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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  
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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
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Neutrino flavors 
The   standard   scenario   for 

neutrino production by cosmic rays 

is delta resonances that would give a  
flavor ratio of (electron - muon - tau) 
1:2:0. These and further scenarios 
were tested. 


Neutrino sources 
Several hard X-ray sources start to 
cross 3 σ in neutrinos.


Galactic plane 
With added data, the galactic plane 
passed 5 σ for being an astrophysical 
source of neutrinos. First analyses 
start to extract physical parameters 
from this flux, among them Ludwig’s 
at SU. 


KM3NeT neutrino 
KM3NeT discovered a signature that 
could be a 220 PeV muon neutrino. 
This is difficult to bring into agreement 
with IceCube current limits.


Astrophysical neutrinos 
After IC analyses on different datasets 
showed different spectral indices for a 
single power law a dedicated analysis 
made a fit on a rather wide energy 
range and found that a broken power 
law describes the flux best.


News 2 20 5 Local highlights
H u n t i n g e x o t i c 
particles 
With IceCube it is also possible 
to search for exotic particles 
which leave distinct signatures 
in the detector emi t t ing 
unusual signatures of light.

Preparat ions for 
Gen2 
The high energy extension of 
IceCube, so-called IceCube 
Gen2, will increase the current 
volume by a factor of 8. The 
prototype of the future sensor is 
currently being developed. Soon 
the preparat ions for mass 
productions start.

Neutrino 
reconstruction 

With its first 3 sources, IceCube 

can now really be used as a telescope. 


But traditional telescopes have much smaller 
angular resolution. In order to approach this, a 
new technique was developed using 
t r ans fo rmer encoded mapp ing o f a 
normalizing flow on the 2-sphere . This 
improves resolution up to 300%. 

Upgrade construction  
started this November 
The low energy extension of IceCube, the 
Upgrade will be build this austral summer 
(this winter in Sweden). First IceCubers have 
arrived at Pole and start setting up the 
construction area. Swedish institutes were 
involved in several of the new devices that 
will be deployed: the Sweden Camera, the 
WOM. Additionally people in Sweden 

worked on the baseline sensors, 

the mDOM and 

D-Egg.

anna.obertacke@fysik.su.se

Highest energies 
The standard scenario to explain the 
cutoff of cosmic rays at highest 
energies, GZK, predicts them to be 
protons that collide with photons from 
the cosmic microwave background 
producing extreme high energy 
neutrinos. In this new analysis, no 
neutrinos were found, which for the 
first time constrains the proton 
hypothesis to 70%
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Extreme high energy 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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• cosmic ray cutoff at > 1020 eV might be due to 
GZK effect, giving extreme high energy neutrinos

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

pCR + γCMB → Δ+ →  n + π+

                                        ↳ μ+ + νμ 

                                             ↳ e+ + νe + νμ   
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• KM3NeT observed a signature estimated to be a 
neutrino at 220+570-110 PeV 

• derived diffuse neutrino flux would lead to  
70 neutrinos expected within IceCube datasets 
(excluded by > 10 σ) 
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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

6

Nature 638 (2025) 8050

anna.obertacke@fysik.su.seAlexander 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

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

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

pCR + γCMB → Δ+ →  n + π+

                                        ↳ μ+ + νμ 

                                             ↳ e+ + νe + νμ   
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Nature 638 (2025) 8050

• joint fit with  
KM3NeT + Pierrer Auger + IceCube reduces 
tension to 2.9 σ: 
             E2φall-flavor = 1.7 x 10-9 GeV cm-2 sr-1 s-1  

Phys. Rev. X 15, 031016 (2025)anna.obertacke@fysik.su.seAlexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 
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Measuring properties of the galactic plane neutrino flux
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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 8

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

• model independent analysis 
• first measurement of the energy 

spectrum slope of the neutrino 
flux along the galactic plane

SU

POS 1130, ICRC 2025
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Neutrino reconstruction with transformers
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4 COMBINED ARCHITECTURE FOR ICECUBE DATA 6

(a) Full-sky posterior

(b) Localized posterior

Figure 2: Illustration of the constant-time skymap creation using normalizing flows irrespective of shape or size
of the posterior. Samples from the posterior (left) define adaptive MOC grid cells (center) via subdivision based
on maximally allowing Nmax samples per cell. At the cell locations the exact probability can be evaluated which
allows to obtain smooth PDF maps and contours (right).

be treated as the real photon distribution. The shape371

of the distribution and the number of photons depend372

on event parameters like the type, energy or direction373

of the incoming neutrino, where it interacts in the374

detector and what the positioning of a DOM is relative375

to the interaction of the event. In a first step, we clean376

noise with an established causal cleaning algorithm377

(CITE SEEDED RT) followed by a PMT afterpulse378

cleaning in which we only keep photons in a given379

DOM that arrive at most 5 microseconds after the first380

hit in the same DOM - this excludes late after pulses381

which typically arrive on a timescale of 6 microseconds382

or later after a physical photon. We then encode the383

remaining cleaned observed photon distribution in a384

fixed-length summary statistic following the Ansatz385

originally decscribed for a CNN encoding [25]. On386

top of time quantiles and charge quantiles [25], we387

also add the absolute DOM position and the DOM388

position relative to the charge-weighted ”center of389

gravity” position of the event. We furthermore add390

an identifier whether a PMT has normal or high391

quantum e�ciency and di↵erentiate between normal,392

unhit and saturated PMT DOMs via an extra 3-d393

one-hot encoding. In unhit or ”empty” DOMs we394

set all the charge and timing information to zero. In395

saturated DOMs we remove all the charge and timing396

information since saturation is not well modeled in our397

simulation. We only keep the time of the first photon398

hit, which is reliable for saturated DOMs. Time entries399

are shifted to be aligned relative to the median time400

of the event and normalized by 1/10000.0. Charge401

entries are calculated as Q̃ = ln(1 + Q) ⇤ 0.2 which402

automatically maps zero to zero. Position entries and403

relative position entries are normalized by 1/500.0, e.g.404

x̃ = 1
500 · x. Examples of summary statistics are given405

in Fig. 3a. In total, this per-DOM vector is 27-406

dimensional in all experiments and we denote it with407

Ti for DOM i.408

4.2. Transformer encoding409

The transformer architecture [9] is a machine learning410

model that has gained traction over the past years.411

Originally used in neural language processing [9] for412

sequential language data, its use case has expanded to413

all other data science due to its universality. Here,414

the transformer encoding is used as a compression415

algorithm for the IceCube data. By default, every416

transformer encoder layer uses the vanilla architecture417

with ”pre”-layer normalization [26], followed by a self-418

attention block and a final MLP without dropout.419

We also test several extensions of this part which420

are described in section 5. The per-DOM summary421

statistics Ti are fed into the transformer as input tokens422

(Fig. 3b). The internal transformer layers are denoted423

as ”Transformer Encoder”, and transform those tokens424

Posterior Adaptive 
grid cells

Smooth PDF maps 
and contours

Extended 
sources

Point 
sources

• IceCube entered astronomy, but directional 
reconstruction is challenging esp. for 
cascades 

• transformer encoded mapping of a 
normalizing flow on the 2-sphere

• faster and significantly 
outperforming traditional LLH based 
B-splines

Work in progress

anna.obertacke@fysik.su.se
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Slow 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

N

s-quarks &  
s-leptons boundary 


layer

electrons
u-, d-, s-

quarks

s-quarks &  
s-leptons boundary 


layer

electrons
u-, d-, s-

quarks

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!

anna.obertacke@fysik.su.se
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𝑞
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Slow exotic particles
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New analyses significantly 
improved  
• phenomenology 
• sensitivity 
• knowledge of light yields 

• luminescence  
• thermal shock

J. Häußler
12

11

Projected Sensitivity

I Estimate sensitivity using assumed signal e�ciency of 90% for final level and total background
rejection

I Projected Sensitivity surpasses previous limits of IceCube by factor ⇠ 100

J. Häußler
12

11

Sensitivity for slow 
magnetic monopoles

IceCube 2015

Baikal

Macro 2002

POS 492 ICRC 2025

anna.obertacke@fysik.su.se

Many other possibilities 
for BSM with IceCube 
see long lived particles in 
the next talk!

SU
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Sensitivity for slow 
magnetic monopoles

IceCube 2015

Baikal

Macro 2002

Visible damage of ice from 
thermal shock in 
prototype experiment

POS 492 ICRC 2025

anna.obertacke@fysik.su.se

Many other possibilities 
for BSM with IceCube 
see long lived particles in 
the next talk!
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 12: Top view of the envisioned IceCube-Gen2 Neutrino Observatory facility at the South Pole station, Antarc-
tica. From left to right: The radio array consists of 361 stations (shallow and hybrid) in the reference design. The
optical high-energy array features 120 new strings (shown as orange points) that are spaced 240 m apart and in-
strumented with 80 newly developed optical modules each, over a vertical length of 1.25 km. The total instrumented
volume of the optical detector in this design is 7.9 times larger than the current IceCube detector array (blue points).
On the far right, the layout for the seven IceCube Upgrade strings relative to existing IceCube strings is shown.

3. Revealing the sources and propagation of the highest energy particles in the Milky
Way and the Universe: This includes studying Galactic and extragalactic cosmic-
ray sources and their neutrino emission, cosmic ray interactions in the interstel-
lar medium, the properties of cosmic rays in the galactic-extragalactic transition
region above 100 PeV, as well as the propagation of extragalactic cosmic rays
through the measurement of cosmogenic neutrinos.

4. Probing fundamental physics with high-energy neutrinos and cosmic rays: This
entails studying hadronic interactions in the PeV domain, measuring neutrino
cross sections at energies far beyond the reach of terrestrial particle accelera-
tors, searching for new physics from neutrino flavor mixing over cosmic baselines,
and searching for heavy dark matter particles, monopoles and other particles pre-
dicted by SUSY or theories with extra dimensions.

1.6 The IceCube-Gen2 neutrino telescope

The IceCube-Gen2 facility designed to achieve the goals outlined in the previous sec-
tion will encompass the currently operating IceCube detector, including the 7 new
strings in the center of the IceCube array that are scheduled for a 2025/2026 deploy-
ment in the IceCube Upgrade. Three new components will be added to the existing
detector: an in-ice optical array, a surface air shower array, and an extended radio de-
tector array. Figure 12 presents a top view of the IceCube-Gen2 facility, with its various
components, each utilizing optimized technologies for the targeted energy ranges. The
surface array will be installed on the footprint of the optical array.

The optical array, optimized for the detection of TeV and PeV neutrinos, will feature 120
new strings, each equipped with 80 photosensors that collect 4 times more light than
current IceCube DOMs. These 9600 new photosensors will be distributed along each
string with a vertical spacing of ⇥17 m at depths ranging from 1.35 km to 2.7 km below

18

Detector extensions

9

Construction  
2004-2011

Construction from this 
month!Construction from ≳ 2030

• neutrino oscillation 
properties 

• ice calibration 
• detector R&D

• astrophysical 
neutrino flux

• neutrino astronomy 
(sensitivity to 10x 
fainter sources than 
IC)

• ultra-high-energy  
neutrinos

anna.obertacke@fysik.su.se
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detector: an in-ice optical array, a surface air shower array, and an extended radio de-
tector array. Figure 12 presents a top view of the IceCube-Gen2 facility, with its various
components, each utilizing optimized technologies for the targeted energy ranges. The
surface array will be installed on the footprint of the optical array.

The optical array, optimized for the detection of TeV and PeV neutrinos, will feature 120
new strings, each equipped with 80 photosensors that collect 4 times more light than
current IceCube DOMs. These 9600 new photosensors will be distributed along each
string with a vertical spacing of ⇥17 m at depths ranging from 1.35 km to 2.7 km below
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 12: Top view of the envisioned IceCube-Gen2 Neutrino Observatory facility at the South Pole station, Antarc-
tica. From left to right: The radio array consists of 361 stations (shallow and hybrid) in the reference design. The
optical high-energy array features 120 new strings (shown as orange points) that are spaced 240 m apart and in-
strumented with 80 newly developed optical modules each, over a vertical length of 1.25 km. The total instrumented
volume of the optical detector in this design is 7.9 times larger than the current IceCube detector array (blue points).
On the far right, the layout for the seven IceCube Upgrade strings relative to existing IceCube strings is shown.
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Low energy extension for IceCube 
• 7 new holes with ~100 sensors each  
• construction this austral summer!

simulated νμ with 4 GeV
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Low energy extension for IceCube 
• 7 new holes with ~100 sensors each  
• construction this austral summer!

Swedish members of !e IceCube dri" #am: 

Jonas Kalin, Åse Torgilsson, 

Erik Ejdepalm, Sven Lids%öm

 

IceCube Upgrade Field Season Report 
Progress Report, November 10 – November 16, 2025 

Vivian O’Dell 
 

Summary:   
 
On Thursday November 13, 8 more IceCubers arrived at the South Pole. There are now 29 
IceCubers at the South Pole station!  
 
 

               
Figure 1 (left) new team members in Christchurch preparing for their ice flight! from left: Bryan Monteiro, Satoshi Fukami, Kalle 
Sulanke, Christine Verdico, Terry Benson, Sean Griffin, TJ Whitis, Colton Hill (photo: T. Benson / PSL); (right) and arriving at South 
Pole! (Photo: V. O’Dell/WIPAC)   

 
While the newest members spent some time acclimatizing, us old-timers continued shoveling 
snow. The Seasonal Equipment Site (SES or “drill camp”) is looking good – the area has been 
shoveled and groomed. One of the three main generators is now online, and we have heat and 
power in all the buildings – we will start having our drill team meetings out at the MECC (the 
meeting room at drill camp). Soon ASC will send a refrigerator and another microwave out to the 
MECC to support meals for the drill / installation shifts and it will be like home. 

anna.obertacke@fysik.su.se
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290 D-Egg450 mDOM

New sensor generation 
• large, isotropic sensitivity 
• directional information / noise 

suppression 
• integrated calibration systems

anna.obertacke@fysik.su.se
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10 WOM

Prototype: Wavelength-shifting optical module  
• exploits UV part of Cherenkov spectrum 
• significantly improved signal to noise ratio 
• detection significance for MeV supernova 

neutrinos significantly enhanced UU

Sensors 2022, 22(4), 1385

anna.obertacke@fysik.su.se
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7 Sweden 
Cameras 2.0

Calibration  
• steerable camera and laser 
• observe the ice layers 
• watch the freezing process 
• visually measure light 

propagation in ice

10 WOM

joint SU & UU

anna.obertacke@fysik.su.se
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Swedish Hardware contributions – SweCam 2.0

Sweden Camera 2.0● Low-light sensitive, 

steerable, focusable 

camera

● Improve understanding 

of light propagation in ice 

through visual inspection

(critical for calibration) 

● 7 cameras will be installed

mailto:anna.obertacke@fysik.su.se
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Swedish Hardware contributions – SweCam 2.0

Sweden Camera 2.0● Low-light sensitive, 

steerable, focusable 

camera

● Improve understanding 

of light propagation in ice 

through visual inspection

(critical for calibration) 

● 7 cameras will be installed

Main cable of strings 
manufactured in Sweden!UU
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Optical array: increasing from 
1km3 to ~8km3
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Optical array: increasing from 
1km3 to ~8km3

anna.obertacke@fysik.su.se

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 15: Left: Comparison of the effective local density and luminosity density of extragalactic neutrino source
populations to the discovery potential of IceCube and IceCube-Gen2. We indicate several candidate populations
by the required neutrino luminosity density to account for the full diffuse flux [68] (see also [151]). The orange
band indicates the luminosity / density range that is compatible with the total observed diffuse neutrino flux. The
lower (upper) edge of the band assumes rapid (no) redshift evolution. The lines indicate the parameter space
(above the lines) for which IceCube and IceCube-Gen2 are able to discover one or more sources of the population
(E2�⌫µ+⌫̄µ ⌃ 10�12 TeV cm2 s�1 in the Northern Hemisphere [152]). Right: The same comparison for transient
neutrino sources parametrized by their local rate density [153]. The discovery potential for the closest source is
based on 10 years of livetime (E2F⌫µ+⌫̄µ ⌃ 0.1 GeV cm�2 in the Northern Hemisphere [154]). Only the IceCube-
Gen2 optical array has been considered for this figure.

two source populations to the observed cosmic neutrino flux (cf. Section 1.2 and ref-
erences therein), thus establishing that rather lower-luminosity / higher-density popula-
tions must be responsible for the bulk of cosmic neutrinos. Even the brightest sources
of such populations are still below or at the detection threshold of IceCube, and the
populations can only be firmly identified with a more sensitive instrument. NGC 1068,
a non-blazar AGN, observed at the detection threshold of IceCube is an excellent ex-
ample for the brightest source of such a population.

Figure 15 compares the identification capabilities of IceCube and IceCube-Gen2 for
the most common neutrino source and transient candidates. If sources like radio-
quiet AGN, such as NGC 1068, and/or low-luminosity AGN, galaxy clusters, starburst
galaxies, or transients like CCSNe produce the majority of cosmic neutrinos, they can
be firmly identified only with a detector with a five times better sensitivity than cur-
rently available such as IceCube-Gen2. In combination with correlation or stacking
searches, IceCube-Gen2 can identify a cumulative signal from populations where the
closest sources have more than an order of magnitude fainter neutrino fluxes than point
sources detectable by IceCube. So their signal remains in reach, even if several of the
candidate populations contribute similar fractions to the total observed neutrino flux.

27

IceCube-Gen2 Technical Design Report

Steady sources Transient sources
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Optical array: increasing from 
1km3 to ~8km3
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Optical array: increasing from 
1km3 to ~8km3

Gen2 sensor 
• best solutions from Upgrade 
• 12 prototypes in the Upgrade 
• preparing final design  

esp. calibration add-ons like muon-tagger 
• preparing start of production of ~ 10k modules

anna.obertacke@fysik.su.se
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Optical array: increasing from 
1km3 to ~8km3

Gen2 sensor 
• best solutions from Upgrade 
• 12 prototypes in the Upgrade 
• preparing final design  

esp. calibration add-ons like muon-tagger 
• preparing start of production of ~ 10k modules

10

Detector geometries

➢ IceCube-Gen2: IceCube baseline + 10,000 multi-PMT sensors

➢ Additional wavelength-shifting tubes further enhance light collection at low 

additional noise

➢ IceCube detector response simulated with ASTERIA
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Gen2 sensor + wavelength shifter 
• enhanced light collection at low noise 
• from supernova detection to measurement 

of fast features in SN

anna.obertacke@fysik.su.se

UU

Phys. Rev. D 112, 043011
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Radio array: extending to EeV 
• cost-effective for hundreds of 

cubic km 
• prototype array in Greenland 

under construction 
• increase of detector uptime 

through wind power system for 
dark winter months at South 
Pole and Greenland

anna.obertacke@fysik.su.se

UU 
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Radio array: extending to EeV 
• cost-effective for hundreds of 

cubic km 
• prototype array in Greenland 

under construction 
• increase of detector uptime 

through wind power system for 
dark winter months at South 
Pole and Greenland

Ultra-High Energy Neutrino Landscape

9

neutrino spectrum

• Many different source predictions for the UHE flux
• Sources: GZK-neutrinos, AGNs, Pulsars, others?
• IceCube and Auger have set the most competitive 

limits in this energy region
• RNO-G is the first fully funded experiment big 

enough to be sensitive to some flux models
• IceCube-Gen2 Radio would be big enough to be 

sensitive to most flux models

Credit: C. Glaser

anna.obertacke@fysik.su.se
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Projects in Uppsala: 
Autonomous Power System

16

• Arctic conditions make the supply of power difficult 
(single station uses <30 W)

• Batteries have to survive the cold during night/winter
• Wind turbines can be used to extend the up-time
• Our group in Uppsala tests wind turbines and develops 

batteries and electronics for this power system

Power system of an RNO-G station. 
(solar panels, wind turbine and a divert 
load build in Uppsala)

Current up-time of the 
RNO-G stations.

Credit: The RNO-G Collaboration
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Radio array   
• NuRadioOpt: real-time NN-based trigger 

with end-to-end optimization of station 
layout 
➡ improvement equivalent to building a 

3x larger detector 
• prototype of new DAQ system soon 

completed 
• improved reconstruction methods 

• deep learning based 
• likelihood based 

UU
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Outlook
• new analyses transition from detecting sources 

of high-energy neutrinos to measuring detailed 
properties of their fluxes 

• leading sensitivities for exotic physics offer 
significant discovery potential 

• a lot of new data incoming from the IceCube 
Upgrade 

• work on IceCube-Gen2 to push the frontiers of 
neutrino astrophysics and particle physics
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Backup



pollmann@chiba-u.jp 2222

Cherenkov Light

light

charged  
particle

IceTop Array 
81 stations

South Pole

IceCube Laboratory

InIce Array 
86 strings,  
each with 60 optical 
sensors

1450m  –

2450m  –

matter

IceCube 

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

Track like topology 
- good angular resolution 0.1° - 1° 
- increased effective volume 

(vertex outside volume) 
- challenging energy resolution

Cascade like topology 
- all flavours 
- calometric measurement of 

energy resolution ~15% 
- angular resolution around  

10° > 100 TeV

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)

3

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.
2. Aartsen et al. The Astrophysical Journal 886, no. 1 (November 2019):  https://doi.org/10.3847/1538-4357/ab4ae2.
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3
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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.
2. Aartsen et al. The Astrophysical Journal 886, no. 1 (November 2019):  https://doi.org/10.3847/1538-4357/ab4ae2.
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Messengers in detectors deep underground

Astrophysical Neutrinos 
• neutrino from outer space passes 

through Earth 
• neutrino interacts in Earth or ice 
• visible muon or shower in the detector

Atmospheric Neutrinos 
• cosmic ray induces air shower 
• neutrino is created in shower 
• neutrino interacts in Earth or ice  
• visible muon or shower in the detector 

Atmospheric Muons 
• charged energetic particles interact with 

atmosphere (cosmic ray) 
• a particle shower develops through the 

atmosphere (air shower) 
• muons reach the detector 

cosmic ray 

atmospheric μ

cosmic ray 

atmospheric ν

astrophysical ν

https://cdn.allwallpaper.in/

Neutrino fluxes relevant for IceCube

7

Power-law flux Φ! = Φ"##$
Flux falls off faster than cross section increases

à Large statistics at lower energies

Astro. %

Atm. %log
E !&
Φ !

log E!

~100 TeV



Diffuse neutrino flux

25

• different event selections lead 
to different spectral indices 

• new analysis 

• more data  

• full energy range [1 TeV, 10 
PeV] 

➡ broken power law with 4.7 σ

IceCube Highlights

Figure 1: Measured diffuse neutrino spectrum per neutrino flavor as a function of energy. The different
components shown are: Unfolded total muon neutrino flux (green circles [17]); Measured cosmic neutrino
flux (black circles [18]); 90% U.L. on EHE neutrino above 2 PeV ([19]). Also shown are the 68% uncertainty
bands for two analyses with different event selections (ESTES: blue [20]; MESE: red [18]) and the measured
flux at the Glashow resonance [21].

charged current interaction. For these events, angular resolutions of 0.5� are achieved above 10 TeV47

[12]. In case that the neutrino interaction happens outside the detector, an unknown fraction of the48

original neutrino energy is transferred into the invisible hadronic shower at the interaction vertex.49

In addition, the muon loses an unknown fraction of energy on its way to the detector resulting in an50

energy uncertainty of about a factor 2. On the other hand, the energy of a shower inside the detector51

can be reconstructed to better than 10% for energies larger than 10 TeV [13, 14]. In case of electron52

neutrino charged current interactions, this is also the energy resolution for the neutrino, whereas in53

neutral current events some fraction is carried away by the neutrino. The directional reconstruction54

for contained spherical light pattern is better than 5� for energies above 50 TeV [15].55

The in-ice detector is complemented at the surface by 162 frozen-water tanks with two DOMs56

each located at the string positions. This detector, named IceTop, detects the shower footprint57

of cosmic-ray induced air showers including GeV muons. In combination with the in-ice detector58

which is reached only by TeV muons, the IceCube Neutrino Observatory provides unique capabilities59

to measure the cosmic-ray composition around the knee. Both the in-ice detector and IceTop allow60

for measurements of anisotropies in the cosmic-ray flux across different regions of the sky [16]. In61

addition, IceTop can serve as an air-shower veto for the in-ice detector.62

3. Diffuse neutrino fluxes63

A large number of neutrinos reaches the IceCube detector continuously from all directions64

(Fig. 1). The vast majority of these neutrinos are generated in the atmosphere in air showers65

initiated by high-energy cosmic rays. One can separate atmospheric neutrinos into two classes. The66

so called “conventional” atmospheric neutrino flux originates from the decay of pions and kaons67

and follows a power-law spectrum with index of about 3.7 [22]. It dominates the atmospheric flux68

at all but the highest energies. The second class is the so called “prompt” neutrino flux. It originates69

3

ICRC 2025 arXiv:2510.17523
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Background rejection

5

Using up-going through-going muon events using 
Earth as a shield against atmospheric muons. 1 Using the outer layers as an acMve veto to 

select star:ng events.2
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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



Segmented galactic plane
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PoS(ICRC2025)1130

IceCube Segmented Galactic Neutrino Flux

Figure 2: The =:-W: likelihood contour of the inner galaxy (|; | < 40�, |1 | < 8� “Segment 1”) in the
3-segments generic segmentation scheme, visualized in blue in Figure 1a. The black 68 % and 95 % contours
are drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn
assuming Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown
contours only show statistical uncertainty, no systematics treatment is included here.

Figure 3: The =:-W: likelihood contours of the left and right arm of the galaxy (Segment 2 and 3) in the
3-segments generic segmentation scheme, visualized in Figure 1a. The black 68 % and 95 % contours are
drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn assuming
Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown contours only
show statistical uncertainty, no systematics treatment is included here.

7

PoS(ICRC2025)1130

IceCube Segmented Galactic Neutrino Flux

Figure 2: The =:-W: likelihood contour of the inner galaxy (|; | < 40�, |1 | < 8� “Segment 1”) in the
3-segments generic segmentation scheme, visualized in blue in Figure 1a. The black 68 % and 95 % contours
are drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn
assuming Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown
contours only show statistical uncertainty, no systematics treatment is included here.

Figure 3: The =:-W: likelihood contours of the left and right arm of the galaxy (Segment 2 and 3) in the
3-segments generic segmentation scheme, visualized in Figure 1a. The black 68 % and 95 % contours are
drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn assuming
Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown contours only
show statistical uncertainty, no systematics treatment is included here.

7

PoS(ICRC2025)1130

IceCube Segmented Galactic Neutrino Flux

Figure 2: The =:-W: likelihood contour of the inner galaxy (|; | < 40�, |1 | < 8� “Segment 1”) in the
3-segments generic segmentation scheme, visualized in blue in Figure 1a. The black 68 % and 95 % contours
are drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn
assuming Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown
contours only show statistical uncertainty, no systematics treatment is included here.

Figure 3: The =:-W: likelihood contours of the left and right arm of the galaxy (Segment 2 and 3) in the
3-segments generic segmentation scheme, visualized in Figure 1a. The black 68 % and 95 % contours are
drawn assuming Wilks’ theorem assuming 2 degrees of freedom, the orange 68 % contour is drawn assuming
Wilks’ theorem with 1 degree of freedom. The orange cross is the best fit point. The shown contours only
show statistical uncertainty, no systematics treatment is included here.

7



Magnetic monopoles

29

Rubakov-Callan effect 
Catalysis of proton decay

Credit: Jonas Häußler, Aachen
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Heavy exotic particles
Q-balls 
• predicted by super-symmetry 
• coherent states of squarks, sleptons and 
the Higgs field 

• created shortly after Big Bang  
with m > 1011 GeV 

• can be charged or neutral

s-quarks &  
s-leptons boundary 


layer

electrons
u-, d-, s-

quarks

s-quarks &  
s-leptons boundary 


layer

electrons
u-, d-, s-

quarks

Nuclearites 
• stable states in SM in thermodynamic 
processes 

• heavy stable object of u-, d-, s-quarks 
• almost neutral 
• produced after Big Bang or as lumps of 
neutron stars
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What is a shadow charge?
2

𝑧𝑆𝐶

𝐸

𝑧𝑆𝐶
𝜌𝐸

♦ Recently predicted "particle":
▪ arXiv:2307.09475v1  [hep-th]  18 Jul 2023
▪ arXiv:2405.06374v1  [hep-ph]  9 May 2024

♦ Moving electric field centered around a virtual charge
♦ No mass, but an energy density 𝜌𝐸
♦ Charge restricted to 𝑧𝑆𝐶 <

1
𝛼
= 137 (Schwinger limit)

♦ Doesn’t react to microscopic forces (not a real particle) ⇒ no energy loss in matter
♦ Only follows geodesics ⇒ Behaves like dark matter ⇒ 𝛽 ≈ 10−3

➢ Similar to an infinitely massive slow ion

Ԧ𝛽

Credit: Nicolas Møller, Chiba
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Quantum EMClassical laws (Maxwell eq.)

𝑖 𝜕
𝜕𝑡

𝜓 = 𝐻 𝜓   (Schrödinger)

+ initial condition 𝜓(0)

∇  × 𝐸 = −
𝜕𝐵
𝜕𝑡

∇  × 𝐵 = 𝜇0 Ԧ𝐽 + 𝜖0
𝜕𝐸
𝜕𝑡

∇ 𝐸 − 𝑗0 = 0  (Gauss law)
∇ 𝐵 = 0

Dynamical 
equations

Constraint 
equations†

† Non-dynamical equations obtained by varying the action of a gauge theory on the non-physical fields

Historically: we impose the initial condition of the quantum theory (state of lowest energy) to 
recover the observed classical laws
BUT in the quantum theory (better theory of nature), the initial condition is a free parameter

arbitrary initial condition∇ 𝐸 − 𝑗0 = 𝑗0
𝑑 (broken Gauss law)

∇𝜇𝐹𝜇𝜗 = 𝐽𝜗 + 𝐽𝑎𝑢𝑥
𝜗  (Maxwell eqs. + gravity)

 
𝐽𝑎𝑢𝑥

𝜗  : Background charge density with no time 
evolution (constant value)

3Where do they come from?

Credit: Nicolas Møller, Chiba
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Origin?
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Derive from a very fundamental argument!

SHADOW CHARGE

→𝛽~10−3
6) Simply follows geodesics

5) no energy
loss in matter

1) Background 
electric field

centered
around a 

singularity

4) rule out 
inflation

3) 𝑍𝑆𝐶 fixed by 
initial state of 
the universe

𝑍𝑆𝐶

2) As if sourced
by a virtual
charge  𝑍𝑆𝐶

The initial state of the universe is a freedom 
in any quantum theory and is usually set to 
the state of lowest energy:   𝐻 𝜓0 = 𝐸𝑚𝑖𝑛.
 In quantum electromagnetism, this specific 
choice enforces Maxwell’s equations in the 
classical limit. However, in the quantum 
framework, any other choice is as motivated 
and leads to a violation of Gauss’s law:
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𝑑 Ԧ𝑥 𝜓𝐸𝑀 ≠ 0

 Here, 𝐽0
𝑑 ≠ 0 represents a fixed background 

charge density, simply following geodesics 
without answering to local matter fields:

∇𝜇𝐹𝜇𝜈 = 𝐽𝜈 + 𝐽𝑎𝑢𝑥
𝜈

𝐽𝑎𝑢𝑥
𝜇 = (𝐽0

𝑑 Ԧ𝑥 / −𝑔)𝑉𝜇 

❖ Excite atomic electrons
→ luminescence light

❖ Bump into atomic nuclei
→ indirect luminescence from recoil nuclei

QUESTION
Could it be detected in IceCube?

→Need to understand luminescence in ice!
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Simulated shadow charge 
Z=34 

no noise, no trigger
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