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Manual Scanning and Digitization:
In the early days of bubble chamber experiments (from the 1950s 
through the 1970s), photographs of particle tracks were produced at 
a high rate. Each image had to be examined by trained “scanners” 
who used optical devices and digitizing tables to measure the 
coordinates of the tracks. For many experiments, a single event 
(one photograph) could take on the order of 10–30 minutes to 
analyze manually. When you multiply that by thousands or tens of 
thousands of photographs, it’s easy to see why the overall effort 
could extend over many months or even years.

How Much Data Can You Analyze?
Earth Population in 1984: 4.8 billion
Average rate of processing event 0.0008 Hz (events per second)
Earth Population in the age bracket 21-65 years old 56%
The events reconstructed (if everyone joins in) 2,135 kHz

Bubble Chambers (early experiments)
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How Much Data Can You Analyze?
Earth Population in 1984 - 4.8 billion
Average rate of processing event 0.0008 Hz (events per second)
Earth Population in the age bracket 21-65 years old 56%
The events reconstructed (if everyone joins in) 2,135 kHz

1984 2004 2024

Introduction of Computers into Reconstruction
Computers are used to reconstruct tracks
Experiments collected data at 2 kHz 
Tracks were reconstructed with a rate of 8 Hz (per core)

Modern Advanced chips 
Multi-core servers are used (64 cores per node)
Experiments collected data at 16 kHz 
Tracks were reconstructed with a rate of 2 Hz (per core)

Improvement 4 orders of magnitude No significant speedup Age of AI ?

Evolution of Data Reconstruction
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CEBAF
Continuous Electron Beam Accelerator Facility 
Polarized Electron Beam (maximum energy 12 GeV)
Experiments Conducted in 4 Experimental Halls

CLAS12
Located in Hall-B
Data Acquisition Rate ~16 kHz
Targets (Hydrogen, Helium, Carbon etc)

Thomas Jefferson National Laboratory
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scattered  
electron

e- beam

Detecting Scattered Particles with Drift Chambers
Signals in Drift Chambers (Front View)
Due to the high intensity of the experiment, the drift chambers 
detect many signals. Some are part of a track and some are noise. 
Data processing procedure must identify which hits are traces of a 
particle.

Measuring Tracks from the interaction
The particle tracks are measured in Drift Chambers (DC), 
embedded in a magnetic field. By measuring the curvature of 
the track the momentum (speed) of the particle is calculated.

Drift Chambers
There are six drift chambers surrounding the interaction point. Each 
drift chamber consists of six sections, each section contains six layers 
of wires.

Find segments in each super 
layer (remove noise) 
Combine 6 segments (one from 
each super layer) to make a list 
of possible tracks  
Identify correct combinations of 
segments that represent a track

Track Candidate Finding
The track candidate identification is done using segment positions in 6 superlayers 
as input to the network as a vector. (There are 112 wires in each layer)
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Using Artificial Intelligence in Reconstruction (De-Noising)

The CNN Auto-Encoder learns to remove 85% of  noise hits 
While preserving >90% of  the signal hits.

De-Noising CNN Auto-Encoder

Retains >95% of  hits belonging to 
tracks, and removes >90% of  

background hits

AI image denoising employs artificial intelligence and machine learning 
techniques to reduce or eliminate noise in images
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Using Artificial Intelligence in Reconstruction (Track Classifier)
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0.30A Neural Network is trained to recognize patterns of segment combinations 
The track classifier assigns a probability that the track candidate is positive, negative, or a false track. 
The network is trained on reconstructed data where the right combinations are already found, and 
false combinations of segments are generated by interchanging clusters from a different track 
Conventional tracking takes ~250 msec (~4 Hz) per event to classify the right track candidates 
(fitting through the magnetic field) 
The AI identifies correct cluster combinations at a rate of ~8 kHz (depending on the number of 
combinations, changes slightly with luminosity)

Input: W [1..6] - average wire position of the segment 
Output: [false track, positive track, negative track]

ReLU ReLU ReLU

SoftMax
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Using Artificial Intelligence in Reconstruction (Track Classifier)

Auto-Encoder:
An autoencoder is a type of artificial neural 
network used to learn efficient codings of 
data. The input and output are the same size.

Drift Chamber Inefficiencies:

Inefficiencies in the Drift Chamber can cause missing segments along the 
track trajectory 
The cause can be inactive regions of the drift chambers or the segment 
finding algorithm
The conventional tracking package can fit tracks using only 5 segments 
with Kalman-Filter
The classifier network can classify tracks with 6 segments

Training Procedure:
Use reconstructed tracks with 6 segments. 
Remove one of the segments (random 
superlayer) in the input data, and keep it in 
the output data. The network learns to predict 
the missing segment position. 
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� = 0.36

Prediction Accuracy:
The average prediction of segment position is within 1 wire (0.36)—no significant 
dependence on the superlayer.

<latexit sha1_base64="aRxu3fdhjR71vtGMIMeiJ/qyDHw=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBhZSk1uqy6MZlBdsG0hAm00k7dPJgZiKUUtz4K25cKOLWr3Dn3zhts9DWAwcO59zLzD1ByplUlvVtLC2vrK6tFzaKm1vbO7vm3n5LJpkgtEkSnggnwJJyFtOmYopTJxUURwGn7WBwM8nbD1RIlsT3aphSL8K9mIWMYKUt3zx0Hd8+c/yK5rlmVfNCs+b5ZskqW1OgRWHnogQ5Gr751ekmJItorAjHUrq2lSpvhIVihNNxsZNJmmIywD3qahnjiEpvND1hjE6000VhIjRjhabu740RjqQcRoGejLDqy/lsYv6XuZkKr7wRi9NM0ZjMHgozjlSCJn2gLhOUKD7UAhPB9F8R6WOBidKtFXUJ9vzJi6JVKdu1cu2uWqpf53UU4AiO4RRsuIQ63EIDmkDgEZ7hFd6MJ+PFeDc+ZqNLRr5zAH9gfP4AM2yUww==</latexit>

[X1, X2, X3, X4, X5, X6]

<latexit sha1_base64="aRxu3fdhjR71vtGMIMeiJ/qyDHw=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBhZSk1uqy6MZlBdsG0hAm00k7dPJgZiKUUtz4K25cKOLWr3Dn3zhts9DWAwcO59zLzD1ByplUlvVtLC2vrK6tFzaKm1vbO7vm3n5LJpkgtEkSnggnwJJyFtOmYopTJxUURwGn7WBwM8nbD1RIlsT3aphSL8K9mIWMYKUt3zx0Hd8+c/yK5rlmVfNCs+b5ZskqW1OgRWHnogQ5Gr751ekmJItorAjHUrq2lSpvhIVihNNxsZNJmmIywD3qahnjiEpvND1hjE6000VhIjRjhabu740RjqQcRoGejLDqy/lsYv6XuZkKr7wRi9NM0ZjMHgozjlSCJn2gLhOUKD7UAhPB9F8R6WOBidKtFXUJ9vzJi6JVKdu1cu2uWqpf53UU4AiO4RRsuIQ63EIDmkDgEZ7hFd6MJ+PFeDc+ZqNLRr5zAH9gfP4AM2yUww==</latexit>

[X1, X2, X3, X4, X5, X6]

<latexit sha1_base64="aRxu3fdhjR71vtGMIMeiJ/qyDHw=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBhZSk1uqy6MZlBdsG0hAm00k7dPJgZiKUUtz4K25cKOLWr3Dn3zhts9DWAwcO59zLzD1ByplUlvVtLC2vrK6tFzaKm1vbO7vm3n5LJpkgtEkSnggnwJJyFtOmYopTJxUURwGn7WBwM8nbD1RIlsT3aphSL8K9mIWMYKUt3zx0Hd8+c/yK5rlmVfNCs+b5ZskqW1OgRWHnogQ5Gr751ekmJItorAjHUrq2lSpvhIVihNNxsZNJmmIywD3qahnjiEpvND1hjE6000VhIjRjhabu740RjqQcRoGejLDqy/lsYv6XuZkKr7wRi9NM0ZjMHgozjlSCJn2gLhOUKD7UAhPB9F8R6WOBidKtFXUJ9vzJi6JVKdu1cu2uWqpf53UU4AiO4RRsuIQ63EIDmkDgEZ7hFd6MJ+PFeDc+ZqNLRr5zAH9gfP4AM2yUww==</latexit>

[X1, X2, X3, X4, X5, X6]

<latexit sha1_base64="gnm3Z3yf75U28Yk7Vg26fbZrI2Y=">AAACAnicbVDLSsNAFL3xWesr6krcBIvgopSk1Oqy6MZlBfuANITJdNIOnUzCzEQoobjxV9y4UMStX+HOv3HaZqGtBy5zOOde7twTJIxKZdvfxsrq2vrGZmGruL2zu7dvHhy2ZZwKTFo4ZrHoBkgSRjlpKaoY6SaCoChgpBOMbqZ+54EISWN+r8YJ8SI04DSkGCkt+eax2/Wdctevlu2Krd+argtddc83S1qawVomTk5KkKPpm1+9fozTiHCFGZLSdexEeRkSimJGJsVeKkmC8AgNiKspRxGRXjY7YWKdaaVvhbHQxZU1U39PZCiSchwFujNCaigXvan4n+emKrzyMsqTVBGO54vClFkqtqZ5WH0qCFZsrAnCguq/WniIBMJKp1bUITiLJy+TdrXi1Cv1u1qpcZ3HUYATOIVzcOASGnALTWgBhkd4hld4M56MF+Pd+Ji3rhj5zBH8gfH5A6LAlGc=</latexit>

[X1, X2, 0.0, X4, X5, X6]

<latexit sha1_base64="sop/GAmQWiiJhLYx9gukNo5E868=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCi1JmqlaXRTcuK9gHTIchk2ba0MyDJCOUobjxV9y4UMStX+HOvzFtZ6GtBw45Ofdeknv8hDOpLOvbWFpeWV1bL2wUN7e2d3bNvf2WjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfvDm0m9/UCFZHF0r0YJdUPcj1jACFba8sxDp+PZ5Y5X1TwrWxVLnxeaNdczS/o6BVoUdi5KkKPhmV/dXkzSkEaKcCylY1uJcjMsFCOcjovdVNIEkyHuU0fLCIdUutl0hTE60U4PBbHQjBSaur8nMhxKOQp93RliNZDztYn5X81JVXDlZixKUkUjMnsoSDlSMZrkgXpMUKL4SAtMBNN/RWSABSZKp1bUIdjzKy+KVrVi1yq1u/NS/TqPowBHcAynYMMl1OEWGtAEAo/wDK/wZjwZL8a78TFrXTLymQP4A+PzB6KjlGY=</latexit>

[X1, X2, X3, 0.0, X5, X6]

<latexit sha1_base64="VfbupHfaHDQ+fJvLriaBLT2yFWM=">AAACAnicbVDLSsNAFL3xWesr6krcBIvgopSkluqy6MZlBfuANITJdNIOnUzCzEQoobjxV9y4UMStX+HOv3HaZqGtBy5zOOde7twTJIxKZdvfxsrq2vrGZmGruL2zu7dvHhy2ZZwKTFo4ZrHoBkgSRjlpKaoY6SaCoChgpBOMbqZ+54EISWN+r8YJ8SI04DSkGCkt+eax2/Wdctev6rrQVSvbFVu/dc83S5rOYC0TJyclyNH0za9eP8ZpRLjCDEnpOnaivAwJRTEjk2IvlSRBeIQGxNWUo4hIL5udMLHOtNK3wljo4sqaqb8nMhRJOY4C3RkhNZSL3lT8z3NTFV55GeVJqgjH80VhyiwVW9M8rD4VBCs21gRhQfVfLTxEAmGlUyvqEJzFk5dJu1px6pX6Xa3UuM7jKMAJnMI5OHAJDbiFJrQAwyM8wyu8GU/Gi/FufMxbV4x85gj+wPj8AaKOlGU=</latexit>

[X1, X2, X3, X4, 0.0, X6]



G. Gavalian, Hall A/C Collaboration Meeting (June 17, 2025)

Track Reconstruction Workflow

MLP Track Classifier
Identifies the best track candidates
Constructed by combining segments 
in each of 6 superlayers

De-Noising Auto Encoder
Removes background hits
Works ~350 Hz per CPU core

Corruption Auto-Encoder
For each combination of 5 segment 
candidates, generate the position for 
the 6th segment (pseudo segment)

Track Reconstruction Workflow
Stage 1: Remove hits potentially considered noise 
Stage 2: Construct track candidates and classify 6-segment tracks
Stage 3: use corruption autoencoder to predict missing segments in 
5-segment candidates, then run classifier
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AI assisted Tracking impact
Artificial Intelligence Approach:

Two parallel reconstruction workflows implemented for CLAS12
The AI workflow uses de-noising and AI track candidate identification 
from reconstructed segments
The AI-assisted reconstruction results in a ~60% increase in statistics for 
3-particle final states
The AI-assisted tracking efficiency degrades slower as a function of 
luminosity (beam current)
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AI assisted Tracking impact
Artificial Intelligence Approach:

Two parallel reconstruction workflows implemented for CLAS12
The AI workflow uses de-noising and AI track candidate identification 
from reconstructed segments
The AI-assisted reconstruction results in a ~60% increase in statistics for 
3-particle final states
The AI-assisted tracking efficiency degrades slower as a function of 
luminosity (beam current)
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Track Parameter Estimation Network

Momentum

Polar Angle

Azimuthal Angle
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<latexit sha1_base64="BE9xxfV0xeOmbZ9s63d3XpsHa20=">AAACCXicbVDJSgNBEO2JW4xb1KOXxiBExDAjbsegFyGXCGaBzCT0dGqSJj0zTXePEkKuXvwVLx4U8eofePNv7CwHTXxQ8Hiviqp6vuBMadv+tlILi0vLK+nVzNr6xuZWdnunquJEUqjQmMey7hMFnEVQ0UxzqAsJJPQ51Pze9civ3YNULI7udF+AF5JOxAJGiTZSK4tBuJJ1uppIGT9gaLpCshCwKDWP86Xm0WErm7ML9hh4njhTkkNTlFvZL7cd0ySESFNOlGo4ttDegEjNKIdhxk0UCEJ7pAMNQyMSgvIG40+G+MAobRzE0lSk8Vj9PTEgoVL90DedIdFdNeuNxP+8RqKDS2/AIpFoiOhkUZBwrGM8igW3mQSqed8QQiUzt2LaJZJQbcLLmBCc2ZfnSfWk4JwXzm5Pc8WraRxptIf2UR456AIV0Q0qowqi6BE9o1f0Zj1ZL9a79TFpTVnTmV30B9bnDysAmVY=</latexit>

ep ! e0pK�(K+)

<latexit sha1_base64="CsEH7lTrR07WBX8NVShRIcqrJ1w=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoi0nosevFYwX5AE8tmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsbm1vVPcLe3tHxwe2ccnbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5te3IUP3mESYIq9bpz2bfLTtVZAK0TNydlyNHs21/eICZpRIUmHCvVc51E+xmWmhFOZyUvVTTBZIyHtGeowBFVfra4fIYujDJAYSxNCY0W6u+JDEdKTaPAdEZYj9SqNxf/83qpDm/8jIkk1VSQ5aIw5UjHaB4DGjBJieZTQzCRzNyKyAhLTLQJq2RCcFdfXiftq6pbq9YersuN2zyOIpzBOVTAhTo04B6a0AICE3iGV3izMuvFerc+lq0FK585hT+wPn8ArbOSZQ==</latexit>

⇢�(770)

<latexit sha1_base64="hbcB8vsWzdK7WR/TnUEq9c2UJs8=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUxDIjUl0W3bisYB/QmZZMetuGZmZCklFK6Qe48VfcuFDErR/gzr8x085CWw8kHM45l+QeX3CmtG1/W5ml5ZXVtex6bmNza3snv7tXV1EsKdRoxCPZ9IkCzkKoaaY5NIUEEvgcGv7wOvEb9yAVi8I7PRLgBaQfsh6jRBupky+AcCXrDzSRMnrA0HaFZAG4grVPkuu0KI5Nyi7ZU+BF4qSkgFJUO/kvtxvROIBQU06Uajm20N6YSM0oh0nOjRUIQoekDy1DQxKA8sbTZSb4yChd3IukOaHGU/X3xJgESo0C3yQDogdq3kvE/7xWrHuX3piFItYQ0tlDvZhjHeGkGdxlEqjmI0MIlcz8FdMBkYRq01/OlODMr7xI6mclp1wq354XKldpHVl0gA5RETnoAlXQDaqiGqLoET2jV/RmPVkv1rv1MYtmrHRmH/2B9fkDWkCbKQ==</latexit>

ep ! e0⇡+⇡�(p)

MLP Particle Reconstruction
Predicts particle momentum ~2.4%

Conventional Tracking ~0.05%

Physics Reactions:
Invariant masses calculated from particles reconstructed by AI, from RAW drift chamber hits.
Reconstruction speed ~24 kHz on a single Laptop.

MLP Particle Reconstruction:
A Neural Network to predict particle momentum and directions based on the segments in 
each super-layer of the drift chamber.
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Electron Identification with AI
CLAS12 Electromagnetic Calorimeter

AI Position Prediction:
A Neural Network can predict the strip that the track will hit in the Calorimeter
Prediction accuracy ~1.4 strips

Electron Identification:
Electrons in CLAS12 are identified using the energy deposited in ECAL 
combined with response from High-Threashold Cherenkov Counter (HTCC) 
and the track parameters.
A Neural Network was developed to predict the track’s intersection position 
with ECAL (all 9 layers).
The signal from 9 layers was aggregated from the raw ECAL ADC. They used 
to train another neural network to classify electrons.
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Electron Identification with AI

<latexit sha1_base64="/n5opO33zRV1VYDvoJ0o03waDDE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl1WS8GFiwr2AWkIk+mkHTqZhJlJtYT6KW5cKOLWH3Hn3zhts9DWAxcO59zLvff4MaNSWda3kVtZXVvfyG8WtrZ3dvfM/WJLRonApIkjFomOjyRhlJOmooqRTiwICn1G2v6wNvXbIyIkjfi9GsfEDVGf04BipLTkmcVG7er2yal7yWndG+l6cD2zZJWtGeAysTNSAhkanvnV7UU4CQlXmCEpHduKlZsioShmZFLoJpLECA9RnziachQS6aaz2yfwWCs9GERCF1dwpv6eSFEo5Tj0dWeI1EAuelPxP89JVHDpppTHiSIczxcFCYMqgtMgYI8KghUba4KwoPpWiAdIIKx0XAUdgr348jJpnZXtSrlyd16qXmdx5MEhOAInwAYXoApuQAM0AQaP4Bm8gjdjYrwY78bHvDVnZDMH4A+Mzx9kP5Nm</latexit>

PCAL [Eu, Ev, Ew]
<latexit sha1_base64="3ltCjdtCWC2j+LJlUpaHMPApwzU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUl0WS0E3UsE+IA1hMp20QyeTMDOpllA/xY0LRdz6I+78G6dtFtp64MLhnHu59x4/ZlQqy/o2ciura+sb+c3C1vbO7p65X2zJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/Wpn57RISkEb9X45i4IepzGlCMlJY8s1iv3dw+OXUvOa17I10PrmeWrLI1A1wmdkZKIEPDM7+6vQgnIeEKMySlY1uxclMkFMWMTArdRJIY4SHqE0dTjkIi3XR2+wQea6UHg0jo4grO1N8TKQqlHIe+7gyRGshFbyr+5zmJCi7dlPI4UYTj+aIgYVBFcBoE7FFBsGJjTRAWVN8K8QAJhJWOq6BDsBdfXiats7JdKVfuzkvVqyyOPDgER+AE2OACVME1aIAmwOARPINX8GZMjBfj3fiYt+aMbOYA/IHx+QNilJNl</latexit>

ECIN [Eu, Ev, Ew]
<latexit sha1_base64="nAx/O6hi74GOnln46bs+lbnH0E0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoiUl0WS8GdFZq2kIYwmU7aoZMHM5NKCO2vuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFjAppGN9aYWNza3unuFva2z84PNKPTzoiSjgmFo5YxHseEoTRkFiSSkZ6MSco8BjpeuPG3O9OCBc0CtsyjYkToGFIfYqRVJKrl5uNB6s9s5tuctl0J6qeHFevGFVjAbhOzJxUQI6Wq3/1BxFOAhJKzJAQtmnE0skQlxQzMi31E0FihMdoSGxFQxQQ4WSL46fwXCkD6EdcVSjhQv09kaFAiDTwVGeA5EisenPxP89OpH/rZDSME0lCvFzkJwzKCM6TgAPKCZYsVQRhTtWtEI8QR1iqvEoqBHP15XXSuaqatWrt8bpSv8vjKIJTcAYugAluQB3cgxawAAYpeAav4E2baS/au/axbC1o+UwZ/IH2+QMhTJPQ</latexit>

ECOUT [Eu, Ev, Ew]

<latexit sha1_base64="0MXZ4HPXczn8WO3m71T/DwQ1h6c=">AAACD3icbZDLTsJAFIanXhFvVZduGonGhSEtIrAE2bDEhFtSmmY6TGHCdNrMTE1Ig0/gxldx40Jj3Lp159s4QBcKnuRL/vznnMyc34soEdI0v7W19Y3Nre3MTnZ3b//gUD867ogw5gi3UUhD3vOgwJQw3JZEUtyLOIaBR3HXG9dn/e495oKErCUnEXYCOGTEJwhKZbn6RaNVrz/YNde6qrkFxbWiqLhRlBRlRcVx9ZyZN+dlrAorFTmQVtPVv/qDEMUBZhJRKIRtmZF0EsglQRRPs/1Y4AiiMRxiW0kGAyycZH7P1DhXzsDwQ65g0pi7vzcSGAgxCTw1GUA5Esu9mflfz46lX3ESwqJYYoYWD/kxNWRozMIxBoRjJOlECYg4UX810AhyiKSKMKtCsJZPXhWdQt4q5Ut3xVz1No0jA07BGbgEFiiDKmiAJmgDBB7BM3gFb9qT9qK9ax+L0TUt3TkBf0r7/AE7vJhi</latexit>

HTCC [A1, A2, A3, A4, A5, A6, A7, A8]
<latexit sha1_base64="cbMYH3uWyR75i4XnpFOsmFCsBig=">AAACCHicbVDNSsNAGNz4W+tf1KMHg0XwICWptXqs9iJ4qdI2hTSEzXbTLt1swu5GKKHevPgqXjwo4tVH8ObbuG1z0NaBgWHm+9j9xo8pEdI0v7WFxaXlldXcWn59Y3NrW9/ZbYko4Qg3UUQj3vahwJQw3JREUtyOOYahT7HtD2rj3L7HXJCINeQwxm4Ie4wEBEGpLE8/aNxd1m4eHNuzTmyvpHiqWFY8U6y4nl4wi+YExrywMlEAGeqe/tXpRigJMZOIQiEcy4ylm0IuCaJ4lO8kAscQDWAPO0oyGGLhppNDRsaRcrpGEHFFJo2J+3sjhaEQw9BXkyGUfTGbjc3/MieRwYWbEhYnEjM0fShIqCEjY9yK0SUcI0mHSkDEifqrgfqQQyRVd3lVgjV78rxolYpWpVi5LReqV1kdObAPDsExsMA5qIJrUAdNgMAjeAav4E170l60d+1jOrqgZTt74A+0zx8zGZbs</latexit>

TRACK [W1,W2,W3,W4,W5,W6]

<latexit sha1_base64="SaTy7VtECpX18O9//p6MTBYFm+I=">AAACCnicbVBNS0JBFJ3Xp9mX1bLNlAQKIu9FmO20R2AUYfH8AH3IvHHUwXkfzMwLRGzbpr/SpkURbfsF7fo3jfoWpR24cDjnXu69xwkYFVLXv7WFxaXlldXYWnx9Y3NrO7GzWxV+yDGpYJ/5vO4gQRj1SEVSyUg94AS5DiM1p2+O/do94YL6niUHAbFd1PVoh2IkldRKHFzelCvWQ8O6K5pXqVw6U7JMM5VPZ+CFWbxOnaXtViKpZ/UJ4DwxIpIEEcqtxFez7ePQJZ7EDAnRMPRA2kPEJcWMjOLNUJAA4T7qkoaiHnKJsIeTV0bwSClt2PG5Kk/Cifp7YohcIQauozpdJHti1huL/3mNUHby9pB6QSiJh6eLOiGD0ofjXGCbcoIlGyiCMKfqVoh7iCMsVXpxFYIx+/I8qR5njVw2d3uSLJxHccTAPjgEKWCAU1AAJVAGFYDBI3gGr+BNe9JetHftY9q6oEUze+APtM8fyxOWhA==</latexit>

INPUT [TRACK(6), HTCC(8), ECAL(9)]

<latexit sha1_base64="12cohJNWOLqwe1SpKLUaDfyaUlg=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgQkoiUl1WS8GFtFWStpCGMplO26GTBzMToYS6duOvuHGhiFt/wJ1/4/QhaOuBC4dz7uXee7yIUSEN40tLLS2vrK6l1zMbm1vbO/ruXl2EMcfExiELedNDgjAaEFtSyUgz4gT5HiMNb1Aa+407wgUNA0sOI+L6qBfQLsVIKqmtZ6u2VbOte6d8XS5Zt9XKMaxULXhRgT+C29ZzRt6YAC4Sc0ZyYIZaW/9sdUIc+ySQmCEhHNOIpJsgLilmZJRpxYJECA9QjziKBsgnwk0mv4zgoVI6sBtyVYGEE/X3RIJ8IYa+pzp9JPti3huL/3lOLLvnbkKDKJYkwNNF3ZhBGcJxMLBDOcGSDRVBmFN1K8R9xBGWKr6MCsGcf3mR1E/yZiFfuDnNFS9ncaTBAciCI2CCM1AEV6AGbIDBA3gCL+BVe9SetTftfdqa0mYz++APtI9vJemX9Q==</latexit>

OUTPUT [ELECTRON,NOTANELECTRON ]

Electrons in CLAS12 are identified using the energy deposited in 
ECAL combined with response from High-Threashold Cherenkov 
Counter (HTCC) and the track parameters.
A Neural Network was developed to predict the track’s 
intersection position with ECAL (all 9 layers).
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Electron Identification with AI

Fiducial Region: full energy deposition

Edges: some energy escapes

Offline Electron Identification:
A cut-based identification algorithm requires the 
sampling fraction (E/P) for electrons to be >0.21

AI Electron Identification Approach:
Train a network to identify electrons in the fiducial region.
Include edge cases in the training sample 
Possibly recover some of the electrons outside of fiducial region
Use radiative electrons for AI training

Photon Direction relative to electron

Prel
im

inary
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<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e

<latexit sha1_base64="S0NanK58BOUoLpvEEvMlBX72lr4=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgby2Y7aZfubsLuRiilv8KLB0W8+nO8+W/ctDlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdZH7rCZVmsbw34wQDQQaSRYwSY6UHfOwmigks9kplr+LN4C4TPydlyFHvlb66/ZimAqWhnGjd8b3EBBOiDKMcp8VuqjEhdEQG2LFUEoE6mMwOnrqnVum7UaxsSePO1N8TEyK0HovQdgpihnrRy8T/vE5qoqtgwmSSGpR0vihKuWtiN/ve7TOF1PCxJYQqZm916ZAoQo3NKAvBX3x5mTTPK361Ur27KNeu8zgKcAwncAY+XEINbqEODaAg4Ble4c1Rzovz7nzMW1ecfOYI/sD5/AFgCZAl</latexit>

e0
<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

<latexit sha1_base64="Vlfbosi72FgWwuc0naJguKpf9hg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8cKpi20sWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eCwoeNUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0O/WbT6g0j+WDGScYRHQgeZ8zaqzkdxL+eN4tld2KOwNZJl5OypCj3i19dXoxSyOUhgmqddtzExNkVBnOBE6KnVRjQtmIDrBtqaQR6iCbHTshp1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBxmXSWpQsvmifiqIicn0c9LjCpkRY0soU9zeStiQKsqMzadoQ/AWX14mjYuKV61U7y/LtZs8jgIcwwmcgQdXUIM7qIMPDDg8wyu8OdJ5cd6dj3nripPPHMEfOJ8/cqSOdw==</latexit>

⇡�

<latexit sha1_base64="u9Uf+hC6P+O9BzUo7/cGknRhB+o=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1qp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG+cjnU=</latexit>

⇡+

<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>⇢<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e

<latexit sha1_base64="S0NanK58BOUoLpvEEvMlBX72lr4=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgby2Y7aZfubsLuRiilv8KLB0W8+nO8+W/ctDlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdZH7rCZVmsbw34wQDQQaSRYwSY6UHfOwmigks9kplr+LN4C4TPydlyFHvlb66/ZimAqWhnGjd8b3EBBOiDKMcp8VuqjEhdEQG2LFUEoE6mMwOnrqnVum7UaxsSePO1N8TEyK0HovQdgpihnrRy8T/vE5qoqtgwmSSGpR0vihKuWtiN/ve7TOF1PCxJYQqZm916ZAoQo3NKAvBX3x5mTTPK361Ur27KNeu8zgKcAwncAY+XEINbqEODaAg4Ble4c1Rzovz7nzMW1ecfOYI/sD5/AFgCZAl</latexit>

e0

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p
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100,000,000 interactions, 4 hours
AI Revolution

Physics Reactions:
Electron-proton collisions yield outcomes at varying rates. Each analysis 
group focuses on specific event topologies, and the entire dataset must be 
processed with conventional methods to isolate the reactions of interest.

10,000 interactions per second
Event Topology Sorting
Processing: 2,000 CPUs

Artificial Intelligence Approach:
Fast AI reconstruction identifies tracks and isolates physics reactions 
directly from the raw data stream. This allows the interactions of interest 
to be processed using conventional methods much more quickly, providing 
scientists with the data they need for analysis.

10,000 interactions per second
Event Topology Sorting 
AI on Laptop: 8 CPUs

DVCS Probing The structure of Proton Production of Mesons Production of Baryons

Frequency of specific interaction of electron with nuclei (hypotetical)

1 2 3

Typical experiment runs for ~2 month (50% efficiency). 
Collect ~180 runs (4 hour sessions). Takes 2 months to 
process data, making it available for physics analysis. 
Requires large data processing facilities.
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AI Data Processing in Real-Time

Saving experimental data
Already containing tracks
And physics topologies 

Identified by AI

De-Noising Auto Encoder
Removes background hits
Works ~350 Hz per CPU core

MLP Track Classifier
Identifies the best track candidates
Constructed by combining segments 
in each of the 6 superlayers

Track Parameter Predictor
A Neural Network to predict charged 
track parameters, momentum and 
direction

Electron Identification
Idnetifies electron tracks by 
combining raw data from several 
detectors (HTCC,DC,ECAL)

Streaming Readout:
With the transition to streaming readout, AI tools will play 
a crucial role in data processing. Achieving comparable 
efficiency with conventional approaches would be 
difficult, especially while handling large data volumes.
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AI Data Processing in Real-Time

The Online track identification relies on a faster and more efficient 
segment finder
Track identification efficiency from the raw DC signals is higher 
compared to the offline tracking package.
Ideal for using in real time to identify events and for triggering in 
streaming readout mode.
It will be incorporated into offline algorithms to further enhance track 
finding efficiency.

Online Track Identification:

Bit-wise operations to identify segments in 
drift chambers are implemented for online 
reconstruction  
Capable of working at DAQ speeds ~3.5 
kHz per CPU core

~96.5% at 100 nA
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Conclusions
Physics Event Reconstruction in CLAS12:

The AI-assisted workflow (De-Noising CNN, Classifier MLP, and Corruption Recover AE) is integrated with standard 
reconstruction software and results in a significant increase in statistics (~60% for 3 particle final state)
The improved track efficiency as a function of beam current allows running future experiments at higher luminosities, which 
can result in significantly more statistics for the experiments.
The track reconstruction software speed improvement is ~30% 
The online reconstruction using only AI is capable of tagging physics reactions at speeds comparable to Data Acquisition 
(DAQ).
Work is ongoing on implementing AI reconstruction as a Level-3 trigger with an electron identification AI network (work in 
progress)
The AI approach to reconstructing tracks and identifying particles (electrons for triggering) is crucial for transitioning to 
streaming readout.
Artificial Intelligence will change how experiments are conducted and lead to shorter times from data collection to paper 
publications.

The Implementation:

CLAS12 reconstruction software is a Service-Oriented-Architecture (SOA), running in Java, reconstruction and monitoring 
software is Java-based.
The AI trackfinder is implemented in Java using DeepNetts Machine Learning library, for easy integration with reconstruction 
software.
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Thank you….
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Corruption Recovery Auto-Encoder
An auto-encoder is composed of an encoder and a decoder sub-models. 
The encoder compresses the input and the decoder attempts to recreate 
the input from the compressed version provided by the encoder.

Typically used for de-noising, but can be used for fixing glitches (our 
case).

Use Auto-Encoders to fix the missing cluster (provide a position) 

Good reconstructed tracks are used to generate training samples by removing one 
cluster from each super layer

Training Sample for Auto-Encoder

The network Predicts the missing cluster position 
with a precision of 0.36 Wire
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Java In Nuclear Physics

Data Processing From The Experiment:
• CLAS12 Experiment Data Processing uses CLARA (SOA based Architecture)
• Entirely written in Java
• Allows running a Modular application on heterogeneous platforms 
• Deployable to Computing Data Centers
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Particle Reconstruction

Momentum

Polar Angle

Azimuthal Angle

Regression Neural network to predict the track 
momentum and direction. 
The track momentum is reconstructed with an 
accuracy of  1.4%-1.7%
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Distributions calculated from track reconstruction from 
RAW Drift Chamber hits 

Inference speed 96 kHz on a laptop (MacBook M3)

Particle Reconstruction (with AI)
The particle final states are identified using particles reconstructed using only 
AI algorithms. Using Denoising, Track identification, and Parameter estimation 
networks
Allow full final state reconstruction.
In Figures, baryon and meson states are identified when the electron beam 
scatters off of a proton target.
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Using Artificial Intelligence in Reconstruction

The Classifier network identifies tracks from segment combinations and 
identifies track charges. The AI-assisted track identification increased 

tracking efficiency by 15%-21% (depending on luminosity) 
Improvement of  the efficiency slope as a function of  luminosity.

De-Noising CNN Auto-Encoder

Retains >95% of  hits belonging 
to tracks, and removes >90% of  

background hits
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Electron Identification with AI
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ECOUT [Eu, Ev, Ew]

<latexit sha1_base64="0MXZ4HPXczn8WO3m71T/DwQ1h6c=">AAACD3icbZDLTsJAFIanXhFvVZduGonGhSEtIrAE2bDEhFtSmmY6TGHCdNrMTE1Ig0/gxldx40Jj3Lp159s4QBcKnuRL/vznnMyc34soEdI0v7W19Y3Nre3MTnZ3b//gUD867ogw5gi3UUhD3vOgwJQw3JZEUtyLOIaBR3HXG9dn/e495oKErCUnEXYCOGTEJwhKZbn6RaNVrz/YNde6qrkFxbWiqLhRlBRlRcVx9ZyZN+dlrAorFTmQVtPVv/qDEMUBZhJRKIRtmZF0EsglQRRPs/1Y4AiiMRxiW0kGAyycZH7P1DhXzsDwQ65g0pi7vzcSGAgxCTw1GUA5Esu9mflfz46lX3ESwqJYYoYWD/kxNWRozMIxBoRjJOlECYg4UX810AhyiKSKMKtCsJZPXhWdQt4q5Ut3xVz1No0jA07BGbgEFiiDKmiAJmgDBB7BM3gFb9qT9qK9ax+L0TUt3TkBf0r7/AE7vJhi</latexit>

HTCC [A1, A2, A3, A4, A5, A6, A7, A8]
<latexit sha1_base64="cbMYH3uWyR75i4XnpFOsmFCsBig=">AAACCHicbVDNSsNAGNz4W+tf1KMHg0XwICWptXqs9iJ4qdI2hTSEzXbTLt1swu5GKKHevPgqXjwo4tVH8ObbuG1z0NaBgWHm+9j9xo8pEdI0v7WFxaXlldXcWn59Y3NrW9/ZbYko4Qg3UUQj3vahwJQw3JREUtyOOYahT7HtD2rj3L7HXJCINeQwxm4Ie4wEBEGpLE8/aNxd1m4eHNuzTmyvpHiqWFY8U6y4nl4wi+YExrywMlEAGeqe/tXpRigJMZOIQiEcy4ylm0IuCaJ4lO8kAscQDWAPO0oyGGLhppNDRsaRcrpGEHFFJo2J+3sjhaEQw9BXkyGUfTGbjc3/MieRwYWbEhYnEjM0fShIqCEjY9yK0SUcI0mHSkDEifqrgfqQQyRVd3lVgjV78rxolYpWpVi5LReqV1kdObAPDsExsMA5qIJrUAdNgMAjeAav4E170l60d+1jOrqgZTt74A+0zx8zGZbs</latexit>

TRACK [W1,W2,W3,W4,W5,W6]

<latexit sha1_base64="SaTy7VtECpX18O9//p6MTBYFm+I=">AAACCnicbVBNS0JBFJ3Xp9mX1bLNlAQKIu9FmO20R2AUYfH8AH3IvHHUwXkfzMwLRGzbpr/SpkURbfsF7fo3jfoWpR24cDjnXu69xwkYFVLXv7WFxaXlldXYWnx9Y3NrO7GzWxV+yDGpYJ/5vO4gQRj1SEVSyUg94AS5DiM1p2+O/do94YL6niUHAbFd1PVoh2IkldRKHFzelCvWQ8O6K5pXqVw6U7JMM5VPZ+CFWbxOnaXtViKpZ/UJ4DwxIpIEEcqtxFez7ePQJZ7EDAnRMPRA2kPEJcWMjOLNUJAA4T7qkoaiHnKJsIeTV0bwSClt2PG5Kk/Cifp7YohcIQauozpdJHti1huL/3mNUHby9pB6QSiJh6eLOiGD0ofjXGCbcoIlGyiCMKfqVoh7iCMsVXpxFYIx+/I8qR5njVw2d3uSLJxHccTAPjgEKWCAU1AAJVAGFYDBI3gGr+BNe9JetHftY9q6oEUze+APtM8fyxOWhA==</latexit>

INPUT [TRACK(6), HTCC(8), ECAL(9)]

<latexit sha1_base64="12cohJNWOLqwe1SpKLUaDfyaUlg=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgQkoiUl1WS8GFtFWStpCGMplO26GTBzMToYS6duOvuHGhiFt/wJ1/4/QhaOuBC4dz7uXee7yIUSEN40tLLS2vrK6l1zMbm1vbO/ruXl2EMcfExiELedNDgjAaEFtSyUgz4gT5HiMNb1Aa+407wgUNA0sOI+L6qBfQLsVIKqmtZ6u2VbOte6d8XS5Zt9XKMaxULXhRgT+C29ZzRt6YAC4Sc0ZyYIZaW/9sdUIc+ySQmCEhHNOIpJsgLilmZJRpxYJECA9QjziKBsgnwk0mv4zgoVI6sBtyVYGEE/X3RIJ8IYa+pzp9JPti3huL/3lOLLvnbkKDKJYkwNNF3ZhBGcJxMLBDOcGSDRVBmFN1K8R9xBGWKr6MCsGcf3mR1E/yZiFfuDnNFS9ncaTBAciCI2CCM1AEV6AGbIDBA3gCL+BVe9SetTftfdqa0mYz++APtI9vJemX9Q==</latexit>

OUTPUT [ELECTRON,NOTANELECTRON ]

Electrons in CLAS12 are identified using the energy deposited in 
ECAL combined with response from High-Threashold Cherenkov 
Counter (HTCC) and the track parameters.
A Neural Network was developed to predict the track’s 
intersection position with ECAL (all 9 layers).


