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Overview of systematic uncertainties

Careful systematic control through probing multiple baselines (L/E).
[2] Seasonal Variations of the Atmospheric Muon Neutrino: Eur. Phys. J. C 85, 1368 (2025) 

[1] DAEMONFLUX: Phys. Rev. D 107, 123037, (2023) 
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Each analysis determines how sensitive it is to:

Conventional  flux uncertainties
•  production rates from pions and kaons (DAEMONFLUX [1], BARR) 
• Atmospheric density (new IC seasonal variations result in [2]) 
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Rate [µHz] Num events [11.1 yr] % of sample
νeCC 71 24,822 ± 56 22.8
νµCC 187 65,665 ± 97 60.4
ντ CC 16 5,629 ± 21 5.2
ν NC 34 11,912 ± 39 11.0
µatm 2 754 ± 46 0.7

Total 311 108,784 ± 129 100
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Result consistent with previous IceCube results.

Feldman Cousins corrections and paper in preparation.
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IceCube Preliminary

• Fit shows a slight favor for normal mass 
ordering.

• Small preference for upper octant.
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IceCube Preliminary

• Fit shows a slight favor for normal mass 
ordering.

• Small preference for upper octant.
• Consistent with maximal mixing.

• Globally competitive results for both mixing 
angle and mass squared splitting.

Best Fit:
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The -appearance resultντ
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Tau neutrino normalization parameter:

     

• : Standard Model (SM) 3-flavor oscillations
• : no tau appearance
• : Excess  appearance

Simultaneous fit oscillations and systematic 
parameters to the binned energy-zenith distribution.

Nντ
=

Measured ντ flux
SM Expectated ντ flux

Nντ
= 1

Nντ
= 0

Nντ
> 1 ντ

Best Fit:

Consistent with Standard Model 3-flavor oscillation at ~1𝝈

Nντ
= 1.11+0.11

−0.10(+9.5 % / − 9.4%)

At low energies, this analysis searches statistically excess of cascades, at specific energies and zenith angles, 
indicating  appearance.ντ

2026IceCube (11 yr) [Wilks] [CC+NC]

IceCube 2019 (3 yr) [CC+NC]

OPERA 2018 [CC]

Super-K 2024 [CC]

IceCube Preliminary

DIS Cross-section:Physical Review D 111.9 (2025): 093009. 

KM3NeT 2025 [CC]

 Tau polarization 
 Resonant production 
 Geant4 branching ratio fix
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New calibration devices will improve our understanding of the Antarctic ice, enabling IceCube to reanalyze more than 12 years of data 
with enhanced detector modeling, reduced systematic uncertainties, and improved physics sensitivity.

IceCube Upgrade (ICU) new calibration devices

POCAM Swedish Camera Seismometers

Pencil BeamAcoustic ModulesUpgraded Camera System

LOM Logger
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New calibration devices will improve our understanding of the Antarctic ice, enabling IceCube to reanalyze more than 12 years of data 
with enhanced detector modeling, reduced systematic uncertainties, and improved physics sensitivity.

IceCube Upgrade (ICU) new calibration devices

SEE PROF.
CARSTEN ROTT

4:10PM - 5-40PM
POSTER ON TUESDAY

SEE DR.
JORGE TORRES

4:10PM - 5-40PM
POSTER ON TUESDAY

POCAM Swedish Camera Seismometers

Pencil BeamAcoustic ModulesUpgraded Camera System

LOM Logger



IceCube Upgrade (ICU) specialty optical devices
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We’ve also deployed various new types of photon collection devices as 
prototypes for IceCube Gen2.

MTA

LOM

PDOM/FOM WOM

ICU effective area: arXiv preprint arXiv:2507.16050 (2025)



IceCube Simulation

The IceCube Upgrade: Sensitivities
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Significant improvement to sensitivity to   and , 
and  octant.
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In addition to expanding our understanding of the ice to help with 
multi-messenger astrophysics. 

ICU

precision on  normalization after 3 years.±5 % ντ

~1.5-2.5  sensitivity to neutrino mass ordering after 3 years. σ



Moving into the TeV: the 3+1 sterile neutrinos model
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Anomalies observed in -appearance and -disappearance experiments have motivated the introduction of an additional eV-scale 
neutrino state. IceCube probes sterile neutrino oscillations using fundamentally different systematic uncertainties, baselines, and 

energy ranges than short-baseline experiments, providing a highly complementary test of sterile neutrino models.
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3+1 Sterile Neutrino oscillatory signatures

Standard Model  disappearanceν̄μ

nuSQuIDS: arXiv:2112.13804 
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3+1 Sterile Neutrino oscillatory signatures

nuSQuIDS: arXiv:2112.13804 

P( ) resonant disappearance at TeV energies with 3+1 sterile model. ν̄μ → ν̄μ

• Sterile-neutrino signatures appear as additional distortions. 
• Small mixing ranges can introduce large oscillations through resonances.

 
 

Δm2
41 = 1 eV2

sin2(2θ34) = 0.0
sin2(2θ24) = 0.1
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P( ) resonant disappearance at TeV energies with 3+1 sterile model. ν̄μ → ν̄μ

• Sterile-neutrino signatures appear as additional distortions. 
• Small mixing ranges can introduce large oscillations through resonances.
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Best Fit:

 
Δm2

41 = 3.5 eV2

sin2(2θ24) = 0.16

The high-energy 3+1 sterile neutrino result

θ34 = 0

Dataset consists of 10.7 years of data, resulting in 368,071 events (>99.9% CC starting and through-going tracks).  
Energy range between 0.5 and 100 TeV. BDT event selection with DNN ML reconstruction. 

νμ

[1] 3+1 IceCube: Phys. Rev. lett. 133.20 (2024): 201804
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within the global short baseline fits [1].
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GRAVITY
Measures total mass, not 
how it is distributed.

SEISMIC WAVES
Sensitive to elastic 
properties, not density 
alone.

GEOMAGNETISM
Probes core dynamics, not 
static structure.

Goal: Observe macroscopic object 
using the weak force: the “weak mass.”

Image adapted from Jack Pairin

ICECUBE

High energy (>TeV) neutrino attenuation can be used to map the Earth’s interior density profile

IceCube Preliminary  
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GRAVITY
Measures total mass, not 
how it is distributed.

SEISMIC WAVES
Sensitive to elastic 
properties, not density 
alone.

GEOMAGNETISM
Probes core dynamics, not 
static structure.

Goal: Observe macroscopic object 
using the weak force: the “weak mass.”

Image adapted from Jack Pairin

ICECUBE

From the resulting density posteriors, we derive the Earth’s mass and polar moment of inertia, found to be consistent with 
PREM and gravitational determination. Paper under collaboration review.
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High energy (>TeV) neutrino attenuation can be used to map the Earth’s interior density profile

IceCube Preliminary  
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11y -disappearance Brazil Bandsνμ

Test stat profile for the mixing angle (from a 1D scan), a subset of the 
numu disappearance result. The Brazil band (generated from 

pseudodata trials at the best fit point) is included for comparison.
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11y -appearance Brazil Bandsντ

Test stat profile for the nutau appearance 
result. The Brazil band (generated from 
pseudodata trials at the best fit point) is 

included for comparison.



40Spencer N. Axani  Spencer N. Axani  40Spencer N. Axani  40

11y dataset

Good data/MC agreement over full space.
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11y dataset
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11y dataset

Event rate vs processing level. The dashed 
line for the final level for noise events 

indicates that this last stage only 
represents an estimate of the upper limit, 

since no MC events remain. 

Overall, approx 5% of neutrino events are 
retained by final level, with the rest being 

removed by quality cuts or as false 
positives in background cuts.



43Spencer N. Axani  Spencer N. Axani  43Spencer N. Axani  43

nutau appearance oscillation signal in the analysis binning, showing the nutau percentage of each 
bin (at the best fit point of the analysis). The signal is strongest in the cascade bin.

11y -appearance expectationντ
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ICU mass ordering sensitivity

Sensitivity to Mass Ordering depends strongly on θ23
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ICU + JUNO combined mass ordering sensitivity

Synergy from combined ICU + JUNO, is expected to hit 5sigma.

PHYS. REV. D 101, 032006 (2020)

The combined fit works because JUNO and IceCube prefer 
different values of the effective atmospheric mass splitting when 

forced into the wrong ordering. The resulting inconsistency 
creates a strong ΔX2 synergy that greatly enhances mass-

ordering sensitivity. 
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Inelasticity measurement of  eventsνμCC

Measurement of inelasticity: PRD 111, 112001 (2025)

80 - 560 GeV, 9.28 year sample of neutrinos.
Good fit global fit p-value 9.5%. 
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Energy reconstruction resolution for contained nutau CC events. The average expected visible 
energy is also shown (differs from true energy due to final state neutrinos).s

11y -appearance expectationντ
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cos(zenith) reconstruction resolution for contained numu CC events.

11y -appearance expectationντ
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11y expectation

>100,000 events and >99% neutrino purity
• Reconstructed energies: 5-100 GeV

• Events are binned in energy, cos(zenith), and PID (particle/flavor identification)
• Parameters are varied in simulation to change the shapes of these templates
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Event selection and Monte Carlo expectation

Spencer N. Axani  50Spencer N. Axani  50

Event selection conceptual description:
1) Collaboration filtering and data calibration/cleaning 

2) Cosmic-ray background reduction by six orders of magnitude (Boosted decision tree (BDT) or straight cuts)  
3) Classification (differentiation between cascades, mixed, tracks)  

4) reconstruct (energy, zenith, interaction point, inelasticity (see new IC result in [1])) 

Plots from Maria Veronica Prado Rodriguez Thesis [1] Inelasticity measurement: Physical Review D 111.11 (2025): 112001
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The fitting procedure

Spencer N. Axani  51

• Binned Poisson Log Likelihood (LLH) calculated for physics hypothesis point ( ), while profiling over 
nuisance parameters.

• Compare LLH at each hypothesis point to best fit point.
• Nuisance parameters implemented as 3D splines with gaussian or flat priors introduced in the LLH as a 

penalization term.
• Confidence intervals generated using Wilks’ theorem. 

• Feldman-Cousins spot checks to ensure coverage, or full correction calculation after unblinding.

⃗Θ

LLH ⃗Θ = ∑
i∈bins

Log10( nno
i e−ni

no! ) +
1
2 ∑

j∈syst

( ̂sj − sj)2

σ2
j

Test statistic may incorporate finite MC statistics  (Journal of High Energy Physics 2019.6 (2019): 30)

TS := 2ΔLLH = 2(LLH ⃗Θ − LLHBF)

Binned Poisson 
Likelihood

Gaussian Priors for continuous 
nuisance parameters

Observation MC 
Expectation Prior central value

Prior width

Spencer N. Axani  51

Computer physics communications (2026): 110195

Nucl.Instrum.Meth.A 977 (2020) 164332)



The high-energy sterile neutrino search
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IceCube simulation

• Use dataset of up-going 𝜈µ tracks. High purity, 
high statistics, improved directional 
reconstruction 

• Most recent dataset consists of 368,071 
events 10.7 years of data, with neutrinos 
between 0.5 and 100 TeV 

• Machine learning used to improve energy 
resolution as well as remove background 
(skimming muons, cascades), leading to 
99.9% purity. 

• SnowStorm ice model systematic treatment[2] [1] Phys. Rev. lett. 133.20 (2024): 201804
[2] Journal of Cosmology and Astroparticle Physics 2019.10 (2019): 048-048

Starting track:  interaction within fiducial volume
Through-going track: CC muon starts outside fiducial volume

ν
νμ



The high-energy 3+1 sterile neutrino result
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• World leading exclusion at the 99% C.L. 
between: 

 

• Best fit point and closed 90% C.L. contour 
is disfavored by other -disappearance 
experiments. 

0.1eV2 < Δm2
41 < 1.0eV2

νμ

(SciBooNE, MiniBooNE) Phys.Rev. D 85, 032007 (2012),  
(MINOS+) Phys. Rev. Lett. 122, 091803(2019),  
(MiniBooNE, SciBooNE) Phys. Rev. D 86, 052009 (2012), 
(Super-Kamiokande) Phys. Rev. D 91, 052019 (2015), 
(CCFR) Phys. Rept. 884, 1 (2020))
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Neutrino - Antineutrino ratio
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Physical Review D 107.12 (2023): 123037.
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Prompt neutrino component, new results
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The limit on the prompt atmospheric neutrino flux (in dark red) compared to the previous 6-year NT-limit (blue dashed line).
The best-fit prompt flux is also shown, the fitted segmented astrophysical flux in black, and the conventional atmospheric 

neutrino flux as a gray line.
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Prompt neutrino component, new results
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Sky-averaged, all flavor, effective area of the IC93 sample in comparison to the existing DeepCore event selections.
arXiv preprint arXiv:2507.16050 (2025)


