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Notes
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The goals of this talk are to provide:
• General overview of the nucleon-structure studies
• One example of the Artificial-Neural Network (ANN) implementation to extract physics observable from the 

experimental data
• Description of the polarized-target technology used for polarizing nucleons

This talk has ~90 slides (too many for ~45 minutes talk). So, I will only mention key points in each slides

I keep the rest and details for the sake of completeness & references for future discussions (also hopefully 
future collaboration)

I was graduated from FSU with dissertation about Hadron Spectroscopy: Hunting for missing 𝑁∗ resonances via 
photoproduction of ω, η, and 𝛫Σ at JLAB

Currently, I am working at the Polarized-target group at UVA with research on Hadron Structure:
• Setup polarized target for the SpinQuest experiment at Fermilab which aim to measure Sivers function (TMD)
• Involved in experiment at JLAB and analyze DVCS data from JLAB (GPD) 



Outline

• Probing Nucleon Structure – Experimental perspective

• GPD & TMD – Toward a unified picture of Nucleon Structure

• Artificial-Neural Network – A technique to exploit experimental data

• Polarized-Target technology – A necessary recipe to explore the internal 
structure of the nucleon
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Probing Nucleon Structure
-Experimental Perspective-
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Our Ultimate Questions
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Hadrons interact via strong interaction



Why we need to understand the nucleon properties in term of quarks 
and gluons 
Visible matter only constitute ~5% of the universe

~100% of the visible-matter mass is concentrated in nuclei/nucleons 
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~99% on nucleon mass comes from the strong interaction among quarks and gluons 

Why we need to understand the nucleon properties in term of quarks 
and gluons 

Other nucleon properties also not fully understood
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How do we probe the nucleon structure? Scattering experiment!
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Rutherford: The father of scattering experiment



But is Proton a point-like particle?
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Stern’s measurement on the proton magnetic moment indicated that proton is not a point-like particle 

The original setup of Stern-Gerlach experiment that discovered the 
nature of spin. Measurement of the proton-magnetic moment utilize 
similar setup but use Hydrogen beam
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What we see depend on the resolution scale which depend on 4-momentum transfer (𝑄2)

Back to scattering experiment
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Some terminologies related to scattering
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Deviation from Mott curve showed 
that Nucleon has finite size

Form factor curve depends on the 
nucleon content
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As the electron energy increase, the experiment enter Deep Inelastic Scattering regime



19



20



21



22

More kinematics exploration!!
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Deep Inelastic Scattering and November Revolution (Discovery of Many Hadrons) established 
Partons theory (Quarks & Gluons). But do they really exist or are they only mathematical model?

Classification of many hadrons lead to the Quarks model based on SU(3) symmetry
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Deep Inelastic Scattering with polarized target and beam
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34
Significant proton spin might be carried by the angular momentum of the parton!!



Generalized Parton Distributions 
(GPD) & Transverse Momentum 

Distributions (TMD)
-Toward Unified Picture of Nucleon Structure-
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Generalized Parton Distributions (GPDs) provide key access to important nucleon properties: 

• Nucleon Tomography: • Angular momentum of the partons
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Generalized Parton Distributions (GPDs) provide key access to important nucleon properties: 

• Mechanical properties of the nucleons (pressure, force, …)

Pressure distributions inside proton
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Generalized Parton Distributions (GPDs) provide key access to important nucleon properties: 

• Access to PDFs and Elastic Forms Factors
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GPDs are accessible from various production channels:

Channel of interest
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4 chiral even GPDs can be accessed via DVCS

GPDs are related to Compton-Form Factors (CFFs) via convolution:

CFFs extractions (access directly via cross section or asymmetry measurements) is a good way to obtain GPDs

• Past: PDFs from FFs extractions
• Present:  GPDs from CFFs extractions

47
CFFs are observables that could access directly from experiments
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DVCS channelDVCS channel

Cross sections = DVCS + Bethe-Heitler (BH) 

DVCS Cross sections formulas:
• Ji (1996)
• BKM (Belitsky, Muller, Kirchner): BKM02, BKM10
• BMJ (Belitsky, Muller, Ji, 2012)
• BMMP (Braun, Manashov, Muller, Pirnay, 2014)
• VA (B. Kriesten et all,): VA 19, VA 21
• Yuxun Guo et all, 2021 

CFFs Model:
• VGG (Vanderhaeghen, Guichon, Guidal, 1999)
• GK (Goleskokov, Kroll, 2005)
• KM (Kumericki, Muller): KM09, KM10, KM15
• KMM12 (Kumericki, Muller, Murray, 2012)
• VA-reggeized spectator (B. Kriesten, S. Liuti, 2021)

Each model has different GPD parameterization
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Scope of Works
DVCS Data on Cross sections and Asymmetries:
• No ϕ-dependence: HERMES, COMPASS, ZEUS, A1
• High statistics with ϕ-dependence: JLAB Hall A, CLAS (Hall B) 

Data used in this work: All ϕ-dependence cross-sections  
• JLAB Hall A experiment: E00-110 (2015), E07-007 (2017), E12-06-114 (2022)
• JLAB Hall B experiment: e1-DVCS1 (2015) 

A total of 195 kinematic sets (3882 data points) are used in this analysis 
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Scope of Works

We us BKM10 Formulism at leading twist
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Scope of Works

Challenge: Huge BH background 

Approach:
• Local fit to obtain CFFs for each kinematic sets using Root-Minuit & Particle Swarm Optimization (PSO)
• Global Fit using Neural Network
• Test the methods to the pseudo data generated using KM15 model and smeared according to the experimental 

uncertainty  
• The pseudo data are generated with mimicking real data kinematics (195 sets) and uncertainties

B. Kriestan et all B. Kriestan et all
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Particle Swarm Optimization (PSO)

• Inspired from the nature social behavior and dynamic 
movements with communications of insects, birds and fish

• Uses a number of agents (particles) that constitute a swarm 
moving around in the search space looking for the best 
solution

• Each particle in search space adjusts its “flying” according to 
its own flying experience as well as the flying experience of 
other particles

• Each particle has three parameters position (velocity, and 
previous best position). Particle with best fitness value is 
called as global best position
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Neural Net Architecture

𝑄2

𝑥𝐵

𝑡

𝑅𝑒𝐻, 𝑅𝑒𝐸, 𝑅𝑒 ෩𝐻

NN architecture & features:
• Each CFFs are global-fitted separately
• 3 input neurons, 1 output neuron
• 2 x 15 hidden layers
• Set splitting (training & validation)
• Multi-Step decay learning rate
• 𝑡𝑎𝑛ℎ activation function
• Adam optimizer
• Input normalization
• Early stopping on Validation set
• Replicas by smearing the CFFs according to 

the uncertainty from local fit
• 1000 Replicas
• MSE loss function

Neural network is a universal approximator which provide a model independent regression (fitting)
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Preliminary Results: Pseudo data

PSO

Minuit

𝑡[𝐺𝑒𝑉2] 𝑡[𝐺𝑒𝑉2] 𝑡[𝐺𝑒𝑉2]

𝑡[𝐺𝑒𝑉2] 𝑡[𝐺𝑒𝑉2] 𝑡[𝐺𝑒𝑉2]

𝑅𝑒𝐻

𝑅𝑒𝐻 𝑅𝑒𝐸

𝑅𝑒𝐸

𝑅𝑒 ෩𝐻

𝑅𝑒 ෩𝐻

Note: Band represents all values from 1000 replicas
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Preliminary Results: Local Fit on Experimental Data

𝑄2 = 1.82 𝐺𝑒𝑉2 𝑥𝐵 = 0.34 𝑡 = −0.17𝐺𝑒𝑉2 𝑄2 = 3. 18 𝐺𝑒𝑉2 𝑥𝐵 = 0.36 𝑡 = −0.59𝐺𝑒𝑉2

𝑄2 = 1. 64 𝐺𝑒𝑉2 𝑥𝐵 = 0.21 𝑡 = −0.34 𝐺𝑒𝑉2 𝑄2 = 1.74 𝐺𝑒𝑉2 𝑥𝐵 = 0.36 𝑡 = −0.24 𝐺𝑒𝑉2

PSO ൗχ2

𝑁𝑡𝑜𝑡𝑎𝑙 = 0.73902

Minuit ൗχ2

𝑁𝑡𝑜𝑡𝑎𝑙 = 0.73996

PSO

Minuit
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Preliminary Results: Global Fit on Data

𝑄2 = 2.0 𝐺𝑒𝑉2 𝑥𝐵 = 0.36
𝑄2 = 1.82 𝐺𝑒𝑉2 𝑥𝐵 = 0.34

𝑄2 = 2.0 𝐺𝑒𝑉2 𝑥𝐵 = 0.36
𝑄2 = 4.55 𝐺𝑒𝑉2 𝑡 = −0.26𝐺𝑒𝑉2

𝑡[𝐺𝑒𝑉2]

𝑡[𝐺𝑒𝑉2]

𝑡[𝐺𝑒𝑉2]

𝑥𝐵

Note: 
• Band represents all values 

from 1000 replicas
• Data points for comparison 

were extracted from 
B.Kriesten et all

𝑅𝑒𝐻 𝑅𝑒𝐸

𝑅𝑒𝐸 𝑅𝑒 ෩𝐻
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• Deep Neural Net for local & global fit (different architecture)

𝑄2

𝑥𝐵

𝑡

𝑅𝑒𝐻

𝑅𝑒𝐸

𝑅𝑒 ෩𝐻

𝐷𝑉𝐶𝑆

Loss Function: 
𝑓(|𝜎𝐷𝐴𝑇𝐴 − 𝜎𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛|)

Back propagation

𝜎𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛

𝜎𝐷𝐴𝑇𝐴
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• Deep Neural Net for local & global fit (different architecture): preliminary results
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Outlook

• Deep Neural Net for local & global fit (different architecture): preliminary results

The comparison of predicted cross sections (F) and real data from CLAS e1-DVCS (110 kinematic sets)

Data
NN Fit

Data
NN Fit

Data
NN Fit

• Include more data (asymmetry) from JLAB and other experiments
• Higher twist
• Systematics study by generating pseudo data from various models &formulism and study the differences 

between fitted and truth values
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Sivers Function to probe orbital-angular momentum of the partons

Sivers function describes the distribution of unpolarized quarks inside a transversely 
polarized nucleon, through a correlation between the quark transverse momentum and 
the nucleon transverse spin.

Non-zero Sivers function/asymmetry implies a non-zero OAM 61



Transverse Momentum Distribution (TMD) & Sivers Function

Sivers function initially was formulated to explain large left-right asymmetry in the 
pion production from pp scattering 

Pion asymmetry observed in 𝑝𝑝↑ → 𝜋𝑋 from E704 Experiment
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Transverse Momentum Distribution (TMD) & Sivers Function

Supposed the proton is moving toward us and its spin is pointing upward. it turns out 
that we see up quarks moving preferentially to the right and down quarks to the left 

The up and down quark density distortion in transverse-momentum space, obtained by studies of 
the Sivers function
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Why the Sea quarks are important?

HERMES, COMPASS and Jlab have measured nonzero values of the Sivers function of 
the nucleon, with the data indicating that the valence d-quark and u-quark Sivers
functions are approximately equal and opposite in sign (zero contribution to the overall 
nucleon spin)

The Sivers distribution for u and d quarks flavors. 
64



Why the Sea quarks are important?

The E866 Experiment at FermiLab shows the asymmetry between ҧ𝑑/ത𝑢. E866 results 
might point to Sea quarks OAM according to the pion-cloud model. 

The distribution ratio of ҧ𝑑/ത𝑢

To conserve parity, pion in 𝑁𝜋 system should have 
the orbital angular momentum. Therefore, the ҧ𝑑
excess in the nucleon should have nonzero OAM. 
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How to probe sea quark’s sivers function
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A brief summary:
• Rutherford scattering provide the existence of proton
• Stern measurement on the proton magnetic moment indicated that proton is not a point-like particle
• Elastic-scattering experiment probed the finite size of proton which quantified in Form-Factor observable
• Deep-Inelastic Scattering (DIS) provided evidence of the point-like nature of nucleon’s constituents (partons)
• Polarized DIS experiment by EMC collaboration showed that quark spin provide small contribution to the total spin 

of nucleon
• The missing contribution likely from orbital-angular momentum of sea quarks as indicated by lattice calculation
• DIS experiment provide longitudinal momentum distribution of the partons (PDF)
• Additional information on the transverse position of partons is provided by GPD which can be accessed via Deeply 

Virtual Compton Scattering experiment (DVCS)
• GPD also provide information on the spin contribution and mechanical properties of the nucleon
• Additional information on the transverse momentum of partons is provided by TMD which can be accessed via 

Semi Inclusive Deep Inelastic Scattering experiment (SIDIS) and Drell-Yan experiment
• Sivers function, one of the TMDs provide orbital-angular momentum information of the partons
• The future SpinQuest (E1039) experiment at Fermilab will probe the orbital angular momentum of the SeaQuarks



Polarized-Target Technology
- A necessary recipe to explore the internal structure of the nucleon-

70
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A complete picture on Nucleon require many experiments probing the whole kinematic range and 
all configuration of the beam/target polarization
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How do we obtain significant nucleon polarization?
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How do we obtain significant nucleon polarization?
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Courtesy of Chris Keith

DNP (Pumping Mechanism) for Spin Τ𝟏 𝟐
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DNP (Pumping Mechanism) for Spin Τ𝟏 𝟐
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DNP (Pumping Mechanism) for Spin Τ𝟏 𝟐
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DNP (Pumping Mechanism) for Spin Τ𝟏 𝟐



What do we need to achieve significant proton 
polarization using the DNP Method?

❑Continuous microwaves generator

❑Target material with a suitable number of unpaired electrons, resistance to 
radiation and reasonable dilution factor

❑Superconducting magnet with homogenous fields in the target region

❑Cryogenics system with high cooling power

❑Reliable Nuclear-Magnetic Resonance (NMR) system for polarization 
measurement

80

Recipes for High-Nucleon Polarization:



• 140 GHz RF signal is generated by Extended-
Interaction Oscillator (EIO) through 
interaction between electron beam 
(produced from ~kV of cathode/anode) and 
resonant cavities 

• The optimal frequency changes as we flip the 
spin direction

• The optimal frequency also changes as the 
target accumulate radiation damage from the 
beam. 

• Therefore, the frequency is adjusted by 
adjusting the cavity size using a stepper 
motor (~2% adjustment)

81

Continues-Microwave Generator



❑ Target materials

Target material for DNP characterized by
• Maximum achievable polarization
• Dilution factor
• Resistance to radiation damage

SpinQuest experiment will use 8 cm of solid NH3/ND3 as 
target materials which are doped with paramagnetic 
free-radical by being irradiated at NIST (National 
Institute of Standard and Technology)

The polarization decays over time due to the radiation 
damage and restored temporarily by annealing process 
(target is heated at 70-100 K). 
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Target-Materials



❑ Superconducting-magnet system 

• The superconducting magnet coils provide 5 
T of transverse field in the target area with 
the homogeneity level of 10−4 over the 
target region

83

• The magnet consist of NbTi coils which are 
impregnated in epoxy to prevent them from 
moving during when the magnet is energized 

• The coils are held in place by 316 stainless 
steel

Superconducting 
Magnet

Superconducting Magnet



❑ Cryogenics: 
Evaporation Refrigerator with 3 W of Maximum Cooling Power

84

Evaporated He from the target nose 
need to be pumped out by high 
powered pump to keep the 
temperature at 1 K at 0.12 Torr

He-4 Pressure-Temperature diagram

Critical components for high-cooling power 
refrigerator:
• High-power pump
• Sufficient supply of the liquid Helium
• Heat exchanger that bring the He temperature 

down from 4.2 K to 1 K
• Thermal shielding

Cryogenic System
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Beam

Thermal shielding:
• Liquid Nitrogen
• Outer Vacuum

Turbo Molecular 
pump maintain the 
outer vacuum 
pressure at ~10-8 torr

Outer vacuum

Separator

Heat exchanger



❑ Nuclear Magnetic Resonances (NMR)  

86

Polarization of the proton is 
measured using NMR 
technique

An RF field at the Larmor 
frequency of the proton (213 
MHz at 5 T) can cause a flip 
of the spin 

The RF field is produced by 3 
NMR coils inside the target 
cup

An RLC Circuit is tuned to the Larmor 
frequency of the target materials

The power generated or absorbed due to 
spin flip change the circuit impedance 
that can be observed

Courtesy of James Maxwell

Liverpool Q-Meter

Nuclear-Magnetic Resonances (NMR)



❑ Nuclear Magnetic Resonances (NMR)  
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Q-Curve is produced by 
sweeping the RF around the 
Larmor frequency

The signal area after 
background subtraction is 
proportional to the polarization

The proportional constant is 
obtained at Thermal-
Equilibrium measurement

𝑃 = 𝑡𝑎𝑛ℎ
𝜇𝐵

𝑘𝑇

Nuclear-Magnetic Resonances (NMR)
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• Rutherford scattering provide the existence of proton
• Stern measurement on the proton magnetic moment indicated that proton is not a point-like particle
• Elastic-scattering experiment probed the finite size of proton which quantified in Form-Factor observable
• Deep-Inelastic Scattering (DIS) provided evidence of the point-like nature of nucleon’s constituents (partons)
• Polarized DIS experiment by EMC collaboration showed that quark spin provide small contribution to the total spin 

of nucleon
• The missing contribution likely from orbital-angular momentum of sea quarks as indicated by lattice calculation
• DIS experiment provide longitudinal momentum distribution of the partons (PDF)
• Additional information on the transverse position of partons is provided by GPD which can be accessed via Deeply 

Virtual Compton Scattering experiment (DVCS)
• GPD also provide information on the spin contribution and mechanical properties of the nucleon
• Additional information on the transverse momentum of partons is provided by TMD which can be accessed via 

Semi Inclusive Deep Inelastic Scattering experiment (SIDIS) and Drell-Yan experiment
• Sivers function, one of the TMDs provide orbital-angular momentum information of the partons
• The future SpinQuest (E1039) experiment at Fermilab will probe the orbital angular momentum of the SeaQuarks

• Artificial-Neural Network provides model independent and reliable tools for regression (fitting)
• To obtain high degree of nucleon polarization via Dynamic-Nuclear Polarization (DNP) we need continuous 

microwave generator, target material with unpaired electron (free radical), cryogenic system, superconducting 
magnet and Nuclear-Magnetic Resonances  

Summary



Summary  

THANK YOU
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