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Abstract: In&nbsp;some of&nbsp;the&nbsp;planet's most extreme environments scientists are constructing enormous detectc
study&nbsp;the&nbsp;very rare interactions produced by neutrinos.&nbsp;In&nbsp;particular, at&nbsp;South Pole Station Antarctica more 1
cubic kilometer of&nbsp;the deep glacial&nbsp;ice&nbsp;has been instrumented to construct&nbsp;the&nbsp;world's largest neutrino dete
date:&nbsp;the&nbsp;lceCube Neutrino Observatory. &nbsp;Designed to detect&nbsp;the&nbsp;highest energy neutrinos expected
produced&nbsp;in&nbsp;astrophysical processes, IceCube has established a vibrant scientific program&nbsp;that has begun to revolutiol
fields of particle and astro-physics.&nbsp;Iin&nbsp;this talk 1 will present&nbsp;some of the most recent results from this new win
to&nbsp;the&nbsp;Universe, and will discuss the plans underway to significantly enhance its long-term future reach.&nbsp;
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circa 1920s ... something didn't quite add ug

- Increasingly precise measurements of the beta rad
was showing a violation of one of our most fund
conservation of energy.
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The birth of a new particle

- In 1930 Wolfgang Pauli composes a famous letter as g
a “desperate attempt” to save the law of conservation
of energy for the beta decay process.
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- He suggests, in addition to electrons
particle which he called the neutron. He suggests this “neutron” is also emitted during beta

decay and has simply not yet been observed.
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The birth of a new particle

« In 1931 Enrico Fermi renames Paull's “neutron” to
neutrino, meaning “little neutral one”. Fermi
publishes the first successful model of beta decays
in which neutrinos are produced in 1934.
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Neutrinos: the “ghost" particle

~1930s ?
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| present
day
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Neutrinos: the “ghost" particle

~1930s %

| present
day

The Standard Model of Particle Physics
Leptons

Gluons

Neutrinos are
« are 2nd in abundance only to photons in number in the Universe

« have 3 active flavours which have also been produced and
detected directly in accelerator exparments

« have learned they have mass and mostly how they mix.... but

many of their properties remain a mystery
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The neutrino has an incredibly rich history ... what's next?

Neutrino oscillations, implying mass, is first evidence for physics beyond the
Standard Model. Unknowns about their fundamental properties:

- the absolute mass-scale

- the ordering of the neutrino masses

- the particle nature of the neutrino; are they their own anti-particle? (Dirac vs.

Majorana)

- |s charge-parity symmetry violated? (neutrino properties may explain the
matter-antimatter asymmetry of the universe)

___and how their known properties (as an ideal messenger) may be used to

augment other areas of science:

- solving the 100+ year mystery of the origin of high energy cosmic rays

- studying the behaviour of the most violent astrophysical processes in the

universe

. discovery of the particle nature of dark matter
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Cosmic rays and the high-energy universe

- Victor Hess measures radiation of | e
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Multimessenger Astronomy

cosmic rays +
neutrinos

cosmic rays
+ gamma-rays

Gamma rays and
neutrinos should be
procluce('l at the
sites of cosmic ray
acceleration
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Astronomical messengers

 \

neutrinos

Sun, SN1987a
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Neutrino Astrophysics

Neutrino Particle Physics
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Astronomical messengers - sources
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Principles of high-energy v detection

o \Waler Cherenkov

» v-induced charged particles emit a detectable
pattern of Cherenkov radiation

* backgrounds from cosmic ray p and
atmospheric v reduced via event timing,
direction, energy and vetoing techniques

» Radio (Askaryan)

e radio \'s are comparable to size of v-induced
shower of charged particles; resulting coherent
radiation can be very powerful

e Penetrating or upward-going air shower

e air Cherenkov (e.9. Auger)

e Acoustic
« |ocalized v-induced heating: sharp sonic pulse

e tosts in polar icecap yielded too small Aayt

« water could be better (the Dead Sea?)
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Principles of high-energy v detection

* Water Cherenkov

» v-induced charged particles emit a detectable
pattern of Cherenkov radiation

* backgrounds from cosmic ray p and
atmospheric v reduced via event timing,
direction, energy and vetoing techniques

» Radio (Askaryan)

e radio A's are comparable to size of v-induced
shower of charged particles; resulting coherent
radiation can be very powerful

« Penetrating or upward-going air shower

« air Cherenkov (8.9. Auger)

» Acoustic
« [ocalized v-induced heating: sharp sonic pulse

e tosts in polar icecap yielded too small Aa

« water could be better (the Dead Sea?)

Simulated downward-going
cosmic-ray muon in lceCube
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Principles of high-energy v detection - water Cherenkov

CC Muon Neutrino

track (data)

factor of = 2 energy
resolution
< 1° angular resolution at
high energies

Neutral Current /
Electron Neutrino

cascade (data)

~ +15% deposited energy
resolution
10° angular resolution (at
energies = 100TeV)

CC Tau Neutrino

“double-bang” (z10PeV)

and other signatures
(simulation)

(t decay length is 50 m/
PeV)
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lce/water Cherenkov neutrino telescopes - global view

ANTARES
Deep waler
0.01 km?* -
2008 - 2019

Baikal/GVD
Deep water
~1 km?

t S s 3 ‘.
?Efg Svgase;:ma \ g T Construction

Construction

IceCube IceCube-Gen2
Deep ice Deep ice
* 1km* ~10 km®
2011 - Projected, 1%
phase imminent

IceCuUBE
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h Pole Station, Antarctica

Amundsen-Scott Sout
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The IceCube Neutrino Observatory

lcoCube Lab

Skiway

Amundsen-Scoft

é/ﬁnuth Pole Station

4

Completed December 18, 2010
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Scott South Pole Station, Antarctica

Amundsen-
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lceCube Drill-Camp, South Pole Station Antarctica
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The IceCube Detectors

- Digital Optical Module
« Ultra-sensitive light sensors
(photomultiplier tubes) with complete on-

board high voltage and data acquisition.

- Complete signal digitization within the ice.

Photomultiplier Tube
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The IceCube Neutrino Observatory - A Wealth of Science...

accelerators
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The IceCube Neutrino Observatory signals

Astrophysical neutrinos

“Up-going” muons

“Down-going"” muons

Astrophysical neutrinos

cosmic ray

cosmic ray

Up-going events provide a
“clean” neutrino sample using
the Earth as a muon filter
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e |dentify starting events in the detector by
applying an active veto to remove the down-
going backgrounds:

e atmospheric muons identified by using
part of the detector in anti-coincidence;
can estimate potential contamination by
using subseqguent detector regions to
measure number of muons that evade the

other veto layer

e atmospheric neutrinos: starting outside
the detector see above; starting inside the
detector tag with a parent atmospheric

muaon
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IceCube high energy starting events search

Starting Event Spectrum
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IceCube high energy starting events search

Starting Event Angular Distribution
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lceCube high energy events search

10 10" u;l“ la" 10
E [eV]

Glashow Resonance

Event identified in a partially-contained PeV

search (PEPE)
Deposited energy: 5.9+0.18 PeV (stat only)

ICRC 2017 arXiv:1710.01191
7, Hadronic Cascade

Potential hadronic nature of this event is
being investigated

Resonance: E, = 6.3 PeV
Typical visible energy is 93%
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» |dentify up-going tracks (ie. not a cosmic ray muon)

* highest energy neutrino event detected to date (June 11, 2014)

IceCube up-going muons

e 2.6+/-0.3 PeV deposited energy; 8.7 PeV (median);

e direction 11.48 degrees dec/110.34 degrees RA

L
'g
-’
 (

-
»
5
=)
=
-
-
-
-
-

asnie
e 14

-
-
-
-
-
-
-
-
-
-
-

.
-
¥

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

§i:8 uulnll{("(“i;

® SR ATia

ApJ 833 (2016) no.1, 3

Pirsa: 19040075 Page 33/58



IceCube up-going muons

v Exp. data R Astroplysical » 4 @ IR Conv. atmospheric v 4§ B Combined » + #
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Astrophysical v signal

A. Turcati, modified from L. Mohrmann, PhD Thesis (2015)

Diffuse Gamma Neutrinos Cesmic Rays
A Ferml (2014) Diffuse w/J, - lceCube (ICRC 2017) ¥ TA(CRC 2019)
® HESE - IceCube (ICRC 2017) ¥  Auger (ICRC 2015)
e EME Upper Limits - iceCube (ICRC 2017)

1076+

1077 4

L
wn
T

"
~

1

g
3
=~
o
*-2-1
©
~
w

preliminary

10-2 10° 107 10°
Energy [TeV]

o the Universe in gamma-rays, neutrinos & extragalactic cosmic rays

Similar energy injected int

Pirsa: 19040075 Page 35/58



Pirsa: 19040075

Astrophysical v signal - flavour component

e Studying the flavour
components of the neutrino
signal can tell you about
neutrino production in the
source environment

» Neutrino oscillations
complicate this

muon-suppressed
pion decay
(0:1:00

plon & muon
e dccay
(1:2:0)

neutron
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Astrophysical v signal - flavour component

» Studying the flavour
components of the neutrino
signal can tell you about
neutrino production in the
source environment

—= HESE with ternary PID : VooV, Vq at source

< ‘ - = ) ) m 010
 Neutrino oscillations IceCubeARIa0l S
complicate this

1.0.0
IceCube \ o
Preliminary ‘

Fraction of Ve
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Astrophysical v signal - flavour component

From the most recent 7.5 year HESE analysis...
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Events reconstructed looking for evidence they contain 2

cascades
Two double cascade avents have been identified

Double cascades can arise from v, or mis-identified
background (astro v or atmospheric).
Separate study of “tauness” of the double cascade events

ongoing
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Astrophysical v signal - flavour component

From the most recent 7.5 year HESE analysis...
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Events reconstructed looking for evidence they contain 2

cascades

Two double cascade events have been identified
Double cascades can arise from v, or mis-identified

background (astro v or atmospheric).

Separate study of utauness” of the double cascade gvents

ongoing
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