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Building blocks of matter
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The dynamical nature of nuclear matter

3

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)]
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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
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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.

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 π0 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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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

Brookhaven National Laboratory and Jefferson Lab will 
be host laboratories for the EIC Experimental Program. 
Leadership roles in the EIC project are shared. 



EIC Timeline: Operations start a decade from now
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EIC User Group (EICUG)
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Experiment

Theory

Accelerator

Currently 1334 members from 267 institutions from 37 countries

http://www.eicug.org/


Yellow Report Initiative by the EIC User Group

• The EIC Yellow Report describes the physics case, the resulting 
detector requirements, and the evolving detector concepts for the 
experimental program at the EIC: arXiv:2103.05419

• The studies leading to the EIC Yellow Report were commissioned and 
organized by the EIC User Group. 

• The EIC Yellow Report has been important input to the successful 
DOE CD-1 review and decision. 
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Next Priorities for the EIC User Group

• Formation of the first EIC collaboration.  902 pages, 1824 references

https://arxiv.org/abs/2103.05419


Deep-inelastic scattering (DIS) of electrons off protons

Ability to change x projects out different con-
figurations where different dynamics dominate

Ability to change Q2 changes the resolution 
scale

Q2 = 400 GeV2

=> 1/Q = 0.01 fm 

(Q2)

EIC, ML, and Quantum Computing, July 19, 2022. 8



Inclusive DIS Measurements
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Kinematics reconstructed from any combination of: 
• Energy of the scattered electron
• Angle of the scattered electron 
• Energy of the jet
• Angle of the jet

Three analytical reconstruction methods: 

9

Classical Reconstruction Methods and NN model

Method Requires Pro Contra

Electron El0 , ✓l0 precise sensitive to
(EL) QED radiation

Jacques-Blondel �H, PT,H resistant to needs precise jet
(JB) QED radiation energy measurements

Double Angle ✓l0 , �H no need for precise jet poor resolution at low x

(DA) energy measurements and low Q
2

We aim to reconstruct the kinematics of DIS events combining
multiple classical methods with an application of deep neural
networks and hereby utilizing complete information from the
collision event.

6 / 36



Deeply Learning DIS Kinematics       https://inspirehep.net/literature/1912344 
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Kinematic Reconstruction with Deep Neural Networks

The idea is to build a physics-driven neural network method that
combines the quantities determined with the classical methods in a
way:

Q
2
NN

= AQ2(Q2
EL

, Q
2
DA

, Q
2
JB

) + LQ2(AQ2 , El0 , ✓l0) +HQ2(AQ2 , PT,H , �H)

And reconstruct x, with Q
2
NN

as an input, in the form:

xNN = Ax(xEL, xDA, xJB) + Lx(Ax, Q
2
NN

, El0 , ✓l0) +Hx(Ax, Q
2
NN

, PT,H , �H)

Neural networks can be used to reconstruct the kinematics by
weighting classical reconstructions and using all four of the
measured quantities as corrections.

7 / 36

Properties of the DNN

• Effective: Universal approximation 
capability: can approximate any 
continuous function to arbitrary 
accuracy 

• Robust: Increasing the depth of the 
network (i.e. the number of terms in the 
sum) necessarily reduces the error 

• Computationally Efficient: Structure 
avoids ”vanishing” gradients arising in 
the backpropagation algorithm 

Slide from Abdullah Farhat (ODU)

https://inspirehep.net/literature/1912344


Results for x and Q2
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Results: RMSE in bins of x and Q2
for di↵erent methods

Bin Events Resolution of log x Resolution of logQ2
/1GeV

2

1 301780 NN: 0.070 EL: 0.083 NN: 0.035 EL: 0.035
JB: 0.180 DA: 0.103 JB: 0.203 DA: 0.062

2 350530 NN: 0.069 EL: 0.082 NN: 0.040 EL: 0.043
JB: 0.167 DA: 0.096 JB: 0.192 DA: 0.064

3 138456 NN: 0.098 EL: 0.130 NN: 0.055 EL: 0.053
JB: 0.138 DA: 0.100 JB: 0.150 DA: 0.077

4 74844 NN: 0.067 EL: 0.084 NN: 0.044 EL: 0.046
JB: 0.117 DA: 0.077 JB: 0.138 DA: 0.063

5 31043 NN: 0.064 EL: 0.091 NN: 0.036 EL: 0.041
JB: 0.102 DA: 0.073 JB: 0.117 DA: 0.053

6 11475 NN: 0.053 EL: 0.079 NN: 0.033 EL: 0.036
JB: 0.083 DA: 0.061 JB: 0.100 DA: 0.045

7 3454 NN: 0.050 EL: 0.069 NN: 0.036 EL: 0.038
JB: 0.074 DA: 0.055 JB: 0.093 DA: 0.042

8 624 NN: 0.036 EL: 0.055 NN: 0.033 EL: 0.037
JB: 0.067 DA: 0.045 JB: 0.095 DA: 0.041

Smaller = better

14 / 36

Distribution of events used for training
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Figure: Distribution of (x,Q2) for
the training set and boundaries of
bins.

Bin Q
2 (GeV

2) x

1 120 - 160 0.0024 - 0.010
2 160 - 320 0.0024 - 0.010
3 320 - 640 0.01 - 0.05
4 640 - 1280 0.01 - 0.05
5 1280 - 2560 0.025 - 0.150
6 2560 - 5120 0.05 - 0.25
7 5120 - 10240 0.06 - 0.40
8 10240 - 20480 0.10 - 0.60

Table: Kinematic bins in x and Q
2

used for performance comparisons.
The bins were chosen to be close to
the bins used in the analyses of
hadronic final state in the ZEUS
experiment.
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Kinematic phase space at the ZEUS experiment: 

Slide from Abdullah Farhat (ODU)



Results for Q2
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Results: distribution of logQ2
reco � logQ2
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In some bins the
improvements are seen
with a naked eye.
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Results for x
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Results: distribution of log xreco � log xtrue
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Next Steps

We have an approach for Deeply Learning Kinematics of Inclusive DIS. 

We have agreed upon our next steps: 
• Demonstrate results for EIC project detector and publish.
• Deeply Learning Kinematics of Semi-Inclusive DIS, based on existing approach. 
• Deeply Learning Kinematics of Exclusive Measurements, based on existing approach. 

We have discussed ways to continue our work: 
1. Complementary approach to deeply learning kinematics of Inclusive DIS, directly from: 

• Energy of the scattered electron
• Angle of the scattered electron 
• Energy of the jet
• Angle of the jet

2. Work out interference with measurements. 
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Interference

EIC, ML, and Quantum Computing, July 19, 2022. 15

Detector Level

Ground Truth

Simulation Data


