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High energy neutrino telescopes in water and ice
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and how they search for magnetic monopoles
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Neutrino astronomy versus gamma ray astronomy
Gamma rays attenuated by CMB and other background light in the TeV energy ranges

Gamma rays also produced by cosmic ray electron acceleration, leptonic acceleration

DOI: 10.1088/978-0-7503-1369-8

(detected) astrophysical  
neutrinos

> TeV Astroparticles
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KM3NeT 
early 2026 four new  
ORCA lines added 

Press release

Sonar image of the new strings

https://www.nikhef.nl/en/news/four-more-new-lines-added-to-the-km3net-neutrinotelescope/
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BAIKAL-GVD 
2 new clusters in winter 2026 
reaching 16 cluster ~0.7 km3 

Press release

https://www.jinr.ru/posts/2025-expedition-to-deploy-baikal-gvd-telescope-completed/
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IceCube Upgrade 
5 new strings last winter



Precision @ IceCube

Neutrino signatures
Characterized by reconstructed quantities: direction, energy, angular uncertainty 

Track vs Cascade
• Two primary topologies of events
• Tracks from CC-ν μ interactions, cascades 

from all others 
• Throughgoing tracks are the workhorse of 

IceCube searches

• Tracks angular resolution (0.2o-2o)
• Cascades angular resolution (5o-40o)
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CASCADE

IceCube Collaboration

University of Nevada Las Vegas
Nevada Center for Astrophysics Symposium

1. “Phys. Rev. Lett. 124, 051103 (2020) https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.051103.
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Ⓒ Juan A. Aguilar 10

Outgoing muon 
- charged current interaction

Particle showers 
- neutral interaction 
- electron- and tau-neutrino 

charged current interactions



The Neutrino Sky as seen by IceCube

Southern Sky

Northern Sky

0h24h

ApJ 995,11 (2025)
1011



Analyses strategies
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Techniques to distinguish astrophysical neutrino signatures
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~100 TeV

Power-law
ϕ ∝ E-γ

For transient or 
flaring sources

Power-law flux falls off faster than cross-section increases

Techniques to distinguish astrophysical neutrino signatures
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~100 TeV

Power-law
ϕ ∝ E-γ

For transient or 
flaring sources

Ⓒ Sarah Mancina
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Stef Verpoest ISVHECRI 2026

Identified Sources of Neutrinos
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Science 361, eaat1378 (2018); 
Science 361, 147 (2018)

Science 378, 538 (2022)
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Science 380, 1338 (2023)
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Highlights in Neutrino Astronomy
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GLASHOW RESONANCE 
STANDARD MODEL CONFIRMED

A selection of IceCube highlights
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And where we are now

2021 2025

A selection of IceCube highlights
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And where we are now

KM3-230213A 
HIGHEST-ENERGY NEUTRINO

https://doi.org/10.1126/science.1242856
https://www.nature.com/articles/s41586-021-03256-1
https://www.nature.com/articles/s41586-021-03256-1
https://www.nature.com/articles/s41586-024-08543-1


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 di!use 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 ω resonance:119

𝐿 + 𝑀CMB → ω+ → 𝑁 + 𝑂+ (4)
𝑂+ → 𝑃+ + 𝑄𝐿 (5)

𝑁 → 𝐿 + 𝑅↑ + (↑)
𝑄𝑀 (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 𝑆 higher where 𝑆 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 + 𝑇)𝑁 with redshift 𝑇 and evolution parameter 𝑈128

(Fig. 4 (right)). Assuming 𝑇max = 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

> 10ν

E2μall≲flavor = 1.7 ∘ 10≲9 GeV cm≲2 sr≲1

12

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%  

• some tension with KM3NeT’s ~220 PeV event on 
the level of 2.9σ

KM3NeT, Nature 638 (2025) 8050

Phys.Rev.X 15 (2025) 3, 031016
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Galactic plane
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2026:  High-energy neutrino emission from the Milky Way
arXiv:2607.25966

5.7 σ Observation of the Galactic Plane

Larger sample combining: 

- Cascades (showers) 
- Starting Tracks (S Sky)
- Tracks (N Sky)

Four different templates 
of galactic plane neutrino 
emission tested (shown 
here, Fermi-LAT !0, KRA!5 
for each data sample)

Results for all templates 
above 5 sigma

19

• 2023: First significant 
detection of neutrino 
emission from the Galactic 
Plane (Science 380, 6652, 1338) 

• 2026: > 5 σ observation of 
the Galactic Plane for 
different templates of 
neutrino emission 
(arXiv:2607.25966) 

• 2026: first measurement 
along the galactic plane

mailto:anna.obertacke@fysik.su.se


General foreseeable developments
From detection → characterization 
• flavor, directionality, energy systematics 
• composition of astrophysical flux 
• atmospheric neutrinos as precision tools

16

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

Ⓒ produced with Gemini
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Versatility of Neutrino Telescopes

Ⓒ produced with Claude
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From neutrinos to exotic particles
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• large volume -> large sensitivity 
• direct detection ”only“ needs 

light emission 
• extremely heavy would be slow 

(< 0.1 c)  
• light emission process might be 

exotic, too

anna.obertacke@fysik.su.se
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2. Shadow Charges: Properties

• Charged dark matter candidate → clump and virialize in galaxies
• Dark matter speed: 𝛽~10−3

• Mass unknown
• Electric charge: q ∈ −137,137 †

• Can be screened by SM particles, reducing its effective charge
• Doesn’t respond to EM fields → no energy loss
• Simply follow geodesics
• Equivalent to an infinitely massive ion

1

† Schwinger limit: when q > 1/𝛼, the electric field at the particle’s surface reaches 𝑚𝑒
2/𝑒, leading to 

spontaneous pair production 

9

𝑞

𝐸(𝑞, 𝑟 > 0)

Magnetic monopole 
• single magnetic charge  
• well motivated as its 

existence is tied to 
quantized electric 
charge 

Shadow charge 
• DM candidate 
• doesn’t respond to EM 

fields but is electrically 
charged 

• follows geodesics

Nuclearites 
• stable states in SM! 
• equal amounts of u-, d-, 

s-quarks 
• produced after BB or as 

lumps of neutron stars 

Q-balls 
• predicted by super-

symmetry 
• coherent states of 

squarks, sleptons and 
the Higgs field 

• charged or neutral

Proton 
decay

Lumine-
scence

Thermal 
shock

model  
dependent!

(indirect) 
Cherenkov
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Versatility of light emission channels
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𝐸(𝑞, 𝑟 > 0)

Magnetic monopole
Shadow charge

Nuclearites
Q-balls

model  
dependent!
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Proton 
decay

Lumine-
scence

Thermal 
shock

(indirect) 
Cherenkov

Phys. Rev. Lett., 52 (1937) 

Dokl. Akad. Nauk SSSR 2 (1934)

first mention in 

J.Chem.Phys. 20, 1654 (1952)


KKST: Phys.Rev.Lett.80 (1998)
Rubakov-Callan:Nucl. Phys. B 202 (1983) 
Progr. in Phys. 51 (1988)

suggested in 

Nature 312 (1984) 734-737 
Nucl.Phys.A 434 (1985) 605C

matter photons

Luminescence light emission 

particle

Proton decay
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Magnetic Monopole Flux Limits 

21

Ambrosio et al., Eur. Phys. J. C25 (2002) 511

Albert et al., JHEAp 50, 100500 (2026)

Antipin et al., Astropart. Phys. 29 (2008) 366

Balestra et al., Eur. Phys. J. C 55 (2008) 57

Hogan et al., Phys. Rev. D 78, 075031 (2008)

Phys. Rev. D 83, 023513 (2011)

Pierre Auger Coll., Phys. Rev. D 94, 082002 (2016) 

Turner, Parker, Bogdan, Phys. Rev. D26 (1982) 1296




Magnetic Monopole Flux Limits 

21

Ambrosio et al., Eur. Phys. J. C25 (2002) 511

Albert et al., JHEAp 50, 100500 (2026)

Antipin et al., Astropart. Phys. 29 (2008) 366

Balestra et al., Eur. Phys. J. C 55 (2008) 57

Hogan et al., Phys. Rev. D 78, 075031 (2008)

Phys. Rev. D 83, 023513 (2011)

Pierre Auger Coll., Phys. Rev. D 94, 082002 (2016) 

Turner, Parker, Bogdan, Phys. Rev. D26 (1982) 1296




Investigation of the KM3NeT event

22

Simulating 100 TeV, γ = 105, 4 gD

PRELIMINARY

PRELIMINARY

PRELIMINARY
Simulating 100 TeV, γ = 105, 4 gD

Simulating γφ=4, 1 gD, mMM = 108 MeV, Ecascade >= 20 TeV


<λMFP> ≈ 212 m

Rather a muon-neutrino 
or a magnetic 
monopole?

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

> 10ν

E2μall≲flavor = 1.7 ∘ 10≲9 GeV cm≲2 sr≲1

12

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

KM3NeT, Nature 638 (2025) 8050

Data from KM3NeT
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Summary

• new analyses transition from detecting sources of high-energy neutrinos to measuring 
detailed properties of their fluxes  

• a lot of momentum in increasing detector volumes and refining technology 

• leading sensitivities for exotic physics offer significant discovery potential 
IceCube’s ”slow particle“ analysis will unblind soon 

• gaps in astrophysical searches for magnetic monopoles and  
unusual events motivate new detector ideas

Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 
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