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Cosmic Rays: A century old puzzle

Victor Hess
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Balloon flights
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Energies and rates of the cosmic-ray particles
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What is IceCube?

A gigaton neutrino detector funded through the
Nafional Science Foundation and EU funding
agencies

We are in our 15t project year and data

taking with the full detector (86 strings) began
in May 2011

IceCube is the largest Neutrino Telescope in
operation
IceCube has opened up a neutrino window to the

cosmos and has ushered in the dawn of Neutrino
Astronomy and Multi-Messenger Astronomy.
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The lceCube Collaboration
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Amundsen-Scott South Pole Station
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The IceCube Detector
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Radio Continunm (408 MHz) Bonn, fodrell Bank,

andlaris - - THE ELECTRO MAGNETIC SPECTRUM
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Charge Resolution of ATIC
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Neutrinos as Cosmic Messengers
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Slow History of Neutrinos!

1930 Pauli proppses 1956, Reines and Cowan 1967, Davis Solar 1987 Supernova 1998 Neutrino 2013 Dawn of 2018 Dawn of
eutrinos discovery of neutrinos Neutrinos and their deficits  IMB, Kamioka Oscillations, Super-K Neutrino Multi-Messenger

Astronomy Astronomy
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Neutrino interactions

ve(ve) +160 —> e (e7) + X (CC)
V() +100 - p(ph) + X (CC)
vo(vp)+100 - 1 (z1) + X (CC)
ve(Ve) +100 - ve(¥g) + X (NC)
vu(P+190 - v, (71) + X (NC)

ve(v)+100 v (v7) + X (NC)
" v(v)e = v(v)e(CC,NC)

: ve + p — eT+n, Supernova(CC)
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Sensing Neutrino Light

IceCube "Digital Optical Module” (DOM)
Power consumption: 3W
Measure arrival time of every
photon

2x 300MHz waveform digitizers
1x 40 MHz FADC digitizer

Can trigger in coincidence w/
neighbor DOM

Transmits data to surface on
request

Data sent over 3.3 km twisted pair
copper cable

Knows the time to within 3
nanpseconds to all other DOMSs in

Main board

Flasher
PMT base Board

Clock stability: 10-19~= (.1 nsec / sec
Synchronized periodically to precision of

B 33 Cm Benthosphere O(2 nsec)
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IceCube Construction
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Event Topologies <t
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How does IceCube work?

When a neutrino interacts with the Antarctic ice, it creates other particles. In
this event graphic, a muon was created that traveled through the detector
almost at the speed of light. The pattern and the amount of light recorded
by the IceCube sensors indicate the particle’s direction and energy.
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Possible ET Neutrino Sources

Solar Neutrinos

Supernova 1987A

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

Active Galactic Nuclei L__ | Cosmogenic Neutrinos
Blazars

Gamma Ray Bursts
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Backgrounds
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Atmospheric Neutrinos
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Multi-messenger Astronomy
A new approach to observing the universe

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
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Multi-messenger Astronomy

A new approach to observing the universe

Blazar TXS 0506+056

Distange: 1.75 Mparsec, 5.7 Billion l.y.
ﬂetrzr%—pbinting directly toward Earth.

N
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Multi-messenger Astronomy

A new approach to observing the universe
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This event display, from the high-energy muon neutrino detected
by IceCube on Sept. 22, 2017, shows a muon, created by the
interaction of a muon neutrino with the IceCube.

Event Number: IceCube-170922A, E = 290 TeV
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Multi-messenger Astronomy

A new approach to observing the universe

side view
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The observed DOM time shows dark blues for earliest hits and yellow for latest.
The total time the event took to cross the detector is ~3 ps.

The size of a colored sphere is proportional to the logarithm of the amount of
light observed by the DOM. The total charge recorded is ~5800 photoelectrons.
The best-fitting track direction is shown as an arrow, consistent with a zenith
angle 5.7 +0.50 -0.30 degrees below the horizon.
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Multi-messenger Astronomy

A new approach to observing the universe
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Multi-messenger Astronomy

A new approach to observing the universe
SALT, Kapteyn VLA Subaru

1(]/7 10(2

Sl el )
Swift AGILE MAGIC Tanaka, NuSTAR
9/26  9/29 10/4 10/17

Timeline for Multi-messenger
EM events Following IceCube
Trigger by Blazar TXS 0506+056
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Multi-messenger Astronomy

A new approach to observing the universe

Neutrino points within 0.06° MAGIC detects emission of
of a known Fermi blazar >100 GeV gammas

Science 361, eaat1378 (2018)
Science 361, 146 (2018)
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Neutrino diffuse flux

=~ IceCube v, +V, (preliminary)
HH  IceCube combined (2015)
HH  Fermi IGRB (2014)
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Neutrino diffuse flux
Cascade events (2012-15)
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Neutrino diffuse flux

D=1.6(prmy) 2*¥x3

+lo
<4 differential model

@ v, Tracks—8y(E>119TeV)

v  Cascades —2y(E> 1OT¢V)
%  Cascades — 4y (this work)
' IceCube preliminary

IceCubepreliminary
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Neutrino diffuse flux

IceCube: Science 22 Vol. 342 no. 6161 (2013), Phys. Rev. Lett.113 (2014) 101101
Physics Cuts
1) PMT charge, Q > 6000 p.e., contained events within detector fiducial volume
2) Accept both tracks and cascades
J)Am:a.background atmospheric g and neutrinos
4) 60 TeV < Edep < 3 PeV
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Declination vs. deposited energy
Neutrino2018, 7.5 years of data

A few observations.

- Showers +—e
ntains 60 events * Tracks X
above 60 TeV L@ ¢ 7o, lceCube Preliminary

« Atmospheric neutrinos:
track/cascade = 2

« Most events originate from
southern sky because most
HE neutrinos from northern
sky are absorbed by the
Earth
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« Excess from the southern
sky is not due to atmos-
pheric v, because they
are reduced in the south
by u rejection
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Future Plans, IceCube-Gen2

1000m
Designed for GeV
Qﬁ:lﬁ'ﬁﬂs
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Future Plans, IceCube-Gen2

Larger IceCubes, up to more than an
order of magnitude in mass/volume. Much
higher statistics in the PeV region, much
higher energy neutrino acceptance, a
deeper view of the cosmos and source ID
of high energy neutrino production.

Dark Sector Cléan Air Sector Dark Sector Clean Air Séctor

300 m
spacing

position offset w.r.t. IceCube center (m)

Downwind Sector . Quiet Sector

—2000 -1000 0 1000 2000 —-2000 -1000 0 1000 2000
position offset w.r.t. IceCube center (m) position offset w.r.t. IceCube center (m)
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Future Plans, IceCube-Gen2

A simulated 60-PeV horizontal muon

em H MM |

Gen?2 Surface Veto

\ lceCube
‘i High-Energy Array — '\\ DeepCore

PINGU
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Conclusions and Outlook

IceCube has answered the century old question
about the origin of the high energy cosmic rays.

Real-time coincidence measurements are now
possible with other detectors, such as optical, X-
ray, gamma-ray in the form a Multi-Messenger
approach to astronomy.

IceCube has observed, High Energy
Astrophysical Neutrinos and has opened the era
of neutrino astronomy.

Future plans: IceCube Extensions for Higher
Energies and dense array for Neutrino Mass
Hierarchy, Dark matter, Tau neutrino
appearance ... ...
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