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1. What are high energy astrophysical neutrinos?

2. How do we know their flavour ratios?

3. How can Lorentz Invariance Violation cause 
anisotropies?

4. How much can we constrain the effects with 
data now?
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A cosmic ray 
produces pions

High Energy Astrophysical Neutrinos
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Pions decay to leptons 
and neutrinos
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𝑈 = 𝑈𝑃𝑀𝑁𝑆
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High Energy Astrophysical Neutrinos
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Neutrinos oscillate 
over several Gpc

𝜇

ν𝜇 

ν𝑒 

𝑒

New physics: 
different 𝑈
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…then are detected in IceCube 
as
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…then are detected in IceCube 
as cascades
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…then are detected in IceCube 
as cascades, tracks



High Energy Astrophysical Neutrinos

…then are detected in IceCube 
as cascades, tracks or double 
cascades
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High Energy Astrophysical Neutrinos

depending on the 
neutrino flavour
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Directional Flavour Ratios in HESE data

4

We can reconstruct neutrino energy, direction and 
flavour

See: https://arxiv.org/abs/2310.15224 

not to scale 
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𝑓𝛼 =
Φ𝛼

σ𝛽 Φ𝛽

Flavour ratios?
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Φ𝛼  - flux/amount of ν𝛼 neutrinos 

𝑓𝛼 - ratio of flavour 𝛼 = 𝑒, 𝜇, 𝜏 at Earth 

with          σ𝛼 𝑓𝛼 = 1

- energy integrated: TeV–PeV (HESE range)

- time integrated: 7.5 years at IceCube
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How do we model the flux at Earth?
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𝑑Φ𝛼
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Lorentz Invariance – no preferred inertial reference frame

Violation – there is a preferred inertial reference frame
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How we derive the probability of oscillation
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𝑝 𝒇𝜶 𝜔  𝜋(𝜔)

𝑝 - measurement in each pixel

𝑓𝛼 - predicted flavour ratio in that pixel

𝑓𝛼
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𝑓𝛼 ℒ = ෑ

pixels

 

න

𝝎

 

𝑝 𝑓𝛼 𝝎  𝜋(𝝎)

B. Telalovic, M. Bustamante



Bayesian Procedure
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𝑑Φ𝛼

𝑑𝐸 𝑑𝑧
Φ𝛼

න 𝑑𝐸𝑑𝑧 

𝑓𝛼 ℒ = ෑ

pixels

 

න

𝜔

 

𝑝 𝑓𝛼 𝜔  𝜋(𝜔)

B. Telalovic, M. Bustamante

𝑝 - measurement pdf in each pixel

𝑓𝛼 - predicted flavour ratio in that pixel

𝜋 - priors on all parameters

𝜔 - all model parameters
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Bayesian Procedure

We fit each 𝐻𝐿𝐼𝑉 parameter one-at-a-time

𝑑 = 2, … , 8

for each 𝑑 > 3, there are 9𝑑2 parameters 

B. Telalovic, M. Bustamante



Results
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Results
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Directional info helps!
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Take Home Message
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Higher cosmic energies are 
opening the window into 

our fundamental assumptions 

about the Universe

B. Telalovic, M. Bustamante
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Take Home Message
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Higher cosmic energies are 
opening the window into 

our fundamental assumptions 

about the Universe

Neutrinos are a unique probe 
into fundamental physics

TeV-and-beyond neutrinos 
have a lot to teach us

B. Telalovic, M. Bustamante
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