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Ghost Hunting @ IceCube

Adapted from S. American
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CR Analysis @ IceCube

PC: IceCube/NSF

Not a IceCube Simulation
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Previous Work
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.082002


Annu. Rev. Nucl. Part. Sci. 2011: R. Engel et al.

Astro2020 Science White Paper ; Frank G. Schröder et al.

Enhancing CR Analysis: The Science Case

KSETA Plenary Workshop, 2020: A. Leszczyńska

Attenuation by Snow-Coverage
PoS ICRC2017: H. Dembinski et al.

Differences between Experiments

Hadronic Interaction Models
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The Physics Frontier



Proton Iron

Air-Shower
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First Interaction

Particle Number

Energy-Deposit Rate

Muons as Probes



1. Dependence – First Interaction

Annu. Rev. Nucl. Part. Sci. 2011: R. Engel et al.

Fe-shower interact earlier in the 

atmosphere

Fe Bundles »
Larger muon multiplicity » 

Creates wider muon bundles, 

(Because lower energy muons 

have larger transversal 

momenta and are situated 

further from the shower axis). 
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σ𝐶ℎ𝑎𝑟𝑔𝑒𝑖 ∗ 𝑟𝑖

σ𝑟𝑖

x-axis : Proxy for Energy ; y-axis : Impact Parameter 

- Help understand shower attenuation in-ice and a dynamic parameter

- Possibly help in understanding photon propagation in-ice

- Ongoing work

- Good Separation Between Primaries
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2. Dependence – Particle Number

arXiv:1306.6283
Motivation
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Ratio =
log10𝑁𝜇

log10𝑁𝑒

log10𝑁𝜇

log10𝑁𝑒

Proxy

arXiv:1202.3661

A mass dependent 

Parameter?

Total Energy?

𝑹𝒂𝒕𝒊𝒐 ∝
log10dEdX1500
log10E(S125)
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Expectations

For same Energy, ratio should 

be greater for Fe
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- Uses IceTop and In-Ice info. - Proxy for muon-to-electron number ratio
- Motivated by work of KASCADE-Grande (arXiv:1306.6283)

KSETA Plenary Workshop, 2022

https://arxiv.org/abs/1306.6283v1
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3. Dependence – Energy-Deposit Rate

Motivation

𝐒𝐥𝐨𝐩𝐞 ∝
dEdX1500

Approx. Slant Length

X. Bai , ICRC 2009

𝐅𝐨𝐫 𝐒𝐚𝐦𝐞 𝐄𝐧𝐞𝐫𝐠𝐲: Numerator ∝ A

Expectations
1. Fe(dEdX1500) > H(dEdX1500)

2. At Same Energy: Fe (Slant Length) < H
(Slant Length) 

𝐅𝐨𝐫 𝐅𝐞

∶
dEdX1500

Approx. Slant Length

Paras Koundal - DPG Spring Meeting, 2022
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- Uses In-Ice info. 

- Captures local stochastic-deposits 

in-ice, primarily by muons.

- Good separation between primaries

- Uses In-Ice info. 

- Captures the rate of in-ice charge 

deposit.

- Good separation between primaries

KSETA Plenary Workshop, 2022



The ML Frontier



Improving ML Method
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Using In-Ice Signal Footprint

Current Implementation at IceCube

Moving Away from CNNs

Credits: M. Huennefeld (arXiv:2101.11589)

Credits: IceCube-Gen2( arXiv:2008.04323)

KSETA Plenary Workshop, 2022

https://arxiv.org/abs/2101.11589v2
https://arxiv.org/abs/2008.04323v1
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Update

=

1 Iteration per Node

Set as Input → Permutationally Invariant
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Other Material

- paraskoundal.com/dlcp21

- My ML & AI Paper List

- My Twitter (Paras Koundal)

Learning on Graphs
Defined by set of nodes (V) and set of edges (E) between the nodes

- Neighborhood and Connectivity & permutational invariance of Node Labelling

Undirected :  Facebook Friends … ; Directed : Citation Graph … ; Bidirectional : Twitter Follows
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https://pos.sissa.it/410/
https://pos.sissa.it/410/
https://paraskoundal.com/dlcp21
https://paraskoundal.com/readinglist
https://twitter.paraskoundal.com/


Spatio-temporal Cleaning of 

pulses around the track

DOMs = Nodes

Node Features = Spatio-temporal 

measurements ; charge and others

Generate Edges between nodes;

kNN/

Weighted/

Dynamic

Input for 

Graph Neural Network

Pre-engineered Features

(Primarily Mass-dependent)

Primary Mass 

Prediction

Pre-engineered Features

(Primarily Mass-dependent)

GNNs at IceCube (for CR Analysis)
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- New Graph Message-Passing framework
- Adapted from the work “Hierarchical Multi-View Graph Pooling with Structure 

Learning”

- Improvement in Graph pooling (or downsampling) to learn hierarchical representations

- Attention mechanism utilized to generate robust node ranks.

- Preserve the underlying graph topological information, using a structure learning 

mechanism.

Date of Publication: 18 June 2021

Date of Publication: 22 Feb 2017

Architecture Details
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Signal to Graph
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Many different architectures were 

tested
KSETA Plenary Workshop, 2022

https://arxiv.org/abs/1609.02907
https://ieeexplore.ieee.org/document/9460814
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Results
- Target Variable: 1+ln(A)

- Major Improvements for all Primary Types

- Maximum at True value

- Shift towards lighter elements for H and He

- Shift towards heavier for O and Fe

- Loss:

- Adaptive Learning rate

- Very Gradual decrease in error

- No-overfitting most of the times

KSETA Plenary Workshop, 2022
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Divide and Tackle

Stay Tuned…
KSETA Plenary Workshop, 2022





Gamma-Hadron 
Separation

Hadron-Initiated Gamma-Initiated

IceCube-Gen2
Anisotropy Studies
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Summary

❑ New composition-sensitive parameters

❑ Preliminary indication of lighter-composition at knee

❑ Promising results for composition analysis

❑ Heavy-involvement of KIT in detector R&D for hybrid surface array
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Questions


