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Electron-Ion Collider
Streaming Readout — Event Builder & Graph Neural Network
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Coverage of ePIC Detector
Rapidity VS. Q2
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EICRecon Software
What problem are we trying to solve?
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Important considerations: 

• High rate background 

• In-Acceptance 

• Piled-up Events 

• Time-structured spills (beam bunch) 
currently flatly distributed
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Implementation in EICRecon
From TimeFrame to PhysicsEvent

eicrecon \ 
  -Peventbuilder=true -Pplugins=eventbuilder \ 
  # eventbuilder:topology:* (finding-stage grid) 
  # eventbuilder:trigger:* (adaptive fake-rate mode) -- 
  # eventbuilder:tracklet:* (vertex-pointing score, Sec. 4) -- 
  # eventbuilder:unfolder:* (per-candidate gate widths) -- 
  # eventbuilder:statistics:* (S/FAR null model / the Fano correction) 
  # eventbuilder:findable:* (YR truth-acceptance cuts, offline use) 

  [..] 

podio 
merger
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Naming Convention
RawHit / RecHit / Cluster naming convention

Suffix Meaning

*SimHits Raw Geant4 truth hits (edm4hep::SimTrackerHit/SimCalorimeterHit), pre-digitization

*RawHitLinks Same idea, via the newer templated podio::Link<A,B> mechanism between Rec/Raw Hits

*RawHits (via *RawHitDigi)
Digitized detector response — ADC counts, TDC bins — no physics calibration yet 

(edm4eic::RawTrackerHit/RawCalorimeterHit)

*RecHits
Calibrated reconstructed hits — position (x,y,z), time (ns), energy (GeV) 

(edm4eic::TrackerHit/CalorimeterHit)

*Clusters
Calorimeter-only: RecHits aggregated into a shower object  

(summed energy, weighted centroid, time; edm4eic::Cluster)

*ClusterLinks Cluster ↔ truth particle
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Implementation in EICRecon
TimeFrame → PhysicsEvent

Continuous readout sliced into  2us

Frame i-1th Frame ith Frame i+1th

Time-sorted Hits

t (~ps-ns)

(1) Timing Alignment: ti = | ti’ - r/c | 

(2) Trigger Candidate: 
- Gated Fast hits (MPGD+TOF): 3σMPGD+TOF 

(3) Timing Coincidence: 
- Per-Detector Gating: 3σi  

(σi being i-th detector res. => no pure time window definition)  

(4) Tracklet Coincidence: 
- Pointing toward IP 

(5) Calorimeter Energy threshold 
 - Energy coincidence within sigma t0 
   (attempt to introduce time error VS. Ehit)

3σMPGD

Timing Coincidence Energy CoincidenceTrigger Candidate Tracking Coincidence

Geometrical Alignment 

MPGD Inner↔TOF 

TOF ↔MPGD Outer
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Implementation in EICRecon
Software Trigger Decision

Continuous readout sliced into  2us

t (~ps-ns)

Frame i-1th Frame ith Frame i+1th

(1) Trigger Design: 
- Time Aligned Hits 
- Exclusive MPGD+TOF hits 
- Slicing window σMPGD (avoid over triggering) 
   (A,B,C,D) => (A,B) within σMPGD ; Restart from (C). 

(2) Event Candidate Filtering: 
- Per-Detector Hit Filtering 
- Time, Tracking, Calorimeter Coincidence 

(3) Event Unfolding: 
- All hits may be considered multiple times

Software Trigger = Timing Coincidence & (Tracklet Alignment || Calorimeter Clustering)

Subsystem In-Acceptance Cut

Tracking pT>0.1 GeV,  ∣η∣<3.5

Calorimetry (for ∣η∣<1) ∣η∣ < 4.0 and Eγ > 50 MeV 

Calorimeter (for ∣η∣≥1) Eγ > 30 MeV

Timing Coincidence Tracklet Pointing Calorimeter Energy Threshold Software Trigger

True trigger

Fake 
trigger

True 
Physics

True trigger

Pile-Up 
> 1 True Physics 
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ePIC TOF (barrel + endcaps, geometry read live from the compact XML) and one real e+p/Au DIS event

IP
z

x

y

e−

p (or Au)

TOF barrel
TOF endcap
(e-going)

-π -π/2 0 π/2 π
-1

-0.5

0

0.5

1

φ (azimuth about z)

co
s θ

0°

45°

90°

135°

180°

Δcos θ = 2/12 = 0.167 per row ⇒ ΔΩ = 1.047 sr, equal for all 12 rows

dΩ = sin θ dθ dφ = dφ d(cos θ)

project to

(φ, cos θ)

hits the TOF

no TOF coverage (track)

background sample (200 events)
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Implementation in EICRecon
Statistical Event Significance

Probability Law: primary physics is poissonian 

 

 = background occupancy per bin 

(Best option:  — no spatial binning) 

Motivations 

• Additional per-event information to feed the ML model 

• Defines False Alarm Rate "FAR" and Significance "S" as a probabilistic score. 

Definitions 

                                      

Caveats 

• Anisotropic background distribution 

• Overdispersed "Poissonian" law (primary physics is poissonian —> hit distribution is multiple)  
Fano factor  (correction to be applied)

Xi ∼ Poisson(μi)

μi

(Ncos θ, Nϕ) = (1,1)

FAR =
Nfake

Nframes
×

1
Tframe

[Hz], Tframe = 2μs S = − 10 log10(ptail) with  ptail = P(X ≥ cmax ∣ μi)

F = σ2/μ > 1
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• Machine background (expressed in kHz): https://github.com/eic/simulation_campaign_datasets/tree/main/config_data 

• Physics signals: https://github.com/eic/simulation_campaign_datasets
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EIC Campaign
Signal and Background Mixing

Source Status Vacuum Gold 
Coating

File size Effect

Synchrontron Radiation 2000 36.608 GHz 13.277 GHz ~78 MB 1–2 photons per event;  
unique templates reused 10 000×

Electron bremsstrahlung radiation 3000 3.177 MHz 3.177 MHz ~94 MB Few-particle QED elastic scatter

Electron Touscheck scattering 4000 29.56 kHz 29.56 kHz ~525 MB Intra-bunch scatter 
Slightly more complex final state

Electron Coulomb scattering processes 5000 233.5 kHz 233.5 kHz ~6.2 GB Full DIS final state with hadronisation

Proton beam gas interactions 6000 31.9 kHz 31.9 kHz ~16.7 GB Soft/hard hadronic production 
Many secondary tracks

https://github.com/eic/simulation_campaign_datasets/tree/main/config_data
https://github.com/eic/simulation_campaign_datasets
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• Bkg + Events #1…N using 
generatedStatus  

• Event level information using Physics 
Event weight 

• Frame level information using 
EventBuilderFrameInfo 

• AI ground truth encoded using 
generatedStatus in *HitLinks for 
segmentation
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EIC Campaign
How data get wrapped into a simulation stream?

Generated Status  
Range Meaning

0-99999

bkg/machine-background (unchanged — 10×1000-wide 
sub-bands: SynRad, e-beam-gas/brems, Coulomb, 
Touschek, p-beam-gas, plus headroom for a future 6th+ 
source)

100000-199999 ncdisq1

200000-299999 ncdisq10

…. ….

Issue being discussed on GitHub:  
https://github.com/AIDASoft/DD4hep/issues/1657#issuecomment-5280917973
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EIC Campaign
Machine Learning Classes

# Class dir Physics Process Generator / source

0 Background bkg SynRad (2000), e-beam-gas/brems (3000), Coulomb (4000), Touschek (5000), p-beam-gas (6000) dataprod / GETaLM / Xsuite / Pythia8

1 NeutralCurrentDISQ1 ncdisq1 NC DIS, Q2 ≥ 1 Pythia8

2 NeutralCurrentDISQ10 ncdisq10 NC DIS, Q2 ≥ 10 Pythia8

3 NeutralCurrentDISQ100 ncdisq100 NC DIS, Q2≥100 Pythia8

4 NeutralCurrentDISQ1000 ncdisq1000 NC DIS,  Q2≥1000 Pythia8

5 ChargedCurrentDISQ100 ccdisq100 CC DIS,  Q2≥100 Pythia8

6 ChargedCurrentDISQ1000 ccdisq1000 CC DIS,  Q2≥1000 Pythia8

7 DiffractiveDIS ddis Diffractive DIS, intact proton RAPGAP

8 DVCS dvcs Deeply Virtual Compton Scattering DVCS generator

9 DDVCS ddvcs Double DVCS (ep→eℓ+ℓ−p) — gated to BEAM=18x275 EpIC (18x275/10x130 only)

10 DVMP dvmp Deeply Virtual Meson Production EpIC

11 DEMPQ3to10 dempq3to10 Deep Exclusive Meson Production,  Q2 ∈ [3,10] DEMPgen

12 DEMPQ10to20 dempq10to20 DEMP, Q2∈[10,20] DEMPgen

13 DEMPQ20to35 dempq20to35 DEMP, Q2∈[20,35] DEMPgen

14 TCS tcs Timelike Compton Scattering TCS generator

15 DiffractiveJPsi jpsi Diffractive J/ψ electroproduction, ep lAger

16 JPsiPhotoproduction jpsiphoto Coherent J/ψ photoproduction — gated to BEAM=18x275 eSTARlight (18x275 only)

17 UChannelRho urho u-channel ρ exchange SLIGHT/GENEX

18 CoherentRho cohrho Coherent diffractive ρ-off eAu (nuclear rapidity gap) Sartre

19 UChannelPi0 upi0 u-channel π0  exchange — gated to BEAM=18x275 (18x275 only)

20 Upsilon upsilon Υ  threshold production eSTARlight-family

21 MesonStructureFn mesonsf K+Λ exclusive meson structure function eicMesonSFGen

22 CoherentPhi cohphi Coherent diffractive ϕ→K+K− —  off eAu (nuclear rapidity gap) Sartre

23 Rho rho Exclusive ρ→π+π−  electroproduction, ep,  Q2∈[0,5] — npsim SIGSEGVs, unresolved SLIGHT

24 Spectroscopy spectroscopy Exotic states X, Y, ψ(2S) dedicated spectroscopy generators

25 Omega omega ω neutral-decay photoproduction — gated to BEAM=18x275 SLIGHT (18x275 only)

26 Photoproduction photoprod Min-bias photoproduction, Q2∈[0,1] Pythia6-eic

• Goal of GNN: 

• Classification (Bkg vs Phy.) 

• Segmentation (Attributed hits) 

• Definition of classes: 

• NC/CC DIS 

• Exclusive Hadon 

• Exclusive Meson 

• Photo-production 
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Point Cloud Model
Multi-scale Interaction Learned (DGCNN)
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ONNX Implementation in EICRecon
Technical Subtlety
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Dynamic Graph CNN
Event Pre-Filtering

- Physics Process Classification & Segmentation: Multiscale Hit Interactions 
Avoid unnecessary ACTS Combinatorial Kalman Filter Reconstruction  

- ONNX is only capable of importing static graphs: Inference on CPU / Training on GPU 
GNN Layer ~ kNN (dynamic graph) + EdgeConv (static graph) 

- kNN : k-NearestNeighbors is dynamic graph (flexible number of input hits) 
“nanoflann” lightweight header library: “KDTree Space + kNN algorithm” in C++ 

- EdgeConv: hit-to-hit connection to be trained

https://github.com/jlblancoc/nanoflann

arX
iv:180

1.07829
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Model architecture
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Model architecture
Feature extraction

Hit level segmentation 
BKG/SIGNAL

Event level 
classification
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Dataset
Input, ground truth and output, per head
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Event Builder Performances
Each class is mixed with ”gold-coating” — 1 true physics per 2us

Trigger Logic Effective Reconstruction 
(ACTS + Calo Island)

(Yellow Report cut applied )

GNN Pre-filtering statistics being prepared here 
Goal: improved purity after ML is applied 

(NB: Trigger logic and check will also be better evaluated/improved before the use of AI)
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Event Builder Performances
Each class is mixed with ”gold-coating” — N true physics per 2us (~5MHz)

Grain of salt: intermediate results 

In a nutshell: coincident_count(ncdisq10): 0 (74%), 1 (22%), 2 (3.3%), 3 (0.3%), 4 (0.0%), 5 (0.0%), 6 (0.0%), 7 (0.0%)
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Gradient isolation
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GNN Architecture
Test Production
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Latest Dataset

Precision = 
TP

TP + FP

\(\frac{TP}{TP+FN}\).

Recall = 
TP

TP + FN
—> %Efficiency 

—> %Purity

AI Terminology Physics terms equivalent
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Model architecture
Feature extraction

Hit level segmentation 
BKG/SIGNAL

Event level 
classification

Dataset 
generalization 
being fixed

Classification head Accuracy

Loss Estimate (Classification head only)

~85% with unoptimized training (!)
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Oliver Partridge - 2026/08/07
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Results
Training and intermediate results 3 heads training
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Results
Training and intermediate results 3 heads training



Oliver Partridge - 28/07/26
27

Oliver Partridge - 2026/08/07
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Results
Training and intermediate results 3 heads training

Segmentation headClassification head
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Results
Training and intermediate results 3 heads training

Segmentation headClassification head
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Results
True positive prediction Event 47 | Hits : 913
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Results
True positive prediction Event 47 | Hits : 913
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Results
Event 47 | Hits : 913True positive prediction
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Results
Event 47 | Hits : 913True positive prediction
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Results
True positive prediction

In identified event class: 
Recall: 71.1% 
Precision: 89.1%

Segmentation Head
Global accuracy: 58.7%

Classification Head
Predicted class: ncisq100 == GT 
with 86.2% confidence

Multiplicity Head
Predicted pileup: ncisq100 == GT

Bkg/signal accuracy: 
82%
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Results
Unresolved class

Unresolved class issue

"Unresolved" = a hit whose true origin the model can't be told, 
 for one of two reasons:

- No truth link at all 
- Undocumented generatorStatus gap  [7000,10000]

Potential root cause:


Integer overflow or signed/unsigned conversion error  
in physics generation software
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Results
Unresolved class

Unresolved class issue

"Unresolved" = a hit whose true origin the model can't be told, 
 for one of two reasons:

- No truth link at all 
- Undocumented generatorStatus gap  [7000,10000]

Potential root cause:


Integer overflow or signed/unsigned conversion error  
in physics generation software

Issue being discussed on GitHub:  
https://github.com/AIDASoft/DD4hep/issues/
1657#issuecomment-5280917973
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Conclusion

Event Builder and GNN-Based Event Pre-Filtering 

— End-to-end factory integrated in EICRecon and being implemented


— Eventbuilder including statistical relevance implemented and used by AI for event-level information.


— Robustness of event builder to be further improved 
     NB: Orchestration in-place, but overall performances to be highly improved (!!)


— Next step on the AI part: the segmentation is being evaluated


— Provide some more comprehensive representation and tables to be confronted with ACTS benchmark 
     ( are the selected hits are good enough to be reconstructing via ACTS+CaloIsland)


Pending questions:


— Time-structured dataset in the future may be helpful and more representative 
— timeError() for calorimeters to perform time coincidence. 
— Issue being discussed on GitHub: https://github.com/AIDASoft/DD4hep/issues/1657#issuecomment-5280917973


