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Diffuse



Point source



•A distant football 
field turns many 
lights into one glow

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



Point-source gamma-ray photons 

Fermi Telescope, NASA



Diffuse gamma-ray photons 
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Photons attenuation at high energies 
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IceCube-Gen2 Collaboration, J.Phys.G 48 (2021) 6, 060501



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

Known high-energy 
Universe through 
charged particles 
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High-energy gamma 
opaque in Universe 

Known high-energy 
Universe through 
charged particles 
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Neutrinos?
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Is there physics beyond the 

collider frontier?

The only probe of ν interactions at 

√s beyond the LHC — where 

sterile states and non-standard 

interactions would show up first.

Does coherence survive a billion 

light-years?

The oscillations you averaged over 

kilometres now run over 

gigaparsecs — testing ν lifetime, 

decoherence and Lorentz / CPT 

invariance.

What accelerates the universe to 

10²⁰ eV?

A century-old mystery. The 

neutrino is the only neutral, 

penetrating, pointing messenger 

— it names the engines light 

cannot reveal.

What stays hidden from light?

Neutrinos escape source cores and 

the young universe, carry dark-

matter signatures, and turn the 

CMB itself into a beam dump.



How big does the detector needs to be?
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IceCube design report

•  Higher neutrino energy 
requires a larger 
instrumentation volume 

• < 1 TeV: underground 
Cherenkov detector

• 1 TeV – 20 PeV Under 
water/ice Cherenkov detector

•  > 20 PeV: radio, air shower, 
balloon,  space-based, Earth-
skimming …  

DETECTING NEUTRINOS FROM GEV TO EEV

Giorgio Gratta
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DUMAND: Deep Underwater Muon And Neutrino Detection (1973)

DUMAND Collaboration 



Why DUMAND failed

• Deep-sea technology was immature.
• Salt-water corrosion, leaks and biofouling.
• Ocean currents moved detector strings.
• Expensive ship-based deployment.
• Funding instability and repeated technical setbacks.
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• DUMAND did not fail because the physics was wrong.
• It failed because the engineering and logistics were decades ahead of available technology.
• Legacy: optical modules, string architecture, timing calibration and the km³ concept all originated with DUMAND.



Earth’s Abundant Transparent Medium: H2O

Mediterranean, 

Lake Baikal Antarctic ice sheet 
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Neutrino Detection in Ice: A Very Brief History

1990–92: tests in Greenland

 and South Pole to validate concept
1988: Halzen and Learned propose a 

neutrino detector in ice

1993–2000: AMANDA detector built at

South Pole, detects neutrinos!

1999: must go bigger!
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instrument 1 cubic kilometer of natural ice below 1.45 kmgeographic South Pole

5160 digital optical modules (DOM)

 to detect Cherenkov light

The IceCube Detector

cables (“strings”)

1.5 to 2.5 km deep

in ultra-clear ice

surface detectors (“IceTop”)
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Hot Water Drilling

hot water drill camp

drill towers

IceCube Laboratory

hose reel
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drill time: ~40h / hole

installation time: ~10h / string



26Lu Lu, UW-Madison

IceCube-Upgrade (2026)

arXiv:2509.13066



New sensors deployed during the upgrade
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Time calibration 
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RAPCal:

• 5160 autonomous DOM clocks

• GPS-disciplined master clock at the 
surface

• RAPCal exchanges calibration 

pulses every ~1 s
• Measures cable delay, clock offset, 

and oscillator drift

• Global synchronization better than 
~2 ns → precise event 

reconstruction 

JINST 12 P03012 (2017)



Detect Cherenkov radiation from 
secondary charged particles

NEUTRINO INTERACTIONS 

Zhou et. al, PRD 101, 036010 (2020)

Numu CC Nue CC, all NC
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Neutrino detection
Neutrino interacts with targets in media such as ice and water

• At energies relevant for this talk, primarily DIS off nucleons

• W-boson resonance with atomic electrons at 𝐸𝜈  ~ 6.3 PeV

Charged outgoing particles emit Cherenkov radiation detectable by PMTs
• Large boost factor → align with neutrino direction

35

41°

Rev. Mod. Phys. 84, 1307



Neutrino event topologies

36

CC muon neutrino NC or CC electron neutrino CC tau neutrino

𝜈𝜇 + 𝑁 → 𝜇 + 𝑋

track

angular resolution ~ 0.5°
energy resolution ~ x2

𝜈𝑒 + 𝑁 → 𝑒 + 𝑋
𝜈𝑥 + 𝑁 → 𝜈𝑥 + 𝑋

cascade

angular resolution ~ 4°
energy resolution ~ 10%

𝜈𝜏 + 𝑁 → 𝜏 + 𝑋

double cascade

~4 expected in 12 years

data data sim

Earlier Later
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This is a particle physics event. Guess the size of what 
you're looking at.



Cherenkov radiation from PeV electron (tau) shower
> 300 sensors > 100,000 pe reconstructed to 2 nsec 38



PeV electron neutrino shower

2

≈ 500 m
diameter of the sphere of hit sensors — what you're looking at

≈ 10 m
length of the particle shower that actually made it



Crawshaw, Yuan, Yildizci, Lu, Fedynitch. arXiv:2601.00944

Shower profiles approximated with analytic approach



EM Hadron

MSc’s thesis L. Rädel



Example: high-energy 𝜈𝜏
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Example: high-energy 𝜈𝜇

43



Ice modeling
Six horizontal and six tilted LEDs on each DOM

Simulate on GPUs while fitting ice scattering, absorption, crystal density to 
flasher calibration data
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Lowering DOMs 

– sim
-- data

J. NIMA 2013.01.054

https://doi.org/10.1016/j.nima.2013.01.054
https://doi.org/10.1016/j.nima.2013.01.054


Detector (ice) calibration
Shown: time-integrated cascade photoelectron yields as a function of 
depth; receiver 100m in front of (solid) and behind (dashed) source

Strong correlation between ice properties and light yield

45JINST 19 P06026

https://doi.org/10.1088/1748-0221/19/06/P06026
https://doi.org/10.1088/1748-0221/19/06/P06026
https://doi.org/10.1088/1748-0221/19/06/P06026


Birefringence is a property of every ice crystal. What 
makes Antarctic deep ice special is that the crystals 
become aligned by ice flow, so the entire ice sheet 
becomes birefringent on kilometer scales.



New result: improved ice modelling and reconstructions
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The Cryosphere 18 (2024) 1

2024 JINST 19 P06026



Reconstructing 
showers 

• Poisson likelihood 
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PDG



Comput.Phys.Commun. 184 (2013) 2070-2090



Mu vs tau 
Muons interact, taus decay 





Background and signals 

NASA



Over a decade of full-detector data taking

• Detector uptime > 99%, 98.5% of all DOMs still taking data
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Atmospheric muons: 66 billion events per year



Cosmic-ray muon background 
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Phys. Rev. D 112, 082004 (2025)
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500 m
~35 PeV
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>3000 m





Vertical down



Cosmic-ray neutrino 
background

Use Earth as a shield to 
selection neutrinos

For muons >99% 
neutrino pure 



>120 cosmic neutrinos (depending on the spectrum)

~12 separated from atmospheric background with E>60 TeV
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Neutrinos from north

https://user-

web.icecube.wisc.edu/

~lulu/globe_AR/web

city/ngc1068/

https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/


https://user-

web.icecube.wisc.edu/

~lulu/globe_AR/web

city/ngc1068/

Origins of icecube neutrinos?
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https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
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Earth absorption  

https://user-

web.icecube.wisc.edu/

~lulu/globe_AR/web

city/ngc1068/

https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
https://user-web.icecube.wisc.edu/~lulu/globe_AR/webcity/ngc1068/
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Cos(zenith)

Larger slant depth 
and n interactions at 
horizontal 

ev
en

ts

Conventional νμ
dominant charged-meson chain

π± → μ± + νμ
K± → μ± + νμ

K± BR ≈ 63.5%pions abundant; kaons survive to 
higher energy

Conventional νe at low 
energy
from the daughter muon

π/K → μ → e + νe + νμ dominant below ~TeVsuppressed once μ reaches the 
ground before decaying

Conventional νe at high 
energy
semileptonic kaon decays

K± → π⁰ + e± + νe
Kₗ⁰ → π + e + νe

BR ≈ 5% and ≈ 40%
kaons become increasingly important

Rare high-energy 
conventional
short-lived kaon contribution

Kₛ⁰ → π + e + νe BR ≈ 0.07%short lifetime → matters above ~100 
TeV
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Cos(zenith)

Decays before interaction 
isotropic over zenith 

!! Same with Astrophysical 

Prompt

charm and other very short-
lived parents

D, Λc, … → ℓ + ν + X



ATMOSPHERIC NEUTRINO FLUX DEPEND ON 
ZENITH ANGLE

o prompt is isotropic over zenith
o degenerate from extragalactic diffuse 

flux (signal)

o conventional peaks at horizon
o νµ production dominated by kaon decay

68



ATMOSPHERIC NEUTRINO FLUX DEPEND ON 
ENERGY AND FLAVOUR
Nue: prompt overtakes conventional at ~20 TeV 

Numu: prompt overtakes conventional at ~200 TeV

69MCEq

numunue



Atmospheric neutrino: 
seasonal variations 

70

Eur. Phys. J. C 85, 1368 (2025)



Atmospheric 
neutrino  unfolding

71

PRD 91 (2015) 122004



ICRC 2025, PoS 501.1199

signal



Astrophysical neutrinos?

• Raw atmospheric-muon triggers:    
~10^11 / yr

• Atmospheric neutrinos:            
~10^5 / yr

• Astrophysical neutrinos:          
~10–100 / yr

• Neutrinos with energies > 5 PeV: 
3 in 12 yr (data)

73



Astrophysical neutrinos?

74
PRD 113, 062002 (2026)



HIGH ENERGY STARTING EVENTS
(HESE)

Veto layer to select pure neutrino events

Analysis 1
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PRD 104, 022002 (2021)



FORWARD FITTING

76

Observed events = astrophysical signal + atmospheric neutrinos 

+ atmospheric muons



FORWARD FITTING: POISSON BINNED LIKELIHOOD 
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HESE: RESULTS

Prompt is bounded at 0

Analysis 1
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ENHANCED STARTING TRACK SELECTION (ESTES)
Breaking degeneracy of prompt: self-veto 

µ vµ

Analysis 2

79



ESTES: PROMPT IMPACT ACCORDING TO ASIMOV TEST 
Analysis 2

80



ESTES: DATA RESULTS 

Extended the original HESE measurement to lower energies

Data prefers 0 prompt  

Prompt bestfit=0

Analysis 2

81



NORTHERN TRACKS 
Use Earth as a shield 

Analysis 3

82



NORTHERN TRACKS 
• Hadronic interaction model switched to Barr parameters

• Atmospheric predictions now produced with MCEq 

Analysis 3

832022 ApJ 928 50



COMBINED FIT: TRACKS AND CASCADES

Analysis 4

Single power law Broken power law 

* high statistics of tracks to constrain conv., self-veto from cascades for prompt

* single power law no longer describes data & prompt bestfit non zero

85



REJECTION OF SINGLE POWER LAW >4 SIGMA

86

PRL 136, 121002 (2026)



TRACK+CASCADE FIT 

Analysis 4

87

Prompt neutrino flux

arXiv:2512.17760

https://arxiv.org/abs/2512.17760


TRACK AND CASCADES: DO THEY AGREE?

88



Broken power law is only evident for cascade/shower events 

Erik Ganster, PhD thesis
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Violate Fermi diffuse 
gamma-ray if nu sources 
are transparent to gamma



Slide from 
Kohta Murase
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93

tomorrow



J. Phys.: Conf. Ser. 60 227 2007

Tau neutrinos?



PRL 132 (2024) 15, 151001



European Physical Journal C 82 (2022) 11, 1031 (2022)



arXiv:2510.24957

https://arxiv.org/abs/2510.24957


https://user-web.icecube.wisc.edu/~lulu/Osc_game/

https://user-web.icecube.wisc.edu/~lulu/Osc_game/
https://user-web.icecube.wisc.edu/~lulu/Osc_game/
https://user-web.icecube.wisc.edu/~lulu/Osc_game/
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