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The Fundamental Structure of Visible Matter
 

3

Hadron properties and structure 
Nuclei and QCD
Hadronization: forming QCD bound states
Spectrum of excited hadrons

https://science.osti.gov/-
/media/np/nsac/pdf/202310/NSAC-LRP-2023-
v12.pdf
https://arxiv.org/abs/2303.02579
 

• How does QCD generate the spectrum and structure of conventional and 
exotic hadrons?
• How do the mass and spin of the nucleon emerge from the quarks and 
gluons inside and their dynamics?
• How are the pressure and shear forces distributed inside the nucleon?
• How does the quark–gluon structure of the nucleon change when bound in a 
nucleus?
• How are hadrons formed from quarks and gluons produced in high-energy 
collisions?

H. Gao FB23
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Structure of visible matter probed at JLab and the future EIC 
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The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

splits into a quark and antiquark, each of which has 

both electric and color charge. If, for example, the quark 

and anti-quark recombine after the scattering to form a 

phi-meson, which one detects in coincidence with the 

scattered electron to reveal that the nucleus has been 

left intact, one can infer the spatial distribution of gluons 

in the nucleus—unprecedented information extending 

the work of Friedman, Kendall, and Taylor to a new layer 

of internal structure.

At sufficiently low momentum fraction, the density of 

gluons inside a nucleus must saturate, as in frame (e), in 

order to avoid violating fundamental physical principles. 

This can occur because at high density the probability 

for two gluons to recombine into one counterbalances 

the probability for one gluon to split into two. Before 

saturation is reached, an electron encountering a 

nucleus moving toward it near light speed sees a 

relativistically contracted object as in frame (d), with 

much higher gluon density than it would if colliding 

with a single proton. In fact, to attain comparable gluon 

densities, one would have to study electron-proton 

collisions at energies two orders of magnitude higher 

than in electron collisions with heavy nuclei. This is why 

the ion beams are so important in the EIC. They provide 

early access, allowing us to image nuclei as strongly 

correlated gluon systems with universal properties. This 

picture of nuclei—indeed, of all hadrons—determines 

their interactions at very high energies, whether in a 

terrestrial collider facility such as RHIC or LHC or in the 

highest energy radiation from cosmic sources. It is the 

ultimate picture of nuclei at their deepest level.

Schematic illustration of the evolving landscape in a nucleus as we alter the resolving power and energy of the electron scattering process used to probe it.

} Newport News, Virginia, USA
} continuous polarized electron beam up to 12GeV
} Various fixed targets, both unpolarized and polarized
} High luminosity



Hall D – exploring origin of 
confinement by studying 

exotic mesons 

Hall B – understanding nucleon structure 
via generalized parton distributions and 
transverse momentum distributions 

Hall C – precision determination of 
valence quark properties 

in nucleons and nuclei 

Hall A – short range correlations, 
form factors, hyper-nuclear physics, 
future new experiments (e.g., SoLID and MOLLER)

JLab 12 GeV Scientific Capabilities
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Size of the Proton: Charge Radius and the puzzle 
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• Proton charge radius:
1. A fundamental quantity for proton
2. Important for understanding how QCD works
3. An important physics input to the bound state 
      QED calculation, affects muonic H Lamb shift (2S1/2 – 2P1/2) 
by as much as 2%, and critical in determining the Rydberg 
constant

• Methods to measure the proton charge radius:
1.  Hydrogen spectroscopy (atomic physics)

Ø Ordinary hydrogen
Ø Muonic hydrogen

2. Lepton-proton elastic scattering (nuclear physics)
Ø ep elastic scattering (like PRad)
Ø 𝛍p elastic scattering (like MUSE, AMBER) 

Ø Important point: the proton radius measured in lepton scattering 
is defined in the same way as in atomic spectroscopy (G.A. Miller, 
2019)

< r2 > = −6 dG(q
2 )

dq2
|
q2=0

The proton radius puzzle

 [fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2014

H spectroscopy

e-p scatt.

p 2010µ

p 2013µ

σ5.6 

The proton rms charge radius measured with

electrons: 0.8751 ± 0.0061 fm

muons: 0.8409 ± 0.0004 fm

RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).

Randolf Pohl JLab / W&M, Jan. 20, 2017 3
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JLab PRad and PRad-II and World-wide effort on Proton Charge Radius

Gao & Vanderhaeghen Rev. Mod. Phys. 94, 015002 (2022)

§High resolution, large 
acceptance, hybrid HyCal 
calorimeter (PbWO4 and Pb-
Glass) 
§Windowless H2 gas flow target
§Simultaneous detection of 
elastic and Moller electrons
§Q2 range of 2x10-4 – 0.06 GeV2 
§XY – veto counters replaced by 
GEM detector
§Vacuum chamber

PRad: W. Xiong et al., Nature 575, 147 (2019) H. Gao FB23

https://link.aps.org/doi/10.1103/RevModPhys.94.015002


Recent Results from Hall A on Proton Form Factors at high Q2
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Proton magnetic form factor, GM,  at Q2 = 15.75

M.E. Christy et al., Phys. Rev. Lett. 128, 102002 (2022)

•High luminosity and wide leverage in virtual photon polarization to do longitudinal-transverse separation. Electric form 
factor has  small contribution to cross section at  large Q2

•Hard two-photon exchange effects at large Q2 quantified

H. Gao FB23

https://doi.org/10.1103/PhysRevLett.128.102002
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Polarizability radii

Nikos Sparveris, Spin 2023 Symposium and EINN 2023

R. Li et al., Nature 611, 265 (2022)

Virtual Compton Scattering and Proton Polarizability Radii

Elastic FFs Generalized polarizabilities Real Compton Scattering experiments at Mainz
and HI𝛾S and nucleon EM and spin polarizabilities

H. Gao FB23



𝑱/𝝍 Photoproduction at threshold
§ Intense linearly pol. photon beam

Phys. Rev. Lett. 123, 072001 (2019) 

Hall D - GlueX
• Two-gluon exchange model doesn’t reproduce s

• no evidence of 5quark → model-dependent U.L. 
on on the branching fraction of the LHCb Pc

+ states

Hall C (E12-16-007) 
• measured 5x more statistics → set  more stringent limit on 
• Data used to determine, in a model dependent way, the gluonic gravitational 

form factors of the proton

• Simultaneously fit of the 
J/ψ ds/dt with the 
holographic and the GPD  
approaches to extract the 
gluonic gravitation form 
factors A(k) and D(k).

holographic

GPD

<latexit sha1_base64="3lhnxOGbIJQN4q96ZK9VMTqkX40=">AAACH3icbVDLTgIxFO3gC/GFunTTSExwgzPEoEuiG+MKE3kkDCF3Shka2pmm7WgI4U/c+CtuXGiMccffWB4LAU/S9PSce3N7TyA508Z1x05qbX1jcyu9ndnZ3ds/yB4e1XScKEKrJOaxagSgKWcRrRpmOG1IRUEEnNaD/u3Erz9RpVkcPZqBpC0BYcS6jICxUjtb8jULBeC8H4Kwt8S+YmHPgFLxM660ycL7/sKXmmF53s7m3II7BV4l3pzk0ByVdvbH78QkETQyhIPWTc+VpjUEZRjhdJTxE00lkD6EtGlpBILq1nC63wifWaWDu7GyJzJ4qv7tGILQeiACWynA9PSyNxH/85qJ6V63hiySiaERmQ3qJhybGE/Cwh2mKDF8YAkQxexfMemBAmJspBkbgre88iqpFQteqVB8uMyVb+ZxpNEJOkV55KErVEZ3qIKqiKAX9IY+0Kfz6rw7X873rDTlzHuO0QKc8S+5gaIo</latexit>

�(�p ! Pc ! J/ p)

Nature volume 615, pages 813–816 (2023).            

• Mass Radius 
smaller than 
charge radius

H. Gao FB23 38

Proton Mass budget decompositions C. Lorcé (from 2022 INT workshop)
DIFFERENT MASS DECOMPOSITIONS



Recent Results on Parton Distribution Functions (PDFs)
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x

Precise Determination of the Nucleon F2
n/F2

p at Large xB

• Electron DIS from the mirror nuclei 3H and 3He gives 
unique access to the neutron/proton ratio.
• Tests fundamental QCD models of nucleon d/u 

structure Critical input to parton distribution 
functions, also relevant for high-energy collider data.

Phys. Rev. Lett. 128, 132003 

Test of Chiral Effective Field Theory at Low Q2

• Spin observables to test  QCD-based  theories.
•Different models predict different neutron and proton  

transverse-longitudinal spin polarizabilities, δLT

•Nature Physics (2021) for neutron (E97-110 data)
•Nature Physics (2022) for proton (g2p data)

Polarized Neutron                            Polarized proton

H. Gao FB23

https://doi.org/10.1103/PhysRevLett.128.132003
https://doi.org/10.1038/s41567-021-01245-9
https://doi.org/10.1038/s41567-022-01781-y


Nucleon Structure from 1D to 3D & orbital motion  

Generalized parton 
distribution (GPD)
Transverse momentum 
dependent parton 
distribution (TMD)

5-D Wigner 
distribution X.D. Ji, PRL91, 062001 

(2003);
Belitsky, Ji, Yuan, 
PRD69,074014 (2004)

Image from J. Dudek et al.,
 EPJA 48,187 (2012)

Image from 2023 NSAC LRP

12H. Gao FB23



Access TMDs through Hard Processes

Partonic scattering amplitude

Fragmentation amplitude

Distribution amplitude

proton

lepton lepton

pion
Drell-Yan

BNL
JPARCFNAL

proton

proton lepton

antilepton

EIC

SIDIS

electron

positron

pion

pion
e–e+ to pions 1 1(SIDIS) (DY)h h^ ^= -

BESIII

1 1(SIDIS) (DY)q q
T Tf f^ ^= -

13H. Gao FB23
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Quark GPDs
x dependence

(g)

(TCS), DDVCS

Quark GPDs,
Transversity GPDs Gluon GPDs

Gluon GPDsQuark GPDs

Exclusive reactions giving access to GPDs

M

DVCS

DVMP

4
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State-of-the-art from CLAS 12

First multidimensional, high precision measurements of semi-
inclusive π+ beam single spin asymmetries from the proton 
over a wide range of kinematics

S. Diehl et al. (CLAS Collaboration), Phys. Rev. Lett. 128, 062005

multi-dimensional binning with precision – 
reduces systematics, constrain models, forms of 
TMDs, disentangle correlations, isolate phase-
space region with large signal strength (CLAS12)

H. Gao FB23 15
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CLAS12 First-ever Measurements

16

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

§ Intense linearly pol. photon beamFirst measurement of hard exclusive p-D++ electro-production 
BSA off protons
S.. Diehl  et al. (CLAS Collaboration)
Phys. Rev. Lett. 131, 021901 (2023)

• Provides access to p-Δ transition 
GPDs 

• Provides access to the d-quark 
content of the nucleon

BSA clearly negative and ~ 2 times larger than for the hard 
exclusive π+ /p0 production → Polarized u quarks  (p+n, p0p) 
has positive asymmetry, d quarks (p-D++)  negative 
asymmetry 

Observation of Correlations between Spin and Transverse 
Momenta in Back-to-Back Dihadron production at CLAS12
H. Avakian  et al. (CLAS Collaboration)
Phys. Rev. Lett. 130, 022501 (2023)

Two hadrons in opposite 
hemispheres ( current 
and target-fragm. regions)

• Direct access to leading twist Fracture 
Functions which gives conditional probability 
to eject a longitudinally polarized quark with 
the additional hadron in the target fragment

ep → e’pπX 

ALU increases with x → correlation of final-state hadrons most significant in the 
valence quark region

d

H. Gao FB23.   16



Recent Results on Compton Form Factors from Hall A

H. Gao FB23 17

First Experimental Extraction of All Four Helicity-Conserving Compton Form Factors (CFF)

F. Georges et al., Phys. Rev. Lett. 128, 252002 (2022)

•DVCS is the prime reaction to determine CFFs which are convolution integrals of Generalized Parton Distributions (GPDs).
• Fit cross section data over large range of xB, Q2 and t. 
•Determined some poorly known CFFs.

https://doi.org/10.1103/PhysRevLett.128.252002
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• Quasi-real photo-production (Q2~0)

• The beam helicity asymmetry of TCS accesses 
the imaginary part of the CFF in the same way 
as in DVCS and probes the universality of GPDs 

• The forward-backward asymmetry is sensitive to 
the real part of the CFF → direct access to the 
Energy-Momentum Form Factor dq(t) (linked to 
the D-term) that relates to the mechanical 
properties of the nucleon (quark pressure 
distribution)

• This measurement proves the importance of TCS 
for GPD physics. 

• Limits: very small cross section → high 
luminosity is necessary for a more precise 
measurement

• Imminent doubling of statistics thanks to data 
reprocessing with improved reconstruction 

First-ever measurement of Timelike Compton Scattering (CLAS12)

P. Chatagnon et al. (CLAS), Phys. Rev. Lett. 127 (2021)

gp→γ*p→(e’)e+e-p

14

Talk by P. Chatagnon

Silvia Niccolai, Spin 2023.     E. Voutier@EINN2023 H. Gao FB23



19

Search for Hybrid Mesons at GlueX

19

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

Focus on p1 (1600) 

π1 Branching Fractions from Lattice QCD 
(PRD 103 054502, 2021)

Set upper limit on 
photoproduction x-section

Perform partial wave analyses 
on ηπ and ηʹπ to confirm 
COMPASS data

the p1 →b1p → wpp decay channel  is 
used to set an upper limit on 
photoproduction, setting the scale of 
possible contributions in hp and h’p

π1 Upper Limit - Projections to ηπ and ηʹπ

• p1 not a large fraction of hp • p1 could saturate h’p- 
distribution

1.0 1.5 2.0 2.5

]2) [GeV/c-πηM(

0

5

10

15

20

25

310×2
Ev

en
ts

/2
0 

M
eV

/c Data
(1320)2a
(1600)1π

1.0 1.5 2.0 2.5

]2) [GeV/c-π'ηM(

0

50

100

150

200

250

300

350

400

450

5002
Ev

en
ts

/2
0 

M
eV

/c Data
(1320)2a
(1600)1π

1.0 1.5 2.0 2.5

]2) [GeV/c0πηM(

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

2
Ev

en
ts

/2
0 

M
eV

/c Data
(1320)2a
(1600)1π

1.0 1.5 2.0 2.5

]2) [GeV/c0π'ηM(

0

100

200

300

400

500

6002
Ev

en
ts

/2
0 

M
eV

/c Data
(1320)2a
(1600)1π

F. Afzal et al. (GlueX), arXiv:2407.03316,  submitted to PRC 
H. Gao FB23



Recent Results on Nuclear Physics
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Nuclear Studies of Light Mirror Nuclei

• In heavy nuclei,  np pairs dominant Short-Range 
Correlations over pp pairs. 
• Inclusive electron scattering on 3H and 3He to determine 

the mass-3 SRC and find the np/pp SRC enhancement is 
much smaller ( red data point) compared to heavy nuclei.

From Nuclei to Neutron Stars

• Parity-violating electron scattering measurement of 
neutron skins in comparison to nuclear models, ab-initio 
calculations. 

• Models used in calculation of neutron star mass limits

D. Adhikari et al. (CREX Collaboration)
Phys. Rev. Lett. 129, 042501 – Published 20 July 2022 S. Li, et al., Nature 609, 41-45 (2022)

H. Gao FB23



New nuclear data challenge theory – Hall C

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

Prediction with Color Transparency

Data has flat dependence
No Color Transparency !

• None of the 
calculations, 
including the CD-
BONN theory,   
can explain data 
for pr > 0.6 

• Completed 
experiment  to 
explore if trend 
continues to  pr > 
1.1

Probing the Deuteron at Very Large Internal 
Momenta

Ruling out color transparency in quasi-elastic 
12C(e,e’ p) up to Q2 of 14.2 (GeV/c)2

Phys. Rev. Lett. 125, 262501 (2020)Phys. Rev. Lett. 126, 082301

CD-BONN theory 
(magenta) explains data 
for pr < 600 35˚ 

45˚ 

75˚ 

H. Gao FB23



MOLLER: World-leading Measurement of e-e PV

§ Intense linearly pol. photon beam

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  
MOLLER: improve QW(e) by a factor of 5

JLab Measurements

Only e-e measurement: 
SLAC E158

11 GeV 
65 µA 
90% pol

APV ~ 32 ppb d(APV) ~0.8 ppb

d(Qe
w) = ±2.1% (stat) ±  1.1% (syst.) 

• All systems passed Final Design Review in 
12/ 2022

• Nearly all of the needed funding has been 
appropriated

• Achieved CD-3A, Approve Long Lead Procurements, in March 
2023 

• CD-2/3, Start of Construction, approved in May 2024

• Early CD-4 finish in Q2FY27  
H. Gao FB23



Synergistic with the pillars of EIC science 
(proton spin and mass) through

high-luminosity valence quark tomography 
and precision J/𝜓 production near threshold

SoLID@JLab: QCD at the intensity frontier
SoLID will maximize the science return of the 12-GeV CEBAF upgrade 

by combining...
High Luminosity

1037-39 /cm2/s
[ >100x CLAS12 ][ >1000x EIC ]

Large Acceptance
Full azimuthal 𝜙 coverage

Research at SoLID will have the unique capability to explore the QCD 
landscape while complementing the research of other key facilities

• Pushing the phase space in the search of new physics and of hadronic physics

• 3D momentum imaging of a relativistic strongly interacting confined system 
(nucleon spin)

• Superior sensitivity to the differential electro- and photo-production cross section 
of J/𝜓 near threshold (proton mass)

SoLID in Hall A at JLab

H. Gao FB23 23



SoLID@JLab: QCD at the intensity frontier
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Feasible, Cost effective, Innovative Path from e+ to 22 GeV

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

• Starting with 12 GeV CEBAF

• NO new SRF (1.1 GeV per linac)

• New 650 MeV injector

• Remove the highest recirculation pass (Arc 9 and A) 
and replace them with two FFA arcs including time-
of-flight chicane

• Recirculate 4.5+6times to get to 22 GeV

Capitalize on recent science insights and US-led accelerator science 
and technology innovations to develop a staged program at the 
luminosity frontier

• Positrons (e+) in the LERF with transport to CEBAF
• Injection energy upgrade for 650 MeV Electron (e-) in LERF

• CEBAF @ 22 GeV
• Positron beam

H. Gao FB23



Why CEBAF @ 22 GeV?

Emergence of hadron structure 
Complex non-pQCD problem which demands different 
approaches and measurements to access multiple 
observables

• A rich physics program is under development, leveraging on existing or already-planned 
infrastructure and on the uniqueness of CEBAF HIGH LUMINOSITY

What a 22 GeV upgrade will bring:

some important thresholds would be crossed  ➜ charm, 
nuclear distances, in fundamental symmetries, etc..

 
An energy window which sits between JLab @ 12 GeV 
and EIC
➜ test and validation of our theory from lower to 
higher energy

H. Gao FB23



The Proposed Positron Program at JLab

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

§ Intense linearly pol. photon beam

https://doi.org/10.1140/epja/s10050-022-00699-6 H. Gao FB23

https://doi.org/10.1140/epja/s10050-022-00699-6


Summary

• JLab program is fully aligned with the U.S. NSAC Nuclear Science Long 
Range Plan priorities
• Exciting and insightful results from all areas of QCD physics coming out 

from the vibrant JLab 12-GeV program
• New opportunities on the horizon with MOLLER being built and SoLID 

(hope) to be built
• Longer-term future of JLab may involve positron and 20+ GeV beams, 

complementary to the EIC    
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and all who contributed to the successful JLab science program. This work is supported in part by the U.S. 
Department of Energy under contract number DE-FG02-03ER41231. 

H. Gao FB23 28


