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Digital optical module arrays
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[arXiv:1204.4219]

[arXiv:1908.09441]
· IceCube detector

· ’-ice interactions ᴼ relativistic charged particles

· Superluminal products emit Cherenkov photons

· Instrumentation

· 5160 sensors embedded within 1 km3 of glacial ice

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

https://arxiv.org/abs/1204.4219
https://arxiv.org/abs/1908.09441
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· Superluminal products emit Cherenkov photons

· Instrumentation

· 5160 sensors embedded within 1 km3 of glacial ice

· 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)

· 10km3 instrumented volume for huge boost in statistics

· New surface radio array for Askaryan photons
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· IceCube detector

· ’-ice interactions ᴼ relativistic charged particles

· Superluminal products emit Cherenkov photons

· Instrumentation

· 5160 sensors embedded within 1 km3 of glacial ice

· 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)

· 10km3 instrumented volume for huge boost in statistics

· New surface radio array for Askaryan photons

IceTop
IceCube

DeepCore

Gen-2 optical 

Gen-2 radio
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’-oscillations at IceCube
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electron

neutrino

muon

neutrino
tau

neutrino

[icecube.wisc.edu]
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· Neutrino oscillations

· Three flavours’ȟȟᴾ Three mass states ’ȟȟ

· Propagate as flavour superpositions ᵼɝά π

· Oscillations between flavours ᵼά’ ȟȟ π

· ὖ(Transition) ᶿὪὒȾὉ

· Upgoing atmospheric muon neutrinos 

· Abundant & high-Ὁsource:

· Accesses oscillations with ὗ for transition into ’

· Maximum ~13,000km baseline, ὒ, as Ὢ— :

· Near maximal (’ᴼ’) oscillations for  (10 GeV) 

· DeepCore optimised for ~25 GeV, sensitive > 5 GeV:

· Upgrade sensitivity designed for  (1 GeV) 
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https://icecube.wisc.edu/news/research/2019/01/atmospheric-tau-neutrino-appearance-in-icecube/


· Unitarity tests

· 4th generation / heavy neutral leptons

· Non-standard interactions

· New mediators / enhanced couplings

· ⱨⱲ-appearance

· ⱨⱲ-normalization, ὔ ρᵼnon-unitarity

· Neutrino mass ordering

· CP violation

· Majorana fermions

· ⱨⱧ-disappearance

· Mass splitting (ɝά ) & mixing angle (ÓÉÎ— )
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’-oscillations physics
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3x3 mixing matrix
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╤╟╜╝╢

Mixing angles: — ȟ— ȟ—
CP violating complex phase: ‏ḳ‏



If Ὗis unitary:   ὟὟ ὟὟ Ὅ,

then norms (magnitude of vector from origin) 

are preserved, crucial for probability amplitude 

calculations in QM

· Unitarity tests

· 4th generation / heavy neutral leptons

· Non-standard interactions

· New mediators / enhanced couplings

· ⱨⱲ-appearance

· ⱨⱲ-normalization, ὔ ρᵼnon-unitarity

· Neutrino mass ordering

· CP violation

· Majorana fermions

· ⱨⱧ-disappearance

· Mass splitting (ɝά ) & mixing angle (ÓÉÎ— )
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Beyond unitarity
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Higher order oscillation bands
ǒ Super-K sees low-Ὁsmeared together
ǒ NO’A & T2K see only primary maxima
ǒ DeepCore relies on primary maxima

· Unitarity tests

· 4th generation / heavy neutral leptons

· Non-standard interactions

· New mediators / enhanced couplings

· ⱨⱲ-appearance

· ⱨⱲ-normalization, ὔ ρᵼnon-unitarity

· Neutrino mass ordering

· CP violation

· Majorana fermions

· ⱨⱧ-disappearance

· Mass splitting (ɝά ) & mixing angle (ÓÉÎ— )
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IceCube oscillogram
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https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/neutrino-oscillation/
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[arXiv:1204.4219]

[arXiv:1908.09441]
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Oscillations with the Upgrade
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· Reconstruction & particle identification

· 2x improvement in Ὁresolutionṓ3x for †-appearance 

· 3x improvement in — resolution

· Detection efficiency 

· 2x detection efficiency ṓ10x efficiency below 10 GeV

· Overall 2x ⱨⱲrate, 3x ⱨⱧrate ᵼ’ every 15 mins

· Systematics limited measurements 

· Projections 

· 1yr Ÿ world leading ⱨⱲ-appearance 

· 3yrs Ÿ competitive ⱨⱧ-disappearance

’

https://arxiv.org/abs/1204.4219
https://arxiv.org/abs/1908.09441
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DeepCore event energy
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DeepCore Upgrade

· The same simulated 30 GeV ’ᴼ‘-track as viewed by each setup
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Upgrade event energy
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· The same simulated 3.8 GeV ’ᴼ‘-track as viewed by each setup

DeepCore Upgrade



· Unitarity tests

· 4th generation / heavy neutral leptons

· Non-standard interactions

· New mediators / enhanced couplings

· Neutrino mass ordering

· CP violation

· Majorana fermions

· ⱨⱧ-disappearance

· Mass splitting (ɝά ) & mixing angle (ÓÉÎ— )

· ⱨⱲ-appearance

· ⱨⱲ-normalization, ὔ ρᵼnon-unitarity
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Higher order oscillation bands
ǒ Upgrade can access additional maxima

ǒ May distinguish higher orders vs. primary
ǒ Aim to also resolve higher orders

https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/neutrino-oscillation/
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PeV resonant scattering
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Summary

· Only 3rd IceCube event with Ὁ υὖὩὠ

· ά ψπȢσψὋὩὠᵼ resonance at Ὁ φȢσςὖὩὠ

· 5ů within expected ὡ resonance width

· Early pulses ahead of cascade imply hadronic ὡ-decay

· Likelihood ratio test prefers GR(Ὤ) over CC(Ὡ) to 2.3ů

· Suggests presence of Ӷ’astrophysical flux
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Astrophysical neutrino production
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Summary

· Star torn apart by tidal forces of a supermassive black hole

· 50% of the starôs mass accreted by the black hole

· 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 ὴ‎-production of neutrinos 
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Astrophysical neutrino production
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Multi-messenger astronomy
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projection of the arrival direction of neutrinos and UHE CRsprojection in Galactic coordinates of the arrival direction of neutrino events
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Conclusions
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· 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!

27
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[10.1103/PhysRev.118.316]
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[arXiv:2011.03545]
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· Anti-neutrino scattering, 1959

· Hypothesised óunstable charged bosonô (Z meson)

· If ά ά ḐπȢυὋὩὠᵼresonance at Ὁ Ḑὓ Ⱦά ςὝὩὠ

· Ὡ at rest probes incoming Ӷ’s-channel processes

· In the mean-time�« hypothesis & discovery

· Neutrino flavour (’) ô40  & ô62

· Quark model (ό,Ὠ,ί)          ô64  & ô68

· Unified EW bosons (ὡ ,ὤ ) ô68  & ô83

· Glashow resonant scattering

· ά ψπȢσψὋὩὠᵼ resonance at Ὁ φȢσςὖὩὠ

· IceCube sensitive to Ӷ’sources in  ὰ’ȟήή

https://arxiv.org/abs/1912.02976
https://journals.aps.org/pr/pdf/10.1103/PhysRev.118.316

