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• 1910s, no neutrino 

• Rutherford-Bohr model
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• Radioactive decay, specifically β-decay
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Beta-Decay Energy
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Deus ex Machina
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Deus ex Machina
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β-decay

214Bi

neutron proton

214Po

+
electron

+
anti-neutrino*

*Pauli, 1930
Ellis & Wooster Proc. Roy. Soc. A117 (1927) 109
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• Collision probability is very, very small 
• Collision probability increases as neutrino kinetic energy increases 

• Neutral particle, has no electric charge 

• Byproduct of nuclear radioactivity and particle collisions

Experimental Neutrino

!5
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• Collision probability is very, very small 
• Collision probability increases as neutrino kinetic energy increases 

• Neutral particle, has no electric charge 

• Byproduct of nuclear radioactivity and particle collisions

Experimental Neutrino
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Today I have done a terrible thing, something 
which no theoretical physicist should ever do. 
I have suggested something that can never 
be verified experimentally. 

-W. Pauli

*F. Hoyle, Proc. Roy. Soc. London A 301, 171 (1967)



D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018

Why?
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Standard Model & Neutrinos
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• Fundamental Physics

Why?
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* NASA/CXC/SAO (X-ray), NASA/ESA/J. Hester and A. Loll (Arizona State University) (optical), 
AURA/STScI/NASA/JPL (infrared), NRAO/AUI/NSF (radio)

• 1054 AD a star went supernova which could be observed on earth by eye 

• The left-over neutron star is now a pulsar 

• The explosion created an expanding cloud of elements (H, He, C, O, etc.) 

x-ray optical infrared radio

Cosmic Messengers
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Supernova Observed Everywhere
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* Lidai mingchen zouyi (歷歷代名⾂臣奏議)
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Photon Astronomy

!12

*Goddard Space Flight Center
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Multimessenger  
Astronomy

*ESO/WFI - MPIfR/ESO/APEX/A.Weiss et al. - NASA/CXC/CfA/R.Kraft et al. 
*C. Beckett, S. Meneguolo, Royal Astronomical Society of Canada

ν

γ

Cosmic Rays  
(protons, iron, etc.)

!13

neutrinos

photons
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Astrophysical Neutrino 
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- ESO/L. Calçada 
- CERN Courier, Jan 2007- R. Svoboda & K. Gordan (LSU)

- NASA/SDO
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Photosynthesis
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Carbon 
Dioxide

Water Energy Glucose Oxygen+ + +

6CO2 + 6H2O Energy C6H12O6 6O2++

Sunlight (energy)

Carbon Dioxide

Water

Oxygen

Glucose

Oxygen is recycled by photosynthesis to 
be breathable by humans. But, where do 
the original oxygen atoms come from?
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Stellar Nucleosynthesis
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Oxygen comes from the insides 
of stars, and needs neutrinos in 
order to blowup (go supernova)
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• Fundamental Physics 

• Cosmic Messengers

Why?
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• Higher energy atoms  
(p, H, Fe, etc.) than can 
ever be produced on 
earth 

• Evidence for extremely 
energetic accelerators…
somewhere

Cosmic Laboratory

!18

LHC maximal  
energy
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Natural Collisions
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Cosmic Ray

Unlucky Air Molecule

• Probes collisions at higher energies than what will ever be 
possible with man-made particle accelerators
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Natural Collider
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• Particle collider in the sky with a large number of 
secondary particles (muon, neutrinos, etc.) 
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ASPERA/Novapix/L.Bret

Constant rain of Earth penetrating muons (µ) 
and neutrinos (ν) from Cosmic Ray collisions 

with the atmosphere

ν µ
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Neutrino Sources
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*NASA/SDO
*NASA/ESO

Accelerators

SuperNovae
Sun

Big Bang

*ESA/PLANCK

*ESO/L. Calçada 

Atmosphere

Nuclear Reactors Natural Radioactivity 
Including the Earth 

(40K, 232Th, 238U)
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Neutrino Energies
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10 TeV 10 PeV1 TeV100 GeV10 GeV1 GeV100 MeV10 MeV1 KeV1 eV

Solar

Supernova

Nuclear 
Reactor Man-made accelerator

Atmospheric

Astrophysical

Ultra-High-Energy 
Astrophysical

LOW HIGHlow-energy 
low collision rate

high-energy 
high collision rate
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• Neutrinos are incredible 
• Fundamental particles which remain mysterious 

• Cosmic messengers 

• Probe the exotic cosmic laboratory 

• Produced over large energy range 

• Neutrinos are `terrible’ 
• Neutral particles 

• Low chance to interact

Overview

!24
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Charged particles traveling through water/ice 
produce blue (Cherenkov) light

νe/µ/τ e±/µ±/τ±

Additional  
charged 
particles

W

Advanced Test Reactor 
 Idaho National LaboratoryProton/Neutron

Neutrino
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Cherenkov Light Illustration
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Light `waves’ cancel 
No Cherenkov emission

Light `waves’ align 
Cherenkov emission

muon muon

*M. Medici, PhD thesis
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Light Receivers

!27

*Australian Microscopy & 
Microanalysis Research Facility
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Detection

!28

Ice/Water
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Detection
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A. Gursky

Super-Kamiokande



Amundsen-Scott South Pole Station

South Pole

�30
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• ~1km3 of instrumented ice 

• Uses ~5k optical sensors 
across 86 vertical strings to 
detect Cherenkov light 

• Deployed 1.5 - 2.5km below 
the surface

IceCube Detector

νµ
µ±

!31
IceCube Optical Sensor
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• ~1km3 of instrumented ice 

• Uses ~5k optical sensors 
across 86 vertical strings to 
detect Cherenkov light 

• Deployed 1.5 - 2.5km below 
the surface

IceCube Detector

νµ
µ±
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µ±

IceCube Optical Sensor



IceCube Hot Water Drill Animation 



IceCube Hot Water Drill Animation 
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• People go by planes 

• Cargo goes by boats and then planes or caravan

Getting to S. Pole

!33

1

2

3

4
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Summer in the S. Hemisphere, 
but still cold at the S. Pole (-30 C 

to -45 C
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C-17 Globemaster

!35
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To Antarctica

!36
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First Class Luxury 

!37
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Safety First

!38
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Ice Runway

!39
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To the S. Pole

!40
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More Planes

!41
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• ~1km3 of instrumented ice 

• Uses ~5k optical sensors 
across 86 vertical strings to 
detect Cherenkov light 

• Deployed 1.5 - 2.5km below 
the surface

IceCube Detector

νµ
µ±

!44

µ±

IceCube Optical Sensor
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IceCube

!45

IceCube Optical Sensor

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including

5160 optical sensors

DeepCore 
8 strings-spacing optimized

480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

for lower energies

8 DeepCore strings 
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IceCube Neutrino Movie
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IceCube Neutrino Movie
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l

!47

νμ + N      μ + X 
“Track”

νX + X      νX + X 
“Cascade”

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

Good pointing 
IceCube: lower bound on 
energy for through-going 
events 

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

Good energy resolution 
IceCube: some pointing 
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Atmospheric & Astrophysical Neutrinos

!48

Cosmic Ray 
(Proton, Helium, 

Iron, etc.)

νµ

νe

νµ

νµ

νe

νµ

νµ

Cosmic Ray

Cosmic Ray

astrophysical neutrino

Atmospheric 
Neutrinos
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Background

!49
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Background

!49

νµ

μ

Atmospheric
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Background

!49

νμ    Astrophysical

μ

νµ

μ

Atmospheric
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Background

!49

νμ    Astrophysical

μ

νµ

μ

Atmospheric

Unwanted 
Penetrating 
Atmospheric 

Muons  
(µ)

Trigger Level 
106:1 
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Atmospheric & Astrophysical Neutrinos, and   
Atmospheric Muons

!50

νµ

νe

νµ

νµ

νe

νµ

Muons - µ

Cosmic Ray 
(Proton, Helium, 

Iron, etc.)

νµ
astrophysical neutrino

Atmospheric 
Neutrinos
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Particle Physics with 
Neutrinos 
-  
Neutrino Oscillation

!51
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• Neutrinos are produced/detected in ‘flavor’ states but 
move through space as a composition of ‘mass’ states

Neutrino Admixture

!52
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• Neutrinos interact in flavor states (νµ, νe, ντ), but they quantum mechanically 
oscillate between flavors as fundamental mass states (ν1, ν2, ν3) 

Atmospheric Neutrino Oscillation

!53

~12,700km

νµνµνµ

νµνµ νe
νe

νµ/e/τ

Cosmic Ray 
(proton, iron, etc.)
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• Neutrinos interact in flavor states (νµ, νe, ντ), but they quantum mechanically 
oscillate between flavors as fundamental mass states (ν1, ν2, ν3) 

Atmospheric Neutrino Oscillation

νµ disappearance

ντ appearance

!53

~12,700km

νµνµνµ

νµνµ νe
νe

νµ/e/τ

Cosmic Ray 
(proton, iron, etc.)
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Astrophysical 
Neutrinos & IceCube

!54
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• Ultra-high energy IceCube astrophysical search found 2 
bizarre background events in the initial 2 years of data

High Energy Neutrinos

!55

1.04±0.16 PeV 1.14±0.17 PeV
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Skymap

!56

*ESA/Gaia/DPAC



D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018

IceCube Point Source Search

!57
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*M. Rameez

Ingredients: Atm. Muons & 
Atm. Neutrinos

Astro. Neutrinos
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6-year sample

IceCube Preliminary

*M. Ahlers
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Neutrino Astronomy?

!58

+ Cascades
x Tracks

6-year sample

IceCube Preliminary

Many candidate sources!

Starburst Galaxies?

Supermassive Black Holes?

Gamma Ray Bursts?

Pulsar Wind Nebulae?

Galactic?

extra-
galactic?

Messier 82

Centaurus A

Crab Nebula

GRB 170817A

binary neutron 
star merger

*M. Ahlers
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Astrophysical Neutrino 

!59

- ESO/L. Calçada 
- CERN Courier, Jan 2007- R. Svoboda & K. Gordan (LSU)

- NASA/SDO

In 2013, IceCube 
established  existence 

of high energy 
astrophysical 

neutrinos
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New Era in Astronomy

!60
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140915 & 110216

!61

*T. Pyle, LIGO
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Laser Interferometry (Movie)

!62
*T. Pyle, Caltech/MIT/LIGO Lab
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Laser Interferometry (Movie)

!62
*T. Pyle, Caltech/MIT/LIGO Lab
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`

�63

Hanford, WA Livingston, LA
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LIGO Gravitation Wave Signal

!64

Abbott+	PRL	116,	061102	(2016)	
*I. Bartos, Neutrino 2016
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Courtesy of Corey Gray
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Beyond Photons

!66

arXiv:1602.05411
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absorption magnetic  
deflection

cosm
ic ray

neutrino

photons

multi- 
messenger 

source

gravitational waves

photons 
excellent pointing 
easily absorbed en-route 

cosmic rays 
energetic charged nuclei 
distorted by magnetic fields 

neutrinos 
elementary particles 
weakly interacting 

gravitational waves* 
from cataclysmic events 
very weak signature

Multi-Messenger 
Astronomy

!67

*Nobel Prize 2017
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IceCube-170922A

!68
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IceCube-170922A

!68
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IceCube-170922A

!68
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Location of Neutrino

!69

*Axel Mellinger (C. Mich.) and NASA/DOE/Fermi LAT Collaboration

Orion
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Blazar TXS 0506+056

!70

*DESY, Science Communication Lab 
Artists depiction of blazar
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Blazar Detection (Movie)

!71
*NASA’s Goddard Space Flight Center/CI Lab/Nicolle R. Fuller/NSF/IceCube
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Blazar Detection (Movie)

!71
*NASA’s Goddard Space Flight Center/CI Lab/Nicolle R. Fuller/NSF/IceCube
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Recap

!72
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Standard Model 

!73
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Standard Model 
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IceCube

!74

IceCube Optical Sensor

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including

5160 optical sensors

DeepCore 
8 strings-spacing optimized

480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

for lower energies

8 DeepCore strings 
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• IceCube-Upgrade 
• New optical sensors 

• Deploying in 2022/2023 

• Optimized for particle 
physics 

• High Energy Array 
• ~8 km3 volume 

• High-energy 
astrophysics and 
astronomy

IceCube-Gen2 

!75

IceCube
DeepCore

IC-Upgrade

High Energy 
Array
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Conclusion

!76

IceCube is unlocking the fundamental particle 
physics secrets of the neutrino

Neutrinos and multi-messenger astronomy are an 
incredible new window into our Universe


