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Heavy Quark Production at EIC
Photon–Gluon Fusion

Dipole Nucleus Cross Section 
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• The luminosity at the EIC is ~10 𝑓𝑏!"/year
• Multiplying to the fragmentation function for exclusive heavy flavor spectra

Inclusive Deep Inelastic Scattering

Probe the General Structure of the Proton
𝑑$𝜎
𝑑𝑥𝑑𝑦 =

4𝜋𝛼$𝑠
𝑄& 𝑥𝑦$𝐹' 𝑥, 𝑄$ + 1 − 𝑦 − 𝑥𝑦

𝑀$

𝑠 𝐹$ 𝑥, 𝑄$

𝑞 = 𝑐, 𝑏

(𝑞



3

Exotic Quarkonia Program at the EIC

Opportunities at the EIC
• Perform exotic hadron spectroscopy
• Decipher the structure of X(3872) 
• Understand heavy quark hadronization to exotic quarknonia

Recent Study of X(3872) by LHCb in pp, pPb and by CMS in PbPb
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Example: X(3872) Measurement
Analysis Challenges
• 4-prong decay with an intermediate 𝐽/𝜓 state: 
𝑋(3872) → 𝐽/𝜓𝜋!𝜋" → 𝑙!𝑙"𝜋!𝜋"

• Small production cross section
o Prompt X(3872): 2.6 × 12% pb at 𝑒𝑝 for 

𝑠 =100 GeV (Xiaojun Yao talk in 2018) 
o Non-Prompt X(3872) from B decay: 𝐵𝑅[

]
𝐵 →

𝑋 3872 ~10"#
• Short decay lifetime: 𝑐𝜏 < 1 pm
• Small acceptance 
• Track reconstruction efficiency
• Combinatorial background

Experimental Setup and Analysis
• DAQ: continuous streaming readout
• Online triggers: heavy flavor events, particularly with displaced muon vertex
• Tracking: state-of-the-art tracking detector 

o High granularity forward silicon vertex/tracking detector with excellent spatial and 
timing resolution (LANL LDRD project by Dr. Xuan Li)

• PID:  broad momentum range 
• Machine learning techniques: online triggering and offline analysis
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CMS 𝐵!" Offline Cut Optimization

Application of Machine Learning
• Framework: TMVA package (standard C++ on 

ROOT with different algorithms)
• Tune the training parameters to optimize the 

performance of the algorithm
• Best performance among the algorithms: 

Boosted Decision Tree (BDT) (large area 
under the ROC curve), much better than 
traditional rectangular cuts (CutsSA/CutsGA)

𝑩𝒔𝟎 → 𝑱/𝝍𝝓 → 𝝁#𝝁$𝑲#𝑲$ Decay Topology
Non-prompt J/ψ

b quarks → B mesons
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Machine Learning Performance
Analysis Challenges
• Before selections, B = 20672 and S = 26 
• Require to obtain significant B to S rejection in order to 

observe 𝐵&' signal in the PbPb data

Boosted Decision Tree Machine Learning Algorithm
• Excellent Signal/Background separation without 

overtraining down to 7 GeV/c in PbPb collisions
• A random BDT > 0.1 selection returns a visible signal
• Achieve better than 103 to 1 for the B to S rejection 
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Trigger Design Proposal

Project Participating Institutions
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Online Heavy Flavor Machine Learning Trigger
Design: Suitable for Continuous Streaming Readout
• Real-time AI on tracking system to enrich LOW 𝒑𝑻 hadron data taking
• Fast online processing to select interesting events
• Fit to data collection DAQ` bandwidth in with high signal efficiency 
• Automated control feedback for detector operation through real-time AI

Novel Technology Applied
• Hardware and firmware interface to detect unique signal 
• FPGA along with GPU parallel processing to allow large computing power 
• Advanced machine learning for signal pattern recognition from the hit level

Testing Platform before EIC
• sPHENIX at RHIC: demonstration of its functionality inner tracking system 

streaming readout for 𝑐 ̅𝑐 and 𝑏.𝑏 event trigger
• Goal: obtain 500 × heavy flavor events with only 1.5 increase of data size for 

fully reconstructed b hadron, both inclusive and exclusive, measurements 
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Project Timeline

Two Phases for the R&D of online heavy flavor machine learning trigger
Phase I: the sPHENIX experiment at RHIC 
• Research and Development 
• Demonstration functionality 

Phase II: Deploy device for EIC experiments
• Modify to be suitable for EIC environment and physics goals

2021               2022                2023                2024                2025            2030+

Phase I: sPHENIX at RHIC Phase II: EIC

Deploy AI Device
First AuAu

Data
Taking

Today
Deploy 
for pp 

and pAu
Data 

Taking  

Last year 
of Large 

AuAu
Data 

Taking

Project Starts
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The sPHENIX Experiment at RHIC

sPHENIX Inner Tracking System
• MVTX:Monolithic Active Pixel Sensor (MAPS)-based-vertex detector

o High granularity of pixel pitches with excellent position resolution (~5 𝜇𝑚)
• INTT: Intermediate Tracker

o Silicon strip with fast electronics
Readout Features
• Both MVTX and INTT are operating in the continuous streaming readout mode
• Overall DAQ rate ~15kHZ compared to RHIC 10 MHz in 𝑝𝑝 collisions

3 MVTX Layers

2 INTT Layers
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Trigger Design Schematic for sPHENIX

• Fast trigger decision based on machine learning algorithm in order of several 𝜇𝑠
using MVTX and INTT hit information to initial TPC information

• Fast track reconstruction with the entire tracking system with unsupervised 
machine learning to determine beam vertex 𝑥, 𝑦

• Autonomous close-loop feedback for the detectors monitoring and calibration as 
the condition evolves
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AI Model for Online Trigger

• Graph neural network: strong capability identifying the pattern for tracking
• High accuracy with excellent reliability for signal detection
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Machine Learning Model Performance

• Accepted to ECML PKDD 2022 for presentation and publication

Tracking Efficiency Fake Rate

Performance 85% 17%

Trigger Signal Efficiency Background 
Rejection

Data Volume 
Reduction

Performance 90% 77% 24%

• No real experimental data from sPHENIX yet
• PYTHIA simulation to model  𝑝𝑝 → 𝑐 ̅𝑐 → 𝐷? → 𝐾@𝜋A collision events
• INTT and MVTX hit information saved machine learning training and testing
• Working point: signal probability > 50%
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Summary
• Heavy flavor measurements crucial to achieve EIC physics goals via the 

studies initial state parton distribution function and final state fragmentation 
function  

• Many challenges and opportunities for exotic hadron program at the EIC

• Success of machine learning for heavy flavor and exotic hadron studies

• Ongoing development of online fast and autonomous heavy flavor trigger 
with the application of novel FPGA computing and advanced machine 
learning techniques 

• First deploy to sPHENIX and then to future EIC tracking systems in continuous 
streaming readout mode to trigger low 𝑝B heavy flavor hadron events

• Application of heavy flavor trigger to potentially benefit the exotic hadron 
physics program at the EIC in Phase II
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Back Up
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The Electron-Ion Collider
NSAC Long Range Plan for Nuclear Science – The Electron Ion Collider (EIC)

• To be built at BNL and currently moving toward CD-2 stage this year 
• High luminosity: 10(($()𝑐𝑚$*𝑠$+ ~ 100 − 1000𝑓𝑏$+/year
• Highly polarized beam: nuclei and electron beams polarization up to 80%
• Variety of nuclei species: from 𝑝 to ,*$%&𝑈
• Broad kinematic range coverage: 𝑠 = 20 − 140 GeV
• 3D tomography of nucleon and nuclei to study non-perturbative QCD  
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Heavy Flavor Physics at the EIC
Quark-Gluon Structure of Nuclei
• Powerful observable complement to 

inclusive DIS measurements
• Clean probe: sensitive to gluon dynamics
• Probe gluon saturation regime
• Understand nuclear gluon shadowing effect
• Extract the Sivers Function with polarized DIS

Parton Propagation and 
Hadronization
• Heavy quark interaction in 

cold nuclear medium
• Hadronization modification 

from npdf measurements
• Test QCD factorization 

breaking in ep and eA

𝑹𝑮 𝒙 = 𝑮𝑨 𝒙 /𝑮𝑵 𝒙
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MVTX Alpide Sensor Readout

• Continuous streaming readout of strobes containing all pixel information
• Zero suppression mode 
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Toy Model: FPGA-Based Hardware Trigger

Toy model with sPHENIX inner tracking system as a 
demonstration 
• Streaming readout simulation data
• 8b/10b MVTX/INTT data (KC705) to FPGA/AI 

Engine (VC709)
• Will test in the second year of 𝑝𝑝 data taking and 

third year 𝐴𝑢𝐴𝑢 data taking, particularly for 𝑏(𝑏
events

Beam vertex (x, y) 
for alignment, 
calibration, and 
quality control 
(global event level)

sPHENIX
Simulation 

(Online Buffer)

KCU105
(MVTX)

KCU105
(INTT)

VC 709 
(FPGA/AI)

GPU/CPU

Fast HF 
trigger output

e-Link/PCIe g-Link
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Heavy Flavor Trigger Workflow
1. Fetch events from event buffer (from PYTHIA Monte Carlo simulation to raw data)

2. Data Pre-processing Clustering (on FPGA low latency implementation)

3. Clustering: outlier hits Removal (Done in FPGA with MVTX and INTT only)

5. Tracking: connecting the clusters and forming the primary vertex (Done in FPGA)

4. Triggering based on tracks features (Done in FPGA)

5. Triggers on TPC (Interface and integration with SPHENIX Detector)
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Fully Reconstructed 𝐵!" with CMS at the LHC

• Fully reconstructed B mesons from decay chain involve 𝐽/𝜓
• Take advantage of excellent muon and tracking capabilities 
• Not using hadronic particle identification or calorimeter information
• Constrain intermediate state resonances to improve the results
• Apply multivariate approach with machine learning techniques
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Analysis Strategies

Statistically enriched 
and dedicated dimuon 
triggered datasets from 

2018 LHC PbPb run
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• 𝑩𝒔𝟎: using the decay channel 𝑩𝒔𝟎 → 𝑱/𝝍𝝓 → 𝝁!𝝁"𝑲!𝑲"

• Branching ratio = 3.17 × 10-5

• 𝑩!: via the decay channel 𝑩! → 𝑱/𝝍𝑲! → 𝝁!𝝁"𝑲!

• Branching ratio = 6.03 × 10-5
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Physics Results

• First observation of fully reconstructed 𝐵&' down to 𝑝- = 7 GeV/c with greater than 
5𝜎 significance in heavy-ion collisions 

• Beauty hadronization mechanism: quark coalescence required to describe the data
• Success of machine learning in heavy flavor and exotic hadrons

Phys. Lett. B 829 (2022)


