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IceCube detector e
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COPENHAGEN Low-energy extension

IceCube detector e
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Upgrade (installation 2022-2023)
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https://arxiv.org/abs/1204.4219
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COPENHAGEN High-energy extension

IceCube detector e U e — -

' -ice interactions © relativistic charged particles . - - = = . —

Superluminal products emit Cherenkov photons P - =

Instrumentation

5160 sensors embedded within 1 km? of glacial ice ‘W:M

Low-energy dark matter array at 5x density, DeepCore ?
Upgrade (installation 2022-2023)
7 columns of improved sensors at 10x density

Extending low energy range & building upon calibration tools

Gen-2 (operational 2033)
10km? instrumented volume for huge boost in statistics
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v Gen2-Radio ® Gen2-Optical ® IceCube o IceCube Upgrade

. * .
e, "t

IceCube detector A B0 < A N B )

' -ice interactions © relativistic charged particles . A ' ’ :

Superluminal products emit Cherenkov photons '''''''''''''''''''' ’ ’

: S mom 25m

Instrumentation '

5160 sensors embedded within 1 km?3 of glacial ice

Low-energy dark matter array at 5x density, DeepCore

IceCube lceTop Gen-2 radio

Upgrade (installation 2022-2023)
7 columns of improved sensors at 10x density
Extending low energy range & building upon calibration tools

Gen-2 (operational 2033)
10km? instrumented volume for huge boost in statistics
New surface radio array for Askaryan photons

JV Mead
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S D T AR ' -oscillations at IceCube

Neutrino oscillations election uon AU
, , neutrino neutrino neutrino
- Three flavours ' jj  Three mass states’

Propagate as flavour superpositions+ 3 Tt

cosmic rays

Oscillations between flavourst & () pp T
0 (Transition) ® "QOFO

Upgoing atmospheric muon neutrinos
Abundant & high-O source:
Accesses oscillations with 0  for transition into ’
Maximum ~13,000km baseline, 0, as "Q— :
Near maximal (" © * ) oscillations for (10 GeV)
DeepCore optimised for ~25 GeV, sensitive > 5 GeV:
Upgrade sensitivity designed for (1 GeV)

tau neutrino

IceCube

20/08/2021
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https://icecube.wisc.edu/news/research/2019/01/atmospheric-tau-neutrino-appearance-in-icecube/
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v, oscillation probability through Earth (from nadir)

1.0 1 | =
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0-8§ A N S ............................................ _;
: v, appearance 3
0_7:_ .............................................................................. R -
= VeV, VY, =
065_ ..................................... =
0.50 | L . E,.ye_appear.ance_.._; . hyappearance
0.4 _‘ ......... e N N ............................................ _; . hWnOI‘maIization, 6 p* non_unitarity
?0.3 Tt A B -y A E'”Vmailééb‘bééféﬁéé
P T S Wl B e, E Neutrino mass ordering
;0' bé ~\ E CP violation
E:O bE : o , 3 Majorana fermions
10 10° E, [GeV] |
- hy-disappearance
P(v, — 1) o sin2(fg3) sin® Am3,L L = travel length { Mass splitting (30 ) & mixing angle (OE + )
a a E FE = energy
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 COPENHAGEN 3x3 mixing matrix

T[4
1 0 0
0 cosfleg sinfag
0 —sinflyg cosflas
Atmospheric term Reactor term Solar term
Mixing angles: h— h
CP violating complex phase: 1 K
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“Uf > ~ J/1>
‘ vy > = Y L/2>
‘ Vr > V3 >
Y Y Y 2%
= Y Y 7Y 2)
YOy Y v3)

If "Yis unitary: Y'Y YY ‘Q
then norms (magnitude of vector from origin)
are preserved, crucial for probability amplitude
calculations in QM

20/08/2021 JV Mead 13




COPENHAGEN Beyond Standard Model

ve) 1) - Unitarity tests
\1/“> = Y V2> - 4 generation / heavy neutral leptons
‘UT) V3>
Y E Y V)
— a E 8 3/2> - hyappearance
Y E Y 1/3> - hwnormalization, U P+ non-unitarity
20/08/2021 J V Mead 14
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Beyond Standard Model

124 >
V9

JV Mead

Non-standard interactions
New mediators / enhanced couplings

Neutrino mass ordering
CP violation
Majorana fermions

hy-disappearance
Mass splitting (30 ) & mixing angle (OE + )
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Higher order oscillation bands

o Super-K sees low-O smeared together
o> NO’ A & T2K see only primary maxima
o DeepCore relies on primary maxima

E [GeV]

1.0

0.8

0.6

A

{

JV Mead

lceCube oscillogram

Unitarity tests
4 generation / heavy neutral leptons

Non-standard interactions
New mediators / enhanced couplings

hyrappearance
hyrnormalization, 0 Pt non-unitarity

Neutrino mass ordering
CP violation
Majorana fermions

hy-disappearance

Mass splitting (30 ) & mixing angle (OE + )
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https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/neutrino-oscillation/
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COPENHAGEN Oscillations with the Upgrade

Reconstruction & particle identification

E : === [arXiv:1908.09441]
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https://arxiv.org/abs/1204.4219
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DeepCore event energy o3

DeepCore
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DeepCore
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Unitarity tests

1.00 [nbi.ku.dk] O™ 4th generation / heavy neutral leptons
< 0.757 | |
05010 Higher order oscillation bands 0.8 - Non-standard interactions
e New mediators  enhanced coupiings
0.25 s Aim to also resolve higher orders 0.6
] Neutrino mass ordering

CP violation
Majorana fermions

hy-disappearance

Mass splitting (30 ) & mixing angle (O E + )

hyrappearance

hyrnormalization, 0 Pt non-unitarity
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-oscillations physics
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Astronomy
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Production
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Article | Published: 10 March 2021

Detection of a particle shower at the Glashow E AL S wl
resonance with IceCube | | i A/ 14

The IceCube Collaboration . 'fl | Y

Nature 591, 220-224 (2021) | Cite this article " | B ' /

Summary
Only 3 IceCube eventwith O V0 QW
G P ® JOQe resonance at0 ¢ Q@ Qw
50 withi no erespnance width
Early pulses ahead of cascade imply hadronic w -decay
Likelihood ratio test prefers GR('QoverCC(QQ t o 2. 31
Suggests presence of ' [astrophysical flux

20/05/2021 JV Mead 22
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COPENHAGEN PeV resonant scattering

Cosmic Neutrino - Neutrino
' Astronomy Flavor Rofio Oscillations
Multimessenger I \\

Astronomy

Tau Appearance

|

Sterile Neutrinos

Supernova ’ Heavy Quark
Explosions ASTROPHYSICS L < Production

Gamma Ray

Non-standard
Astronomy

Interactions

FUNDAMENTAL

Cosmic Rcy SYMMETRIES
e Neutrino Decay

Solar Physics " BEYOND | DARK
' MATTER Glaciology

Space-time
Symmetry

Earth
Tomography

Atmospheric
Sciences
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corenuacen  AStrophysical neutrino production

NewScientist

News Podcasts Video Technology Space Physics Health More ¥ Shop Courses Events

We've spotted a neutrino blasted out
by a black hole shredding a star
Walter Winter & & Cecilia Lunardini 00®® @ @

SPACE 22 February 2021

Letter | Published: 22 February 2021

A concordance scenario for the observed neutrino
from atidal disruption event

Nature Astronomy 5, 472-477 (2021) | Cite this article

By Leah Crane

Summary
Star torn apart by tidal forces of a supermassive black hole
50% of the stardés mass accreted

Track-like astrophysical neutrino (IceCube-191001A16)
associated with known tidal disruption event (AT2019dsg17)

Indicates such events can accelerate cosmic rays to PeV energies
Expanding cocoon progressively obscures the X-rays emitted
Provides target for n [-production of neutrinos

a supermassive black hole, with jet-like structures flowing away from the disc

20/05/2021 JV Mead
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Astrophysical neutrino production

Flavor Ratio Neutrino
» . Oscillations

Neutrino
Astronomy

Cosmic
Accelerators

Multimessenger
Astronomy

Supernova ’ Heavy Quark
Explosions ASTROPHYSICS L < Production

g

Gamma Ray
Astronomy

Tau Appearance

|

Sterile Neutrinos

Non-standard
Interactions
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COPENHAGEN Multi-messenger astronomy
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-180°
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event appears in both samples

Galactic

* event appears in both samples

*

projection in Galactic coordinates of the arrival direction of neutrino events projection of the arrival direction of neutrinos and UHE CRs
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| ST N LA Conclusions

Broad programme of astro- and particle physics
Neutrino oscillations
Neutrino astrophysics
Multi-messenger astronomy

Ongoing projects
Upgrade is in finalising stages following delay due to pandemic
Gen-2 development well underway
Radio extension to be matched in Greenland (RNO-G)

Opportunities for the future

3 years of Upgrade data expected to exceed 10 year DeepCore precision
Gen-2 on track for beginning 2025 installation and first data by 2033
Plenty of unanswered questions still out there, neutrino sector is still growing!

20/08/2021 JV Mead 27
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Anti-neutrino scattering, 1959  [10.1103/PhysRev.118.316] Q ‘
Hypot hesi sed 6dunst dmdsen) char ged bo%:)oné (
If & d DMOQw resonanceat’® DO 7Ta ¢'YQw ‘0 n
‘Q at rest probes incoming ’ [s-channel processes
] ] (b
r [
In the mean-time « hypothesis & discovery
Neutrino flavour C ) 040 & 062 ; i
1030 S ————
Quark model (0,Q1) 06 4 &| 6 638
‘e . ” A . 1,3 [arXiv:2011.03545]
Unified EW bosons (0w ,®) 06 8 &G 8 3 =
‘Em,;u_ | 10° £
Glashow resonant scattering gy 107
a U JOQe resonanceat’® ¢ Q Qo |
o _ . . - [10.1988/1475-7216/2020/03?05]jmg
IceCube sensitive to ’ [sources in d hnn S U ey 2
20/05/2021 JV Mead 31
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