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lceCube/DeepCore
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lceCube Science
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lceCube Collaboration - Denmark

o ~2-2.5 senior personnel (1-1.5 permanent, 1 tenure-track)

* In 2022, 100% supported by private foundation grants to individual Pls

e ~2 Ph.D. students (1 experimental, 1 theory/pheno)

e 2 postdocs and 1 Marie-Curie Fellow

| Lead oscillation(s) & astrophysical sources analyses, event selection,

simulation development, and analysis tools
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Astrophysical
Neutrinos & IceCube
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Neutrino+ Astronomy

10 MeV |00 MeV | GeV 10 GeV 100 GeV

*ESA/Gaia/DPAC lceCube
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Multi-Messenger Panorama
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Particle Physics with
Neutrinos

Neutrino Oscillation
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Atmospheric Neutrino Oscillation

Cosmic Ray
(proton, iron, etc.)
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Oscillation Probabilities
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* Neutrinos interact in flavor states (vy, Ve, V1), but they quantum mechanically
oscillate between flavors as fundamental mass states (vi, v2, v3)
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Neutrino Oscillation Data
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2.35k tau neutrinos
(1.8k charged current & 550 neutral current)
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Results

Consistent with standard
neutrino oscillation paradigm

1 Analysis A, NC+CC
i | Best-Fit 68%, 90%
o
~ E i Analysis B, NC+CC

o Best-Fit 68%, 90%
] IceCube/DeepCore
1 3-year results*
o Analysis A, CC
| -
aE Best-Fit 68%, 90%
I |
Ll
i i Analysis B, CC
g Best-Fit 68%, 90%
~ e’

SuperK 2017, CC 68%

arXiv:1711.09436

OPERA 2018, CC 68%

arXiv:1804.04912

0.0 0.5 1.0 1.5 2.0

v; Normalization

*arXiv:1901.05366
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Recent Results

‘ Analysis A, NC+CC
! ' Best-Fit 68%, 90%

Analysis B, NC+CC
. :
I E— ' Best-Fit 68%, 90%

IceCube/DeepCore
3-year results*

Analysis A, CC
Best-Fit 68%, 90%

Analysis 5, CC
Best-Fit 68%, 90%

SuperK 2017, CC 68% S =
arXiv:1711.09436

OPERA 2018, CC 68%
arXiv:1804.04912

0.0 Oi5 1.0 1j5 2.0
v; Normalization

- Any value away from 1.0 is direct evidence of non-unitarity for neutral leptons i.e. neutrinos
- Tau neutrinos are the least well measured particle in the Standard Model
- 8+ year result should be ready for summer 2022 conferences

*arXiv:1901.05366
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Tau Neutrinos

Tau Neutrino White Paper - arX|v 2203 05591
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Tau Neutrinos

86% of all collected tau neutrinos are in
lceCube data

|

D. Jason Koskinen - IceCube - rECFA D k 2022



lceCube @

DeepCore ICECUBE

lceCube Future

IceCube Upgrade

High Energy Array

New Optical Sensors
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lceCube Upgrade

e Dense instrumentation within inner core

e Dramatic enhancement in precision oscillation analyses and all neutrino analyses <@(100) GeV

e 3x improvement in reconstruction resolution

e 2x improvement in oscillated tau neutrino statistics

* Deployment in 2025/26
e Currently, simulation and all analyses for the IceCube Upgrade are led by the NBI
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Tools
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Analysis Tools & Machine Learning

* |[ceCube is a sparsely instrumented and asymmetric detector

e Will get more complicated and asymmetric with the IceCube Upgrade

e Data is structured, but irregular
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- GraphNeT

o) Graph Neural Networks for
Neutrino Telescope Event Reconstruction
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( O - Inter-collaboration working group with the largest N. Hemisphere

neutrino telescope (KM3NeT)

- Shared development, locally, between IceCube & ATLAS groups
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Conclusion & Priorities

* Signifiant contributions to multi-messenger
astronomy and neutrino oscillations

* Prepare for tirst data from lceCube Upgrade

* Develop analysis tools for existing, near

future, and farther future lceCube detector(s)

Thanks
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Backup
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Quantum gravity

Although no accepted theory of quantum
gravity exists, some general features can
be predicted:

« Space-time fluctuates at tiny

distances
« Often called space-time foam

e Canresultinshort-lived,
microscopic "virtual black holes"

[arxiv.org/abs/1511.06025]
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Quantum gravity and neutrinos

Virtual black hole interactions: Lightcone fluctuations:

Extreme phase perturbation

Distance fluctuations

Neutrino flavor/mass state democratically selected +oL

U @ ve,u,t, 1,2,3

Neutrino lost

Velocity fluctuations

vV

AN
/7
| |

::5V |

[arxiv.org/abs/2007.00068] [arxiv.org/abs/2103.15313]
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Toy model simulations

D. Jason

Propagate 1000
neutrinos

Inject random phase
perturbations,
distance
fluctuations etc.

Oscillations are
dampened for all
scenarios

Koskinen - lceCube - rECFA D k 2022

Velocity fluctuations

—— 1000 neutrinos
- Average
- Normal oscillations
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Probe of Astrophysics
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TeV+ Neutrino Unitarity

Unitarity s
bounds o |
0. A

0.0 0.2 0.4 0.6 0.8 1.0
Ve fraction (feq)

*arXiv:1810.00893
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Lepton Universality

“2) it is questionable that the DeepCore
detector itself can measure the tau
neutrino appearance to a good degree of
accuracy which will allow a scientifically
reasonable test of the PMNS matrix’s
unitarity, in particular in the situation that
current neutrino oscillation data and
precision electroweak data only tolerate
the effects of possible unitarity violation at
or below the one percent level”

*Grant rejection for IceCube tau neutrino oscillation unitarity focus

T —

‘ | | | | i

LHCDb - arXiv:2103.11769
BaBar

0.1<g?*<8.12GeV2 ¢*
Ref. '°

Belle

1 1.0<g?<6.0GeV?c™

Ref. ®

LHCb 5 fb™
11<g?<6.0 GeV?c™
Ref. '

LHCb 9 fb™
11<g?<6.0 GeV?c™
This work

l

0.5 1.0
RK

1.5

“The significance of this discrepancy is 3.1 standard
deviations, giving evidence for the violation of lepton

universality in these decays.”

* Accelerator-based and astro-based particle physics distinctions

are becoming artificial boundaries, and both hadron and

lepton fields have positive (and negative) feedback loops
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Why lceCube/DeepCore/Upgrade tor Atmospheric
v,?

ckett, S. Meneguolo, Royal Astronomical Society of
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New Scales

e With tens ot thousands of
atmospheric neutrinos,

ceCube is sensitive to

olanck scale physics

* Phenomenology and
experimental analysis lea

by NBI IceCube
researchers
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v, = v, for different I' cases, E, = 25GeV

Standard oscillations

Decoherence : '3; =3, = 10feV, M1 = 0feV
Decoherence : ;; =3, = 10feV, I'3; = 0feV
Decoherence : ', =37 = 10feV, N'3; = 0feV
Decoherence : ', =31 =3, = 10feV
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lceCube Upgrade

----- Inner fiducial (DeepCore)
----- Outer fiducial (DeepCore)
—— |nner fiducial (Upgrade)
—— Outer fiducial (Upgrade) DeepCore : v Upgrade : v
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\

3x improvement in cascade
resolution @ v_appearance

energies

*v, CC and v, CC both appear as cascades. v, are
an easier proxy for cascade reconstruction
development.
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Neutrino+ Astronomy

Subphotospheric energy spectrum, Emean = 100 GeV

Excluded region
Y High luminosity GRB
Y Low luminosity GRB
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lceCube Upgrade

e Conservative experimental choices still illustrate potential
of IceCube Upgrade for physics

* ~10% N, resolution with 1-year of data

e Excludes improvements from new reconstructions, better detector
systematics, better flux treatment, and no combination of 10+ years

of DeepCore data

DeepCore 3 yr (10)

IceCube Upgrade
. 1 yr sensitivity (10)

IceCube Work in Progress

) OPERA (10)
e —— SuperK (1o)

0.0 0.5 1.0 1.5
NVT
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Analysis Tools & Machine Learning

* |[ceCube is a sparsely instrumented and asymmetric detector

e Will get more complicated and asymmetric with the IceCube Upgrade

e Data is structured, but irregular

® Main Array
¢ DeepCore
Zero Padding

Upper
DeepCore

Lower
DeepCore

68SLLL0LC

Main Array

D. Jason Koskinen - IceCube - rECFA Denmark 2022


https://arxiv.org/abs/2101.11589

