2% of IceCube NT

Test 100 PeV and 1 EeV+additional proton component as two distinct 
scenarios // combined fit with Auger mass/flux

100 PeV scenario
Possible recovery at 30 PeV from UHECR

1 EeV + pure proton component scenario
Possibly a cosmogenic neutrino via GZK mechanism

Muzio, Yuan, Lu 
arXiv:2502.06944

https://arxiv.org/abs/2502.06944




Future neutrino telescopes 
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• Read about future 
neutrino detectors 
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https://cerncourier.com/a/discovering-the-
neutrino-sky/

https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/


Cross section measurement using Earth as the target 

41
41

In-earth flux attenuation



Cross section 

• Both tracks and 
cascades

• Reaching energies 
beyond accelerators 
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Neutrino oscillations over cosmic baselines

• For the first time tau candidates in 
data

• Observed high-energy tau 
neutrinos mainly due to neutrino 
oscillations through astronomical 
distances. 

• Sensitive probe for physics beyond 
the Standard Model
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Neutrino-electron scattering 
at a neutrino energy of 6.3 PeV, the centre-of-mass energy 
(80.5 GeV) is large enough to produce a real W boson

The Glashow resonance
A factor of 300 boost
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W boson (Glashow) resonance – first hint of 
electron anti-neutrino 

Discovery of antimatter, positron 
Carl Anderson via cloud chamber, 1932 

W boson resonance , nuebar 6.3 PeV
IceCube, 2021

Nature 591, 220–224 (2021)
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Neutrino flux from the galactic plane

Trials correcting for the three different templates → 𝟒. 𝟒𝟖𝝈 global p-
value

Contribution of ~6-13% to the total neutrino flux at 30 TeV

48

Science 380 6652 (2023) 



• 1956 discovery of neutrinos

• 1962 discovery of UHECR 10^20 eV

• 1964 discovery of CMB

• 1969 theory cosmogenic neutrinos

Cosmogenic 
neutrinos

See talk on cosmic rays
49
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(atmospheric) Neutrino weather!
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Lead by Aachen group



Receive IceCube alerts 

• GCN notice and circular 

• Extradentary events also 
Atel

• The Astrophysical 
Multimessenger 
Observatory Network 
(AMON)

• Augmented Reality app 
(ICEcuBEAR) on Android 
and iOS.
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