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The Standard Model of particle physics
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Image courtesy of Sandbox Studio, Chicago for Symmetry

What can’t it explain?
• Gravity
• Dark matter
• Dark energy
• Neutrino masses
• Matter-antimatter asymmetry



Neutrinos
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I have done a terrible thing, I have 
postulated a particle that cannot be 
detected.
—Wolfgang Pauli via C. Sutton

Neutrino used to explain
• Continuous energy spectra in beta 

decay
• Conservation of spin

Image courtesy of Wikimedia



Neutrinos
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• Mass is necessary for oscillations
• Does not follow from Standard Model

• CP-violation
• Via CKM matrix (quarks)
• Via PMNS matrix (neutrinos)



Neutrino oscillations
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The Homestake Experiment,
or: how to turn abject failure into a 
Nobel Prize in just 34 years!

Image courtesy of CBS News

Image courtesy of University of Oregon
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Why do we bother?
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Values from NuFIT.org, June 2020
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Image courtesy of quantumdiaries.org

Image courtesy of IceCube/NASA

Precision

Multi-messenger astronomy New particles



IceCube Neutrino Observatory
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Image courtesy of IceCube



IceCube’s past, present & future
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Image courtesy of IceCube

Image courtesy of IceCube

Image courtesy of DESY



Anatomy of an event

What makes up an event in data?
• Position of pulse
• Charge of pulse
• Timing of pulse
• …
MC truth
• Energy
• Timing
• Direction
• Vertex
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The challenge of reconstruction
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𝐸 = 1.3 GeV



The challenge of reconstruction
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𝐸 = 677 GeV



Machine learning in physics

Pros:
• Fast
• Generalizable
• Works with simulated data
• Research momentum
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Cons:
• Black box
• Not trusted by the establishment
• Black box (yes, twice!)



Convolutional neural networks
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Image courtesy of towards data science



Temporal convolutional networks
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Image courtesy of keras-tcn



IceCube tooling & data

Mature software stack
• Hard to install
• Event viewer next to impossible
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I3 data format
• Tape-like sequential format
• Efficient
• Not ML ready



CubeDB - https://github.com/ehrhorn/cubedb

Meta database
• One source of truth for all events
• Event numbers
• Train / test set

• SQLite format
• Great query language to build your 

dataset
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CubeDB - https://github.com/ehrhorn/cubedb

Training data
• Create dataset from meta
• Dataset SQLite as well
• Indexable == fast
• One file, many (many!!) events

• Agree on blinded data with whole 
collaboration
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Powershovel - https://gitlab.com/ehrhorn/powershovel

Steamshovel was impossible to install
Built Powershovel as replacement
• Using modern web technologies
• Capable of more than event 

viewing
• Dataset distributions
• Run comparisons
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Powershovel - https://gitlab.com/ehrhorn/powershovel
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CubeFlow - https://gitlab.com/ehrhorn/cubeflow

Training and inference “framework”
• Python + TensorFlow
• Calculates metrics for Powershovel
• Pre-made histograms for performance
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Results – metric

Comparison metric is the IQR in 
given bins (6 bins per order of 
magnitude)

For normal distribution:
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Results – reconstruction type

Reconstruct:
• Azimuth and zenith angles
• Problematic because 2𝜋 = 0; how 

should the network know?

• 𝑥, 𝑦, 𝑧 unit direction vectors
• Penalize loss such that length is unity

• Best performance from zenith 
alone
• No spherical statistics
• Zenith most important for many 

studies
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Results – input type

Features:
• Cartesian
• “Natural” features, IceCube coordinate 

system
• Useful for predicting zenith angle?

• Spherical
• Transformation may help network 

predict zenith angle

No real difference, network figures it 
out!
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Results – cleaning type

SRT (cleaned pulse series) performs 
better
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Results – models

• CNN
• Convolutional layers
• FCN layers

• TCN
• Dilated convolutions
• Residual block
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Results – energy
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Better performance than IceCube’s current algorithm
at low energy



Results – zenith
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Better performance than IceCube’s current algorithm
at low energy



Results – permutation importance

25/03/2021 28



Results – upgrade
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Too much noise to be useful



The future

• Cleaning pipeline for upgrade
• Further work on architecture
• CubeDB collaboration-wide
• Or just the idea

• GPUs on the Pole
• Fast response, high precision
• Early warning system

• Better weighting
• Different datasets
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Thank you for listening
Mads Ehrhorn – mads.ehrhorn@gmail.com
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