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NA62 @ CERN North Area, exploits a 400 GeV/c primary proton 

beam from the SPS: 75 GeV/c unseparated secondary hadron 

beam: 𝜋+(70%), K+ (6%), p (24%)
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The NA62 𝐾+ factory at the CERN 

[JINST 12 (2017) 05, P05025]

K+

Bending effect given by the panorama view 

https://inspirehep.net/literature/1519167
https://inspirehep.net/literature/1519167
https://inspirehep.net/literature/1519167
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ℬ16−24 𝐾+ → 𝜋+𝜈𝜈 = 9.6−1.8
+1.9 × 10−11 = 9.6 (−1.6

+1.8)𝑠𝑡𝑎𝑡 (−0.6
+0.8)𝑠𝑦𝑠𝑡 × 10−11

• Smallest measured branching ratio 

measured so far 

• Branching ratio measured < 20% 

precision

• 2025- 2026 dataset still to be analyzed: 

we are expecting approximately x1.5 

more signal events

Measurement of 𝐾+ → 𝜋+𝜈𝜈 at NA62

[arXiv  2607.16413 (2026)]

https://arxiv.org/pdf/2607.16413


Introduction: NA62 experiment at CERN
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[JINST 12 (2017) 05, P05025]Decay in flight 

https://inspirehep.net/literature/1519167
https://inspirehep.net/literature/1519167
https://inspirehep.net/literature/1519167
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Cooling plate

• Si Pixel detector exposed to 
~0.6MHz beam

• Essential for 𝐾+ — 𝜋+ matching

• Measures 𝐾+ 3-mom. & time
𝑂(100 ps)

• 4th GTK station (since 2021) 
improves efficiency & pileup 
resilience.
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Si Pixels ~(30x60 mm2 active area)

The GigaTracKer [JINST (2019) 14 P07010]

pixels of 300 × 300 μm2, 510 μm thick (0.5% X0), hit time resolution: <200ps

https://iopscience.iop.org/article/10.1088/1748-0221/14/07/P07010
https://iopscience.iop.org/article/10.1088/1748-0221/14/07/P07010
https://iopscience.iop.org/article/10.1088/1748-0221/14/07/P07010
https://iopscience.iop.org/article/10.1088/1748-0221/14/07/P07010


Particle tracking in the GTK

20 ns window around the time of the KTAG detector, on average 50 hits but with tails up to 300 hits 6
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[ x1, y1, z1, t1]
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GTK2

5 719 1558

6

GTK3

The physics problem

• The GTK achromat bends the tracks to allow momentum 

measurement

• For ‘complete’ tracks for which momentum can be measured:

- At least a hit on GTK2 to measure the momentum from the sagitta

- At least a hit on GTK3 and either on GTK0 or GTK1 to measure the     

x,y directions 

Y(cm)

[ x2, y2, z2, t2]



The training

• Training was performed on simulated beam–GTK interactions, reproducing the 

observed pile-up track profile.

• Truth information about the particle responsible for each hit was used to define the 

ground-truth connections.

• To improve robustness against clustering errors, pixel hits were not clustered during 

training.

• All hits originating from the same particle were labelled as connected at training

• The models were implemented on NVIDIA RTX 4090 with 24 GB GPU

8
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TransformerGraph Neural

Network

Multi-Layer 

Perceptron

From L. Plini, EuCAIFCon 2026

From L. Plini, EuCAIFCon 2026

https://indico.physi.uni-heidelberg.de/event/1277/contributions/4166/


10* Image from Dive into Deep Learning, chapter 5

Composable and differentiable

layers that optimizes its

weights (W, b)  by means of 

Back-Propagation to minimize

a loss function L.

Drawbacks of this implementation: 

• Local awareness

• Big GPU memory needed to 

store all admissible combinations

• Class imbalance

Multi-Layer Perceptron



11

• Instead of explicitly evaluating all possible track candidates, we formulate 

track reconstruction as a pairwise edge-classification problem

• This reduces the combinatorial search to a quadratic number of hit-to-hit 

connections

• For the models presented here, we further reduced the connections not 

allowing direct GTK0-GTK3 or GTK1-GTK3 connections

• Advantages:

- Global awareness

- Solves class imbalance

Graph Neural Network and Transformer
Existence

Score
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Multi-Layer Perceptron

Graph Neural Network

Efficiency Purity Fake 

Tracks

95.27 ± 0.06 % 95.16 ± 0.06 % 3.58 ± 0.06 %

Trasformer

Efficiency Purity Fake 

Tracks

96.18 ± 0.06 % 96.18 ± 0.05 % 3.23 ± 0.06 %

Preliminary metrics, standalone

Efficiency = 
# 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑢𝑒 𝑡𝑟𝑎𝑐𝑘𝑠

Purity = 
# 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

Fake Tracks   = # 𝑤𝑟𝑜𝑛𝑔𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑢𝑒 𝑡𝑟𝑎𝑐𝑘𝑠

[POS WIFAI2024 43 (2024)] and updated work

[POS WIFAI2024 43 (2024)] and 

updated work

Efficiency Purity Fake 

Tracks

70.06± 0.07 % 92.3 ± 0.04 % 39.45 ± 0.07 %

https://inspirehep.net/files/eea4e3ee917665d9c6e40ab988fe8ac6


Deploy of the model in the NA62 C++ fw

• Models developed in Pytorch in a python enviroment

• Integrated and deployed within the NA62 C++ reconstruction framework using ONNX 

Runtime API after having exported the model and weights

• Deployment in NA62 real case has been a leading factor for the model choice using only 

layers supported by ONNX  

• Used for offline track reconstruction on CPU. Model optimized when sizes of the input 

and output tensors are dynamic.

13



Clusters

Transformer Classifier

Features Link existence score

Max edge selection

Tracks

• The pixel detector provides a set of sparse space-time measurements

• Pixel clustering: neighbouring pixel hits are grouped into clusters, mainly due to charge 

sharing and extended charge deposits from δ-rays

• The cluster position is obtained from the mean position of the contributing pixel hits

• We formulate track reconstruction as a set-to-graph learning problem: starting from a 

variable-size set of 4D cluster hits, we predict the connections between hits belonging to 

the same track.

14

Transformer for 4D beam tracking 



Clusters

Transformer Classifier

Features
Link existence score

Max edge selection

Tracks

• Each event is represented as a variable-lenght set of 4D hits

• The Transformer does not directly classify tracks

• Self-attention allows each hit representation to incorporate information from the other hits 

in the event

• These representations are then used to perform pairwise classification on hits, predicting 

whether they belong to the same track 

15

Transformer for 4D beam tracking 



Clusters

Transformer Classifier

Features Link existence score

Max edge selection

Tracks

• The edge classification problem is highly imbalanced, since only a small fraction of 

candidate hit pairs correspond to true track connections. We therefore use Focal Loss 

(γ = 2)

• Post-processing: the predicted exsistence score of each hit pair being connected is 

compared to a predefined threshold.

• The threshold level has been scanned and optimized maximizing the F1 score

• Pairs with a probability above the threshold are selected as candidate track 

connections.

16

Transformer for 4D beam tracking 



Clusters

Transformer Classifier

Features Link existence score

Max edge

selection

• Patter recognition: after thresholdng, for each hit, the connections with the highest incoming 

and outgoing probabilities are selected to build the final tracks.

17

Transformer for 4D beam tracking 



Clusters

Transformer Classifier

Features Link existence score

Max edge

selection

Tracks

• A ‘conventional’ momentum fit is applied to hits 

belonging to the same reconstructed track

18

Transformer for 4D beam tracking 



Performance studies on NA62 simulation

Efficiency = 
# 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑢𝑒 𝑡𝑟𝑎𝑐𝑘𝑠

Purity = 
# 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

Fake Tracks   = # 𝑤𝑟𝑜𝑛𝑔𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑐𝑘𝑠

# 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑢𝑒 𝑡𝑟𝑎𝑐𝑘𝑠

arXiv  2607.16413 (2026)
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Comparison wrt old fully combinatorial 

reconstruction

The new reconstruction retains the same efficiency but 

with much better purity and fake track rate

https://arxiv.org/pdf/2607.16413


Performance on NA62 data
• Thanks to the K+ → π+π+π− data sample it is possible to determine the true K+ kinematic

from the 3 pion tracks. 

• We evalute not only the K+ reconstuction but the full K+-π+ matching 

K+ → π+π+π− data 

sample

Mistag, K+ not reconstructed: 4%

(−2% wrt 2021-2022) 

Mistag, K+ reconstructed: 2% 
K+-π+ matching efficiency: 

79%

20



Conclusions

21

• A transformer model was developed for 4D GTK track reconstruction

• The model is robust to pile-up and clustering effects and achieves high efficiency and low fake 

track rate on real detector data

• The model is deployed in the NA62 C++ reconstruction framework through ONNX Runtime and is 

used for physics results 



Supplemental

22



• A lightweight Transformer-based tracker has been developed, validated on real detector data, and deployed in 

the reconstruction chain



La Thuile

Clusters

Transformer Classifier

Features Link existence score

Max edge selection

Tracks

K+-π+ matching efficiency: 79%

Mistag, K+ not reconstructed: 4%
(−2% wrt 2021-2022) 

Mistag, K+ reconstructed: 2% 

K+ → π+π+π− data sample

average

12/22

4D beam tracking



Linear Embedding Encoder Block Edge Classifier PostProcessing

INPUT:
( x, y, z, time)

OUTPUT:
Reconstructed tracks

Input: N x d model

Multi-Head Self Attention

Linear (Q) Linear (K) Linear (V)

Scaled Dot-Product Attention

Concat

Linear

Feed Forward Network

Linear

GELU

Linear

Layer 
Norm

Layer 
Norm

Output: N x d model

Input: N x 4

N x d model Connections x 2d model

Layer Dim

d model 32

Attention haeds 2

Feed-forward dim 64

Edge Classifiers 2

Threshold
Best exiting edge

Best entering edge
Track Reconstruction

25
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[ x2, y2, z, t2]
[ x1, y1, z, t1]

Z(cm)

GTK0 GTK1

GTK2

5 719 1558

6

GTK3

The physics problem

• The GTK achromat bends the 

tracks to allow momentum 

measurement

• At least a hit on GTK2 to measure 

the momentum from the sagitta

• At least a hit on GTK3 and either 

on GTK0 or GTK1 to measure the 

x,y directions 

• Instead of explicitly evaluating all possible 

track candidates, we formulate track 

reconstruction as a pairwise edge-

classification problem. This reduces the 

combinatorial search to a quadratic number of 

hit-to-hit connections.

• For the models presented here, we further 

reduced the connections to 4n2 not allowing 

direct GTK0-GTK3 or GTK1-GTK3 connections



Why Efficiency + Fake Tracks is not equal to 1?
True Tracks Predicted Tracks

True 
Positives
Tracks = TP

False 
Positives
Tracks = FP

False 
Negatives
Tracks = FN

Efficiency = TP /  (TP+FN) =  TP/ Total True Tracks

Purity = TP /  (TP+FP) = TP/ Total Predicted Tracks

Fake Tracks= FP /( TP+FN) = FP/Total True Tracks

Efficiency + Fake Tracks = TP/ (TP+FN) + FP/ (TP+FN)

= (TP+ FP)/ (TP+ FN)
!= 1

27
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