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What & Why

Composition

Ultra High-Energy 
Cosmic rays

→ 1EeV = 109GeV
→ extra-galactic sources
→ 1 event / km2 / year

Constraints on sources
Acceleration mechanism
Interactions 105 – 107 x ECERN 

Composition not well known

Motivation
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What & Why

Data:  1000 events, 1value/event

Composition 26 dim. distribution P(w)
(p, He,…,Fe)

Problem:

Ultra High-Energy 
Cosmic rays

Constraints on sources
Acceleration mechanism
Interactions 105 – 107 x ECERN 

Composition not well known

Motivation
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→ 1EeV = 109GeV
→ extra-galactic sources
→ 1 event / km2 / year



  

1 event

Cherenkov 
detector

Pierre Auger Observatory
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Data
Measured data:
Pierre Auger Open Data 
(publicly available)
10% of all measured events

# events: 1000

# events: 1200

# events: 650

Simulated data: CORSIKA

→ primaries: p, He, Li,…, Fe

→ 10000 events/primary

→ 4 hadronic models
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Previous studies

 → 4 – 8 primaries,
 → uncertainties...
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Our goal

 →  Event classification

 →  primaries: p, He,…, Fe

 →  inclusion of all uncertainties

 →  reliable uncertainties on the composition
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Training a 
classifier 



  

Our goal

 →  Event classification

 →  primaries: p, He,…, Fe

 →  inclusion of all uncertainties

 →  reliable uncertainties on the composition
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Training a 
classifier 

“Composition can be 
arbitrary weird”



  

Plan B – improvise
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Fraction of elements heavier than Z

A) fraction of primaries with Z>2:

C) Extension to heavy primaries:
H,…,Fe,…,Pu

        1,…,26,….,94

B) projections:       more data
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Fraction of elements heavier than Z

D) Consider ≥ 16 primaries E) Classification
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Systematic studies

F) Which hadronic models?

G) How many moments?

CL by comparing moments 
of the best fit with measured ones

EPOS          : 3, (4)
Sibyll           :  3, (4)
QGSJet01   :  1, (2)
QGSJetII-04:  0, (1)
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I really want a classifier...

If                                         → results are biased

Classification requires 
composition of the dataset

(for Christmas)

→ large number of inputs
→ classifier can be bad
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Composition bias can be fixed 
even for bad classifiers



  

Wrapping a classifier
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Trained classifier 
(black box)

predicted 
composition

true 
composition

test data

predicted 
composition

real data



  

Wrapping a classifier
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Trained classifier 
(black box)

predicted 
composition

true 
composition

test data

predicted 
composition

real data

real datatest data

→ reliable P(w)
→ reweighted classifier
→ probabilities with uncertainties



  

Summary
Method to infer the 
composition

Results

- sys. & stat. uncertainties
- number of classes  <100
- projections
- systematic studies

 - 95% conf. Intervals: p,…,Fe,…,Pu 
 - event classification 

Wrapped classifier
- fixed composition bias
- outputs with stat. interpretation
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Wish you happy holidays

2212.04760, Phys. Rev. D 108, 043023,
2304.11197,  Phys. Rev. D 108, 022004,
2409.06841, EPJ (accepted),
2411.10223, (submitted to EPJ),

Presented results are part of following 
publications:

Jernej F. Kamenik, 
Michele Tammaro

done in collaboration with:

blaz.bortolato@ijs.si
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Flux



  

Observatories & Upgrades



  

Ground correlation



  

Ground correlation
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