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Motivation
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New Window to the Universe !
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20182013 Discovery of diffuse 
astrophysical 
neutrino flux

Neutrino multi-messenger 
astroparticle physics

Following the observation of supernova burst neutrinos in 
1987, neutrino astronomy is becoming a reality quickly now …2002

2002 1/2 Raymond Davis + Masatoshi Koshiba - “for pioneering contributions 
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Astrophysical Neutrino Search
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HESE 7.5 years
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Veto Region

Target

Target

IceCube Collaboration 
arXiv:2011.03545
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Astrophysical Neutrino Flux
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Figure 4: Summary of diffuse neutrino observations (per flavor) by IceCube. The black and gray data show

IceCube’s measurement of the atmospheric ⌫e+ ⌫̄e [23, 24] and ⌫µ+ ⌫̄µ [25] spectra. The magenta line and magenta-

shaded area indicate the best-fit and 1� uncertainty range of a power-law fit to the six-year HESE data. Note

that the HESE analysis vetoes atmospheric neutrinos and can probe astrophysical neutrinos below the atmospheric

neutrino flux, as indicated in the plot (cf. Fig. 6). The corresponding fit to the eight-year ⌫µ+ ⌫̄µ analysis is shown

in red.

the deposited energy from the observed light pool is, however, relatively straightforward, and a

resolution of better than 15 % is possible; the same value holds for the reconstruction of the energy

deposited by a muon track inside the detector.

2. Status Of the Observations of Cosmic Neutrinos

For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly

100,000 per year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic-

ray muons (see Fig. 1), while the second is to identify the small fraction of these neutrinos that is

astrophysical in origin, roughly at the level of tens of events per year. Atmospheric neutrinos are

an overwhelming background for cosmic neutrinos, at least at neutrino energies below ⇠ 300TeV.

Above this energy, the atmospheric neutrino flux reduces to less than one event per year, even in

a kilometer-scale detector, and thus events in that energy range are cosmic in origin.
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(Ahlers & Halzen 2018) High-energy starting 
events (HESE) 
Interaction vertex in the 
detector, All flavor, all sky

Up-going tracks 
Muon-dominated 
Northern sky

• Astrophysical flux in the 
20 TeV - 9PeV range 

• Various channels and 
analysis methods
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Astrophysical Neutrino flux
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F. Halzen and A. Kheirandish (arXiv:2202.00694 ) 
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Astrophysical Neutrino Flux
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High-energy starting 
events (HESE) 
Interaction vertex in the 
detector, All flavor, all sky

Up-going tracks 
Muon-dominated 
Northern sky

• Astrophysical flux 
in the 20 TeV - 
9PeV range 

• Various channels 
and analysis 
methods

PeV energy partially 
contained events (PEPE) 
Interaction vertex near 
the edge of the detector, 
All flavor, all sky

IceCube Coll. Nature volume 591, pages220–224(2021)
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Neutrino energy spectrum
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• Several independent analyses (on completely different samples and 
signatures) confirm diffuse astrophysical neutrino flux

• Single power law (“simplest” astrophysical source assumption) is not a 
good fit !  ⇒  Much more to learn !

IceCube Collaboration arXiv:2001.09520v1 
IceCube Collaboration  arXiv:2011.03545
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A. Schneider for IceCube (arXiv/1907.11266) 
J. Stettner for IceCube (arXiv/1908.09551) 
Cascades 6yr  (IceCube) arXiv/2001.09520 
Inelasticity (IceCube) arXiv/1808.07629 

• Flux modeled with a simple power-law 
spectrum.  

• Different event samples (covering 
different energy ranges, topologies, or 
sky hemispheres) favor slightly different 
indices, normalizations. 

�(E⌫) = �astro

⇣ E⌫

100 TeV

⌘��astro

https://arxiv.org/abs/1907.11266
https://arxiv.org/abs/1908.09551
https://arxiv.org/abs/2001.09520
https://arxiv.org/abs/1808.07629
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Prompt neutrinos
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IceCube Collaboration  arXiv:2011.03545

Although the prompt component has a distinct angular 
signature in the HESE sample, the component’s 
normalization is far too small for this analysis to be sensitive 
without orders of magnitude more data.

Baseline Model: Atri Bhattacharya, Rikard 
Enberg, Mary Hall Reno, Ina Sarcevic, and 
Anna Stasto, “Perturbative charm 
production and the prompt atmospheric 
neutrino flux in light of RHIC and LHC,” 
JHEP 06, 110 (2015), arXiv:1502.01076 
[hep-ph].
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Double power law 
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• Double power law fit finds:

• hard index (γhard~2.8) close to 
single fit (γastro~2.9)

• soft spectral index poorly 
constrained (γsoft~2.1)

•  two components’ 
normalizations are highly 
correlated, with either equal 
to zero allowed within the 
two-dimensional 68.3% highest 
probability density region

IceCube Collaboration  arXiv:2011.03545
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HESE conclusions
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IceCube Collaboration  arXiv:2011.03545

• Based on the 7.5yrs HESE data sample and it’s sensitive energy 
range, the astrophysical neutrino flux is well described by a single 
power law

• No evidence for additional spectral structure

• Many models remain compatible with the data, and larger 
samples will be required to differentiate between the different 
proposed spectra

Baseline Model: Atri Bhattacharya, 
Rikard Enberg, Mary Hall Reno, Ina 
Sarcevic, and Anna Stasto, 
“Perturbative charm production 
and the prompt atmospheric 
neutrino flux in light of RHIC and 
LHC,” JHEP 06, 110 (2015), 
arXiv:1502.01076 [hep-ph].
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Tau Neutrinos
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“Measurement of Astrophysical Tau Neutrinos in 
IceCube’s High-Energy StartingEvents” 
(IceCube Collaboration) arXiv:2011.03561 

2 candidate events detected in 
HESE 7.5yr sample with E>60TeV

1PeV tau travel about ~50m

“Big Bird”
76%

“Double double”
98%
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Tau Neutrinos
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“Measurement of Astrophysical Tau Neutrinos in 
IceCube’s High-Energy StartingEvents” 
(IceCube Collaboration) arXiv:2011.03561 

disfavoring a no-astrophysical 
tau neutrino flux scenario with 
2.8σ significance
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Astrophysical Neutrino Sources
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Point source search
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Oscillations
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Atmospheric  Neutrino Oscillations
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Measuring Oscillations
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8+ years Oscillation Analysis @ Neutrino 2022
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Systematic uncertainties
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Muon Neutrino Disappearance
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Muon Neutrino Disappearance
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On-going analyses
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Non-standard interactions
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NSI Latest results
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arXiv:2201.03566
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Neutrino Absorption
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Neutrino Absorption
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Multi-Messenger Tomography of Earth 2022 
Workshop
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https://www.physics.utah.edu/mmte-2022/
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What’s next ?
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IceCube Upgrade
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Science goals and objectives
- Tau neutrino appearance - Test unitarity of the 

PMNS matrix 
- Recalibration campaign - Retroactively apply 

improved ice-model to archival data (since 2010)



IceCube Camera Status 
March 19,2020Carsten Rott

Ice Camera System
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- Limited understanding of Antarctic ice properties dominant 
source of sys. uncertainties for most analyses 
- ⇒ better characterize detector medium

- Solution: Camera-based calibration system
- Monitor freeze in
- Hole ice studies
- Local ice environment
- Position of the sensor in the hole
- Geometry calibration
- Survey capability

Customized 
camera module 
consisting of 2 
PCBs:  One with 
the Image sensor 
(Sony IMX225) , 
M12 lens mount 
and lens, and 
second with CPLD 
and connectors. 
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Camera sensitivity and Field Test
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Demonstrated camera abilities in dedicated simulations 
and  lab tests (incl. swimming pool measurements) 

• Verified successful operations under polar conditions and demonstrated ability to measure ice 
properties with cameras

• Camera system successfully passed IceCube Internal Final Design Review (FDR) in 
September 2019 

x

Swimming pool at Gyeonggi Physical 
Education High school

Work at local high school swimming 
pool on IceCube camera system testing
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Camera sensitivity and Field Test

40

SKKU Student Hrvoje 
Dujmovic @ Pole 

2018/2019

Successful South Pole 
Deployment of Test System

PoS(ICRC2019)926

x
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Halzen photo
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Group photo after successful passing of the camera 
preliminary design review (Madison May 2019)
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Novel calibration system production  lead by SKKU 
group

42
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Current status of camera production
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• IceCube Upgrade deployment has been 
moved to 2024/2025 due to COVID-19 
accessibility to pole

• Camera production well within the schedule 
to meet all the production and testing 
targets

• D-EGG cameras integrated ~900 
cameras

• mDOM cameras tested and or shipped 
to production centers ~ 650 cameras

• mDOM cameras remain to be tested at 
SKKU ~ 500 cameras

Cameras that are at 
SKKU and are 

undergoing testing 
and calibration 
measurements 

‘ 

Cameras completed 
testing and shipped 

to integration centers 
or awaiting shipping 

Cameras integrated 
in IceCube Upgrade 

optical modules

Camera status July 2022
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Camera system impact
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Camera system key to comprehensive 
understanding of the detector medium
• Science multiplier Retroactively analyze 

more than 15 years of IceCube data with 
substantially improved angular and energy 
resolution

• Improved neutrino event pointing critical for 
multi messenger science

Upgrade deployment delayed by two 
years due to COVID-19
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IceCube-Gen2
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The IceCube-Gen2 Neutrino Observatory
A Window to the High Energy Universe

Brian Clark for the IceCube-Gen2 Collaboration

The Gen2 Instrument

Resolving the TeV-EeV Neutrino Sky

Cosmic Particle Acceleration
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IceCube-Gen2 (10 years)

Sources and Propagation of Cosmic Rays
IceCube-Gen2 will be a wide-band neutrino observatory with
sensitivity from GeV to beyond EeV energies. The array will augment
the existing IceCube detector and planned Upgrade with an enlarged
in-ice optical array, a radio array, and surface cosmic ray detector.

Gen2 will constrain flavor 
composition scenarios at 
neutrino sources, and 
their energy 
dependence. Shown is 
an example of Gen2 
sensitivity to the muon 
fraction and flavor ratio 
of a source with muon 
cooling above 2 PeV.

The optical and radio arrays span 6 orders of magnitude in energy,
probing the extension, or cutoff, of the astrophysical neutrino
spectrum. Shown in blue is the median flux as would be measured
assuming an unbroken E-2.5 astrophysical flux and a cosmogenic flux
with a mixed composition of cosmic ray primaries (Ahlers et. al.).

Gen2 will probe fundamental physics on cosmic baselines and across
a broad energy range. Shown as shaded boxes are the regions in
distance-energy space where Gen2 will probe for new physics.

A radio array will test 
models for astrophysical 
and cosmogenic neutrino 
production and constrain 
the nature of CR 
accelerators. Shown is 
the differential sensitivity 
of the Gen2 radio 
detector in the context of 
present and future 
experiments and two 
models for high-energy 
neutrino production.

Gen2 enables the identification of sources five times fainter than is
possible with IceCube, accelerating the rate of discovery of sources
and probing the neutrino sky with unprecedented sensitivity. Shown is
a mock Test Statistic map of the neutrino sky as might observed with
Gen2, and the quasi-differential sensitivity to a steady source for two
select declinations with an E-2 spectrum.

Fundamental Physics on Cosmic Baselines
Technology Development

Gen2 will leverage technology 
developments from the 
Upgrade, with the goal of 
having 3x the photocathode 
area per DOM compared to 
IceCube. Shown are two 
pixelated DOMs under 
development for the Upgrade: 
the mDOM and D-Egg.

IceCube-Gen2
Preliminary

IceCube-Gen2
Preliminary

IceCube-Gen2 
Preliminary

IceCube-Gen2 
Preliminary

Gen2 will have sensitivity to neutrinos produced in Galactic sources, 
constraining CR acceleration processes. Shown are TeV HAWC 
sources near the galactic plane, color coded to indicate possible 
detections (if !-ray emission arises solely from hadronic processes) 
and where Gen2 can constrain the level of hadronic emission.

IceCube-Gen2
Preliminary

We are grateful to 
the NSF for support 
through award 
1903885.

IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
60 DOMs/string with 17 m spacing, completed 2011

Upgrade: 7 strings, "(100) DOMs/string with 3 m spacing
In production, to be deployed Dec 2022

Gen2-Optical: 8 km3, 120 strings with 240 m lateral spacing
80 DOMs/string with 17 m spacing

Gen2-Radio: 500 km2, with "(200) stations



Carsten Rott IceCube Dark Matter and BSM 
Physics

Complementarity & Outlook
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• Neutrino Telescopes are discovery experiments, 
exploring the unknown, with a tremendous potential 
for BSM physics searches

• Guaranteed science for dark matter searches & 
discovery potential

• Observed astrophysical neutrino spectrum 
remains to be understood

• Guaranteed discoveries, including potential to 
observe dark matter

• BSM physics searches at neutrino telescopes come 
at essentially no additional costs (highly leveraged)

• Independent from direct detection or other 
indirect searches

• Rapidly evolving field that can provides 
unexpected new opportunities (example 
observation of new astrophysical sources or 
transient events)

High-energy astrophysical neutrino flux can 
only be understood with significantly higher 
event statistics (x10)

?
M. Chianese, M.Miele, S. Morisi 
Phys.Lett. B773 (2017) 591-595
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• Striking signatures provide high discovery potential for indirect 
searches for dark matter with neutrinos 

• Stringent limits on dark matter self-annihilation cross section set 
using neutrino telescopes

• Lifetimes of heavy decaying dark matter has be constrained to 
1028s using neutrino signals

• Neutrino Telescopes/Detectors provide world best limits on the 
Spin-Dependent Dark Matter-Proton scattering cross section

• A new neutrino floor for solar dark matter searches has been 
calculated and might be observable in the near future

• Efforts underway to expand searches beyond WIMP hypothesis


