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Cosmic rays interact with nucleons in Earth’s atmosphere

𝑝 + 𝑁 → 𝜋±/𝐾± + 𝑋

𝜋±/𝐾± → 𝜇± + ҧ𝜈𝜇

𝜇± → 𝑒± + ҧ𝜈𝜇 + ҧ𝜈𝑒
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Atmospheric neutrinos

(   )(   )

(   )

South Pole

https://arxiv.org/abs/1502.03916

https://arxiv.org/abs/1502.03916


Neutrino oscillations

flavor (interaction) eigenstates ≠ mass (propagation) 

eigenstates ⇒ A neutrino created in one flavor might be 

detected in another flavor

Oscillation probability (simplified)

𝑃 𝜈𝜇 → 𝜈𝜏 ≈ sin2 2𝜃mix sin2(∆𝑚2 ∙ 𝐿𝐸)

Detector observables

• 𝐸deposited: proxy for neutrino energy 𝐸

• Cos(Zenith): proxy for traveled distance 𝐿
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Atmospheric neutrino oscillations
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Oscillation probability (simplified)

𝑃 𝜈𝜇 → 𝜈𝜏 ≈ sin2 2𝜃mix sin2(∆𝑚2 ∙ 𝐿𝐸)

Physics parameters

Mixing angle 𝜃mix (here 𝜃23)

→ amplitude of oscillation

Mass difference ∆𝑚2 (here ∆𝑚32
2 )

→ frequency of oscillation

Matter disturbs oscillation
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Oscillogram

True oscillogram

Regions not interesting 

for standard oscillations

Matter effects from 

Earth’s core



Located at the Geographic South Pole

Large arrays of optical sensors (PMTs)

IceCube

• Neutrino telescope

• TeV-PeV neutrinos

DeepCore

• IceCube‘s low-energy extension

• GeV neutrinos
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IceCube and DeepCore
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Neutrino detection with IceCube

Cherenkov light

An event is a 
collection of hits



➢ Unique signature for 𝜈𝜇 CC

➢ Used for flavor identification (important for oscillation analysis)
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Event topologies

Lepton
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Event topologies IceCube
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Event topologies DeepCore



The Upgrade

7 new strings hosting new optical sensors

5–10 times denser spacing 

➢ detect more light at low energies

Will be deployed next year (!)
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The IceCube Upgrade

IC86

IC93

(old) DOMD-Egg mDOM
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Events in IC86

3.6 GeV 𝜈𝝁 21 GeV ҧ𝜈𝝉



➢ More hits with the new strings
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Events in IC93

3.6 GeV 𝜈𝝁 21 GeV ҧ𝜈𝝉



Energy threshold of detector due to limited 

number of detected photons

Upgrade (IC93)

• gives access to more of the interesting region

• detects more neutrinos (at all energies)

• better identifies tracks vs cascades (𝜈𝜇 CC vs 

others)

• better reconstructs observables
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How well can we determine mixing angle 𝜽𝟐𝟑 and mass 

difference ∆𝒎𝟑𝟐
𝟐 ?

Compare to current results from other detectors

• T2K: beam experiment

• NOvA: beam experiment

• MINOS+: beam experiment

• SuperK: atmospheric neutrino experiment

➢ Will be among the most precise measurements
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Atmospheric oscillation parameters

IceCube Preliminary

IceCube Preliminary



How well can we constrain the number (scale) of detected 𝝂𝝉?

Current results:

Lower plot shows sensitivity evolution over time

➢ Can constrain 𝜈𝜏 norm much better than current results

➢ With new strings 1𝜎 uncertainty can be almost reduced         

by a factor of two
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𝝂𝝉 normalization

IceCube Preliminary

IceCube Preliminary

https://arxiv.org/abs/1901.05366

https://arxiv.org/abs/1901.05366


How well can we determine the NMO?

Strongly depends on true value of 𝜃23

⇒ show NMO sensitivities for a range of 𝜃23 values

Current global preference (NuFIT 6.0, September 2024)

~2.5σ for NO with SuperK and IC24

<1σ for IO without SuperK and with IC19

New strings strongly increase NMO sensitivity

➢ 1.8σ – 3.3σ after 5 years if NO is true

➢ 1.7σ – 2.1σ after 5 years if IO is true

➢ Matter effects on 𝜈 oscillations will be established at 5σ

Neutrino Mass Ordering

IceCube Preliminary

IceCube Preliminary
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How well can we determine the NMO?

Strongly depends on true value of 𝜃23

⇒ show NMO sensitivities for a range of 𝜃23 values

Current global preference (NuFIT 6.0, September 2024)

~2.5σ for NO with SuperK and IC24

<1σ for IO without SuperK and with IC19

Combined fit with reactor experiment JUNO further boosts

NMO sensitivity

➢ 3σ with 1 year of data (each)

➢ 5σ after 5 years of data (each)

Neutrino Mass Ordering

IceCube Preliminary

IceCube Preliminary
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for either ordering



The IceCube Upgrade, deployed in 2025/26, will significantly enhance our GeV capabilities

Atmospheric oscillation parameters

• will be among most precise measurements

𝝂𝝉 normalization

• <5% precision for 1σ range

Neutrino mass ordering

• 1.7σ – 3.3σ after 5 years

A combined JUNO–IceCube–KM3NeT analysis will determine the NMO at 5σ within ~5 years 

independent of the true ordering or true value of 𝜃23

Thank you for your attention!
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Conclusion



Backup
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Background sources

• Atmospheric 𝜇

• Pure noise triggers

Noise

• PMT dark noise and radioactive decays 

in module glass housing

• removed by neural network (GNN) 

Background dominates at trigger/filter level

⇒ Need event selection

After event selection sample is neutrino 

dominated
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Background rejection

e.g. Number of PMT 

hits after noise removal

GNN + BDT

Cuts on reconstructed 

variables
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Event histograms for IC93 analysis
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Muon map



Sensitivities are Asimov using a χ2 metric

Binning
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Analysis details

Systematic parameters

IC86 IC93

Energy Log(5,300,12) GeV Log(3,300,12) GeV

Cos(zen) Lin(-1,0,10) Lin(-1,0,10)
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Free parameters



How well can we determine mixing angle 𝜽𝟐𝟑 and mass 

difference ∆𝒎𝟑𝟐
𝟐 ?

Compare two scenarios, with 3 years of data

• Continue running IC86 w/o new strings (    ) 

• Install new strings (    )

Nufit 5.2 global fit result as injected truth

there are two available, one w/o and one w/ SuperK

➢ Measure 𝜃23 and ∆𝑚32
2 with increased precision

➢ Depending on true value of 𝜃23, could determine octant or 

reject maximal mixing

25

Atmospheric oscillation parameters
IceCube Preliminary

IceCube 
Preliminary



26

Atmospheric oscillation parameters 1D

IceCube
Preliminary

IceCube 
Preliminary



How well can we constrain the number (scale) of detected 𝝂𝝉?

Do we see more or less 𝜈𝜏 than we would expect from 𝜈𝜇 disappearance?

No direct physics meaning but can be:

• a unitarity test of the neutrino mixing matrix (e.g., sterile neutrinos, neutrino decay)

• a test of the 𝜈𝜏 cross-section (scale)

Current results:
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𝝂𝝉 normalization



Ordering of the (three) neutrino mass eigenstates

ν-oscillations (vacuum, leading-term)

𝑃ν𝛼→ν𝛼 ≈ 1 − sin2 2𝜃 sin2 Δ𝑚2𝐿
𝐸

⇒ 𝑃 ∝ sin2 𝑥 = sin2(|𝑥|)

⇒ difficult to determine the sign of Δ𝑚2

𝑚1 < 𝑚2 known from solar neutrino oscillations
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Neutrino mass ordering (NMO)
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