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Cosmogenic background in JUNO

Neutrino source:

- Reactor electron antineutrino.
- IBD interaction.

Challenge: cosmogenic isotopes

- Produced by atmospheric muons.
- β-n decay.

Cannot be suppressed using IBD-like cuts 
(fiducial volume, prompt-delayed coincidence, 
etc.) ⇒ Indistinguishable.

Correlated with parent muon ⇒ use muon track 
information.

Current veto status:

- Spallation neutron-based ✅.
- No track-based yet ❌. 

Residual cosmogenic: 3.9 ± 0.6 cpd ⇒ dominant 
background.

2/16
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Track-based muon veto
Temporal veto

Reject events within a time window based on 
cosmogenic lifetimes

⇒ Reliable muon identification.

Spatial veto

Reject events within a cylinder around muons.

⇒ Accurate track reconstruction ⇒ veto radius 
depends on reconstruction resolution.

Muon topologies

Through-going, stopping, bundle, etc. 

⇒ Requires event classification.

Track-based veto ⇒ limiting unnecessary dead 
time.

WP

CD

TT

Stopping muon
LS through-going muon

Bundle muons
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Detector observables
Central Detector (CD)

Scintillation light ⇒ high light yield.

Dense PMT coverage,  hit times, charges.

Water Pool (WP)

Cherenkov detector, and covered by Tyvek.

Top Tracker (TT)

3 layers of 7 by 3 walls.

Wall composed of orthogonal plastic 
scintillator strips.

⇒ Discrete tracking points.

⇒ Provide clean muon sample (0.2° median), 
but sees only 30% of CD muons.
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Approaches overview

Traditional methods
⇒ Physics-driven: explicit modeling

Charge-based clustering

Timing-based reconstruction (χ² minimization)

Machine learning methods
⇒ Data-driven: learn from simulation/data.

Graph-based convolutional networks

Transformer-based model

Two main approaches to muon reconstruction
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CD/WP charge cluster classification
Charge density peak algorithm. 

⇒ Independently applied to the CD and the WP.

For each PMT:

-     is the sum of PEs within       .
-     is the minimum distance to any PMT with 

higher density.

Cluster ⇒ high      and     .

Identified as outliers in     -     space.

Association assumptions: 

- Down-going tracks
- Parallel bundle muons. 
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CD+WP+TT joint reconstruction
Each sub-detector contributes a chi^2 term.

Joint reconstruction ⇒ minimize the sum.

TT: Line fit through hit points. 

⇒ Used as reference (not used in data 
reconstruction).

CD and WP: First Hit Time (FHT) method.

FHT: time of the earliest detected photon.

Calculate expected FHT ⇒ depends on the track 
parameters. 

FHT residuals ⇒ χ² minimization.
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DeepSphere-based

Sphere divided in pixels of equal area using 
HEALPix.

Input features: FHT, charge.

Convolution + fully connected layers ⇒ predicts 
muon entry point and direction.

⇒ Under active development and validation!

Large volume detector ⇒ image-like 
representation ⇒ CNN.

But operate on Euclidean space ≠ 
spherical geometry.

⇒ Graph-based CNN ⇒ DeepSphere 
framework.
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Transformer
Based on self-attention mechanism.

Each hit is treated as an input token ⇒ no need 
for spatial discretization.

Attention mechanism learns relationships 
between hits ⇒ captures global event structure.

Input features: hit times and charges.

Trained using TT as reference.

Predicts muon entry and exit points.

⇒ Under active development and validation!

Attention block ✕ Nlayers

Output
(xentry, yentry, zentry), (xexit, yexit, zexit)

Hits
(t, q, x, y, z)

Nhits

Multi-head Attention (K, Q, V)

Feed Forward

RMS Norm

Add & RMS Norm

Add

Pooling & projection

Projection & embedding
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Methodology
Identification:

- CD/WP time correlation (muons in the CD).
- WP charge threshold (muons in the WP 

only).

TT used as reference when available.

Metrics:

- Angle between reference and reconstructed 
directions.

- Distance between reference and 
reconstructed track midpoints.

Parameters:

- Distance between center of the CD and 
reference track.
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Rate and eũciency
CD rate ~ 5 cps, WP rate ~ 9 cps.

⇒ Stable over time, consistent with simulations.

WP tagging efficiency > 99.97%. 

⇒ Stable.
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Classification

Classification efficiency (charge clustering):

- CD: 81%.
- WP: 95%.

Source of inefficiencies:

- Two close muons ⇒ single-like charge 
pattern.

- Stopping muons decaying before exiting ⇒ 
through-going-like charge pattern.
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Reconstruction: muon direction

Zenith and azimuth angles of the reconstructed muons.

Good agreement between all methods and simulation ⇒ accurate mapping of the mountain profile.
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Reconstruction: performance

Angular and spatial differences with TT reference.

Joint reconstruction provides the best resolution for now. Note: machine learning yet not included!
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Reconstruction: performance vs radial position

Resolution as a function of radial position.

Performance degrades for tracks near detector boundaries ⇒ optical effects.
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Conclusion
Muon reconstruction is essential for cosmogenic background suppression.

Different approaches explored:

- Traditional methods (charge-based clustering, timing-based reconstruction).
- Machine learning (graph-based CNN, transformer).

Good consistency between reconstruction methods and simulation.

Good reconstruction performance achieved, with ongoing developments to improve resolution and 
integration of new methods.

Outlook:

- Integration into physics analyses.
- Continued validation.

Thanks for your attention!
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Backup - JUNO detector
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Backup - First results and background


