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Determine the emission point:

2) Spherical wave function (SWF) to reconstruct   using 
trigger times (corresponding time of max amplitude of Hilbert 
enveloppe)

Xsource

Based on Valentin Decoene’s Thesis 
See presentation Analysis extended meeting December 2024 
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Reconstruction Procedure: PWF - SWF - ADF
Determine a vector  which intersects emission point:

1) Plane wave function (PWF): quickly reduced parameter space 

 using trigger times (analytical, with error calc.) 

3) Angular Distribution Function (ADF) using peak amplitudes: 

Fitting the signal amplitude on ground with ADF model 
(empirical and Physics informed) 
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The ADF (angular distribution function) model

Phenomenological model: describe the signal amplitude of Efield of 
the EAS within the radio footprint. 

Adapted for 50-200 MHz frequency range


Angular distance of the antenna to the shower axis 
measured from the emission point source

fADF(ω, η, α, l; δω, A) =
A
l

f GeoM(α, η, B) f Cherenkov(ω, δω)

⃗k (θ, ϕ)

 

from spherical wave 
reconstruction (SWF)

Xsource

ω

2

Based on Valentin Decoene’s Thesis 

Signal amplitude of data:

-Peak amplitude computed from max of Hilbert enveloppe

4 free parameters: 

‣ arrival direction : direct reconstruction  
‣ scaling factor  and width 

θ, ϕ
A δω

‣ Amplitude of radio signal related to electromagnetic energy  

‣Scaling factor  to construct energy estimator

Eem
A

A
δω
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Motivation: Identify cosmic ray candidates without going through E-field deconvolution (direct information from the detector)

Testing the ADF model on voltage 
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‣ Smooth variation of effective length  for   70-85°

‣ Antennas in the array see source from almost same viewing angle 

‣ Amplitude from voltage scales as amplitude from Efield

leff θ ∼

Work done with Pauline Fritsch, intern @ ICRR, Tokyo and iLance France-Japan lab 



Motivation: Identify cosmic ray candidates without going through E-field deconvolution (direct information from the detector)

Test on 1000 ZHAireS - AN DC2-RF2 Alpha simulations: experimental noise (from the MD data of GP80) on ADC traces

Trigger conditions:  Amplitude threshold  100 ADC and Antenna threshold  5 + select ≥ ≥ θ ≥ 60∘

Testing the ADF model on voltage 
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Efficiency on simulated Efield

Fit efficiency on simulated Voltage ( ): 83%χ2/ndf < 25

Efficiency   ϵ =
reconstructed events 

triggered events

‣ Smooth variation of effective length  for   70-85°

‣ Antennas in the array see source from almost same viewing angle 

‣ Amplitude from voltage scales as amplitude from Efield

leff θ ∼

Work done with Pauline Fritsch, intern @ ICRR, Tokyo and iLance France-Japan lab 



Testing the ADF model on voltage: results 
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Angular resolution: 0.13°

fADF(ω, η, α, l; δω, A) =
A
l

f GeoM(α, η, B) f Cherenkov(ω, δω)

Excellent correlation between 
electromagnetic energy and scaling factor

A/sin(alpha) uses as a proxy for energy

Motivation: Identify cosmic ray candidates without going through E-field deconvolution (direct information from the detector)

Test on ZHAireS - AN DC2-RF2 Alpha: experimental noise (from the MD data of GP80) on ADC traces

Trigger conditions:  Amplitude threshold  100 ADC and Antenna threshold  5 + select ≥ ≥ θ ≥ 60∘

Work done with Pauline Fritsch, intern @ ICRR, Tokyo and iLance France-Japan lab 

ADF can be used on voltage for cosmic 
ray identification + direction 
reconstruction and energy estimation
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GP80 cosmic ray candidates: Selection on voltage 
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‣ Refine cosmic ray candidates selection without going through E-field deconvolution (direct information from the detector) 

‣ Efield deconvolution not convincing for some cosmic ray candidates: baseline too noisy or fluctuating or Efield pulse 

longer than the ADC one

‣ Efield reconstruction fails on some antennas (gives multiplicity < 5 for 7 events)

Reconstructed Efield tracesRun: Run:4666 Event:0 Voltage traces: Run:4666 Event:0 

Samples Samples



Selection of cosmic ray candidates with voltage 
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Reduced  ADFχ2

Ratio of DC2 simulations below the cut: 83%

Ratio of cosmic ray candidates below the cut: 85% 

 1) Selection on ADF fit on voltage: /ndf < 25χ2



Selection of cosmic ray candidates with voltage 
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2) Test Background Hypothesis (k/l fit)

‣  Fit: Amplitude vs distance l to Xsource (obtained with SWF) 

for background model: isotropic emission (k/l fit)

‣ Comparison of χ²/ndf (k/l) vs. χ²/ndf  (ADF)

‣ In most cases: χ²/ndf (k/l) ≫ χ²/ndf (ADF)

‣ Idea: use fit quality (ADF vs. k/l) to tag true CR candidates


Ratio of DC2 simulations below the cut: 83%

Ratio of cosmic ray candidates below the cut: 85% 

Reduced  ADFχ2

 1) Selection on ADF fit on voltage: /ndf < 25χ2



Cosmic ray candidates: some examples
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χ2 = 0.99

ADF fit

Background fit

Cherenkov angle: 

Fixed parameter of the ADF model 
computed with semi-analytical toy 
model (prior to the fit)

Depends on Xsource position and 
atmosphere model only
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 (deg)ω

χ2 = 0.98

DU - Source distance l (m)
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ADF fit

Background fit

Cosmic ray candidates: some examples
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ADF fit

Background fit

χ2 = 4.3

DU - Source distance l (m)
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We have some very convincing events

Cosmic ray candidates: some examples



Candidate Not Passing the Selection Criteria
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Background fit

ADF fit

χ2 = 321
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Very possible background event!



ADF reconstruction applied on reconstructed Efield
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ADF fit
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Identification of CR candidates with voltage: done
Now, test reconstruction of direction and energy with Efield

 eVEem reconstructed = 1.1e18



ADF reconstruction applied on reconstructed Efield
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ADF fit
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 eVEem reconstructed = 6.4e17



Direction and energy reconstruction
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With Efield

See Guelfand, Decoene, Martineau et al., 
Astroparticle Physics, 2025, arXiv:2504.18257 

Warning: amplitude calibration not included in 
Efield deconvolution and voltage

But energy distribution looks reasonable

See Presentation from Sei 

https://arxiv.org/abs/2504.18257


Direction and energy reconstruction
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Cross check for energy with ADF voltage:

Use the scaling law derived from simulations to estimate the energy from the ADF voltage fit

Agreement quite good: with a root mean square deviation of only 65%

E*em =
A

sin(α)
a + b

Energy estimator for voltage

With Efield

With voltage from 
DC2 simulations

Reconstructed electromagnetic energy from Efield [eV]
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Conclusion and outlook

‣ Test background (k/l) fit + Test ADF fit  on coincident data (CD)


‣Compute /ndf distributions and optimize identification


‣ Include calibration in pipeline


‣Compute reconstructed Xsource position (grammage) with SWF

χ2

‣ADF model tested and validated on voltage traces using DC2 simulations (with good efficiency)

‣Cosmic ray candidates selected via ADF applied to voltage

‣Direction reconstruction performed with both E-field and voltage (results are consistent)

‣ Energy reconstruction based on E-field, with a cross-check using voltage
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Backup
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Backup

Reconstructed Efield tracesRun: Run:2626 Event:13 
Reconstructed Efield tracesRun: Run:5590 Event:28 


