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Quest for the fundamental structure of matter
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What’s in there?

What are we made up of?

What is the ”smallest”?

What is  “fundamental” that can’t 
be divided further?

NAS Consensus Report on the US Electron Ion Collider

National Academy of Science 
assessment of Electron Ion 
Collider



How do we know this?
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Studying Matter at Small Scales

!8

Light Microscope
Wave length: 380-740 nm
Resolution: > 200 nm

Electron Microscope
Wave length: 0.002 nm (100 keV)
Resolution: > 0.2 nm

Fixed Target Particle 
Accelerator Experiments
Wave length: 0.01 fm (20 GeV)
Resolution: ~ 0.1 fm

...

electrons

Electron Accelerator

Target
Detector

SLAC, EMC, NMC, E665, BCDMS, 
HERMES, JLab, COMPASS, …

Studying smaller and 
smaller things…
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What do we know now?
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Standard Model (SM) of physics: Fundamental 
building blocks

EIC at Tohoku Universuty 6
H

• H  BOSON
Einstein
gravity

2015: Gravitational waves 

18 Nobel 
Prizes 

since 1950
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FUNAMENTAL PARTICLES
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What distinguishes QCD from QED?
Quantum Chromodynamics çè Quantum Electrodynamics

Gluons (g) and photons (g): 
Carriers of strong (color) force and electromagnetic force, respectively 

Gluons carry COLOR charge: 
gluon can interact with other gluons (self-interactions) and quarks, 

anti-quarks…. Inside a proton

Photons carry neither electric nor color charge, hence 
can NOT interact with themselves (no self-interactions), but can 

interact with electrons, protons,… quarks
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What distinguishes QCD from QED?
Gluons (g) and photons (g): can only interact with other charged particles

Gluons carry color charge, Photons carry no charge 

Only in QCD

(photons) g
in QED
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Color Charge of gluons
Enables self-interactions 
 g à g + g
Or 
 g + g à g + g

(gluons) g 
in QCD

Neutral (photons) g
NO SELF 

INTERACTIONS

g à q + anti-quark

g à q + anti-quark
       electron + positron

Neutral photons
Can NOT self-interact! 
 g à g + g (NOT ALLOWED
Or 
 g + g à g + g (NOT ALLOWED



Quantum Chromodynamics (QCD)
Theory of strong interactions includes color confinement, asymptotic freedom
2004 Nobel Prize for explaining asymptotic freedom: q’s free @ small distances
Confinement (force increases as a function of distance) observed, but not 
understood….. Many facets to it and need much experimental input 

EIC at Tohoku Universuty

9

QCD Asymptotic Freedom1974

Nobel Prize in Physics 2004
David J. Gross, H. David Politzer, Frank Wilczek

"for the discovery of asymptotic freedom 
in the theory of the strong interaction".
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What is the quark structure of protons, neutrons and pions?

Fig: courses.lumenlearning.com

Mass                     938.27 MeV                 940.60 MeV                       139.57 MeV                139.57

Quark Masses.    u = 3 MeV, d=5 MeV Gluon mass: 0 MeV



What about the origin of spin?
Proton has a fundamental property of spin = ½ (unit of Planck’s constant)
It should emerge from the spins of the quarks – proton’s constituents
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Spin “Crisis” (1989 @ CERN & 1990’s SLAC/DESY) 
à Spin Puzzle (after RHIC@BNL)
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”Spin” always leads to surprises and intrigue

• If theorists had their way, they 
would ban all experiments 
with ”spin”

• J. D. Bjorken (SLAC)
• June 1934 - August 2024
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Visible Mass: 
Proton/Neutron  mass puzzle
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Masses of the quarks together  1.78 x 10-26 grams ç This mass comes from HIGGS mechanism
But the proton’s mass (which is made of 3 dominant quarks and massless gluons) is 168.00 x 10-26 grams

è Only ~1% of the mass of the protons (neutrons) and 
è hence that of the visible universe comes from Higgs mechanism
èWhere does the rest (99%) of the mass come from?

Nobel 2013: 
Peter Higgs &  
Francois Englert
“Higgs Boson” that gives 
mass to quarks, electrons,….

99% of the proton’s 
mass comes from 
energy of gluon 
interactions



Deep Inelastic Scattering 
(DIS) 
The best technique to understand the internal structure of protons, neutrons 
and the nuclei and exploring the intricacies of QCD
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Study of internal 
structure of a 
watermelon:

A-A (RHIC/LHC)
1) Violent 
collision of 
melons

Violent DIS e-A (EIC)
2) Cutting the watermelon with a knife
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Nucleon Spin: Crisis to Puzzle @ IITB

Deep Inelastic Scattering

l = h/Q2

h = constant
λ = wavelength 
Q2 = momentum

transferred

Deep Inelastic:   (λ << Proton Size) 

September 15, 2017 19
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ENERGYENERGY
U.S. DEPARTMENT OF

EIC Science 



A new facility is needed to investigate, with precision, the dynamics of gluons & sea 
quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins, 
distributed in space and momentum inside the 
nucleon?  How do the nucleon properties emerge 
from them and their interactions?

How do color-charged quarks and gluons, and colorless 
jets, interact with a nuclear medium? How do the confined 
hadronic states emerge from these quarks and gluons? 
How do the quark-gluon interactions create nuclear 
binding?

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?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• 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)
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gluon 
emission

gluon 
recombination

?

What happens to the gluon density in nuclei? 
Does it saturate at high energy, giving rise to a 
gluonic matter with universal properties in all 
nuclei, even the proton?

=
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EIC science:
compelling, fundamental

and timely

Physics of EIC
Emergence of Spin 
Emergence of Mass  
Physics of high-density gluon fields

Machine Design Parameters:
High luminosity: up to 1033-1034 cm-2sec-1 

Broad range in center-of-mass energy: ~20-140 GeV
Polarized beams e-, p, and light ion beams
Broad range in hadron species: protons…. Uranium
Up to two detectors well-integrated detector(s) into the machine lattice 

US National Academy of Sciences, 
Engineering and Medicine: 

Assessment & Consensus Report



Three-dimensional structure of 
the proton:

What if we have no intuition? 
Then things get difficult.
One can not extrapolate based on our prior 
knowledge… 

EIC at Tohoku Universuty
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With a roadmap in your 
mind little data needed 

Statue of Liberty 
New York



1D         

7

3D         

Courtesy: Alssandro Bacchetta
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Measurement of Transverse Momentum 
Distribution

Semi-Inclusive Deep Inelastic Scattering

k y
 (G

eV
)

-0.5 0 0.5

-0.5

0

0.5
u quark

 kx (GeV)

proton⊙S→
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Spatial Imaging of quarks & gluons
Generalized Parton Distributions

Deeply Virtual Compton Scattering
Measure all three final states
e + p à e’+ p’+ g 

Fourier transform of momentum 
transferred=(p-p’) à Spatial distribution

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.

42

Quarks
Motion  

Gluons:
Only @ 
Collider 

Historically, investigations of nucleon structure and dynamics 
involved breaking the nucleon…. (exploration of internal 
structure!)

To get to the orbital motion (position and 

momentum) of quarks and gluons we need non-
violent collisions
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2+1 D partonic image of the proton with the EIC
Spin-dependent 3D momentum space images from 
semi-inclusive scattering

Spin-dependent 2D coordinate space (transverse) +
1D (longitudinal momentum) images from exclusive 
scattering

Transverse Position Distributions

sea-quarks
unpolarized                polarized

Transverse Momentum Distributions
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Study of internal 
structure of a 
watermelon:

A-A (RHIC)
1) Violent 
collision of 
melons

Violent DIS e-A (EIC)
2) Cutting the watermelon with a knife

Non-Violent e-A (EIC)
3) MRI of a watermelon

EIC at Tohoku Universuty 30



Gluon and the consequences of its 
interesting properties:

Gluons carry color charge è Can interact with other gluons! 

“…The result is a self catalyzing enhancement that leads to a runaway growth.
A small color charge in isolation builds up a big color thundercloud….”

F. Wilczek, in “Origin of Mass”
Nobel Prize, 2004
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Gluon and the consequences of its 
interesting properties:

Gluons carry color charge è Can interact with other gluons! 
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reached



In search of a new state of matter!
What could tame the low-x rise?
Can EIC access this region?
QCD inherently has  the needed mechanism for this 
taming but we don’t know when it gets triggered. 

Observation of gluon recombination effects
èIs there such new state of matter?

à “Color Glass Condensate”
à50-100 times higher energy density than the core 

of the neutron star

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
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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)
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gluon 
emission

gluon 
recombination

= At QS
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Experimental evidence needed



EIC Project and 
Realization 



Brookhaven National Lab

Stony Brook University
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Transition from RHIC to Electron Ion 
Collider (EIC) in 2026

38

       Re-Use the 
existing tunnel

Minimal 
modification to 

the hadron beam 
complex (yellow)

New electron 
beam facility

Build on the 
~$2B+ 

investment 



Present EIC Concept (2025)
Ultimate EIC Performance Parameters:
• High Luminosity: L= 1033 – 1034cm-2sec-1

• Highly Polarized Beams: 70%
• Large Center of Mass Energy Range: Ecm = 28 – 140 GeV
• Large Ion Species Range: protons – Uranium
• Large Detector Forward Acceptance and Low-Background Conditions
• Possibility to Implement a Second Interaction Region (IR)

39

Protons: ~40 – 275 GeV
Electrons: 5 – 18 GeV

Accelerator Status at a glance:
ü Polarized ion/proton source
ü Ion injection and initial acceleration systems – Linac (200 MeV), 

Booster (1.5 GeV), AGS (25 GeV)
Hadron Storage Ring (40-275 GeV) – HSR 
Electron Pre-Injector (750 MeV linac) 
Beam Accumulation Ring (750 MeV) – BAR 
Electron Rapid Cycling Synchrotron (0.75 GeV – top energy) – 
RCS  
Electron Storage Ring (5 GeV – 18 GeV) – ESR 
Interaction Region(s) – IR
Hadron Cooling System



National and International Support
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Institutions

ASIA
27%

EUROPE
29%

NORTH AMERICA
38%

AFRICA 3%

SOUTH AMERICA 3%

OCEANIA 1%

Department of Energy Lab Partners

The EIC design and construction has many scientific and technical challenges, creating opportunities for a 
worldwide collaboration to become part of this exciting endeavor.

Current EIC US Partners (performing work and/or providing materials)
• Eight DOE Labs
• 22 universities

EIC Collaborators (developing experiments, contributing expertise)
• EIC User Group: 1,558 members -- and growing
• 907 institutions worldwide (41 countries)
• 80+ U.S. universities
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The ePIC Collaboration

ePIC non-
US 

Institutions
59%

ePIC formed in 2022

ePIC is now 176 institutions.

Representing 40+ countries

1000+ participants

A global pursuit for a new experiment at the EIC!

ePIC Spokesperson:
John Lajoie (ORNL)
ePIC Deputy Spokesperson & Interim Technical Director
Silvia Dalla Torre (INFN Trieste)
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Central Detector Non-DOE Interest & In-Kind 

Dual-radiator
RICH

Tracking
Detectors

Forward Electromagnetic
Calorimeter

Superconducting
Solenoid

Barrel
Electromagnetic 

Calorimeter

Backward
Electromagnetic 

Calorimeter Time-of-Flight

Data-Acquisition
Electronics

Backward Hadronic 
Calorimeter
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Far-Forward/Far-Backward Detectors Non-DOE Interest & In-kind

p/A beam

e beam

Roman Pots and 
Off-Momentum Detectors 

Zero Degree Calorimeter

Low-Q2 TaggersLuminosity System 

B0 Magnet Spectrometer

IR vacuum – crucial 
interface for detectors

EIC at Tohoku Universuty 43



EIC Partner Highlights
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• New York State committed $100M 
toward construction of buildings and 
infrastructure for the EIC.

• In-kind contributions developing 
with Canada, France, Italy, and 
Japan.

• Statements of Interest signed 
between DOE and French 
agencies. 

• EIC Accelerator Collaboration 
Kick-Off at IPAC’24, Satellite 
Meeting held at IPAC’25 in Taiwan, 
garnering growing interest.

• 5th EIC Resource Review Board 
Meeting held in Prague in June 
2025. 

• 7th RRB @ MEXT Japan, June 
9,10, 2026; Strong support from 
Canada, Czech Republic, France, 
Italy, Japan, South Korea, and 
Taiwan.

In-kind contribution goals represent 30% of the Detector and 5% of the Accelerator 

MEXT, Japan



Outlook

The only new collider in the US (and for another 20-30 years in the “world”) is 
being planned at BNL – high luminosity, energy, polarized beams, variable CM 
energy and all nuclei – make this a rather unique and versatile machine

The EIC project has significant momentum on all fronts right now. First collisions 
and early physics starts around 2034/5

Science of EIC: Gluons – that bind us all… 
• Understanding the origin of mass, spin and high-gluon-density state of matter!
• Possible complementary searches for BSM – 2nd detector? New technology?

Exciting times ahead…. Join us! (eicug.org & bnl.gov)
 Great opportunities for early career scientists in this audience
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“QCD/NP”
“HEP”

“CM Physics (AMO as well?)

Unified 
forces

Gravity

Emergent collective 
behavior of quarks 
and gluons:to form  
nuclei

Emergent collective behavior 
of electrons, atoms, to form 
the visible universe 

Emergent 
collective 
behavior of 
gravitons 



EIC: NEW Kinematic reach & properties

For e-N collisions at the EIC:
ü Polarized beams: e, p, d/3He
ü Variable center of mass energy
ü Wide Q2 range à evolution 
ü Wide x range à spanning valence to low-x physics

For e-A collisions at the EIC:
ü Wide range in nuclei

ü Luminosity per nucleon same as e-p
ü Variable center of mass energy 

ü Wide x range (evolution)
ü Wide x region (reach high gluon densities)
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Current polarized DIS ep data:
CERN DESY JLab-6 SLAC

Current polarized RHIC pp data:
PHENIX π0 STAR 1-jet W bosons

JLab-12
104

103

102

10

1
10-4 10-3 10-2 10-1 1

EIC √s =
 22 − 63 GeV, 0.01 ≤ y ≤

 0.95   

EIC √s =
 45 − 141 GeV, 0.01 ≤ y ≤

 0.95   

x


