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Neutrinos in IceCube
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IceCube ν detector

• Ice Cherenkov ν detector

• 1.5 – 2.5 km under ice

• 5,160 DOMs on 86 strings

• 1 km3 volume

• High energy array spacing
• Δ𝑧=17m
• Δ 𝑥, 𝑦 =125m

• LE extension: DeepCore
• Δ𝑧=7m
• Δ 𝑥, 𝑦 =40-70m
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Neutrino interactions in IceCube
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• Energy threshold between a 
few GeV (DeepCore) and 100 
GeV (IceCube)

• Neutrinos mostly interact via 
Deep Inelastic Scattering (DIS)
• Hadrons, electrons and most tau 

leptons produced “localized” 
particle showers

• Muons tracks can go kilometers

• PeV-scale 𝜏 tracks hundreds of 
meters



Events as seen by the detector
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GeV events in DeepCore for 𝝂 oscillations 

TeV event in IceCube for sterile 𝝂 searches

Color indicates time (red=early, blue=late). 
Sphere size is proportional to number of photons observed.



DeepCore (GeV-scale)

• Use events starting in the DeepCore 
region
• Strong atm. 𝜇 background suppression

• Mostly contained, good E estimation

• All flavor, with possibility to tag the 
presence of a muon (𝜈𝜇-CC)

IceCube (TeV scale)

• Use tracks going through the detector
• No containment, only lower limit on E

• Sample is 𝜈𝜇-CC only

• Excellent pointing
• Atm. 𝜇 bkg suppressed by Earth 
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Analysis considerations by energy



Analysis strategy for oscillations
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Experimental 
data

Event simulation 
(MC variations)

Detector 
calibration

Comparison of 
data and MC 
histograms
(LLH or 𝜒2)

Physics 
result

Data selection:
- Atm. 𝜇 reduction
- Event quality

Reconstruction:
- Energy & direction
- Topology

Compute bin counts from MC
- Detector response & medium
- Flux and xsec uncertainties
- Physics hypothesis



Oscillation results
Three flavor paradigm, exotics and steriles

10



Measurements of neutrino oscillations (DeepCore)
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𝑃𝜈𝜇 → 𝜈𝜇 ≃ 1 − sin2 2𝜃23  sin2
Δ𝑚32

2

4𝐸
𝐿



Atmospheric oscillations progression
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IceCube, PRL 111, 081801 (2013)
700 events

IceCube, PRD 91, 072004 (2015)
~5k events, “golden events”

IceCube, PRD 108, 012014 (2023)

~22k events, “golden events”

IceCube, PRL 120, 071801 (2018)
~35k events, inclusive sample
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How? – strong signal, multiple L&E
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• Broad, single minimum region
• Visible in the raw data

• Multiple truly long baselines

For more details see:

IceCube, PRD 108, 012014 (2023)



How? – resolutions
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• Sufficiently good resolution in 
direction and energy to resolve 
multiple L/E regions

For more details see:

IceCube, PRD 108, 012014 (2023)



How? – systematics handling
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Effects from changing Δ𝑚32
2

Effects from changing 𝜃23 Effect from changing one atm. flux parameter

Control 
regions

For more details see:

IceCube, PRD 108, 012014 (2023)

Effects from changing optical efficiency of DOMs
(energy scale)



How? – Systematics handling
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Effects from changing Δ𝑚32
2

Effects from changing 𝜃23 Effect from changing one atm. flux parameter

Control 
regions

For more details see:

IceCube, PRD 108, 012014 (2023)

Effects from changing optical efficiency of DOMs
(energy scale)



Atm. Osc. - Newest result
• CNN-based classification and reco

• Uses inputs that our MC describes well

• Recovers events that are hard to handle

• 150,000 𝜈 candidates in 9 years of data

• Best fit
sin2𝜃23 = 0.54−0.03

+0.04

Δ𝑚32
2 = 2.40−0.04

+0.05 × 10−3 eV2

GoF p-value: 19%
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IceCube, 

arXiv:2405.02163

https://arxiv.org/abs/2405.02163
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IceCube, 

arXiv:2405.02163

See poster by Shiqi Yu on 
Friday about this analysis

https://arxiv.org/abs/2405.02163
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IceCube, 

arXiv:2405.02163

See poster by Shiqi Yu on 
Friday about this analysis

See poster by Anil Kumar on 
Friday on neutrino decay 
studies with this sample 

See poster by Julia Book on 
Friday on HNL limits with this 

sample

https://arxiv.org/abs/2405.02163


Searches for sterile neutrinos (DeepCore & IceCube)

• More elements in the neutrino mixing matrix and a new mass splitting
• Modulate standard oscillations at GeV energies

• Can create large oscillations at TeV energies where none are expected
• Matter effects enhance them even for small mixing angles

• IceCube tests so far
• 3+1 model at GeV and TeV energies

• 3+1+decay at TeV energies

21



Sterile 𝜈 search progression (GeV regime)
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IceCube, PRD 95, 

112002 (2017)
~5k events

3+1 (𝑼𝝁𝟒, 𝑼𝝉𝟒)

IceCube, in preparation (2024)
~22k events

3+1 (𝑼𝝁𝟒, 𝑼𝝉𝟒)



Sterile 𝜈 search progression (TeV regime)
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3+1 (𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

3+1 (𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

3+1+decay 

(𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 , 𝒈𝟐)

3+1 

(𝑼𝝁𝟒, 𝑼𝝉𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

IceCube, 
arXiv:2406.00905

IceCube, PRL 129 
(2022) 15, 151801

IceCube, PRL 125, 141801 (2020)

~300k events
IceCube, PRL 117, 071801 (2016)

~20k events

https://arxiv.org/abs/2406.00905


Newest sterile 𝜈 search (TeV regime)

• Improved sample
• 370k events
• Split starting events
• Updated flux 

systematics

• Results
• No sterile hypothesis 

p-value = 3%
• Non-zero fit 

significance: 2𝜎
• Decay scenario 

disfavored
24

3+1+decay 

(𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 , 𝒈𝟐)

IceCube, in preparation (2024)

3+1 (𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

IceCube, arXiv:2405.08070 (2024)

https://arxiv.org/abs/2405.08070


Comparison of E regimes

• Improved sample
• 370k events
• Split starting events
• Updated flux 

systematics

• Results
• No sterile hypothesis 

p-value = 3%
• Non-zero fit 

significance: 2𝜎
• Decay scenario 

disfavored
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3+1 (𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

IceCube, arXiv:2405.08070 (2024)

DeepCore sample

All-flavor

3+1 (𝑼𝝁𝟒, 𝑼𝝉𝟒)

https://arxiv.org/abs/2405.08070


The future
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The IceCube Upgrade
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Fully funded (NSF+partners)
Deployment to occur 2025-2026

• New devices in the ice
• Recalibration of all data

• Lower E threshold for DC



IceCube Upgrade potential

• Significant increase of events at 10 GeV

• Projecting precision on std. oscillations
• Includes selection, reconstruction and current 

uncertainties
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IceCube Upgrade potential

• Significant increase of events at 10 GeV

• Projecting precision on std. oscillations
• Includes selection, reconstruction and current 

uncertainties
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See poster by  Kaustav 
Dutta from Tuesday on 

resolutions with the 
IceCube Upgrade

More details in the following talk 
by J. Brunner

See poster by  Kayla Leonard from 
Tuesday on oscillations physics 

with the IceCube Upgrade
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Thank you for your attention, on behalf of



Summary & Outlook

• Precision measurement of atmospheric 
oscillation parameters
• Significant progress over the last decade
• DC data agrees with 3-flavor oscillation 

paradigm – no evidence for sterile 𝜈’s
• We continue to test for new physics

• NSI, 𝜈𝜏 appearance, decoherence

• Upgrade will help both energy regimes
• Better LE data → improved precision on 

standard oscillations
• Recalibration of detector response → 

better understanding of the HE data

31

IceCube, 

arXiv:2405.02163

https://arxiv.org/abs/2405.02163


Additional slides
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Atmospheric neutrino data
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DeepCore  IceCube

GeV events in DeepCore for 𝝂 oscillations 

TeV event in IceCube for sterile 𝝂 searches

Color indicates time (red=early, blue=late). Sphere size is proportional to number of photons observed.

𝜈𝑒

𝜈𝜇



Detector calibration

• An anisotropy in light yield has 
been observed for years
• Limited success explaining it with 

varying scattering, absorption

• Recent studies show the effect is 
from birefringence
• Light rays deflected due to 

preferred crystal orientations

34

Artist illustration of the deflection

IceCube, The Cryosphere 18 (2024) 1, 75-102



Detector calibration

• An anisotropy in light yield has 
been observed for years
• Limited success explaining it with 

varying scattering, absorption

• Recent studies show the effect is 
from birefringence
• Light rays deflected due to 

preferred crystal orientations

• Effect included in new studies

35IceCube, The Cryosphere 18 (2024) 1, 75-102



Parameterizing calibration information

• Detector-related systematics 
dominate uncertainty
• Multiple strategies to account 

for their impact

• MC production
• MC at multiple parameter 

combinations
• MC with smoothly varying 

parameters

• Parameterization
• Gradients obtained from 

binned MC expectation
• Event-wise weights from PDFs 

obtained with ML

36

Fischer, Naab, Trettin
arXiv:2305.02257

IceCube, 

PRD 108, 

012014 (2023)

https://arxiv.org/abs/2305.02257


Atmospheric flux uncertainties

• Established method
• Baseline model + variations based on 

• Using MCEq to predict changes

• Gradient method to fit parameter

• New strategy
• daemonflux: self-consistent data-driven 

flux with uncertainties

• Key: only fit integral of meson yields, 
calibrate with 𝜇 and fixed target data

37
JPY, A. Fedynitch, Phys. Rev. D 107, 123037 (2023)

Barr, Gaisser, Robbins, Stanev, PRD 74 094009 (2006)
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L/E figures for 2018 result
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IceCube, PRD 99, 032007 (2019)

Atmospheric oscillations progression
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IceCube, PRL 111, 081801 (2013)
700 events

IceCube, PRD 91, 072004 (2015)
~5k events, “golden events”

IceCube, PRD 104 (2021) 072006
IceCube, PRL 120, 071801 (2018)

~35k events, inclusive sample
IceCube, PRL 120, 071801 (2018)

~35k events, inclusive sample



Standard oscillations (DC) to 𝜈𝜏

• Results from older sample

• Analysis with new sample 
will come next

41

Phys. Rev. D 99, 032007 (2019)



How? – resolutions
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direction energy

Relevant events are fully contained

For more details see:

IceCube, PRD 108, 012014 (2023)



Standard oscillations 2013 (DC)

• New sample incorporating
• Streamlined event selection, 

higher efficiency

• Improved sensor calibration

• More precise treatment of 
systematics

• First looked at the highest 
quality events

43

𝑃𝜈𝛼 → 𝜈𝛽 ≃ sin2 2𝜃  sin2
Δ𝑚2

4𝐸
𝐿

Phys. Rev. D 108, 012014

https://inspirehep.net/literature/2653713


Standard oscillations 2013 (DC)

• Best fit values
sin2𝜃23 = 0.505−0.050

+0.051

Δ𝑚32
2 = 2.41 ± 0.084 × 10−3 eV2

• Excellent agreement 
between data/MC

44Phys. Rev. D 108, 012014

𝑃𝜈𝛼 → 𝜈𝛽 ≃ sin2 2𝜃  sin2
Δ𝑚2

4𝐸
𝐿

https://inspirehep.net/literature/2653713


Atm. Osc. 2023
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physics systematics

Control regions circled 

Phys. Rev. D 108, 012014

https://inspirehep.net/literature/2653713


Atm. Osc. 2024

46

physics

systematics



Atm. Osc. 2024
• CNN-based classification and reco

• Uses inputs that our MC describes well

• Recovers events that are hard to handle

• 150,000 𝜈 candidates in 9 years of data

• Best fit
• sin2𝜃23 = 0.505−0.050

+0.051

• Δ𝑚32
2 = 2.41 ± 0.084 × 10−3 eV2

• p-value: 19%
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IceCube, 

arXiv:2405.02163

https://arxiv.org/abs/2405.02163


Atm. Osc. 2024

48

IceCube, 

arXiv:2405.02163

https://arxiv.org/abs/2405.02163


Atm. Osc. 2024
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Sterile 𝜈 search progression (TeV regime)
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3+1 (𝜽𝟐𝟒, 𝚫𝐦𝟒𝟏
𝟐 )

IceCube, PRL 125, 141801 (2020)

~300k events
IceCube, PRL 117, 071801 (2016)

~20k events

IceCube, Nature Physics volume 

20, pages913–920 (2024)

More details on the talk 
from T. Katori on Friday



2024 TeV sterile search - sensitivity
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2024 TeV sterile search
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2024 Sterile neutrinos split tests
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Upgrade: precision oscillations
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Upgrade: spectrum
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Upgrade: resolutions
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Steriles in DeepCore

57

A. Terliuk, 
PhD thesis

https://edoc.hu-berlin.de/handle/18452/20065;jsessionid=445FC656C2B6E9192CD63E066D6DE3CE
https://edoc.hu-berlin.de/handle/18452/20065;jsessionid=445FC656C2B6E9192CD63E066D6DE3CE
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