lceCube: the First Decade of Neutrino Astronomy
... and neutrino physics

francis halzen lceCube.wisc.edu
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10,000 times too small to

do neutrino astronomy...



lceCube:
5160 photomultipliers
instrument one km3 of
Antarctic ice between
1.4 and 2.4 km depth
as a Cherenkov detector



lceCube Array at 60 MHz ground-penetrating radar
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1 km? instrumented with 5160 PMT (10inch) below 1450m



muon neutrino events
[filtered by the Earth]:
atmospheric vs
cosmic
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neutrinos interacting muon neutrinos

inside the detector filtered by the Earth
superior total energy superior angular resolution 0.3°
measurement including systematics

to 10%, all flavors, all sky
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Glashow resonance event with energy 6.3 PeV

q resonant production of a weak
intermediate boson by an anti-
electron neutrino interacting with
an atomic electron

Er = Mg, /[2m.]
— 6.32 PeV



* energy measurement understood
« shower consistent with the hadronic decay w
of a weak intermediate boson W

» identification of anti-electron neutrino

Er = M3, /[2m,]
= 6.32 PeV
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» oscillations of PeV neutrinos over cosmic distances to 1:1:1
* high energy (> PeV) nutau neutrinos are of cosmic origin

starting events machine learning
(medium energy) PMT signals



« double bang events: 8 predicted on a background of 1 and 7 observed
* each nutau event is an extragalactic neutrinos search




quantized space: quantum fluctuations of space-time
E geometry is activated

a~1 510-33cm




* neutrino decoherence from quantum gravitational space-time fluctuations

* modifies the neutrino dispersion relation over long baselines

* lceCube reaches record sensitivities at the Planck scale even using
atmospheric neutrinos



Quantum Gravity at the Planck scale

 speed of photons and neutrinos depends on their

energy, like photons in a crystal

 Planck scale vacuum fluctuations probed by high

energy particles

E°=p°+m°+ Ez(i)”ir...
M
QG

» modification to dispersion relation leads to an energy

dependent speed of light: Lorentz invariance violation






lceCube neutrinos >100 GeV (one year shown)
(reaches neutrino purity of > 97% but overwhelmingly atmospheric)

~ 200 cosmic neutrinos

~12 separated from the
atmospheric background Q
with E>60 TeV









one million atmospheric v’s
at analysis level in DeepCore
one every 15 min and with
Upgrade one every 4 min



one million atmospheric neutrinos: lceCube veto: puts DeepCore at an

* > 2 megaton detector effective depth well below SNOLAB
« near 25 GeV energy nearly all muon

neutrinos reappear as tau neutrinos.
We measure both!












lceCube Overview

* |ceCube
— DeepCore p Dor.]egf
Delivering
— lceTop i
* Upgrade } |underway

* |ceCube-Gen2

— Full }

Astro2020
Review
Preliminary
Design in
Preparation

* 10 megaton volume
* string spacing :125m = 35m =2 22m
* module spacing: 17m—=2> 7m =2 3 m



lceCube Upgrade 2025



and with the Upgrade strings in 2025... lceCube + JUNO |

leading atmospheric beam detector
until the advent of HyperK in 2028



@ PMT noise low (280 Hz)

‘¥~ detect correlated rate increase
on top of PMT noise when
supernova neutrinos pass
through the detector



starting points of neutrino £ | SNvp-—>c'n AHA Model
showers from supernova oo |-
neutrinos =
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of a 2 megaton SuperK-style 000 |
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gravitational wave with
fundamental frequency:

fGWZQXfV




in the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed at GeV energies

» neutrinos

one gamma ray for every neutrino?






80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068

update



NGC 1068

comes
into focus

9.26 local
significance

update

2.90
10-year analysis

3.30

new likelihood
method

4.2
pass 2



cores of active
galaxies

target densities
required

« to produce the
neutrino flux

» to suppress the flux of
the accompanying
gamma ray from n®s

requires a target density
only found within < 100
Schwarzschild radii of the
black hole






overflow sides



Lorentz violation: AE vs At

violation of Lorentz invariance because of Planck
scale physics can be detected through time delays of
high energy neutrinos relative to low energy photons

n

|4

Atz1+n d E
2 c /)| M

QG

from a source at a distance d

It is a small effect = integrate over long distances
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