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Beta-Decay Energy

Nomser oF ﬁ-mnnczes

0 %3 5 s & 75 - 1075
Encrey 10° Vours

Ellis & Wooster Proc. Roy. Soc. A117 (1927) 109
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Beta_Decay Energy Expected ‘quantized’

spectrum
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Beta-Decay Energy

Expected ‘quantized’

spectrum
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Deus ex Machina

electron
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Deus ex Machina
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Experimental Neutrino

e Collision probability is very, very small

e Collision probability increases as neutrino kinetic energy increases

* Neutral particle, has no electric charge

* Byproduct of nuclear radioactivity and particle collisions
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Experimental Neutrino

e Collision probability is very, very small
e Collision probability increases as neutrino kinetic energy increases

* Neutral particle, has no electric charge

* Byproduct of nuclear radioactivity and particle collisions

Today | have done a terrible thing, something
which no theoretical physicist should ever do.
| have suggested something that can never

be verified experimentally.
-W. Pauli

*F. Hoyle, Proc. Roy. Soc. London A 301, 171 (1967)
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Why?
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Standard Model & Neutrinos

Leptons




Standard Model & Neutrinos
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Standard Model & Neutrinos

Photons
X-Rays
Gamma rays

CMB
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Standard Model & Neutrinos

Photons
Light
X-Rays
Gamma rays
CMB

More numerous
than atoms
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Standard Model & Neutrinos

Leptons

D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 8



Standard Model & Neutrinos

Leptons

-
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Standard Model & Neutrinos
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Standard Model & Neutrinos
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Why?

e Fundamental Physics
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Cosmic Messengers

X-ray optical infrared 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.)

* NASA/CXC/SAO (X-ray)r NASA/ESAZJ. Hester and A. Loll (Arizona State University) (optical),

AURA/STScl/NASA/JPL (infrared), NRAO/AUI/NSF (radio)
D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 10



Supernova Observed Everywhere
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Photon Astronomy

& 5 \
Swift (] .

ﬂ"m;- ~ : Spekir-R
Fermi o Hubble P
Chandra A
wa; @ b Spitze;\ Planck
NuSTAR GALEX
MWAWIWVANMAWVONNANNVVVNNNNANS N TN 7 N 7
gamma ray X-ray ultraviolet visible infrared microwave radio

!E SOFIA

*Goddard Space Flight Center
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dadgi . o e MUltimessenger,
B ~ Astronomy
3 * ' ;.'.‘.'.",".,-_. neutrmos

Cosmic Rays
(protons, iron, etc.)

*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 .
D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 13



Astrophysical Neutrino

- NASA/SDO
- R. Svoboda & K. Gordan (LSU)

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

.
.

- ESO/L. Calcada
- CERN Courier, Jan 2007
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Photosynthesis

Carbon
Dioxide T Water + — Glucose + Oxygen
6CO, + 6H,O + —_—p CiH120O4 + 60,

Carbon Dioxide\ F.

Water > |

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

Oxygen comes from the insides
of stars, and needs neutrinos in
order to blowup (go supernova)

D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 16



Why?

e Fundamental Physics

e Cosmic Messengers

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



Cosmic Laboratory

lux of Cosmic Rays

* Higher energy atoms
(p, H, Fe, etc.) than can
ever be produced on

p

~* «—— 1 particle per m“ - second

earth 4 Knee .
:<><> (1 particle per m“ — year)
| 0%
LHC maximal E ""-.,\ /
e Evidence for extremely energy — i %

. : *"k"n
energetic accelerators... : g
somewhere 5

E Ankle

(1 particle per km? — yea

10° 102

Energy (eV)

(source: Swordy — U.Chicago)
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Natural Collisions

* Probes collisions at higher energies than what will ever be
possible with man-made particle accelerators

Unlucky Air Molecule

19
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Natural Collider

e Particle collider in the sky with a large number of
secondary particles (muon, neutrinos, etc.)

D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018
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~Neutrino Sources

NieA

- Atmosphere .
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Nuclear Reactors ~ Natural Radioactivity
Including the Earth
NASA/SDO (40K, 232Th, 238U)

*NASA/ESO *ESO/L. Calcada
D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 22
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Neutrino Energies

Nuclear
Reactor Man-made accelerator

e B o ——

I I I I I I I I I I
| eV | KeV |0 MeV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV |0 PeV

e T e

Solar Atmospheric
— S
Supernova Astrophysical —

Ultra-High-Energy
Astrophysical

LOW low-energy HIGH high-energy

low collision rate high collision rate
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Overview

e Neutrinos are incredible

 Fundamental particles which remain mysterious
e Cosmic messengers
* Probe the exotic cosmic laboratory

 Produced over large energy range

e Neutrinos are “terrible’

* Neutral particles

e | ow chance to interact

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



Charged particles traveling through water/ice

produce blue (Cherenkov) light

et/pnt/tt ‘

Additional

Char.ged Advanced Test Reactor
Proton/Neutron Pamdes Idaho National Laboratory

25



Cherenkov Light lllustration

*M. Medici, PhD thesis

Light "waves' cancel Light "waves' align
No Cherenkov emission Cherenkov emission

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



Light Receivers

Photocathode Last dynode

Photons r g Focusing electrode

.

— 9
' .
Photons (. €
——r
1(r e-
AL s

Window Dynodes Anode

*Australian Microscopy &
Photomultiplier tubes (PMTs) Microanalysis Research Facility

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



Detection

lce/\Water
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Detection

Charged

Particles
Ve/ 1 &
Neutrino Cherenkov

Light

lce/\Water
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Detection

Light Receivers

HE EEEEEEEEEEEEEEEEEEEEEE NP EEEEEEEEEEEEETSRNE \ Charged
Particles
Ve/u/‘r )
Neutrino Cherenkov
J Light

lce/\Water
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D. Jason

Detection

Kos

Ve/ 1

Neutrino

Light Receivers

kinen - lceCube & Neutrinos - Nov. 2018

lce/\Water

Charged
Particles
&
Cherenkov
Light
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lceCube Detector ;

-‘&'-

e ~1km3 of instrumented ice

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

* Deployed 1.5 - 2.5km below
the surface

lceCube Optical Sensor
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lceCube Detector

e ~1km3 of instrumented ice

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

* Deployed 1.5 - 2.5km below
the surface

lceCube Optical Sensor
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lceCube Hot Water Drill Animation




lceCube Hot Water Drill Animation




Getting to S. Pole

e People go by planes

e Cargo goes by boats and then planes or caravan




ANTARCTIC PROGRAM

CLOTHING DISTRIBUTION CENTER

Summer in the S. Hemisphere,

but still cold at the S. Pole (-30 C
to -45 C

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



C-17 Globemaster
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To Antarctica

D S'Christchurch

Ross Island

US DeptcrStawe Gaographer ' C " I >
W 2010 EUroDa Techno<gles . ©201¢ 7()()( L
£ 201C Inav'Gaosisiemas SRL

A SO NOAA U S Nivy NGA GEECO

F2TVENZAATN V4222108 G Ak L el KT Eye at 9381 15km ()
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Safety First

D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 38



lce Runway
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To the S. Pole

D S'Christchurch

Ross Island

US DeptcrStawe Gaographer ' C " I >
W 2010 EUroDa Techno<gles . ©201¢ 7()()( L
£ 201C Inav'Gaosisiemas SRL

A SO NOAA U S Nivy NGA GEECO

F2TVENZAATN V4222108 G Ak L el KT Eye at 9381 15km ()
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More Planes
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lceCube Detector

e ~1km3 of instrumented ice

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

* Deployed 1.5 - 2.5km below
the surface

lceCube Optical Sensor
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lceCube e

lceCube Lab

e im s __— 81 Stations e e
50m [ I e 324 optical sensors

lceCube Array
86 strmg including
8 DeepCore strings
5160 optical sensors
1450 m Uil
g

DeepCore
8 strings-spacing optimized
for lower energies
480 optical sensors
| | Eiffel Tower
324 m

93388888388888808828%0 sunenee

MWWQ”S
W"”W“o‘n

P RTILN LU LU INU IR A s TR

% l};

_‘ 2820 m

N—y !
’
’
: 2
4
. 7
n 7
= —
] i

lceCube Optical Sensor

Bedrock
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lceCube Neutrino Movie

-
e T R e T
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e T s e
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lceCube Neutrino Movie

-
e T R e T
B S, U S . b
e T s e
e S e S TN, =R




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

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

Cosmic Ray

25N ’Atmospheric \
= Neutrinos

Cosmic Ray
(Proton, Helium,
Iron, etc.)

Cosmic Ray

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



Background

>

C_ >




Background

-

. Vo Atmospheric




Background

Vi Astrophysical

4
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. Vo Atmospheric
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Atmospheric & Astrophysical Neutrinos, and
Atmospheric Muons

.‘ 3
s Atmospheric 3
2 Neutrinos

Cosmic Ray
(Proton, Helium,
Iron, etc.)
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Particle Physics with
Neutrinos

Neutrino Oscillation




Neutrino Admixture

Flavor Mass
~igenstate Eigenstate
Ve) V1)
V), ) = UpMNS V)
Vs ) V3)
Uel U€2 UeS V1>
— Upi Up2 Ups V2)
U’Tl U7'2 UTS V3>

* Neutrinos are produced/detected in 'tlavor’ states but
move through space as a composition of ‘'mass’ states




Atmospheric Neutrino Oscillation

Cosmic Ray
(proton, iron, etc.)

* Neutrinos interact in flavor states (v, Ve, V1), but they quantum mechanically
oscillate between flavors as fundamental mass states (vi, v2, V3)

D. Jason Koskinen - Neutrinos on Ice



Atmospheric Neutrino Oscillation

Cosmic Ray
(proton, iron, etc.)

1.0

0.8

Oscillation Probabilities

0.4 l’
0.2/

o.oh U

10 20 30 40 50
Neutrino Energy (GeV)

* Neutrinos interact in flavor states (v, Ve, V1), but they quantum mechanically
oscillate between flavors as fundamental mass states (vi, v2, V3)

D. Jason Koskinen - Neutrinos on Ice




Astrophysical

Neutrinos & lceCube




High Energy Neutrinos

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

1.04+0.16 PeV 1.14=0.17 PeV

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



*ESA/Gaia/DPAC
D. Jason Koskinen - IceCube & Neutrinos - Nov. 2018 56



int Source Search

lceCube Po

4—

SOuLIIN3U "W1D

—p

suonw “wlb

uoneul|d9p

Ingredients

Askro, Neubrinos
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Neutrino Astronomy??

X Tracks

+ Cascades
6-year sample

......................................................

Equatorial

lceCube Preliminary

T
0.0 TS = 21In(L/Ly) 12.6

*M. Ahlers

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



Neutrino Astronomy?

X Tracks

+ Cascades
6-year sample

extra-

galactic?
N E—

entaurus A

Supermassive Black Holes?
Messier 82 -
binary neutron
‘ Starburst Galaxies? ' star merger /_1
‘ Galactic?
1 ‘ .
Crab NEIE!

? GRB 170817A ‘ Pulsar Wind Nebulae? |
!

Gamma Ray Bursts? |

Many candidate sources!

*M. Ahlers

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



Astrophysica

- NASA/SDO
- R. Svoboda & K. Gordan (LSU)

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

| Neutrino

- ESO/L. Calcada
- CERN Courier, Jan 2007

In 2013, IceCube
established existence
of high energy
astrophysical
neutrinos

Famic<andz
¢ IliB
& Dak:an
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New Era in Astronomy




140915 & 110216

*T. Pyle, LIGO
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Laser Interterometry (Movie)

*T. Pyle, Caltech/MIT/LIGO Lab
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Laser Interterometry (Movie)

*T. Pyle, Caltech/MIT/LIGO Lab
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LIGO Gravitation Wave Signal
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*|. Bartos, Neutrino 2016
64



f Courtesy




Beyond Photons

%>

X

GW (99% CL)
GW (90% CL)
GW (50% CL)
neutrino

arXiv:1602.05411




e Multi-Messenger
@ ‘i, - Astronomy

multi- -
messenger hotons
source P
P : . .
\ > excellent pointing
| > easily absorbed en-route
absorption magnetic

deflection COSmiC I"ayS

» energetic charged nuclei
> distorted by magnetic fields

neutrinos

» elementary particles
» weakly interacting

gravitational waves*

» from cataclysmic events
» very weak signature

*Nobel Prize 2017
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lceCube-170922A
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lceCube-170922A
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| Ce C u b e I 1 ; O ; 2 2 A original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined besi-fit direction IC170922A

IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees
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~Location ot Neutrino

\Q-

FA ~— Blazar TX$ 0506+056

»
n

= e *Axel Mellinger(C. Mich.) and NASA/DOE/Fermi LAT Collaboration
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*DESY, Science Communication Lab

Artists depiction of blazar
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Blazar Detection (Movie)
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Blazar Detection (Movie)
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Recap
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Standard Model

Leptons
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Standard Model

Leptons
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lceCube e

lceCube Lab

e im s __— 81 Stations e e
50m [ I e 324 optical sensors

lceCube Array
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lceCube Optical Sensor

Bedrock
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lceCube-Gen2

lceCube
DeepCore

IcCECUBE
GENZ2

IC-Upgrade

* New optical sensors
e Deploying in 2022/2023

e Optimized for particle
physics

e High Energy Array

e ~8km3volume

e High-energy
astrophysics and
astronomy
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Conclusion

IceCube is unlocking the fundamental particle
physics secrets of the neutrino

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