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Astro-particle physics: cosmogenic neutrinos
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IceCube Highlights

Figure 4: Left: IceCube upper limit on the cosmogenic neutrino flux as a function of energy together with
the Auger upper limit and model predictions. Also shown is the flux derived from the KM3NeT event. For
details and references see [28]. Right: Proton fraction of ultra-high energy cosmic rays as a function of the
source evolution parameter for two source evolution models. See [28] for more details. Both plots taken
from [28].

that this conclusion assumes “pure” production scenarios, which are unlikely to occur in nature,113

particularly when considering the total diffuse astrophysical neutrino flux.114

3.3 EHE neutrinos and KM3-230213A115

In addition to the production scenarios described in Sec. 3.2, there exists another mechanism116

that gives rise to so-called cosmogenic neutrinos: ultra-high energy protons with energies above117

107 GeV interact with photons from the cosmic microwave background producing a neutron and a118

neutrino via the � resonance:119

? + WCMB ! �+ ! = + c+ (4)
c+ ! `+ + a` (5)

= ! ? + 4� + (�)
a4 (6)

resulting in a flux of ultra-high energy neutrinos of 100 PeV and above. 4 (left) presents predictions120

from several models for this neutrino flux. IceCube has conducted searches for cosmogenic neutrinos121

over recent years but has not yet observed any indications of such a flux. The resulting upper limit122

is currently the most stringent and begins to constrain the most optimistic predictions for the123

cosmogenic neutrino flux.124

The fact that these neutrinos are preferentially produced by protons and much less so by125

heavier nuclei (for these, the threshold energy would be a factor # higher where # is the number of126

nucleons) allows to constrain the fraction of protons in the ultra-high energy cosmic rays. The limit127

depends on the assumed source evolution rate (1 + I)< with redshift I and evolution parameter <128

(Fig. 4 (right)). Assuming Imax = 2 and an evolution parameter comparable to the star formation129

rate results in upper limit on the proton fraction of about 0.7 .130

Another notable observation in this context is the highest energy neutrino detected to date,131

recently reported by KM3NeT [29] with an estimated energy of 220+570
�110 PeV (68% C.L.). When132
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Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 

EHE limit and KM3-230213A
• KM3NeT observed EHE neutrino candidate  

with estimated energy  (  spectrum) 
➝  derive diffuse neutrino flux 
 (would expect 70 events in IceCube; rejected with ) 

• But event estimate doesn’t take flux uncertainty into account 
➝ joint fit to KM3NeT/IceCube/Auger observations  
    (updated KM3NeT Coll, arXiv 2502.08173) 
 

 

                               
 

               ➝ number of events expected/observed:    

∼ 220 PeV E−2

> 10σ

E2ϕall−flavor = 1.7 × 10−9 GeV cm−2 sr−1
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credit: KM3NeT

KM3NeT Coll, Nature 638 (2025) 8050

p-value (Poisson): 
(2.9σ)∼ 0.4 %

expected observed
KM3NeT 0.01 1
Auger 0.4 0
IceCube 0.9 0

• cosmic ray cutoff at > 1020 eV might be due to 
GZK effect, giving extreme high energy neutrinos

IceCube, Phys. Rev. Lett. 135, 031001 (2025)

pCR + γCMB → Δ+ →  n + π+

                                        ↳ μ+ + νμ 

                                             ↳ e+ + νe + νμ   

• new data of IceCube + Auger constrains proton 
fraction to at most 80%  

• slight tension 2.9σ with KM3NeT’s ~220 PeV 
event

KM3NeT, Nature 638 (2025) 8050

Fundamental research questions 

benefiting from joint astro- + particle physics effort, e.g. 
- nature and origin of cosmic rays 
- muon number in cosmic ray air showers 
- prompt neutrino flux 

mailto:anna.obertacke@fysik.su.se


Astro-physics: NGC 1068
• first evidence for a hidden 

galactic core 

• X-ray bright AGN with a dust 
torus 

• photo-nuclear interactions inject 
pions producing  gamma-rays 
and neutrinos  

• only neutrinos escape the inner 
core
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IceCube, Science 378, 6619 (2022) p.538

Fundamental research questions  

- acceleration mechanisms for cosmic rays 
- processes in and anatomy of AGN 



Multi-messenger physics: ”Discovery“ of TXS0506-056 
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Single neutrino 
triggered

Alarm sent out

Follow-ups start

Bright in gamma-
rays during trigger

Follow-ups in all 
wavelengths / 

particles

Several further 
positive reports

Re-measure basic 
information

TXS distance 
corrected 

TXS luminosity 
corrected 

Inspection of 
archival data

Neutrino excess 
in archival data 

found

TXS not bright in 
gamma-rays at 
earlier excess

IceCube, FERMI-LAT, 
MAGIC, AGILE, ASAS-SN, 
HAWC, H.E.S.S. INTEGRAL, 
KANATA, Kiso, Kapteyn, 
Liverpool Telescope, 
Subaru, Swift, NuSTAR, 
VERITAS, VLA/17B-403 
teams, …  
Science 361,6398 (2018)

IceCube, Science 361,6398 (2018)

Fundamental research questions  

- new source types



Astronomy: galactic plane in neutrinos
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Template Fitting

• Fit scale factor relative to predicted flux
• Use three models (𝜋0,KRA50PeV𝛾 ,KRA5PeV𝛾 )
• Assume spatial distribution of 𝜈 flux
• Assume energy distribution of 𝜈 flux

⇒ Large dependence on template prediction

Ludwig Neste 3

Template Fitting

• Fit scale factor relative to predicted flux
• Use three models (𝜋0,KRA50PeV𝛾 ,KRA5PeV𝛾 )
• Assume spatial distribution of 𝜈 flux
• Assume energy distribution of 𝜈 flux

⇒ Large dependence on template prediction

Ludwig Neste 3

IceCube, Science 380, 6652, 1338-1343 (2023)

• model independent analysis 
• first measurement of the energy spectrum slope of the neutrino 

flux along the galactic plane

Segmentation Schemes

Generic segmentation schemes:

Aligning with 𝛾 ray GP measurements:
Today: Results for 3-segments segmentation scheme

Ludwig Neste 5

Overview of the 3 Segment Result

Compact way of visualizing the result:

• Higher emission from
the galactic center

• 68% 1D intervals
assuming Wilks’
theorem

• Flux @4 TeV per
steradian

Ludwig Neste 8IceCube, POS 1130, ICRC 2025 (arXiv:2507.08097)

From discovery to characterization:

Fundamental research questions  

- propagation of cosmic rays within our galaxy 
- new baseline for neutrino oscillation studies 
- Dark Matter



Particle physics: Glashow resonance
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2. Glashow resonance  

17

IceCube, Nature591(2021)220 

Hydrangea
- Partially contained
- Detected muon from faster than Cherenkov cone
- 5.9±0.2 PeV

2. Glashow resonance  
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IceCube, Nature591(2021)220 

Hydrangea
- Partially contained
- Detected muon from faster than Cherenkov cone
- 5.9±0.2 PeV

The IceCube Collaboration

Figure 3: Reconstructed energy posterior probability density and expected distributions from MC simula-
tions. a, Posterior probability density of the visible energy for this event. Systematic uncertainties due to the ice and global
energy scale of the detector are included. b, Expected Monte Carlo (MC) event distributions in visible energy of hadrons
from W� decay (GR h., blue), the electron from W� decay (GR e., orange), charged-current interactions (CC; red) and
neutral-current interactions (NC; green) for a live-time of 4.6 years from the PEPE sample. We assume the ratio ⌫̄ : ⌫ = 1 : 1,
a flavour ratio of 1 : 1 : 1 at Earth, an astrophysical spectrum measured from [2], and cross-sections according to Eq. (1) and
[19]. The effects of Doppler broadening on the Glashow resonance (GR) [20] is also taken into account.

Figure 4: Measured flux of astrophysical neutrinos. Global picture of astrophysical neutrino flux measurements [23,
26], cosmogenic neutrino limits [15, 33, 34] and ultra-high energy cosmic-ray (UHECR) spectrum [35]. The y axis is given
in term of the energy, E, squared times the flux, �. We assume the ratio ⌫ : ⌫̄ = 1 : 1, a flavour ratio of 1:1:1 at Earth, an
astrophysical spectrum measured from [19]. This result extends the measured astrophysical flux to 6.3PeV. The luminosity
densities of high energy neutrinos and extragalactic ultra-high-energy cosmic rays are found to be comparable.

2. Glashow resonance  

17

IceCube, Nature591(2021)220 

Hydrangea
- Partially contained
- Detected muon from faster than Cherenkov cone
- 5.9±0.2 PeV

Theory

MC data

Event view 
(partially contained cascade)• some predicted phenomena are out of 

reach of artifical accelerators 

• hadronic shower depositing   
~6.05 PeV is evidence of the Glashow 
resonance  

• so far the only chance to distinguish 
neutrinos from anti-neutrinos  at HE

IceCube, Nature 591, 220-224 (2021)

Fundamental research 
questions  

- neutrino mixing parameters 
- neutrino mass (differences) 
- neutrino cross section 
- Earth tomography

neutrino mixing parameters 
neutrino cross section 

earth tomography
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Physics beyond the Standard Model
Capabilities of neutrino 
detectors 
• world leading sensitivities  

in various fields  
(Lorentz-invariance, source 
flavor  
measurement, 
WIMP annihilation in  
the Sun, …) 

• high energy fundamental  
physics (neutrino cross  
section, heavy mediators,  
dark sector, …) 

• complementary to laboratory  
experiments

Fundamental research questions  

- Nature of Dark Matter 
- Nature of Dark Energy 
- Extensions of the Standard Model 
- Matter / Antimatter asymmetry

8
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Open Questions
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Cosmic ray physics 

- nature and origin of cosmic rays 
- acceleration mechanisms for cosmic rays 
- propagation of cosmic rays (within our galaxy) 
- muon number in cosmic ray air showers 
- prompt neutrino flux  
- …

Astrophysics 

- processes in and anatomy of AGN 
- new astrophysical source classes 
- …

Neutrino physics 

- neutrino mixing parameters 
- neutrino mass (differences) 
- neutrino cross section 
- galactic center as new baseline for neutrino 

oscillation studies 
- …

Beyond Standard Model Physics 

- Nature of Dark Matter 
- Nature of Dark Energy 
- Extensions of the Standard Model 
- Matter / antimatter asymmetry 
- …

Related topics 

- Earth tomography 
- …
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Neutrino detectors around the World

IceCube

KM3NeT

GVD

TRIDENT, 
HUNT, 
NEON

P-ONE

Pierre-Auger 

GRAND

KATRIN / Project-8

Hyper-K 
T2HK
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       keV     
     MeV   
      GeV    
      TeV   
100 TeV    
     PeV      
      EeV  

       
Neutrino mass experiments 
Sun, Supernovae 
Oscillations, Dark Matter, CP violation 
Cosmic ray air shower neutrinos 
Astrophysical neutrinos  
Astrophysical sources 
Cosmogenic neutrinos 

RNO-G
RET 

DUNE JUNO

IceCube Gen2
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IceCube IceTop Array 
81 stations

InIce Array 
86 strings,  
each with 60 optical 
sensors

1450m  –

2450m  –

Digital Optical Module (DOM)

South Pole

IceCube Laboratory

Readout  
electronics

Photomultiplier
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Working principle 
• Particles interact with the 

deep clear ice 
• Emitted light is detected 

by sensors 

Fully operational since 2011 

Geometry 
• volume 1 km3 
• vertical spacing 17 m 
• horizontal spacing 125 m

anna.obertacke@fysik.su.se
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1450m  –

2450m  –
13

• low energy extension of 
IceCube down to ~1 GeV 

• 6 new holes  

• ~660 new sensors in a 
dense pattern 

• science goals: oscillation, 
unitarity, calibration

anna.obertacke@fysik.su.se

CONTENT EMBARGOED UNTIL THURSDAY, FEB 12, 9 AM CST - PLEASE DO NOT SHARE  

The IceCube Lab is seen under a starry, night sky, with the Milky Way appearing next to striking 
auroras in the background. Credit: Ilya Bodo, IceCube/NSF 
 
astrophysical neutrinos, identified two galaxies as neutrino sources and observed neutrinos 
from our own Milky Way galaxy. 
 
“The successful deployment of the IceCube Upgrade project is a feat of U.S. engineering that 
demonstrates significant logistical capabilities in Antarctica,” says Marion Dierickx, director of 
NSF’s Antarctic Astrophysics and Geospace Science, Polar Cyberinfrastructure program. “This 
upgrade will secure the nation’s continued leadership in neutrino physics for years to come, 
paving the way for new cosmic discoveries.” 
 

 
An mDOM is lowered into 
a borehole. Credit: Yuya 
Makino, IceCube/NSF 
 
 
IceCube uses more than 
5,000 light sensors to 
capture the faint light 
emitted by secondary 
charged particles 
produced by neutrino 
interactions in the ice. The 
pristine quality of the 
Antarctic ice makes it an 
ideal medium for detecting 
this light. The IceCube 

Collaboration, with over 450 scientists from around the world, then takes these light patterns to 
reconstruct the energy and direction of the neutrino in order to determine its origin.  
 
For IceCube, the Upgrade will allow more precise measurements of neutrino properties like 
neutrino oscillations, a phenomenon where atmospheric neutrinos can morph into different types 
or “flavors”—electron, muon, and tau. With these improvements, IceCube will be the premier 
neutrino experiment for long-baseline oscillation measurements using atmospheric neutrinos. 
 
Using the enhanced devices deployed in the ice, scientists will be able to better characterize the 
surrounding ice, leading to improved reconstruction of neutrinos and a reanalysis of 15 years of 
archived data. The Upgrade will also improve the scientists’ ability to determine the cosmic ray 
composition and measure neutrinos from galactic supernovae. 
 

new main sensor, mDOM,  in hole 87

mDOM in hole 92 at depth ~2300 m

 
Swedish Camera on string 89 (Photo: Yuya Makino, IceCube/NSF) 

 
 

 
Andreas Nöll poses with an acoustic sensor on string 90.   The second seismometer in a collaboration 

with the USGS was deployed this week..  (Photo: A. Karle, Icecube/NSF) 

 
 

Sweden Camera hanging above hole 89

IceCube Upgrade (construction this winter) 

mailto:pollmann@chiba-u.jp
mailto:anna.obertacke@fysik.su.se
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IceCube Upgrade (construction this winter) 

Oscillations @ the IceCube Upgrade
• !" appearance is Upgrade primary physics goal
• Broad oscillation program including mass ordering and BSM

20Tom Stuttard

!" appearance sensitivity (1 yr)

!# disappearance sensitivity (3 yr)

10% precision after 1 year
(6% after 3 years) Competitive with long 

baseline experiments in 
disappearance channel

Muon neutrino disappearance sensitivity, 3y

mailto:pollmann@chiba-u.jp
mailto:anna.obertacke@fysik.su.se
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Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 

IceCube at ICRC 2025

6

About 80 IceCube contributions 
• Astrophysical neutrino sources: 19 

• Atmospheric/diffuse neutrinos: 16 

• Cosmic rays: 16 

• Low-energy transients: 6 

• Beyond the standard model: 7 

• Calibration and reconstruction: 5 

• IceCube Upgrade: 7 

• IceCube-Gen2: 8 

Full list of proceedings can be found 
in the backup slides

Versatility  
of current  
neutrino  

telescopes

Glaciology / 
Oceanography

• What is not 
covered by OKC? 

• What else is 
covered at 
accelerator based 
experiments?
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IceCube Gen-2

16

• eight times the volume of 
IceCube 

• enabling astronomy with 
neutrino detectors 

• many new sensor technologies 
improving sensitivity and 
broadening the possibilities 

• construction in the 2030s 

• significants commitments from 
Germany and Japan  
(sensor production lines 
prototyping)

Acceptance Testing
LOM transit time =  
(Fitted arrival time)  
      - (Recorded flasher time) 
      - (delays due to processing)

19

Multi Sensor Optical Modules Phys, January 8 2026ν Kareem Farrag, King’s College, London

Measurements: Channel Time Offset  
pre-calibration

6

IceCube-Gen2:  Point Sources  
- 5 × improvement in effective area 
- 2 × improvement in angular resolution  

IceCube-Gen2 will allow to firmly 
discover the brightest AGNs on the 
neutrino sky. 

NGC1068: 10 σ after 10 years:  

Precise measurement of the spectral 
shape of the neutrino emission 

https://icecube-gen2.wisc.edu/science/publications/tdr/



Radio Neutrino Detection of UHE Neutrinos
UHE neutrinos interact with ice 
producing shower of relativistic 
secondary particle

Detection Mechanism: Askaryan Emission

Negative net charge of shower emits 
a cone of Cherenkov radiation 

44

17

Askaryan detectors
• into the exascale 
• prototype under construction in Greenland

17
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Cosmogenic: UHECR constraints, van Vliet et al
Cosmogenic: UHECR + pure proton, Muzio et al
Astrophysical: MMA constraints, clusters, TDEs

TAMBO
Trinity 18
POEMMA30 (5 years)
GRAND 200k
BEACON 1k
PUEO (3 flights, 100 days)
RNO-G
RET-N 10 x 100 kW Preliminary
IceCube-Gen2 UHE

Diffuse Flux, 1:1:1 Flavor Ratio

Figure 18. The expected di↵erential 90% C.L. sensitivities for a variety of experiments to an all-flavor di↵use neu-
trino flux computed in decade-wide energy bins and assuming a ten-year integration (unless otherwise noted in the
legend). The measurements and sensitivities are compared with a range of cosmogenic neutrino models [141, 397] and
astrophysical neutrino models [138, 141, 411]. The blue bordered bands show the astrophysical neutrino flux measured
by IceCube using tracks (⌫µ [119]) in hatch and using cascade-like events (⌫e and ⌫⌧ [118]) in solid band. The solid
lines show experimental upper limits at higher energies from the Pierre Auger Observatory [431], ARA [585], ARI-
ANNA [586], ANITA I-IV [146], and IceCube [587]. The dashed lines show the sensitivities of a selection of proposed
experiments currently in various design and prototyping stages (GRAND with 200,000 stations [154], BEACON with
1000 stations [157], TAMBO with 22,000 detectors [130], Trinity with 18 telescopes (updated from [588]), RET-N with
10 stations each with a 100 kW transmitter [129], POEMMA30 [558]) and under construction (RNO-G [155, 589],
PUEO [581]). Experiments using the same detection technique are grouped into similar colors (orange, Earth-skimming
radio (GRAND, BEACON); dark teal, particle showers (TAMBO); light green, Earth-skimming optical Cherenkov and
fluorescence (Trinity, POEMMA30); pink, in-ice radio (ARIANNA, ARA, PUEO, RNO-G, RET-N (radar); blue, in-ice
optical Cherenkov (IceCube)). Sensitivity to UHE neutrinos from IceCube-Gen2 (dashed purple) is computed using
radio and optical for 10 years (see Fig. 15), and PUEO (dashed orange) uses both in-ice and Earth-skimming radio
techniques (shown here for 3 flights, 100 days). Auger (teal) uses particle showers and fluorescence and its upgrade,
AugerPrime, will employ radio. The grey downward-pointing arrow is a reminder that experimental sensitivities im-
prove not only as exposure increases with time, but also as new experimental techniques and analysis methods are both
demonstrated and scaled to larger detection volumes.

(or a combination of cosmogenic and astrophysical neutrinos). Several experiments are sensitive to these
energies (IceCube [593, 594], the Pierre Auger Observatory [431], ARIANNA [596], ARA [585, 597, 598]) or
are under construction (RNO-G [155, 589], PUEO [581]). The most constraining limits on UHE neutrinos
come from IceCube (in-ice optical), Pierre Auger Observatory (particle showers and fluorescence) [431], and

– 34 –

Future landscape of TeV to EeV neutrino detectors
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General foreseeable developments
From detection → characterization 
• flavor, directionality, energy systematics 
• composition of astrophysical flux 
• atmospheric neutrinos as precision tools

20

From single-messenger → multi-messenger 
• neutrinos + GW + gamma + EM follow-up 
• real-time alerts, rapid analysis pipelines

From cuts/fits/drawing board → AI 
• anomaly detection 
• detector-aware generative models 
• AI detector design
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OKC


