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Overview
• Motivation

• Neutrino Detection

• Introduction to Neutrino Telescopes

• The IceCube Neutrino Telescope and it’s science 
program

• The Search for Astrophysical Neutrinos 

•  Multi-messenger astroparticle physics & IC170922A

• Conclusions
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The Cosmic Ray Mystery
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Victor Hess
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primary particle

~20km altitude

~5km altitude
Victor Hess

stratospheric balloon

~40km

Victor Hess 1912

collision point of 
primary particle

Surface of the Earth
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Cosmic rays

• Cosmic ray spectrum extremely well measured (TA, Auger, …)

• Where are they coming from ?

• What cosmic sources accelerate these particles to energies 
well beyond that reached at LHC ?
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Cosmic rays have been observed with energies up 
to 1020eV (100EeV) or 107 LHC beam energies

AUGER Malargüe, Mendoza

1600 Water Cherenkov Detectors (WCDs)

3000 km^2
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Cosmic rays
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• Where are they coming from ?

• What cosmic sources accelerate these particles 
to energies well beyond that reached at LHC ?

Cosmic rays have been observed 
with energies up to 1020eV (100EeV) 
or 10 000 000 LHC beam energies
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Victor Francis Hess 

Discovery of 
cosmic-rays

1936
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Potential sources of high-energy neutrinos
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Galactic sources Extragalactic sources

Supernova remnants Active Galactic 
Nuclei

Gamma-ray 
bursts

Exotic

?
Something 
unexpected
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Atmospheric Neutrinos
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Atmospheric Neutrinos Cosmic rays interact in the upper atmosphere:

p + A → π± (K±) + other hadrons  ... 
π+→μ+νμ→e+νeνμνμ

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Neutrino Telescope Landscape
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IceCube

IceTop

DeepCore
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Cherenkov light in water/ice
• Neutrinos interact in water

• Produces charged particle (muon for 
example)

• Energetic muon is relativistic travels with the 
speed of light, speed of light in water v=c/n

• Index of refraction of water n = 1.33

•  Cherenkov light is emitted

• Characteristic emission angle

• in water ~43o

• in ice ~41o
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νl
l, νl

hadronic
shower

W, Z

Muon Neutrino

MuonCherenkov
Radiation

Array of optical 
sensors capture the 

light

Principle of an optical Neutrino Telescope
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41°

ν

µ

γč

interaction

Charged particles (from a nuclear reactor in the  
picture) produce blue light in water 
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Principle of an optical Neutrino Telescope
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Neutrino 
Telescopes
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Neutrino Telescopes

KM3NeT 
ORCA

ANTARES

Active
 IceCube

Lake Baikal

Upgrade/Gen2/PINGU

GVD

Planned   
Construction
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AMANDA

Baikal GVD

IceCube

ORCA

Upgrade

OCN
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Lake Baikal
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228 PMTs
~0.1MT Volume

arXiv:astro-ph/0609743

http://arxiv.org/abs/astro-ph/0609743
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The IceCube Neutrino Telescope
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Sungkyunkwan University 
since 2013
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How to get there ?
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Travel

Station

Research/Expedition Team

Conduct Experiments

Lasting Memories

Arrival



Carsten Rott Ehwa Woman’s University HOKMA Lecture May 8 ,2019 25



Carsten Rott Ehwa Woman’s University HOKMA Lecture May 8 ,2019

IceCube

1 km

Laboratory at the 
South Pole
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The IceCube Neutrino Telescope

• Gigaton Neutrino Detector at the 
Geographic South Pole

• 5160 Digital optical modules 
distributed over 86 strings

• Detector completed in December 
2010 after 7 years construction

• Neutrinos are identified through 
Cherenkov light emission from 
secondary particles produced in 
the neutrino interaction with the 
ice

 27
νμ

μ

EThr ~ 100 GeV

EThr ~ 10 GeV
Sensor module in my lab
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Drilling & Deployment
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Drilling to 2500 m   < 40h 
String deployment   ~ 12h

• Hole size   ~60cm 
• Depth      ~2.5km 
• Straight to      1m
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Signals in IceCube

Downgoing 
Muons

South 
Pole

North Pole
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μ

ν

Up-going events can be used to obtain 
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create 
irreducible neutrino background to 
extra terrestrial neutrino fluxes

μ

ν

μ

IceC
ube

p + A → π± (K±) + other hadrons  ... π+→μ+νμ→e+νeνμνμ

Atmospheric muons ~ 1011/year
Atmospheric neutrinos ~ 105/year
Astrophysical neutrinos ~ 100/year
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The Ice
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digital  
receiver

baffles 
(nylon brushes)

laser

absorption length ~ 210m
scattering length ~20-40m

Major calibration efforts resulted in 
a very precise understanding of the 

ice surrounding the IceCube 
detector

• Calibration Sources:

• 12 LED flashers on 
each DOM

• In-Ice Calibration Laser

• Cosmic Rays

• One pair of Camera 
DOMs
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Calibration and  Performance
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• Calibration Sources:

• 12 LED flashers on each DOM

• In-Ice Calibration Laser

• Cosmic Rays

• Moon Shadow

• Atmospheric Neutrinos

• Minimum-ionizing Muons

Physical Review D89 (2014) 102004

• Moon blocks cosmic rays - Observed muon deficit 
14σ significance

• systematic pointing error <0.1°
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Event Topologies in IceCube
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νe ντ CC-int & νi NC-int

νμ CC-int

Track topology 
(e.g. induced by muon neutrino) 

Good pointing, 
 0.2° - 1° 
Lower bound on energy for 
through-going events

Cascade topology 
(e.g. induced by electron 
neutrino) 

Good energy resolution, 15% 
Some pointing, 
10° - 15°

CC: νµ

CC: νe ντ
NC: νe νµ ντ



Color indicates on-time or delayed
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Event topologies in IceCube
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Selected Results and Science Program

 36
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IceCube  Observations

• ASTROPHYSICS

• point sources of ν’s (SNR, AGN … ), extended 
sources

• transients (GRBs, AGN flares …)

• diffuse fluxes of ν’s (all sky, cosmogenic, galactic 
plane …)

• COSMIC RAY PHYSICS

• energy spectrum around ”knee”, composition, 
anisotropy

• DARK MATTER

• indirect searches (Earth, Sun, Galactic center/halo)

• EXOTICS

• magnetic monopoles

• PARTICLE PHYSICS

• ν oscillations, sterile ν’s

• charm in CR interactions

• violation of Lorentz invariance

• SUPERNOVAE (galactic/LMC)

• GLACIOLOGY & EARTH SCIENCE

 37

Scientific Scope

Very diverse science 
program, with neutrinos 
from 10GeV to EeV, and 

MeV burst neutrinos
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Astro-physical Neutrino Search
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Finding astrophysical neutrinos

 39

How to find astrophysical 
neutrinos ?
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Finding astrophysical neutrinos

 40

ν
Point source search
• search for clustering 

of neutrinos from point 
in the sky
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Finding astrophysical neutrinos

 41

ν
Transient source search
• search for spacial and 

temporal clustering of 
neutrinos
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Finding astrophysical neutrinos

 42

νγ
Multi-messenger search
• search for a 

coincidence between 
neutrino and other 
messenger particles 
spacial at particular 
time and location
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Finding astrophysical neutrinos

 43

ν

Diffuse search
• search for spectral 

feature, inconsistent 
with atmospheric 
background 
predictions

#e
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s
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Finding astrophysical neutrinos

 44

(1) Point source search
• search for clustering of neutrinos from point in the sky

(2) Transient source search
• search for spacial and temporal clustering of neutrinos

(3) Multi-messenger search
• search for a coincidence between neutrino and other 

messenger particles spacial at particular time and location
(4) Diffuse search

• search for spectral feature, inconsistent  with atmospheric  
background predictions

#e
ve

nt
s

energy

background

signal

(1) (2) (3) 

(4) 

…. + various combinations and 
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Point source search

 45



Carsten Rott Ehwa Woman’s University HOKMA Lecture May 8 ,2019

Point Source Search
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Diffuse Neutrino Flux Search 
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A cosmic neutrino interacts INSIDE the detector: it is too 
energetic to be produced in the atmosphere

> 300 optical sensors; > 100,000 photons; 2 nanosec time resolution
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Search for highest energy neutrinos

• Ernie ~1.15 PeV (~1.9·10-4J)

• Bert ~ 1.05 PeV (~1.7·10-4J)

• Topology of the events - 
cascades

• Angular resolution on 
cascade events at this 
energy ~10°

• Energy resolution is about 
15% on the deposited 
energy

 49

IceCube Coll. Phys.Rev.Lett. 111 (2013) 021103 / arXiv 1304.5356

In two years of data expect 
0.08 events at high energies, 
but observed 2 events !!
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Observation of high-energy astrophysical neutrinos

• Search for High-Energy 
Starting Events (HESE)

• Efficient reject 
atmospheric backgrounds 

• Discovery of 
astrophysical neutrinos

 50

IceCube Collaboration, Science 342, 1242856 (2013), 
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

~2.0 PeV HESE 6yrs 80 events observed
Atmospheric background  ~41events
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HESE7.5yrs results
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

High-Energy Starting Events (HESE) – 7.5 yr

up-going
dow

n-going

• Recently unblinded 1.5 additional years of data (new calibration)

• Topology ID added (Cascades, Tracks, Double Cascades)

• Above 60TeV: 60 events - 17 new events in 2016/2017 season

• All energies: 102 events - 31 new events in 2016/2017 season

High-Energy Starting Events (HESE) – 7.5 yr
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HESE7.5yrs results
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

High-Energy Starting Events (HESE) – 7.5 yr

up-going
dow

n-going

• Recently unblinded 1.5 additional years of data (new calibration)

• Topology ID added (Cascades, Tracks, Double Cascades)

• Above 60TeV: 60 events - 17 new events in 2016/2017 season

• All energies: 102 events - 31 new events in 2016/2017 season

High-Energy Starting Events (HESE) – 7.5 yr
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HESE7.5yrs results
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

High-Energy Starting Events (HESE) – 7.5 yr

up-going
dow

n-going

• Recently unblinded 1.5 additional years of data (new calibration)

• Topology ID added (Cascades, Tracks, Double Cascades)

• Above 60TeV: 60 events - 17 new events in 2016/2017 season

• All energies: 102 events - 31 new events in 2016/2017 season
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Arrival directions (highest energy events)
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

Isotropically distributedHigh-Energy Starting Events (HESE) – 7.5 yr

No evidence for point sources, nor a correlation 
with the galactic plane
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Neutrino energy spectrum

 55
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Multi-messenger Neutrino Astronomy and
IceCube-170922A

 56
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Transient Searches
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no coincidence found 

IceCube Collaboration - Nature Vol 484, 351 (2012)

• upgoing νμ track search – 
506 bursts in 4yrs
• all-flavor cascade search – 
257 bursts in 1yr

Burst data from Fermi-BAT and Swift 
provide precise time stamp and location

• Follow up on LIGO Gravitational Wave GW 150914

• No neutrino association observed

ANTARES Collaboration, IceCube Collaboration, LIGO Scientific
Collaboration, Virgo Collaboration [arXiv:1602.05411]
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GW170817
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LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA.
NASA/STScI

We have a connection between gamma rays and gravitational 
waves…  
 GW170817/GRB170817A
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Gravitational Waves
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Imre Bartos Neutrino 2018

GW170817 
- binary neutron star inspiral
- followed by short GRB (observed 

by Fermi-GBM)
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IceCube-170922A & TXS 0506+056

• Real-time alerts. Since 04/2016, 
≈6-8/yr

• Improved selection summer 
2018

• Good angular resolution 
(0.5° - 2° 90% of events)

• 50% astrophysical fraction

 60

Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115
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IceCube-170922A & TXS 0506+056

 61

Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

First public ν Alert: IceCube-160427

• Real-time alerts. Since 04/2016, 
≈6-8/yr

• Improved selection summer 
2018

• Good angular resolution 
(0.5° - 2° 90% of events)

• 50% astrophysical fraction
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IC-170922A
 62
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IceCube-170922A & TXS 0506+056

 63

Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

• September 22, 2017: a neutrino alert issued by 
IceCube

• Fermi-LAT and MAGIC identify a spatially 
coincident flaring blazar (TXS 0506+056)

• Very active multi-messenger follow-up from 
radio to γ-rays
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IceCube-170922A

 64

(Science 361, eaat1378 (2018)

• Chance probability of a Fermi-IceCube 
coincident observation: ~3σ (determined 
based on the historical IceCube sample 
and known Fermi-LAT blazars)

• Time-integrated neutrino spectrum is 
approximately E-2.1

• TXS 0506+056 redshift 
determined to be z=0.3365 (S. 
Paiano et al. ApJL 854.L32(2018))

• Time-average luminosity about an order 
of magnitude higher than Mkn 421, Mkn 
501, or 1ES 1959+605

+
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IceCube-170922A
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Science 361 (6398), 147-151.

Time-independent weight of individual events during the IC86b period.

• 9.5 years of archival data was evaluated 
in direction of TXS 0506+056

• An excess of 13±5 events above 
background was observed during Sep 
2014 - March 2016 

• Inconsistent with background only 
hypothesis at 3.5σ level (independently 
o f t h e 3σ a s s o c i a t e d w i t h 
IceCube-170922A alert)  
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One type of AGN: the blazar

 66

A blazar is an 
AGN with a jet 
pointed at the 
Earth.

Sophia Dagnello, NRAO/
AUI/NSF
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Active Galactic Nuclei: Cosmic Accelerators?

X-ray: NASA/CXC/SAO; 
Optical: NASA/STScI; Radio: 
NSF/NRAO/AUI/VLA

NASA

ESO/WFI (Optical); MPIfR/ESO/APEX/
A.Weiss et al. (Submillimetre); NASA/CXC/
CfA/R.Kraft et al. (X-ray) - 

 67

However: Maximum contribution of the 2LAC blazars 
to the observed astrophysical neutrino flux to be 27% 
or less between around 10 TeV and 2 PeV [IceCube 
Astrophys.J. 835 (2017) no.1, 45]

http://chandra.harvard.edu/index.html
http://www.stsci.edu/portal/
http://www.nrao.edu/
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What’s next …

 68
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Multi-messenger

 69

Most astrophysical 
neutrino remain hidden in 
the atmospheric neutrino 

sample

Multi-messenger methods 
could identify them

10 Big Ideas for Future NSF Investments 
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Next generation 

 70

• IceCube has provided an amazing sample 
of events, but is still statistics limited

• Observed astrophysical flux is consistent 
with a isotropic flux of equal amounts of 
all neutrino flavors

• So far non of the analyses has shown 
any evidence for point sources

• Where are the point sources?

• What is the flavor composition?

• What is the spectrum? Cutoff?

• Transients ?

• Multi-messenger physics?

• GZK neutrinos?

• New physics or something unexpected  ?

• …

IceCube Gen2 Facility
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Next generation 

 71
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The IceCube Upgrade 

 72

First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity 

of the PMNS matrix 
- Calibration devices 
- Platform to test new technologies 

“The IceCube Upgrade”  ~7strings

see also:
- PINGU LOI arXiv:1412.5106 
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Ice Camera System
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- Ice properties dominant source of 
sys. uncertainties for most analyses

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

Camera system key to comprehensive 
understanding of the detector medium
—> Retroactively analyze more than 10 
years of IceCube data with substantially 
improved angular and energy resolution

Example 
camera for 
illustration
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SpiceCore Camera System

 74

• SPICE Core camera system was successfully deployed 
in January 2019 (one 7h deployment to the maximal 
depth of 1695m)

• several hundred images taken - image analysis on-
going

• Platform to test camera systems for integration into 
next-generation optical sensor modules

SKKU graduate student Hrvoje 
Dujmovic @ South Pole
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• High-energy astrophysical neutrinos have opened up a new window to the 
Universe

• What’s the origin of the high-energy neutrino

• Very strong bounds on dark matter scattering with nucleons

•  Very diverse science program, IceCube turns out to be a treasure throve 

• Neutrino astronomy is a central part of the multi messenger astroparticle physics 
field

• The IceCube Upgrade has just been approved and we can look forward to many 
exciting discoveries in the near future 
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Thanks !
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Search for Dark Matter

 77
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Solar Dark Matter

νµ

 78



Carsten Rott

Search for Dark Matter in 
the Sun

!79

• Search for an excess in direction of the Sun

• Off source region used to reliable predict backgrounds from data

• Observed events consistent with background only expectations

Thermilization

IceCube Eur.Phys.J. C77 (2017) no.3, 146

5° 3°7°

Signal pdf:

Monovariate Fisher Bingham 
distribution from directional statistics

Background pdf:

Spectral part

Likelihood:

Observed events
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Neutrino 2016 Danninger

IceCube (2017)

PICO-60 (2017)

Solar Dark Matter Summary

 80

Spin-dependent scattering Spin-independent scattering

ANTARES

JCAP 1311 (2013) 032

and Phys.Lett. B759 (2016) 

69-74

IceCube

Phys. Rev. Let. 110, 131302 

(2013) and JCAP 04 (2016) 

022; Eur.Phys.J. C77 (2017) 

no.3, 146

Super Kamiokande

Astrophys.J. 742 (2011) 78 

and Phys. Rev. Lett. 114

(2015) 141301

Baksan

JCAP 1309 (2013) 019

Baikal NT200

Astropart. Phys 62 (2015)12-20

direct to be updated …

Dark Matter Mass (log(mDM/GeV)) Dark Matter Mass (log(mDM/GeV))
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Earth WIMPs
• Dark Matter could be captured in 

the Earth and produce a vertically 
up-going excess neutrino flux

• No off-source region

 81

SK preliminary

Limits on Dark Matter Nucleon scattering cross section

WIN2017



Carsten Rott Ehwa Woman’s University HOKMA Lecture May 8 ,2019

Earth WIMPs
• Dark Matter could be captured in 

the Earth and produce a vertically 
up-going excess neutrino flux

• No off-source region

 82

SK preliminary

Limits on Dark Matter Nucleon scattering cross section

WIN2017
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Thanks !

 83
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IceCube

IceTop

DeepCore

Atmospheric Neutrino Telescopes / Detectors

• ANTARES is located at a depth 
of 2475 m in the Mediterranean 
Sea, 40 km offshore from Toulon 

• Consists 885 10”PMTs on 12 
lines with 25 storeys each.

• Detector was competed in May 
2008 ; Phyiscs data taking since 
2007

• IceCube at the Geographic South 
Pole

• 5160 10”PMTs in Digital optical 
modules distributed over 86 
strings instrumenting ~1km3

• Physics data taking since 2007 ; 
Completed in December 2010, 
including DeepCore low-energy 
extension

• Super-Kamiokande 
at Kamioka uses 11K 20” 
PMTs 

• 50kt pure water (22.5kt 
fiducial) water-cherenkov 
detector

• Operating since 1996

 84

Detect Cherenkov light from neutrino interaction products 
Main backgrounds: Atmospheric neutrino, atmospheric muons (down-going)


