
Opportunities for Fast Machine Learning at the EIC

Electron-Ion Collider (EIC)
• Introduction to EIC Science 

• Software & Computing for EIC
“The purpose of computing is insight, not 
numbers.” (R. Hamming)

Opportunities for Fast ML at the EIC
• focus on streaming readout 

• INDRA-ASTRA prototype 

Markus Diefenthaler



76 participants 74 participants

Gravitational Interactions Strong InteractionsElectroweak Interactions

Further exploration of the Standard Model 
Dark matter searches Electroweak symmetry breaking Deeper understanding of QCD 

Mission of Nuclear Physics 
• discover, explore, and understand 

all forms of nuclear matter

Frontiers in Nuclear Physics 
• One of the enduring mysteries of the universe is the nature of matter—what are its basic constituents and how do they interact to 

form the properties we observe? The largest contribution by far to the mass of the matter we are familiar with comes from protons 
and heavier nuclei.

• Although the fundamental particles that compose nuclear matter—quarks and gluons—are themselves relatively well understood, 
exactly how they interact and combine to form the different types of matter observed in the universe today and during its 
evolution remains largely unknown.

Nuclear Physics 
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Hideki Yukawa (1949) “for his prediction of the existence of mesons on the basis of theoretical work on nuclear forces”
But the quark-gluon origin of the nuclear binding force remains an unknown. 

Robert Hofstadter (1961) “for his pioneering studies of electron scattering in atomic nuclei and for his thereby achieved 
discoveries concerning the structure of the nucleons”
But the 3D quark-gluon structure of nucleons remains an unknown. 

Jerome Friedman, Henry Kendall, Richard Taylor (1990) “for their pioneering investigations concerning deep inelastic 
scattering of electrons on protons and bound neutrons, which have been of essential importance for the development of 
the quark model in particle physics”
But the role of gluons in protons and bound neutrons remains unknown. 

David Gross, David Politzer, Frank Wilczek (2004) “for the discovery of asymptotic freedom in the theory of the strong 
interaction”
But the confinement aspect of the theory remains unknown.

Yoichiro Nambu (2008) “for the discovery of the mechanism of spontaneous broken symmetry in subatomic physics ”
But how dynamical chiral symmetry breaking shapes the mass and structure of quark-gluon systems remains unknown.

Nobel Prizes in Physics and Nuclear Physics / EIC Science
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The dynamical nature of nuclear matter

4

Nuclear Matter Interactions and structures are 
inextricably mixed up

Observed properties such as mass and spin 
emerge out of the complex system

Ultimate goal Understand how matter at its most 
fundamental level is made

To reach goal precisely image quarks and gluons 
and their interactions

QCD’s Dyson-Schwinger Equations
The equations of motion of QCD () QCD’s Dyson–Schwinger equations

an infinite tower of coupled integral equations
tractability =) must implement a symmetry preserving truncation

The most important DSE is QCD’s gap equation =) quark propagator

�1
=

�1
+

ingredients – dressed gluon propagator & dressed quark-gluon vertex

S(p) =
Z(p2)

i/p + M(p2)

S(p) has correct perturbative limit

mass function, M(p2), exhibits
dynamical mass generation

complex conjugate poles
no real mass shell =) confinement

[M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)]

ECT* 3–7 April 2017 3 / 30

DOI 10.1103/PhysRevC.68.015203

Mp = 1000 MeV
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Why an Electron-Ion Collider?
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Understanding of nuclear matter is transformational, 
perhaps in an even more dramatic way than how the understanding of the atomic and 
molecular structure of matter led to new frontiers, new sciences and new technologies.

Right tool

• to precisely image quarks 
and gluons and their 
interactions

• to explore the new QCD 
frontier of strong color 
fields in nuclei

• to understand how matter 
at its most fundamental 
level is made. 



The Electron-Ion Collider: Frontier accelerator facility in the U.S.
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Luminosity / CME / Kinematic coverage 

Spinning Glue: QCD and Spin
!19

XXVI International Workshop on DIS and Related Subjects - DIS2018 
Kobe, Japan, April 16-20, 2018

Background - The EIC Facility Concepts

arXiv:1212.1701

ep

The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX #0 STAR 1-jet
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.
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�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
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High
Luminosity

Versatile range of:
• beam energies
• beam polarizations
• beam species (p → U)

World’s first collider of:
• ep: polarized electrons and 

polarized protons/light ions (d, 3He)
• eA: electrons and nuclei

EIC

JLEIC

CEBAF



Timeline
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Schedule
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EIC User Group (EICUG)
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Experiment

Theory

Accelerator

Currently 1197 members from 245 institutions from 33 countries

http://www.eicug.org/


EICUG Software Working Group (https://eic.github.io)  
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https://eic.github.io/


Science problem space in Nuclear Physics

• Focus on non-perturbative QCD phenomena

• MC event generators for spin-dependent measurement, including novel QCD phenomena (GPDs, TMDs)

• Analyses considering large number of signal events simultaneously (or multiple times)
• Contrary to separating a few events from a large number of background events
• Example complexity of multi-dimensional, strongly correlated relationships among data opposed to search of rare 

events with novel topologies
• Example high-precision results which require complex analyses to control systematic uncertainties
• Require unique software and computing strategies

Fast Machine Learning for Science, December 2, 2020 10



Rates at the EIC
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Dominant cross-section contribution

L = 1034 cm-2 s-1 = 10 kHz/μb

Photoproduction
cross-section ~ 100 μb
interaction rate ~ 1 MHz

ep (Ee = 10 GeV, Ep = 100 GeV)
cross-section ~ 45 μb
interaction rate ~ 450 kHz

Signal and background rates at the EIC

49. P lots of cross sections and related quantities 16
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Figure 49.9D16: Total and elastic cross sections for !p, total cross section for "!p, and total
hadronic cross sections for !d, !p, and !! collisions as a function of laboratory beam momentum
and the total center-of-mass energy.
Corresponding data files may be found at http://pdg.lbl.gov/xsect/contents.html
(Courtesy of the COMPAS group, IHEP, Protvino, September 2013.)
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EIC

LHC ~69 mb at √s=7 TeV
RHIC ~42 mb at √s=200 GeV 

background estimator

signal

Data size data size / event ~ 100kb     data size / s ~ 100Gbit / s 



Community input for Expression of Interest 
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Software Needs
Requirements What software needs for EIC Software 
would you like to highlight now, in a few years, and for the 
completion of the EIC project? 

Meeting Software Needs

Technologies & Techniques What software technologies 
and techniques should be considered for the EIC?

What resources can your group contribute?



Expression of Interest for Software

1 

Expression of Interest (EOI) for Software 
 
Please indicate the name of the contact person for this submission: 
 
Conveners of the Software Working Group:  

● A. Bressan, M. Diefenthaler, and T. Wenaus  
● eicug-software-conveners@eicug.org  

 
Please indicate all institutions collectively involved in this submission of interest: 
 

ANL Argonne National Laboratory 

BNL Brookhaven National Laboratory 

CEA/Irfu IRFU at CEA /Saclay institute 

EIC-India Akal University, Central University of Karnataka, DAV College Chandigarh, 
Goa University, Indian Institute of Technology Bombay, Indian Institute of 
Technology Delhi, Indian Institute of Technology Indore, Indian Institute of 
Technology Patna, Indian Institute of Technology Madras, Malaviya National 
Institute of Technology Jaipur, Panjab University, Ramkrishna Mission 
Residential College Kolkata 

IMP-CAS Institute of Modern Physics - Chinese Academy of Sciences 

INFN Istituto Nazionale di Fisica Nucleare  

JLab Thomas Jefferson National Accelerator Facility 

LANL Los Alamos National Laboratory 

LBNL and 
UC Berkeley 

Lawrence Berkeley National Laboratory and University of California, 
Berkeley 

NCBJ National Centre for Nuclear Research  
 

OhioU Ohio University 

ORNL Oak Ridge National Laboratory 
 

SBU Stony Brook University 

SLAC SLAC National Accelerator Laboratory 

SU Shandong University 
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https://indico.bnl.gov/event/8552/contributions/43221/

Common Projects
• Software Tools for Simulations and Reconstruction

• Monte Carlo Event Generators
• Detector Simulations
• Reconstruction

• Middleware and Preservation
• Workflows
• Data and Analysis Preservation

• Interaction with the Software Tools
• Explore User-Centered Design
• Discoverable Software
• Data Model

Future Technologies
• Artificial Intelligence
• Heterogeneous computing
• New languages and tools
• Collaborative software

29 institutions

https://indico.bnl.gov/event/8552/contributions/43221/


Towards the next-generation Nuclear Physics research model
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Donald Geesaman (ANL, former NSAC Chair) “It will be 
joint progress of theory and experiment that moves us 
forward, not in one side alone”

• All scientists of all levels, worldwide, should be enabled to actively 
participate in the NP data analysis. 

• To achieve this goal, we must develop analysis toolkits using modern 
and advanced technologies while hiding that complexity (user-
centered design). 

• We must emphasize data as much as analysis. Experimental data 
must be open access, readily accessible and in self-describing 
formats. 

Compute-detector integration to deliver analysis-ready data from the 
DAQ system: 
• responsive alignment and calibrations in real time / online
• real-time / online event reconstruction and filtering
• real time / online physics analysis



Machine-Detector interface (MDI)
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The aim is to get ~100% acceptance
for all final state particles, and measure
them with good resolution.

Experimental challenges: 
• beam elements limit forward 

acceptance
• central Solenoid not effective for 

forward

Central
Detector

Beam Elements

Beam Elements

Possible to get ~100% acceptance for the whole event.

Integrated interaction region and detector design to optimize physics reach

Example Geant4 simulation for EIC MDI



Beyond Machine-Detector Interface
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Integration of DAQ, analysis and theory to optimize physics reach

research model with seamless data processing from DAQ to data analysis

• not about building the best detector 
• but the best detector that fully supports streaming readout, fast alignment and 

calibration, and reconstruction algorithms for near real-time analysis

Front-End Front End 
data

Front-End Front End 
data

Front-End Front End 
data

Data Processor Analysis 
data Theory



Integration of DAQ, analysis and theory to optimize physics reach
• seamless data processing from DAQ to analysis using streaming readout 

• opportunity for near real-time analysis using AI / ML
• opportunity to accelerate science (significantly faster access to physics results)

Streaming readout and its opportunities
Definition of streaming readout
• data is read out in continuous parallel streams that are encoded with information 

about when and where the data was taken. 
Advantages of streaming readout
• opportunity to streamline workflows
• take advantage of other emerging technologies, e.g. AI / ML

17

Front-End Front End 
data

Front-End Front End 
data

Front-End Front End 
data

Data Processor Analysis 
data Theory

Fast Machine Learning for Science, December 2, 2020



Community building
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Report Draft (28 pages and growing)

https://docs.google.com/document/d/1HT0dQJwZkUGaxGS0bUhZgkz0l2G5QR-4Dm08-hr8DJc/edit?usp=sharing


INDRA-ASTRA Seamless data processing from DAQ to data 
analysis

Hindu mythology
INDRA Deity of lightning, thunder, rains and river flows
INDRA-ASTRA Indra’s weapon

Nuclear Physics
INDRA Facility for Innovations in Nuclear Data Readout 
and Analysis
INDRA-ASTRA LDRD on streaming readout

Markus Diefenthaler



Seamless integration of DAQ and analysis using AI/ML

20

prototype components of streaming readout at NP experiments
→ integrated start to end system from detector read out through analysis
→ comprehensive view: no problems pushed into the interfaces

prototype near real-time analysis of NP data
→ inform design of new NP experiments

GOAL

fADCs Front End 
data

GEM detector Front End 
data

Custom MC 
Simulated ADC 
and TDC output

Front End 
data

Near real-time processor of 
streamed data in JANA2 

Analysis 
data

Near real-time,  
interactive analysis 

in JupyterLab

ZeroMQ messages via ethernet

Fast Machine Learning for Science, December 2, 2020



Automated data-quality monitoring and calibrations 

To deal with time-changing data, one needs strategies, at least, for the following
• detecting when a change occurs

• determining which examples to keep and which to drop

• updating models when significant change is detected

Fast Machine Learning for Science, December 2, 2020 21

“In most challenging data analysis applications, data evolve over time and must be analyzed in near real time. 

Patterns and relations in such data often evolve over time, thus, models built for analyzing such data quickly 

become obsolete over time. In machine learning and data mining this phenomenon is referred to as concept 
drift.” (I. Žliobaitė, M. Pechenizkiy, J. Gama , An Overview of Concept Drift Applications)

1. Identify different data-taking periods Use ADWIN to identify the 

start of distinct data-taking periods based on changes in the mean of 

the data stream. 

2. Calibrate different data-taking periods to a baseline Use Hoeffding’s

inequality to estimate the mean of each data-taking period and apply 

a constant shift to each data taking period by the difference between 

the means of a baseline period and each subsequent period.

OUR
APPROACH

https://doi.org/10.1007/978-3-319-26989-4_4


An example data stream

To represent the data stream we use a sample of 
120,000 Inclusive Deep Inelastic Scattering Monte 
Carlo events

• generated in the context of the ZEUS experiments

• Includes full detector simulation

• Reconstructed kinematics with all detector 
effects. 

We observe a stream of ! and "#, reconstructed by 
the electron method [3] based on the measurement 
of the !, %, & position and energy ' of the 
outgoing lepton in the calorimeter.

We subdivide the stream into 3 data-taking periods 
of equal parts and apply a constant shift of two 
standard deviations to each !, %, & position and 
energy ' measurements in the second data taking 
period.

Fast Machine Learning for Science, December 2, 2020 22
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An example data stream
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Data 
Period

Start 
Time

Time ADWIN 
Detects Change

2 40000 40020

3 80000 80012
!"
#$

ADWIN is an ADaptive WINdowing technique used for detecting distribution changes, concept drift, or 
anomalies in data streams with established guarantees on the rates of false positives and false negatives 
(A. Bifet and R. Gavalda, Learning from time-changing data with adaptive windowing, in Proceedings of the 2007 SIAM 
international conference on data mining, SIAM, 2007, pp. 443–448)



An example data stream

Two cases:

• 1D: only use information from !"

• 2D: use information from #, !"

Fast Machine Learning for Science, December 2, 2020 24

A higher-dimensional extension of ADWIN improves its ability to find changes in the data 
distribution.



Calibrating each data-taking period to baseline period

25

Automatically identify changes in the 
underlying probability distribution Re-calibrate in case of changes Full re-calibration

Fast Machine Learning for Science, December 2, 2020

Hoeffding’s Inequality For a confidence 
level of 0.01 and a margin of error of 
0.01, a minimum sample of 26492 
observations is needed to estimate of 
the mean in each data-taking period.



Summary
Markus Diefenthaler
mdiefent@jlab.org

• The EIC will enable us to embark on a precision study of 
the nucleon and the nucleus at the scale of sea quarks 
and gluons, over all of the kinematic range that is
relevant. 

• What we learn at JLAB 12 and later EIC, together with 
advances enabled by FRIB and LQCD studies, will open 
the door to a transformation of Nuclear Physics.

• New possibilities and paradigms for NP
• seamless data processing from DAQ to analysis using 

streaming readout
• opportunity for near real-time analysis (auto-

alignment, auto-calibration, near real-time 
reconstruction)

• opportunity to accelerate science

• Many opportunities to get involved! 


