Intelligent Experiment Through Real-Time Al:
Fast Data Processing and Autonomous Detector Control for
sPHENIX and Future EIC Detectors

Ming Liu
Los Alamos National Laboratory

|EEE Real Time Conference
Aug. 1-5, 2022

DOE Fast-ML project: 2022—2023

Team of NP, HEP, CS groups
- LANL (NP)

MIT (NP, HEP)

FNAL (HEP)

NJIT (CS

ORNL (NP)

CCNU (NP, HEP)

UNT (CS)

Contact: mliu@lanl.gov



INTT Silicon Strips:
78um x 16mm (A)/20mm (B)

The Challenge

—tag rare events in real time in high-rate collisions

SsPHENIX experiment at RHIC: 2023 - 2025+
- Very high p+p collision rate: ~3MHz
- Rare Beauty production rate: ~150Hz (or 0.005% of

MVTX Silicon pixels:
27um x 29um

collisions) _
- Limited DAQ bandwidth SPHENIX Tracking:
- 15 kHz (or 0.5% of p+p collisions) - MVTX +INTT(fast)

- No effective conventional triggers available for HF - TPC(slow)
- Streaming readout (SRO)
- huge data volume, high cost

Our approach:

Develop effective HF triggers for p+p with SRO and Al
- Streaming readout key detectors for high efficiency - Topology of B decay,
- ML-trained algorithm for HF event selection

vel with large DCA
- Al-based beam/detector monitoring and autonomous - Monitor collision points
feedback & control

|Identify B-hadron event:

stable beam:
d(x,y)~100um DCA_XY
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HF Al Trigger: sPHENIX as a Test Ground

Two years: 2022-2023

Sensor hit readout time:
MVTX: ~5us

INTT: ~0.4us (4 BCLK)
TPC: ~35us

sPHENIX

J '

Online
buffer

—W

Trigger signal

sPHENIX DAQ & Trigger integration challenge
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Streaming readout simulation data:
8b/10b MVTX/INTT data (KCU105) to FPGA/AI Engine (VC709)
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Translating ML Models into FPGA Firmware

Keras
TensorFlow
PyTorch
* Algorithms must have g N N hl 4 I
low latency and S m FRaA flow
resource usage \ "
Compressed
model HLS_
° hls4ml translates NN conversion | __
algorithms into high ASIC flow
: Machine learnhing model
Ievel SyntheSIS optimization, compression Jf
Tune configuration
° Also generates |P p?\;[veer;,cyé;g[ﬁggtggge
cores for easy
implementation Red — typical ML algorithm development stages, Python/C++

Blue — HLS conversion to FPGA IP
Black — typical implementation onto chips
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Trigger Al Algorithm R&D

Implemented several models to solve the trigger detection problem:

DiffPool model (DiffPool)
VpGNN + DiffPool (GNNDiffPool)
ParticleNet , Giorgian

Directly applied GNN model to trigger detection problem (GNN)
Added a global vector to the GNN model to represent some global feature (VPGNN)

Another model we tried: Set2Graph (Affinity Matrix Prediction)

Inputs:
-raw hits

/ Representation:
raph-level
Activation Functio ]

Node-level

Graph Convolutions Graph Convolutions
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WORK IN PROGRESS

True_tracklets:
1) 90% BG rejection, Signal_eff ~90%
2) 99% BG rejection, Signal _eff ~40%

Segment Classification (Hit Graph)

Pixel Clustering ‘ Edge Candidates Selection
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Trigger
Event?
e i

Track Construction Affinity Matrix Prediction (Track Graph) Trigger Detection
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The Team - a good mix of NP, HEP and CS

LANL (NP)

— Ming Liu, Yasser Corrales, Cameron Dean, Zhaozhong Shi, Noah Wuerfel, Kun Liu,
Cesar da Silva, Hugo Pereira da Costa, ... new PDs

MIT (NP, HEP)

— Gunther Roland, Philip Harris (HLS4ML), Yen-Jie Lee, Or Hen, Cristiano Fanelli, Haoren
Jheng, Hang Qj, Ivan Cali et al

FNAL(HEP)
— Nhan Tran(HLS4ML), Micol Rigatti/Engineer, Yu-Dai Tsai (Theorist, ML) et al

NJIT(CS)
— Dantong Yu (NN/ML), students

ORNL(NP)
— Jo Schambach (DAQ)

CCNU(EE, NP/HENP)
— Kai Chen(FELIX), Yaping Wang, students et al

UNT (CS)
— Fu Song(ML), Beilei Jiang et al



Timeline and Outlook

2021 2022 2023 2024
- Project MVTX & INTT Refine interface Deploy
funded by SRO between system device at
DOE FOA Fast tracking and detectors SPHENIX
. Initial algorithms in Imprc.)ve | pp/pA run °
_ . place algorithms with
simulations GPU feedback latest data
constructed machine R&D stream
- First data for Initial FPGA Pre-
algorithm bitstream commissioning
training
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Feed MVTX/INTT MC Hits to Al Engine

Step-1 Step-2
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Glinks: 1 MVTX and 50 INTT data packets (~5us worth of data)

Raw MVTX and INTT data packets:

~20 pp collisions (MB events) @4MHz pp
-1 MVTX packet @5usS strobe:

- S50 INTT packets (RF)

AVG Beam
VTX(x,y)
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Performance - work in progress

Signal:
D -> K + pi

Background:
MB QCD

True_tracklets:

1) 90% BG rejection,
Sig_eff =89%

2) 99% BG rej.
Sig_eff=41%

Reco’d tracklets:

1) 90% BG rej.,
Sig_eff=61%

2) 99% BG rej., Sig_eff =
12%

Next: bb samples
8/4/22

o for gt_track with calculated radius

ic| model_mode: 'gt_track'

ic| data_mode: 'gt_track'
/home1/tingtingxuan/physics-trigger-graph-level-prediction/train_results/garnet/experiment_2022-03-22_10:43:39/checkpoints/model_chec
_100.pth.tar

Successfully reloaded!

Loaded 500000 inference samples

{'prec": 0.08458174374243975, 'recall': 0.9139352503519003, 'acc': 0.8902208062303641, 'F1': 0.154834094 16093208, 'auroc":
0.9668233993365721}

Trigger: 4973 Non-Trigger: 447007

Input 1.0% Trigger Events drop_rate: 90.0% efficiency: 89.66% purity: 9.87%
Input 1.0% Trigger Events drop_rate: 95.0% efficiency: 79.99% purity: 17.6%
Input 1.0% Trigger Events drop_rate: 99.0% efficiency: 41.06% purity: 45.18%

Input 1.0% Trigger Events drop_rate: 99.33% efficiency: 31.39% purity: 51.79%
o for predicted track with calculated radius:

ic| model_mode: 'predicted_trk'

ic| data_mode: 'predicted_trk'
/home1/tingtingxuan/physics-trigger-graph-level-prediction/train_results/garnet/experiment_2022-03-21_21:17:13/checkpoints/model_chec
_100.pth.tar

Successfully reloaded!

Loaded 500000 inference samples

{'prec": 0.0388423850859006, 'recall': 0.9033613445378151, 'acc": 0.7592362127343653, 'F1': 0.07448221252587905, 'auroc":
0.8983579838990827}

Trigger: 4998 Non-Trigger: 461048

Input 1.0% Trigger Events  drop_rate: 90.0%  efficiency: 60.82%  purity: 6.52%

Input 1.0% Trigger Events  drop_rate: 95.0%  efficiency: 39.36%  purity: 8.44%

Input 1.0% Trigger Events  drop_rate: 99.0% efficiency: 12.24%  purity: 13.13%

Input 1.0% Trigger Events  drop_rate: 99.33%  efficiency: 8.86%  purity: 14.26%
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