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IceCube Neutrino Observatory TUT

e |ceCube detector: 50
m

- Cherenkov neutrino detector at the South Pole
- Ice as an optical detection medium
- 5160 DOMs with 10" PMTs

* DeepCore sub-detector

- central-bottom part of IceCube

- the clearest ice

- denser instrumentation 1450 m

Hor. Vert. Threshold

[m] [m] [GeV]
lceCube 125 17 ~100 GeV =20
DeepCore | 40-60 7 ~5GeV zezom
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Atmospheric neutrino oscillations

* Leading term — vacuum oscillations

L
P(v, — v,) ~ sin®(2693) sin” (Am§2 E)
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* Neutrino arrival direction — baseline of 20 — 12740 km
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Neutrino telescopes and oscillations

J. Phys. G44, 054006 (2017) ORCA KM3NeT-ARCA
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* Measurement of oscillations at the highest possible energies on Earth
« Above tau production threshold - disappearance and appearance studies possible
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DeepCore events

TUT

Deep Inelastic Scattering s V*g*fsgfg”j _. Ve*:*_ Ss‘;fg”j
E: =387Gev ||, . T it ;o; j E, =33.3 Gev
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* Eventtypes: [ . ———
0 0.5

- Track-like: v, CC
- Cascade-like: NC, CC of ve and v;
* Low energy events (~10-100 GeV)

- Produce less light

- Detector systematics are more relevant

- Harder to select
- Harder to reconstruct

Time [ ps]

> makes oscillations studies challenging

—
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Finding needle in a haystack TUT

« Majority of triggered events — background U

. ) . Outer lceCube
- Rejection of atmospheric muons

- Using Earth as a shield
- |lceCube detector as a veto to find contained events '
- Detector noise / dark counts

- Temporal and spatial “clustering” of detected light

»
»
»
»
»
»
»
»
»
»

PRD 108 (2023), 012014 :
10" 4 PO
10° - % 3
7 107" 4 :
= : DeepCore
- ]
© 1072 3
103 1 * Updated event selection
— - Improved simulations
12 13 o [ - Most systematically stable variables for “core” selection
DeepCore Basic Muon & Noise  Advanced
Filter Background BDTs Muon Veto
Reduction
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Current reconstruction approaches

TUT

 Direct photon timing for “verification” sample

EPJ. C 82 (2022) 9, 807

O hits
¥ removed by cleaning
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precision sample

DeepCore

8 convolutional layers
(8x60x5) |

IceCube near DeepCore 8 convolutional layers
(19 x 60 x 5). A

—— CNN
—— LEERA
---- LEERA 68%
-------- 1:1 line
CNN 68%

IceCube
Preliminary

arXiv:2405.02163 [hep-ex]

- Flatten layer & 1 fully
connected layer
‘ |
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100
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https://arxiv.org/abs/2405.02163

Final selection for high statistics sample TUTI

* Rejecting final muons  |dentifying interaction type
Cascade Mixed Track
106 W= Atm. p* Vail + VayNC ~ —— Total MC x 107 ICECUBE PRELiMINARY : . Atm. u*
v, +9,CC W v+ e CC § Data 4 : : Ve + 9, CC
5 v+ v CC | | Van + va i NC
10°; : : v, + 0, CC
| 1 v, +v,CC
42 104/ 42 : : — Tgtal :llc
] ) 1 1 § Data
> > i i
LLI 103, Ll 1
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S 1.0 | S B | (R e o l l
05 I Data/MC : 0.8 : : I Data/mC
00 02 04 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Patm. ut PID score
* Less than 1% contamination at final level * Three bins for tracks, cascades and mixed
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Understanding the detector

« Larger and more precise data sets — larger impact of systematic uncertainties

« Constant refinement of detector knowledge
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https://arxiv.org/abs/2307.15298

Accounting for systematics TUT

Maximum Mismodeling Ranking
(potential for bias or bad data/simulation)
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Present: current three-neutrino studies TUM

3.4

e 150k events in 9.3 years of IceCube data Normal Ordering 90% C.L.
3.9 NOvVA 2022 --— MINOS+ 2020

* Measured oscillations parameters (68% C.L.) === Tk 200 lgECube 2024 (Wilks)
3.0 Super-K 2018 = |ceCube 2024 (FC)
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Look beyond three neutrinos TUT

arXiv:2407.01314 [hep-ex]
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* Impacts standard atmospheric oscillations via matter
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U,4l” < 0.0534

 Study is done with 7.5 years of “golden sample” |UT4\2 < 0.0574

with approx 22 k events
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And there Is much more

TUT

and so little time to cover here..

-

\

« Tau neutrino appearance

Phys. Rev. D 99, 032007 (2019)

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

Analysis 53, NC+CC
Best-Fit 68%, 90%

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

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

SuperK 2017, CC 68% E—— ——
arXiv:1711,09436
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e Unstable sterile neutrino
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("« Searches of sterile neutrinos at ~TeV energies
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Non-standard neutrino interactions

~

PRD 104(2021) 072006

m— observed WM 68.3% range WM 90 % range

e And more....
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Future: the IceCube Upgrade
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e Fully funded and to be deployed in 2025/26 season
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Over 800 new modules

New multi-PMT detection modules

D-Egg

30 cm 36 cm

New dedicated calibration modules

POCAM Pencil Beam Swedish Camera
(isotropic light)  (collimated light) (camera system)

flashers and cameras in detection modules
and more special devices

R&D platform for future lceCube-Gen2

14



Future: oscillations with IC Upgrade

TUTI

2
Xmod

10

And more:

Improved sensitivity to 023 and Am?s,

Up to 30 sensitivity to neutrino mass ordering (50 with JUNO)

5% sensitivity to tau appearance to test PMNS unitarity

- BSM physics, Dark Matter, calibration, improved reconstruction for

high energy neutrinos ...

arXiv:2307.15295 [astro-ph.HE]

ceCube Simulation
L 90%\N__ |~ _
B8% N,
0.40 0.45 0.50 0.55 0.60
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2
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10 T T
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8 —— Injected truth
6 .
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V: norm 1 o width

NMO sensitivity (o)
w
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+5%

+2.5%

+0%
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623 =30 range (NuFit 5.2)

lceCube Simulation
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..V | deployment
.......................... & JUNO btart
25 5.0 7.5 10.0 12.5 15.0
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New string . .
deployment IceCube Simulation
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[ ]
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https://arxiv.org/abs/2307.15295

lceCube Upgrade timeline TUTI

COVID-19 > Today Deployment

Optical module production

Field Field
season 1 season 2

Design and prototype phase

Field
season 3

Calibration

Data taking
2018 2019 2020 2021 2022 2023 | 2024 2025 2026 2027

NNl
Il

* Original project timeline >

» Successful first field season to prepare for deployment

Credit: NSF/IceCube
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Summary

TUT

- iImprovements in reconstruction, selection, calibration and more
- competitive measurement of atmospheric neutrino mixing

- stringent limits beyond 3 neutrinos model

Bright outlook to the future:

- IceCube Upgrade to be deployed in 2025/26 season
- Lower energy detection threshold

- Improved detector calibration

- transition towards precision era with IceCube

More from IceCube at NOW2024
- Beyond Standard Model physics - Leander Fischer, Fri, 6 Sep 2024
- High energy neutrino astronomy - Colton Hill, Sat, 7 Sep 2024

Stay tuned for future updates from IceCube!
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Decade of neutrino oscillations measurement with IceCube DeepCore

First “European” IceCube
Upgrade modules en route
to the South Pole

\.-".
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Back-up slides
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Events in IceCube
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Backup: interactions in the sample

le3
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* Most of the events are Deep Inelastic Scattering
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« Some contribution of resonant and quasi-elastic interactions at lower energies
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Backup: data / MC In bins
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Backup: results for different samples

3.4+

2.0

Normal Ordering 90% C.L.
= DeepCore 9.3 years (No FC)

| —— DeepCore 8 years Verification Sample (No FC)

—— DeepCore 3 years - Analysis B (PRL 120, 071801)
—— DeepCore 3 years - Analysis A (PRD 99, 032007)
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Backup: treatment of detector systmatics TUT

arXiv:2305.02257 [hep-ex]
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* Treatment of discrete detector systematics
- Based on discrete systematic sets
- Computes event-by-event or bin-by-bin correction as

multidimensional surface for smooth variation
- Used in final likelihood or chi2 as nuisance parameter
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https://arxiv.org/abs/2305.02257

Systematic parameter pulls TUTI

DIS C5MS
MSCRES

* Wide range of nuisance parameters e
. - Atm. flux Y+
- Cross-section Atm. flux W
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- Neutrino flux »  Atm. flux Hys
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- Detector-related uncertainties Atm. flux Ay
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ce scattering
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- Background contamination
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Composition of the sample

TUT
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