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PICOSEC Micromegas: Working Principle

» Micromegas variant with an added Cherenkov radiator

» Charged particles produce Cherenkov photons in the radiator

» Photons convert to photoelectrons at a photocathode

» Photoelectrons are preamplified in the drift region and amplified in
the anode, generating the signal

» Near-simultaneous (10ps) photoelectron production — excellent
timing resolution (o ~ 10-25 ps)

+—— Cherenkov
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Timing Resolution Effects and Offline Techniques

e Time jitter
Mainly due to multiple scattering of the
primary photoelectron (fully
modeled /understood).
Diffusion process (fully modeled/understood)

Effect of the electronic noise

e Time walk
Due to different drift velocity of the primary
photoelectron and the preamplification
avalanche (fully modelled/understood),
depneds of the pulse amplitude

Can be parametrized and corrected offline. 7 Threshold

10 15 20

» Systematic Slewing Time o)
Constant Threshold Discrimination £

Constant Fraction Discrimination
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Previous Results

# Until now, the quoted performance of PICOSEC prototypes correspond to the cases where
the whole Cherenkov ring is contained within a single anode pad.

® |In this case, the fit of the PICOSEC leading edge by a logistic function provides excellent
results.

#® However, we utilized a simple ANN architecture with similar performance.

® Single-pad reconstruction

# ANN is trained using data from test-beam runs.
* ANN takes the digitized waveform directly as input,
predicting the arrival time
® Comparison: ANN vs. offline reconstruction
— timing resolution as a function of pulse
charge
® Both approaches : g, = 18.3 £ 0.6 ps

AN
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https://iopscience.iop.org/article/10.1088/1748-0221/17/09/C09009

Previous Results

A first attempt to combine timing information
from 4 pads
® The Cherenkov ring is shared between 4 pads.

® The signal of each pad is timed by fitting the corresponding
leading edge.

® The ANN is used to combine the timing information of the
individual pads (inputs : the arrival time and the amplitude of
each signal ) and outputs an estimation of the track arrival
time.

#® The combined time resolution is ~ 18 ps .

® Promising result: Combined information from neighbouring
pads results in timing resolution comparable to single pad
case.
In this work:

® Exploit the raw experimental information from all detector
pads.

® Learn the spatial correlations between pads.

® Use the full waveform digitizations (instead of the timing of
individual pads) as input

® Use Graph Convoluted Networks for estimating the track _ Work of I. Karakoulias

arrival time as well as evaluating the timing accuracy on a
track-by-track basis.

GNN
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The Dataset Used : Run148 October 2022 Test Beam

350k Events

6 Pads Recording

Pad Size 9.82 mm x 9.82 mm

Pad Spacing 0.2mm

. - Pad3_rati
Detector Alignment , CEnies 10000
© . M 45.19
M§§ﬂ§ 56.27
Std D 2.855
Xe = % L Sidpevy 2.85
a
Fit 2D-GAUS
Ve = Z Qalf*Ytracker e
¢ Z Qall ( )

GNN July 8, 2026 6/32


https://ikee.lib.auth.gr/record/339482/

Signal Arrival Time (SAT) & Resolution §

Standard Analysis Using a Single Pad
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@,y denotes the corresponding charge of the whole PICOSEC waveform
Almost the same SAT vs Q,; & Resolution vs @, behavior across all Pads.
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Global Fit of SAT & Resolution
E Resolution Fit Model

1(Q) = exp(5.329 - 0.304Q) + exp(4.273 - 0.072Q) + 15.72

SAT Fit Model

1(Q) = exp(5.546 - 0.111Q)

Resolution [ps]

+exp(5.852 - 0.408Q)

+exp(9.001 - 1.778Q)
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Entries 388100
Mean -0.1294
- . - - Std Dev 0.9877
Creating a Global Pull Distribution o sl
Mean —0.1373 £ 0.0016
Sigma 0.9625 + 0.0012
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GNN Input Selection

The Largest Ampiitude PAD Signal

Voltage [V]

overflows

o
Peak Voltage [V]

1 3 5

2 4 6

® 50 < V < 360 mV to avoid noise and overflows

® No tracking information is used

® Choose the 4 pads with the biggest pulse amplitude
L

Trigger Time : time when the biggest pulse surpass the 50mV threshold

GNN

far away

6
time [ns]
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GNN Input Features

® 64 waveform digitizations per pad (4 pads)

Voltage [V]

* For each point: time and voltage as node
features

® Niodes = Npoints X Npads
* For points = 64, Npads = 4: Npodes = 256

e Nedges = Npads X (2Npo[nts - 2)

* For Npoints = 64, Npads =4
Nedges = 504

6
time [ns]

® Train / Validation / Test split: 80% / 10% / 10%
® Time Augmentation: t ~ N(0,1ns)
® Baseline Augmentation: V ~ A/(0,1mV)
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GNN Architecture for PICOSEC timing

* Training with NLLGaus:

| Input-Pulses

N
LaiL = lz (tenn,i — terue.i)?
2 o2

A=l GNN,i

+log(agw,;) + log(27) %2

* toyn: Predicted time

* o2: Predicted variance

LSTMAggregation +

* HyperParameters PatchTransformerAggregation

* Batch size = 32 T

* Hidden dimensions = 64

e Epochs = 100 MLP (Fully Connected)
* Optimizer: AdamW,

e Ir=10"*
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» We give as an input the experimental waveform information for 4
pulse signals.

» We take as an output the track arrival time as well as an estimation
of the timing accuracy

» We validate and test by comparing the GNN timing with the

experimental reference time information (provided by a Multi-Channel
Photomultiplier - MCP).

A.Tsiamis (Auth)
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GNN Results: A Global View i®

%2/ ndf 293.4/93
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¥2 / ndf 19.41/19
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GNN Results - Non-central Tracks

GNN Results - Central Tracks (tracks within 2.5mm from the pad
center)

Offline Sigmoid Fit - Central Tracks
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GNN Estimation of the Timing Accuracy (oenn)
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GNN Performance: General Remarks

» GNN offers an unbiased and consistent estimation of the track arrival
time as well as of the timing accuracy (on a track by track basis)

» In the cases that the Cherenkov ring is shared between pads the GNN
recovers the timing resolution (within 1ps) obtained when the
Cherenkov ring is fully contained in a single pad

» In the cases where the Cherenkov ring is shared between the pads the

GNN performs better than the other Timing-Combining Algorithm
(see next slide)
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GNN 4 Pads Timing vs Timing from the Main Pad
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* GNN 4 Pad Timing
* Timing using the main Pad Only
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4 PAD Timing:
GNN vs Combination of Individual PAD Timing

(Central Tracks are Excluded)

Resolution [ps]
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Impact of Additive Electronic Noise on
GNN Performance
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» Trained and evaluated on nominal data.

* Trained and evaluated with additive Gaussian noise (o = 10mV)

» Trained on nominal data but evaluated on data with additive Gaussian noise
(c =10mV)
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Impact of Additive Electronic Noise on
GNN Performance

Pull Mean
Pull Sigma

100

= ‘50 90
xQ, pCl

» Trained and evaluated on nominal data.

* Trained and evaluated with additive Gaussian noise (o = 10mV)

* Trained on nominal data but evaluated on data with additive Gaussian noise
(o0 =10mV)
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Bias & Resolution Maps
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Charge & Peak Voltage Maps

Maps of Charge and Voltage shows regions with lower gain.

Mean Charge [pC] Mean Voltage [mV]

5325 5430 5417 5365

5385 5052

5 40
P Tom 2% S0
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Conclusion

» The GNN successfully processes raw waveform digitizations from 4
pads simultaneously, effectively recovering the timing resolution
(within ~ 1 ps) when the Cherenkov ring is shared across pad
boundaries.

» The GNN outperforms timing combination algorithms and single-pad
analysis, particularly for non-central tracks where signal sharing is
most prevalent.

» By utilizing a Gaussian Negative Log-Likelihood (NLL) loss function,
the model does not just predict time (tgnn), but also provides a
reliable track-by-track estimation of timing accuracy (ognn).

» Current work : A GNN integrated on a FPGA can provide the arrival
time of a charged particle on a real time. The electronics package
"SAMPIC" which is currently used to digitize the PICOSEC
waveforms provides such an FPGA.

A.Tsiamis (Auth) July 8, 2026



Thank you for your attention!

Results presented in this work have been produced using the
Aristotle University of Thessaloniki (AUTh) High Performance
Computing Infrastructure and Resources.
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Constraint Fit to Improve Alignment ( )
Given the 6 pad center in beam frame {Xé,yg}, k =1,2,3,4,5,6
In terms to the Detector frame :

x5(x0, Y0, $) = (xp — x0) cos(¢) + (v — yo) sin(¢)
Y8 (x0, 0, 6) = (v — ¥0) cos($) — (xp — x0) sin(¢)
To find the xo, yo, ¢ , minimize the x? :
k

oy (x5 = xB(Xo, Yo, )’ iy (v = y5(0, Yo, )

X = k)2
k=1,6 (UX)

(o3)

k=1,6

From the fit :
X0 = 45.013 &= 0.16mm
yo = 51.42 +£0.16mm
p = —0.2° £0.98°
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Standard Analysis

Po

1+ e—(t=p1)xp2 T Ps

F(t, Po, P1, P2, P3) —

Constant Fraction Discrimination (CFD) of the maximum value (20%) :

1 Po
to=pr — — - In 1
° ' P2 (02* Vpeak_p3 )
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Impact of Additive Electronic Noise on
Standard Analysis Performance

Processed and evaluated using noise-free calibration.

10 mV noisy data evaluated with matched noise-aware corrections.

10 mV noisy data evaluated using nominal (noise-free) corrections.
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Impact of Additive Electronic Noise on
Standard Analysis Performance

Pull Mean

» Processed and evaluated using noise-free calibration.
* 10mV noisy data evaluated with matched noise-aware corrections.

* 10mV noisy data evaluated using nominal (noise-free) corrections.
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Charge & Peak Voltage Maps

Maps of Charge and Voltage shows regions with lower gain.

Mean Charge [pC]

5316 5409 5352 53, saos 201 w1
154 3112 £115 + 98 +107 2112

5610 5325 5430 5410 5274 5154

1892127 2099 067 2100 081}

5471 5762 5467 537 5244 5416 5058
+142 2157 2079 Zoa

FOT0 206
s162 5552 5.7 5362 5283 5210
2118 1131 074 2070068 2063 2067 2065,
5 5532 5484 5426|l5455 5440 5386 5052
113 1133 1072 2069 2074 +117 2074
5473 5675 |l5563 5599 5275 5318

% 200 AT RS SR AN NN

074 <051 2085 2116

2072 2050 <084 z081

Mean Voltage [mV]

259
sa7
2523
34 :
251

5 +31 +

1916 5307 5387 5180 251 2525 250

229 ka1 239
2610 2582 2436 2599
135 153 238 127 238 +
2674 2568 255 294
te2 47 47 taa

)23 5308 5389 5080

15
X [cm]

15
X fem]

GNN July 8

29 /32



Activation Function
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SAT & Resolution

Standard Analysis Using a Single Pad
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Slewing and Resolution Curves (@,@
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Slewing and Resolution Curves for nominal data
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