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The Fundamental Structure of Visible Matter
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Hadron properties and structure 
Nuclei and QCD
Hadronization: forming QCD bound states
Spectrum of excited hadrons

Disclaimer: not a review talk, not a 
summary talk, refs: NSAC LRP 
report, QCD Town Meeting and the 
whitepaper; I apologize in advance if 
your favorite topic is not included.

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?

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


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
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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

Nucleon EM form factors covered by
Z.-E. Meziani, A. Puckett @EINN2023
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World-wide effort in Nuclear and Atomic Physics on Proton Charge Radius

Gao & Vanderhaeghen Rev. Mod. Phys. 94, 015002 (2022)
Meziani, Denig, Quintans EINN2023

https://link.aps.org/doi/10.1103/RevModPhys.94.015002
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FIRST EXTRACTION OF GLUONIC SCALAR/MASS RADIUS OF THE 
NUCLEON

23

Definition of gluonic mass and scalar radius

A picture of three zones?

Zein-Eddine Meziani, Spin 2023 Symposium; S. Joosten, D. Pefkou,  EINN2023

B. Duran et al., Nature 615, 813 (2023)
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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



Tomography of Ultra-relativistic Nuclei with Gamma + A Collisions
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EMCAL TPOT TPC@SBU TPC cosmic rays

Quantum interference enabled nuclear tomography:
• A novel approach to extract the strong-interaction nuclear radii, 

which were found to be larger than the nuclear charge radii

2204.01625, 
Science Advances 9 
(2023) 3903
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Parity-Violating Electron Scattering
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Powerful experimental 
technique impacting 
hadron physics, nuclear 
structure, neutron stars, 
Standard Model (SM) tests 
and beyond SM searches  

D. Adhikari et al. (PREX Collaboration)
Phys. Rev. Lett. 126, 172502 (2021)

A. Denig on P2@MESA, EINN2023
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HOW ARE QUARKS DISTRIBUTED IN THE NUCLEON?

19 20

A NEW ERA OF DISCOVERY | THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

theory, a low-energy description of QCD. 

Unlike the proton charge radius, no direct methods 
exist for probing the proton’s matter distribution, 
which is dominated by the electrically neutral gluons. 
Innovative indirect approaches to probe the gluons 
have been proposed, based upon their coupling to 
spatially compact heavy quark–antiquark bound 
states. Recent first measurements of production of 
a charm–anticharm  bound state at Jefferson Lab 
suggest that the matter radius appears to be smaller 
than the charge radius. More detailed measurements 
are planned, and eventually we will be able to access 
gluons by detecting the production of heavier bot-
tom–antibottom bound states at the EIC.

3.2.2. HOW ARE QUARKS DISTRIBUTED IN THE 
NUCLEON? 
The momentum of quarks and gluons (which are 
both partons) inside the proton can be studied us-
ing the DIS process, introduced above. Parton dis-
tribution functions (PDF) describe the likelihood of 
finding a parton in the nucleon as a function of that 
parton’s momentum fraction (x). At Jefferson Lab, 
DIS experiments primarily probe valence quarks; 
data in the valence regime can directly test funda-
mental theoretical predictions. The ratio of the dis-
tribution of down to up quarks in the proton d(x)/u(x) 
is of particular interest and has been measured by 
three experiments (MARATHON, BONuS12, and Hall 
C). The MARATHON experiment measured the triti-
um/helium-3 DIS cross section ratio, thus comparing 
the proton (uud) with the neutron (udd). From there, 
the ratio of the neutron-to-proton structure function, 
which is related to the distribution of all the quarks 
in the nucleon, is extracted. That ratio is sensitive 
to d/u and is shown in Figure 3.2(left) as a function 
of x. The new results from MARATHON show the ra-
tio leveling off between 0.4 and 0.5 as x increases 
to 1, consistent with the value predicted by QCD of 
3/7. The BONuS12 experiment, which uses a novel 
technique to measure DIS from an effectively free 
neutron target, will soon publish results for the same 
ratio. A model-independent extraction of the ratio in 
Figure 3.2 can also be obtained in parity-violating DIS 
(PVDIS) with the proposed SoLID experiment at Jef-
ferson Lab, where the strange-quark PDF in the va-
lence regime can also be accessed.

It is also very interesting to measure the momentum 
distributions of the sea quarks (quark–antiquark 
pairs that are found predominantly at low x). Mea-
surements of antiquark momenta are more difficult 
owing to the dominance of quarks over antiquarks 
in the nucleon. By measuring muon–antimuon pairs 
in hadron–hadron collisions at the Fermi National 

3.2.3. WHERE DOES THE PROTON SPIN COME 
FROM? 
In 1987 the European Muon Collaboration found that 
quark spins contribute surprisingly little to the proton 
spin. Understanding how the quark and gluon spins 
and their orbital angular momenta combine to make 
up the proton spin of 1/2 has become known as the 
proton spin puzzle. Significant progress has been 
made since the last Long Range Plan: the valence 
quark spin contribution was measured using polar-
ized electron beams scattering off polarized proton 
and nuclear targets at Jefferson Lab. Antiquark con-
tributions were sampled using weak boson produc-
tion, and the contribution of gluon spin was accessed 
in polarized proton–proton collisions by the Solenoi-
dal Tracker at RHIC (STAR) and the Pioneering High 
Energy Nuclear Interaction Experiment (PHENIX), in-
dicating for the first time that gluon spins prefer to 
align in the same direction as the proton spin. Further 
investigation of the proton spin puzzle will be a major 
part of the EIC program and is discussed in greater 
detail in section 3.4.1.1. 

3.2.4. THREE-DIMENSIONAL IMAGING OF THE 
PROTON
Nucleon femtography, the 3D imaging of the nucleon, 
is made possible by electron scattering measure-
ments and has the potential to describe the nucle-
on’s internal structure as completely as possible. Ul-
timately, the goal is to understand the position and 
momentum distributions of the constituent quarks 
and gluons in the nucleon. Such a complete picture 
will help elucidate the origin of the proton spin (Sec-
tion 3.2.3), where lattice QCD calculations predict a 
significant contribution from the orbital angular mo-
mentum of the quarks and gluons to the proton spin. 
These 3D images are captured in two ways, as shown 
in Figure 3.3. First, the transverse spatial distribu-
tions of quarks and gluons are known as generalized 
parton distribution functions (GPDs). Second, the 
transverse-momentum-dependent parton distribu-
tion functions (TMDs) encode information on how 
the momentum of quarks and gluons are correlated 
with the parent hadron properties. Both sets of func-
tions are measured in slices of the parton momen-
tum fraction x, as illustrated in Figure 3.3. Extracting 
such pictures from measurements necessitates sta-
tistically precise data, which can be obtained at a 
high energy and intensity electron scattering facility 
using large-acceptance detectors.

Accelerator Laboratory (Fermilab), the NuSea and 
SeaQuest experiments demonstrated that the anti-
quark distributions,  and , do not have the same mo-
mentum distribution (Figure 3.2[bottom]). Comple-
mentary information on  has been obtained at RHIC 
in proton–proton collisions. Explaining the observed 
asymmetry of antimatter in the nucleon presents a 
challenge to be addressed by future theoretical and 
experimental efforts.

A large-scale theoretical effort, often referred to as 
global fitting, combines all relevant experimental 
data (DIS and other) with the theoretical formalism 
to determine the PDFs from the measured cross sec-
tions. Advanced computing, simulation, and statisti-
cal techniques have been used to reliably quantify 
the uncertainty (shown as the bands in Figure 3.2) in 
these extracted PDFs. Since the last Long Range 
Plan, it has become possible to compute PDFs di-
rectly from QCD using lattice QCD techniques (Side-
bar 3.1).

Figure 3.2. Measurements of quark and antiquark 
PDFs.Top: The ratio of the neutron and proton structure 
functions plotted as a function of x from MARATHON, 
the 6 GeV BONuS experiment, and a global fit (green 
band) of previous SLAC data. Bottom: A plot of the ratio 
of antiquark distributions  extracted from the SeaQuest 
experiment, compared with data from the E866/NuSea 
experiment at Fermilab and from a global fit (orange 
band) [2]. 

Figure 3.3. Parton images for a spin-up proton 
(magenta arrow) in slices of parton fractional 
momentum, x, for the quarks and gluons in a colliding 
hadron.The images on the left give a spatial distribution 
in transverse location, while the images on the right 
picture the transverse momentum distribution [3]. 

Spatial imaging. Spatial imaging techniques and 
GPDs not only provide information on the position 
distributions of quarks and gluons within the nucleon 
but also can provide information related to proper-
ties of the nucleon such as mass, angular momen-
tum, pressure, and force distributions inside the nu-
cleon (Sidebar 3.2). Pioneering measurements have 
been made since the last Long Range Plan, and a 
dedicated program has been launched at Jefferson 
Lab, including in Hall B with the CEBAF Large-Accep-
tance Spectrometer (CLAS)12 and in Hall C with the 
existing spectrometer and the new Neutral Particle 
Spectrometer), to study three complementary scat-
tering processes in unprecedented detail and in coor-
dination with theory. The possible addition of a polar-
ized positron beam to CEBAF would enable precise 
separation of signal and background for one of the 
relevant processes to access GPDs. The future EIC 
will enable a complementary program to perform 
spatial imaging for quarks and gluons carrying small-
er momentum fractions of the nucleon.

Figure 3.4. The up (red) and down (blue) quark 
transversity spin-spin correlation in the proton. The 
wide uncertainty bands show the latest results based 
on a global fit to world data while the narrower, darker 
bands show the expected improvement by the SoLID 
detector [4]. 

3 | QUARKS AND GLUONS: UNDERSTANDING THE STRONG NUCLEAR FORCE

19 20

A NEW ERA OF DISCOVERY | THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

theory, a low-energy description of QCD. 
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data in the valence regime can directly test funda-
mental theoretical predictions. The ratio of the dis-
tribution of down to up quarks in the proton d(x)/u(x) 
is of particular interest and has been measured by 
three experiments (MARATHON, BONuS12, and Hall 
C). The MARATHON experiment measured the triti-
um/helium-3 DIS cross section ratio, thus comparing 
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surements of antiquark momenta are more difficult 
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3.2.3. WHERE DOES THE PROTON SPIN COME 
FROM? 
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quark spins contribute surprisingly little to the proton 
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up the proton spin of 1/2 has become known as the 
proton spin puzzle. Significant progress has been 
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ized electron beams scattering off polarized proton 
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Figure 3.3. Parton images for a spin-up proton 
(magenta arrow) in slices of parton fractional 
momentum, x, for the quarks and gluons in a colliding 
hadron.The images on the left give a spatial distribution 
in transverse location, while the images on the right 
picture the transverse momentum distribution [3]. 

Spatial imaging. Spatial imaging techniques and 
GPDs not only provide information on the position 
distributions of quarks and gluons within the nucleon 
but also can provide information related to proper-
ties of the nucleon such as mass, angular momen-
tum, pressure, and force distributions inside the nu-
cleon (Sidebar 3.2). Pioneering measurements have 
been made since the last Long Range Plan, and a 
dedicated program has been launched at Jefferson 
Lab, including in Hall B with the CEBAF Large-Accep-
tance Spectrometer (CLAS)12 and in Hall C with the 
existing spectrometer and the new Neutral Particle 
Spectrometer), to study three complementary scat-
tering processes in unprecedented detail and in coor-
dination with theory. The possible addition of a polar-
ized positron beam to CEBAF would enable precise 
separation of signal and background for one of the 
relevant processes to access GPDs. The future EIC 
will enable a complementary program to perform 
spatial imaging for quarks and gluons carrying small-
er momentum fractions of the nucleon.

Figure 3.4. The up (red) and down (blue) quark 
transversity spin-spin correlation in the proton. The 
wide uncertainty bands show the latest results based 
on a global fit to world data while the narrower, darker 
bands show the expected improvement by the SoLID 
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J. Dove et al., Nature 590, 561 (2021) D. Abrams et al., PRL 128,132003 (2022), BoNus12 results
Future SoLID model independent extraction of d(x)/u(x) 
from PVDIS (previous slide)Complementary information 

from RHIC from W- and Z-
bosons production in proton-
proton (pp) collisions, and 
polarized sea from W 
production from pol. pp
collisions
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The nucleon spin puzzle
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FIG. 2. Double-helicity asymmetry ALL vs pT for isolated
direct-photon production in polarized p+p collisions at

p
s =

510 GeV at midrapidity. Vertical error bars (boxes) represent
the statistical (systematic) uncertainties. The systematic un-
certainties for pT < 10 GeV/c are smaller than the marker
size. Not shown are a 3.9⇥10�4 shift uncertainty from relative
luminosity and a 6.6% scale uncertainty from polarization.
The DSSV14 and JAM22 calculations are shown with 1� un-
certainty bands obtained from MC replicas [11, 15, 16, 40, 41].
JAM22 calculations are based on PDF sets from the global
analysis of the JAM Collaboration [16], and the code to cal-
culate the asymmetries was provided by W. Vogelsang.
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et de Physique des Particules (France), J. Bolyai Re-
search Scholarship, EFOP, the New National Excellence
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First direct photon AN extracted at RHIC by 
PHENIX

Ø Mostly sensitive to initial state effects (no 
fragmentation) à quark-gluon and gluon-
gluon correlation functions

Ø Power to constrain gluon-gluon correlation 
function as well

PRL 127, 162001 (2021)

Spin Physics with sPHENIX

p+p: polarized observables
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• Use sPHENIX capabilities for TSSA of direct photons (left) and heavy flavor hadrons 
(right) - probe gluon dynamics in transversely polarized nucleons through tri-gluon 
correlation function

➡connected with the poorly constrained gluon Sivers TMD function 

➡check universality with HF AN at the EIC
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★ enabled by streaming readout

Note: not updated for August 
2023 luminosity projections!

Measurement of AN of heavy-flavor decay electrons by 
PHENIX Phys. Rev. D 107, 052012 (2023), probe tri-gluon
correlations
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(right) - probe gluon dynamics in transversely polarized nucleons through tri-gluon 
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➡connected with the poorly constrained gluon Sivers TMD function 

➡check universality with HF AN at the EIC
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★ enabled by streaming readout

Note: not updated for August 
2023 luminosity projections!

https://arxiv.org/abs/2102.13585


Nucleon Structure from 1D to 3D & orbital motion  

Generalized parton distribution (GPD)
Transverse momentum dependent parton distribution (TMD)
Image from J. Dudek et al., EPJA 48,187 (2012)

5-D Wigner distribution

X.D. Ji, PRL91, 062001 (2003);
Belitsky, Ji, Yuan, PRD69,074014 (2004)

Nucleon EM form factors
core 12-GeV program
at JLab, covered by Z.-E.
Meziani

Constantinou, Meziani, Diehl, Metz, Riedl, Surrow at EINN2023, and others



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^ ^= -

13Several talks at EINN2023



Pioneering Studies by HERMES and COMPASS
Multi-dimensional binning with precision – reduces systematics, constrain models, forms of TMDs, 
disentangle correlations, isolate phase-space region with large signal strength (HERMES, COMPASS)

C. Adolph et al. PLB 770, 138 (2017)A. Airapetian et al., arXiv:2007.07755



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

15



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)



• Chiral-odd, unique for the quarks
• No mixing with gluons, simpler evolution 

effect
• Tensor charge:

A fundamental QCD quantity dominated by 
valence quarks; Precisely calculated on the 
lattice
Global analysis including LQCD (PRL 120 
(2018) 15, 152502

SoLID@JLab:QCD at the Intensity Frontier  
Transversity and Tensor Charge  

Transversity distribution

(Collinear & 
TMD)

δd

δu

JAM22 (no LQCD)

JAM22

JAM20+
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Pitschmann et al (2015)

Alexandrou et al (2020)

Gupta et al (2018)

Radici, Bacchetta (2018)

Goldstein et al (2014)
SoLID projection

J. Cammarota et al, PRD 102, 054002 (2020) (JAM20+)
L. Gamberg et al., arXiv:2205.00999 (JAM22) 
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A. Metz, G. Koutsou, B. Surrow@EINN2023
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TMD Physics: STAR and forward upgrade

Precision measurements at both energies probe TMD evolution and 
provide important cross-checks and essential x-Q2 overlap with EIC

PRD106 (2022) 72010

improved PID, extended η coverage by iTPC

RHIC Run-24 will reduce uncertainties at 200 GeV by a factor of 
2, enabling the most sensitive universality test with EIC data

First observation of non-zero Sivers 
asymmetry in dijet production

B. Surrow@EINN2023



19Dr. I. Lavrukhin – ievgen@umich.edu SpinQuest@Fermilab 14

Anticipated Sensitivity

[DGLAP: arXiv:1612.06413] 
[TMD-1:   arXiv:1401.5078]
[TMD-2:  arXiv:1308.5003]

Measure Drell-Yan azimuthal asymmetry 
to extract sea quark Sivers:

Two-year runtime:
• Add solid NH3 target, upstream 

for lower Xt

• Proton on target: 1.4 x 1018
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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
Silvia Niccolai, Spin 2023 & EINN2023 

Voutier, Riedl@EINN2023

Constantinou, Diehl, Metz, 
Meziani, and others 
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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 
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Perspectives: polarized positrons beam for Jefferson Lab

• Publication of the EPJ A Topical Issue about "An experimental program with
positron beams at Jefferson lab“, Eur. Phys. J. A 58 (2022) 3, 45

• 5 positron-based proposals, two of which on DVCS (CLAS12, Hall C) recently
Conditionally Approved by JLab PAC51

PePPO: proof-of-principle for a 
polarized positron beam
PRL 116 (2016) 214801

Physics Motivations: 
• Two-photon physics 
• Generalized parton distributions 
• Neutral and charged current DIS 
• Charm production 
• Neutral electroweak coupling
• Light Dark Matter search 
• Charged Lepton Flavor Violation

R&D ongoing
Possible timeline: >2030

Impact of positron pDVCS projected data on the extraction of 
ReH via global fits: major reduction of relative uncertainties

Model predictions for 2 out of the 3 proposed pDVCS observables

22

Measured only
by HERMES 
(low statistics) Never measured

Talk by A. Schmidt
Talk by J. Grames

Silvia Niccolai, Spin 2023     E. Voutier@ EINN2023     
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 119

Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/y production for 15.8 GeV2 < Q2 + M2

V <

25.1 GeV2, assuming a collection of 10 fb�1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T , extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV2 < Q2 + M2

V < 91 GeV2, assuming 100 fb�1

(from Ref. [416]).

Breit frame [22, 418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for

0.03 < |t|  < 1.6 GeV2 0.2 < |t|  < 1.6 GeV2 0.03 < |t|  < 0.65 GeV2

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�
⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon

is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p
0)/2 before and after the scattering, as

shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = xB/(2� xB) in terms of the usual
Bjorken variable xB = Q

2
/(2p · q). For

the production of a meson with mass
MV one finds instead ⇠ = xV /(2� xV )
with xV = (Q2 +M

2
V )/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �T = p0

T � pT to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T + 4⇠2M2)/(1 �

⇠
2), where M is the proton mass.

• The resolution scale is given by Q
2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ +Q
2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p

0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges eq and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

eq

Z
dxH

q(x, ⇠, t) = F
p
1 (t) ,

X

q

eq

Z
dxE

q(x, ⇠, t) = F
p
2 (t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.

x + ⇠ x� ⇠

p p0

x + ⇠ x� ⇠

p p0

�⇤ �⇤� V

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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Fourier transform of momentum transferred 
= |t| = p-p’ à Spatial distribution

Exclusive Processes and Generalized Parton Distributions
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J/ +Q
2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p

0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges eq and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:
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Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
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Tomography of the nucleon @ EIC

Page 24 of 100 Eur. Phys. J. A (2016) 52: 268
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Fig. 20. Comparison of the precision (2σ uncertainty) of extractions of the Sivers function for the valence (left) uv = u− ū and
sea (right) ū quarks from currently available data [79] (grey band) and from pseudo-data generated for the EIC with energy
setting of

√
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Fig. 21. The transverse-momentum profile of the up quark
Sivers function at five x values accessible to the EIC, and cor-
responding statistical uncertainties.

Figure 21 showed the kinematic reach of the EIC which
would enable a measurement of the transverse-momentum
profile of the quark Sivers function over a wide range in
x, e.g. from the valence to the sea quark region. Note that
fig. 21 showed the total up quark Sivers function, while
fig. 20 shows the valence and the sea quarks separately.

Here, we emphasize the importance of the high Q2

reach of the EIC for SIDIS measurements. Most of the
existing experiments focus on the Q2 range of a few GeV2.
The EIC will, for the first time, reach Q2 values up to
hundreds and more GeV2. This will provide an unique op-
portunity to investigate the scale evolution of the Sivers
asymmetries, which has attracted strong theoretical in-
terests in the last few years [87–92]. As a leading power
contribution in the spin asymmetries, the associated en-
ergy evolution unveils the underlying strong interaction
dynamics in the hard scattering processes. The embedded
universality and factorization property of the TMDs can
only be fully investigated at the EIC with the planned
kinematic coverage in Q2. In particular, the theory cal-
culations including evolution effects agree with the cur-

rent constraints on the quark Sivers function presented in
fig. 21, while they do differ at higher values of Q2 [87–92].
Moreover, a recent study has shown that at the kinemat-
ics of HERMES and COMPASS, the leading-order SIDIS
suffers significant power corrections, which however will
diminish at higher Q2 [92]. This makes the EIC the only
machine to be able to establish the leading partonic pic-
ture of the TMDs in SIDIS.

The kinematic reach of the EIC also allows the mea-
surement of physical observables over a wide transverse-
momentum range. This is particularly important to un-
derstand the underlying mechanism that results in single-
spin asymmetries. Recent theoretical developments have
revealed that both the transverse-momentum–dependent
Sivers mechanism and the quark-gluon-quark correlation
collinear mechanism describe the same physics in the kine-
matic regions where both approaches apply [93, 94]. The
only way to distinguish between the two and understand
the underlying physics is to measure them over wide pT

ranges. The high luminosities at the EIC machine could
provide a golden opportunity to explore and understand
the mechanism of the transverse-spin asymmetries. In ad-
dition, with precision data in a large range of transverse
momentum, we shall be able to study the strong inter-
action dynamics in the description of large-transverse-
momentum observables and investigate the transition be-
tween the non-perturbative low-transverse-momentum re-
gion and the perturbative high-transverse-momentum re-
gion.

Access to the gluon TMDs

Beyond the gluon helicity measurements described in
sect. 2.2, the gluonic orbital angular momentum contribu-
tion would be studied in hard exclusive meson produc-
tion processes at the EIC. The transverse-momentum–
dependent gluon distribution can provide complementary
information on the spin-orbital correlation for the glu-
ons in the nucleon. Just as there are eight TMDs for
quarks, there exist eight TMDs for gluons [95]. Exper-
imentally, the gluon TMDs —in particular, the gluon



Pressure and Shear Stress on Quarks in the Proton 

V.B., L. Elouadrhiri, F.X. Girod, Nature 557 (2018) 7705, 396

cQSM
Data fit

confining 
pressure 

repulsive 
pressure

M. Polyakov, PL B555 (2003) 57

p(0.6) = 0

Shear	stress	r2sQ(r)	

systematic	error	band	

cQSM
this	result

DVCS is a suitable probe of 
 gravitational properties of particles! 

The	2g field couples to the EMT as gravity does, 
with many orders of magnitude greater strength.



GFF studies at the Electron Ion Collider 

x B
		Im

H

DVCS Kinematics @  𝒔 = 30 GeV 

Prog. Part. Nucl. Phys. 131 (2023) 104032, e-Print: 2211.15746

CFF H(x,t) extraction at EIC kinematics with integrated lumi-
nosity of 200 fb-1 w/ polarized electrons and polarized protons.

Credit:	F.X.	Girod

x B
	R
eH

Volker Burkert, Erice School for Nuclear Physics 2023

https://arxiv.org/abs/2211.15746
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38

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

C. Alexandrou et al., 
(ETMC), PRL 119, 
142002 (2017)
Y.-B. Yang et al., 
(χQCD), PRL 121, 
212001 (2018)

How does the mass of the nucleon emerge from the quarks and gluons inside?

Zein-Eddine Meziani Spin 2023, EINN2023, S. Joosten



From Cross section to the Trace Anomaly 

• VMD relates photoproduction cross section to quarknium-nucleon 
scattering amplitude

• Imaginary part is related to the total cross section through optical 
theorem

• Real part contains the conformal (trace) anomaly; Dominates the 
near threshold region and constrained through dispersion relation

• D. Kharzeev (1995); Kharzeev, Satz, Syamtomov, and Zinovjev EPJC,9, 
459, (1999); Gryniuk and Vanderhaeghen, PRD94, 074001 (2016)

A measurement near threshold could allow access to the trace anomaly

D. Kharzeev. Quarkonium interactions in QCD, 1995
D. Kharzeev, H. Satz, A. Syamtomov, and G. Zinovjev, Eur.Phys.J., C9:459–462, 1999

Heavy quark – dominated 
by two gluons

* /N N Jg y+ ® +

Y. Hatta et al., PRD 98 no. 7, 074003 (2018)
Y. Hatta et al., 1906.00894 (2019)

R. Wang, J. Evslin and X. Chen, Eur. Phys. J. C  80, no.6, 507 (2020)
K. Mamo & I. Zahed Phys. Rev. D 101, 086003 (2020)

GlueX new data highlight reaction mechanism



J/𝜳 Experiment E12-12-006 @ SoLID

Sensitivity at threshold at about 10-3 nb!
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GlueX, PRC108, 025201 (2023)
B. Duran et al., Nature 615, 813 (2023)

Meziani, Joosten
EINN2023



Y(1S) Production at EIC 
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hadronic calorimeters

e/m calorimeters          
ToF, DIRC,  

RICH detectorsMPG & MAPS trackers

solenoid coils

Gryniuk, Joosten, Meziani, and Vanderhaeghen, PRD 
102, 014016 (2020)

Y(1S) production at EIC has lower
theoretical uncertainties, and provides extra
channel to study universality while J/ψ at SoLID
has better statistical precision
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Pion/Kaon Structure at Jefferson Lab 12 GeV+ and EIC

3

Pion/Kaon elastic EM 
Form Factor

o Informs how 
emergent mass 
manifests in the 
wave function

Tanja Horn at QCD Town Hall Meeting September 2022

Visible world: mainly made of light quarks – its mass 
emerges from quark-gluon interactions.

Understanding pion/kaon is vital to our understanding of 
hadron structure and dynamic generation of hadron mass

“Mass without mass!”

GeV

MeV

Quark structure: uud
Mass ~ 940 MeV (~1 GeV)
Most of mass generated by dynamics.
Gluon rise discovered by HERA e-p

Proton

Quark structure: ud
Mass ~ 140 MeV
Exists only if mass is dynamically 
generated.
Empty or full of gluons?

Pion

Quark structure: us
Mass ~ 490 MeV
Boundary between emergent-

and Higgs-mass mechanisms.
More or less gluons than in pion?

Kaon

A.C. Aguilar et al., Pion and Kaon structure at the EIC, EPJA 55 (2019) 190.
J. Arrington et al., Revealing the structure of light pseudoscalar mesons at the EIC, J. Phys. G 48 (2021) 7 075106.
C.D. Roberts, D. Richards, T. Horn, L. Chang, Insights into Emergence of Mass, Prog. Part. NP 120 (2021) 103883

Understanding Light Mesons is Vital for Hadron Structure
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AMBER science questions 

There are two bearing columns of the facility:

1. Phenomenon of the Emergence of the Hadron Mass 
2. Proton spin (largely addressed by COMPASS and 

others, Phase-2)

EHM:
How does the all visible matter in the universe come about
and what defines  its mass scale?

Unfortunately, the Higgs-boson discovery (even if extremely 

important) does NOT help to answer the question:

! The Higgs-boson mechanism produces only a 

small fraction of all visible mass

! The Higgs-generated mass scales explain neither 

the “huge”  proton mass nor the ‘nearly-

masslessness’ of the pion

Higgs generated masses of the valence quarks:  
M(u+d) ~ 7 MeV             M(u+s) ~ 100 MeV        M(u+u+d) ~ 10 MeV  

As Higgs mechanism produces a few percent of visible mass, 
Where from the rest comes?

Strong QCD 2021 C. Quintans at EINN2023



Nuclei and QCD – How does the quark–gluon structure of the nucleon 
change when bound in a nucleus?   EMC effect
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3He

3He

208Pb

SRC Scaling factors XB ≥ 1.5

EM
C 

Sl
op
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≤ 
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7

B. Schmookler, Nature (2019)

Hen et al, RMP 89, 045002 (2017)
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SRC data from Fomin et al
EMC data from Gomez et al and Seely et al

Weinstein et al, PRL106, 052301 (2011)
Hen et al, PRC85, 047301 (2012)

Probe Flavor EMC effect using SIDIS

K. Tu@EINN2023



Polarized EMC effect: 7𝐿𝑖(𝑒, 𝑒!) DIS
Is the valence nucleon modified?
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Experiment: 9Be

EMC e↵ect

polarized EMC e↵ect: �R = g1A

Pp g1p+Pn g1n

7Li

Q2 = 5 GeV2

FIG. 2. Left: The polarized EMC ratio band for 7Li as a function of x in the Modified Sea Scheme (MSS) approach (dotted
curves) from Ref. [8]. The dot-dashed curve corresponds to the calculation in Ref. [11] with the sea contribution included. The
red line at Rpol = 1 was added as a reference, for clarity. An earlier version of the MSS curve was included in Fig. 5 of the
original proposal, prior to its publication in the literature. Right: The prediction from Ref. [12] and Ref. [13].

With the specific choice of Lithium-7 we are taking advantage of the well-established knowledge that the overall spin
polarization of the 7Li nucleus concentrates the majority of its polarization on the unpaired 1p3/2 proton. Detailed
modern calculations [14] give the precise value of 86.6% for the degree of polarization of this proton with respect
to the overall nuclear polarization. This value is quite consistent with the simpler expectations from shell model
calculations. This average proton polarization in 7Li is nearly entirely due to low-momentum (mean-field) protons; in
fact, protons with momenta above 300 MeV/c, which are typical of SRC, carry a polarization of less than 5% [14] due
to the 3S1 !3D1 tensor coupling that dominates SRCs. Hence, as pointed out in recent publications [4, 6], models
that ascribe medium modifications of nucleon structure inside nuclei entirely to SRC would predict no medium
modification of the polarized structure function of 7Li compared to a free proton, in stark contrast to predictions
based on mean-field models [5].

For this reason, measurement of the spin structure function of 7Li is a uniquely sensitive tool to distinguish
between the two leading explanations of the EMC e↵ect: SRC vs. mean field. It is also not excluded to find
dramatically larger e↵ects, as were predicted in an approach that is constrained to satisfy the Bjorken Sum Rule[15].
The high polarizability of 7Li, together with novel techniques for the reduction of systematic uncertainties such as
a two-cell geometry, allow us to sensitively measure the polarized EMC ratio defined in equation 23 of the original
proposal. A much more detailed explanation of the physics goals can be found in the original proposal linked here:
https://www.jlab.org/exp prog/proposals/14/PR12-14-001.pdf.

III. STATUS OF EXPERIMENT PREPARATION

A. CLAS12

CLAS12 has now been in operation for over 2 years for routine data taking and has collected data for four run
groups (RG-A, RG-B, RG-K and RG-F). The achievable luminosity and resolution have been demonstrated to be
close to the design values and are fully su�cient for the requirements of RG-G.

Run Group G will use CLAS12 in the same configuration as RG-C, with all components of the Forward Detector
(FD) and the Central Detector (CD) active. All components of the Forward Tagger (FT) will be removed and the
standard Moller shield replaced by the custom “ELMO” shield designed for RG-C, to minimize detector occupancies
with rastered beam (see Sections III C and III D). The forward microMEGAS tracker (FMT) will be used to optimize
the vertex resolution for forward-scattered particles, for a clean separation between the two target cells. An initial
version of the FMT has been used during RG-A but was found to generate high radiative background due to several
thick metal components used for its construction. A new version of the FMT has been built by the group at Saclay
with much reduced material budget and three (out of a total of 6) layers have been tested successfully during RG-F
(Spring 2020). The group at UTFSM is presently analyzing those data to confirm the predicted vertex resolution
(from realistic simulations) of 3 mm.

QMC 
prediction

• Most EMC experiments 
average over all nucleons

• Measure modification of 
polarized structure function g1p 
on a single valence nucleon!

Expected data for 
g1p(bound)/g1p(free)
with various 
predictions

NNM = Shell model (p 87% pol.)
SNM = Standard Nuclear Model 
(convolution w/out change in 
medium; equiv. to SRC model)   
QMC = Mean Field (Quark-
Meson Coupling)   
MSS (rescaling/modified sea 
scheme)   
S/AS = Shadowing / 
Antishadowing 
(Guzey/Strikman)   
CQS = Chiral Quark Soliton 
(Smith/Miller)

(CLAS12 Run Group G)
Larry Weinstein at QCD Townhall Meeting September 2022



The ALERT Run Group  
A comprehensive program to study nuclear effects with CLAS12

2

detection. ALERT will be installed inside the solenoid magnet instead of the CLAS12 Sil-
icon Vertex Tracker. We will use an 11 GeV longitudinally polarized electron beam (80%
polarization) of 150 nA on a gas target straw filled with deuterium or 4He at 3 atm to obtain
a luminosity of 3.1034 cm�2s�1. In addition we will need to run hydrogen and 4He targets at
di↵erent beam energies for detector calibration. The following table summarizes our beam
time request:

Measurements Particles detected Targets Beam time request Luminosity
⇤

ALERT Commissioning p, d,
4
He H and He 5 days Various

Tagged EMC p,
3
H,

3
He

2
H and He 20 + 20 days 3.1034 cm

�2
s
�1

Tagged DVCS p,
3
H,

3
He

2
H and He 20 + 20 days 3.1034 cm

�2
s
�1

Nuclear GPDs
4
He He extra 10 days on He 6.1034 cm

�2
s
�1

Additional Topics p, d,
3
H,

3
He

2
H and He 20 + 20 + (10) days 3(6).1034 cm

�2
s
�1

TOTAL 55 days

⇤
This luminosity value is based on the e↵ective part of the target. When accounting for the target’s

windows, which are outside of the ALERT detector, it is increased by 60%

Tagged EMC – address key questions about the EMC effect
Tagged GPDs – directly compare quark and gluon radii
Tagged DVCS – connect partonic and nucleonic modifications
 Natural extension of ALERT Physics into small-x in the EIC era

34



Nuclei and QCD at the EIC

35

Uncertainty bands
gluon density (Au)

Relative particle
production eA vs
ep, pions (left), shown
largest suppression
@EIC 

Heavy flavor 
Mesons (right):
differentiate 
hadronization 
models



Low x physics with nuclei

0 0.5 1 1.5 2 2.5

perturbative regime
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perturbative regime
HERA (ep)

EIC √smax = 90 GeV (eAu)

x ≤ 0.01

Λ2
QCD
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EIC √smax = 40 GeV (eAu)

Figure 6: Accessible values of the saturation scale Q2
s at an EIC in e+A collisions assuming two di↵erent maximal

center-of-mass energies. The reach in Q2
s for e+p collisions at HERA is shown for comparison.

pared to
p
smax = 40GeV. The di↵erence in Q2

s

may appear relatively mild but we will demon-
strate in the following that this di↵erence is su�-
cient to generate a dramatic change in DIS observ-
ables with increased center-of-mass energy. This
is analogous to the message from Fig. 5 where we
clearly observe the dramatic e↵ect of jet quench-
ing once

p
sNN is increased from 39 GeV to 62.4

GeV and beyond.

To compute observables in DIS events at high
energy, it is advantageous to study the scattering
process in the rest frame of the target proton or
nucleus. In this frame, the scattering process has
two stages. The virtual photon first splits into
a quark-antiquark pair (the color dipole), which
subsequently interacts with the target. This is il-
lustrated in Fig. 7. Another simplification in the
high energy limit is that the dipole does not change
its size r? (transverse distance between the quark
and antiquark) over the course of the interaction
with the target.

Multiple interactions of the dipole with the tar-
get become important when the dipole size is of the
order |~r?| ⇠ 1/Qs. In this regime, the imaginary
part of the dipole forward scattering amplitude
N(~r?,~b?, x), where ~b? is the impact parameter,
takes on a characteristic exponentiated form [16]:

N = 1� exp

 
�
r2?Q

2
s(x,~b?)

4
ln

1

r?⇤

!
, (1)

where ⇤ is a soft QCD scale.

At high energies, this dipole scattering ampli-
tude enters all relevant observables such as the to-
tal and di↵ractive cross-sections. It is thus highly
relevant how much it can vary given a certain col-
lision energy. If a higher collision energy can pro-
vide access to a significantly wider range of values
for the dipole amplitude, in particular at small x,
it would allow for a more robust test of the satu-
ration picture.

Figure 7: The forward scattering amplitude for DIS
on a nuclear target. The virtual photon splits into a
qq̄ pair of fixed size r?, which then interacts with the
target at impact parameter b?.

To study the e↵ect of a varying reach in
Q2, one may, to good approximation, replace r?
in (1) by the typical transverse resolution scale
2/Q to obtain the simpler expression N ⇠ 1 �
exp

�
�Q2

s/Q
2
 
. The appearance of both Q2

s and
Q2 in the exponential is crucial. Its e↵ect is
demonstrated in Fig. 8, where the dipole ampli-
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Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity

�!"##""$

�!"%"$

&'!()*

!+,-.+,/01
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21
"&
'

101345.,-.6+,/75".58/01

9

pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate

Accessible range of saturation scale Qs 2 
at the EIC with e+A collisions.

arXiv:1708.01527

Reaching the Saturation Region

8

HERA (ep):
Despite high energy range:
• F2, Gp(x, Q2) outside the 

saturation regime 
• Need also Q2 lever arm! 
• Only way in ep is to 

increase &s
• Would require an ep 

collider at &s ~ 1-2 TeV 

Different approach (eA):

! 

(Qs
A )2 " cQ0

2 A
x
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$ 
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L ~ (2mN x)-1 > 2 RA ~ A1/3

Probe interacts coherently 
with all nucleons

(QA
s )2 ⇡ cQ2

0


A

x

�1/3Boost

300 GeV

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
a

x.
 d

e
n

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, 

k T
2
)

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

QS: Matter of Definition and Frame (II)
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Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

gluon 
emission

gluon 
recombination

= At QS

A. Accardi et al., EPJA 52, 268 (2016)

A saturation model prediction 
for EIC measurement of 
hadron–hadron correlation 
function C versus their 
azimuthal angular separation 
Δϕ for electron–proton and 
electron–gold collisions



Formation of QCD bound states:
Different mechanisms of hadronization

High-energy limit of “string-breaking” or 
“cluster” pictures

Coalescence/recombination of partons 
nearby in phase space

Threshold production
Production via decay from other 

hadrons
…?

C. Aidala, Seminar, UIUC, Mar 20, 2023

CLAS, PRL 113, 152004 
(2014)

C. Riedl, R. Seidl @EINN2023



Identified hadron-in-jet fragmentation functions

Hadron-in-jet theory developments + measurements offer 
new opportunities

C. Aidala, Seminar, UIUC, Mar 20, 2023 38

R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 108, L031103

R. Seidl@EINN2023



Bound states of hadronic bound states:
Creating (anti)nuclei!

C. Aidala, Seminar, UIUC, Mar 20, 2023 39

STAR
Nature 473, 353 (2011)

Are any of the recently discovered tetraquarks and 
pentaquarks hadronic molecules?

What can we learn about hadron structure and/or 
hadronization from these exotic hadrons?
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Hadrons: conventional & exotic

CZY & S. L. Olsen, Nature Reviews Physics 1, 480 (2019)

SU(4) multiplets of mesons & baryons
10

C.Z. Yuan Erice School for Nuclear Physics 2023 A. D’Angelo@EINN2023
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Justin Stevens,LRP Town Hall 2022

Heavy quarks	                      Light quarks   .     

Spectroscopy: a global endeavor
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Baryon Spectroscopy

) Good understanding of the spectrum and properties of baryon resonances

Experimentally:
Broad and strongly overlapping
resonances

Important:
! Investigation of different final states
! Investigation of different production

processes: ⇡N , �N , �⇤
N ,

 , 0-decays, ... (�⇤N! talk V.Burkert)

! Measurement of polarization observables
(unambiguous PWA)

�p ! X

�p ! p⇡0

�p ! p⌘

�p ! p⇡0⇡0

�p ! K+⇤

�p ! p⇡0⌘

�p ! pK+⌃

Photoproduction:

Recently: a lot of progress from photoproduction experiments:
CLAS (JLab), CBELSA/TAPS (ELSA), CBALL (MAMI), LEPS (Spring-8), BGOOD (ELSA),

GRAAL (ESRF), ...

, polarized beam,
polarized target

U. Thoma, Bonn: - Light baryon spectroscopy (@ELSA) page 7
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U. Thoma, Bonn: - Light baryon spectroscopy (@ELSA) page 7

Results from photoproduction
do now enter the PDG and
determine the properties of
baryon resonances! Observation 
of new baryon resonances 
(U. Thoma @Erice School 2023)A. D'Angelo, B. Briscoe, C. Quintans@EINN2023 

AMBER
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• Lots of states with heavy quarks (c, b) and exotic properties were observed 
since the discovery of the X(3872) in 2003!

• They are candidates of hadronic molecules, hybrids, and multiquark states.

New spectrum emerges although more effort is needed to 
understand the nature of them.

11

ZQ: I=1    & a 𝑄𝑄 �𝑄𝑄 pair
PQ: I=1/2 & a 𝑄𝑄 �𝑄𝑄 pair
Y: JPC=1– –

TQQ’: tetraquark state
X: other states

This workshop: Alexey Nefediev, Gernot Eichmann, Joshua Hoffer, Sinead Ryan, 
Alessandro Pilloni, Adam Szczepaniak, Wyatt Smith, Sasa Prelovsek,  …text

C.Z. Yuan Erice School for Nuclear Physics 2023
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                        upgrade: 
Ee = 12 → 22 GeV

Electron Ion Collider (EIC)

ℒep = 1035 − 1037 cm−2s−1

sγp = 1.5 − 6.5 GeV sγp = 5 − 141 GeV
ℒep = 1034 cm−2s−1

Complementary access to charmonium 
photoproduction with higher energy facilities 

Future

Thia Keppel  
Plenary Sat @ 4:35

Photoproduction of  statesXYZ



The Electron-Ion Collider
Polarized electrons colliding with polarized protons, 
polarized light ions, and heavy ions will allow us to study 
sea-quarks and gluons to understand:
• mass and spin of the proton.
• spatial and momentum distribution of low-x partons
• Possible gluon saturation
• modifications of parton distribution functions when a 

nucleon is embedded in a nucleus
• hadron formation
The EIC is a partnership between BNL and Jefferson Lab.  
Project is aiming for CD2/3 in 2025
ePIC detector design is advanced.  Significant international 
support and participation (160+ institutions, 24 countries).

Major discovery potential!



Thank you for your time and attention!
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