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Electron Ion Collider: 
The next QCD frontier 

Understanding the Glue that Binds Us All

Nuclei

Abhay Deshpande

This talk is based on the work of a large number of scientists, 
excited about the EIC science and involved in the EIC project, 

now organized as the EIC Users Group

arXiv 1212.1701.v3 
Eur. Phy. J. A52, 9 (2016)
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Why an Electron Ion Collider

• Interactions and structure are mixed up in nuclear matter: Nuclear matter is 
made of quarks that are bound by gluons that also bind themselves.  Unlike with 
the more familiar atomic and molecular matter, the interactions and structures 
are inextricably mixed up, and the observed properties of nucleons and nuclei, 
such as mass & spin, emerge out of this complex system.   

• Gaining understanding of this dynamic matter à transformational: 
Gaining detailed knowledge of this astonishing dynamical system at the heart of 
our world could be transformational, perhaps in an even more dramatic way 
than how the understanding of the atomic and molecular structure of matter led 
to new frontiers, new sciences and new technologies. 

• The Electron Ion Collider is the right tool: A new US-based facility, high-
energy, high-luminosity Electron Ion collider (EIC), capable of a versatile range 
of beam energies, polarizations, and species, is required to precisely image the 
quarks and gluons and their interactions, to explore the new QCD frontier of 
strong color fields in nuclei – to understand how matter at its most 
fundamental level is made.  
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QCD Landscape explored by EIC
QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described
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QCD Landscape explored by EIC
QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described

Strong QCD dynamics creates 
many-body correlations between  
quarks and gluons 
à hadron structure emerges

EIC systematically explores  
correlations in this region.

An exciting opportunity: 
Observation by EIC of a new 
regime in QCD of weakly 
coupled high density matter
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• Quark (Color) confinement: 
• Consequence of nonlinear gluon self-interactions 
• Unique property of the strong interaction 

• Strong Quark-Gluon Interactions: 
• Confined motion of quarks and gluons – Transverse Momentum 

Dependent Parton Distributions (TMDs) 
• Confined spatial correlations of quark and gluon distributions – 

Generalized Parton Distributions (GPDs) 

• Ultra-dense color (gluon) fields: 
• Is there a universal many-body structure due to ultra-dense color fields 

at the core of all hadrons and nuclei?

Non-linear Structure of QCD: Fundamental Consequences
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Without gluons, there would be no nucleons, 

no atomic nuclei… no visible world! 

• Massless gluons & almost massless quarks, through their interactions, generate 
most of the mass of the nucleons 

• Gluons carry ~50% of the proton’s momentum, a significant fraction of the 
nucleon’s spin, and are essential for the dynamics of confined partons

• Properties of hadrons are emergent phenomena resulting not only from the 
equation of motion but are also inextricably tied to the properties of the QCD 
vacuum. Striking examples besides confinement are spontaneous symmetry 
breaking and anomalies

• The nucleon-nucleon forces emerge from quark-gluon interactions: how this 
happens remains a mystery

Experimental insight and guidance crucial for complete understanding of how 
hadrons & nuclei emerge from quarks and gluons

Emergent Dynamics in QCD
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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?
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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?

gluon  
emission

gluon 
recombination

?

How does a dense nuclear environment affect 
the quarks and gluons, their correlations, and 
their interactions? 
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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All DIS facilities in the world. 

However, 
if we ask for: 
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Polarized proton as a laboratory for QCD

• 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?

The world’s first polarized electron-proton collider
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What  does a proton look like with increasing energy?

One of several possible scenarios: a pion cloud model 

A parton core in the proton gets increasingly surrounded  
by a meson cloud with decreasing x 
à large impact on gluon and sea-quark observables

 What do we expect to see: 
❑      pairs (sea quarks) generated at small(ish)-x are predicted to be unpolarized 
❑ gluons generated from sea quarks are unpolarized  
à needed:  

➢ high precision measurement of flavor separated polarized quark and gluon  
            distributions as functions of x 

➢ high precision spatial imaging: Gluon radius ~ sea-quark radius ? 

What happens in the gluon dominated small-x regime? 
➢ possible scenario: lumpy glue

 qq

EIC will explore the dynamical 
spatial structure of hadrons
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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
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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

u-Quark
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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

Transverse Momentum Distributions

Gluonsu-Quark
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Understanding Nucleon Spin

EIC projected measurements:  
precise determination of polarized PDFs of quark 
sea and gluons ➔ precision ΔG and ΔΣ 
à A clear idea of the magnitude of ∑Lq+Lg

“Helicity sum rule”

quark 
contribution

orbital angular  
momentum

gluon 
contribution

Q2=10 GeV2
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Understanding Nucleon Spin

EIC projected measurements:  
precise determination of polarized PDFs of quark 
sea and gluons ➔ precision ΔG and ΔΣ 
à A clear idea of the magnitude of ∑Lq+Lg

❑ Gluon’s spin contribution on Lattice: SG = 0.5(0.1) 
      Yi-Bo Yang et al. PRL 118, 102001 (2017) 

❑ Jq calculated on Lattice QCD: 
              ��QCD Collaboration, PRD91, 014505, 
2015

“Helicity sum rule”

quark 
contribution

orbital angular  
momentum

gluon 
contribution

Spin and Lattice: Recent Activities

Q2=10 GeV2
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Understanding Nucleon Mass
GeV

MeV

❑ Preliminary Lattice QCD results:

“… The vast majority of the nucleon’s mass is due to quantum fluctuations of quark-
antiquark pairs, the gluons, and the energy associated with quarks moving around at close 
to the speed of light. …” The 2015 Long Range Plan for Nuclear Science

Quark Energy Gluon Energy Quark Mass Trace Anomaly 

Relativistic motion Quantum fluctuationχ Symmetry Breaking 
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Understanding Nucleon Mass
GeV

MeV

❑ Preliminary Lattice QCD results:

“… The vast majority of the nucleon’s mass is due to quantum fluctuations of quark-
antiquark pairs, the gluons, and the energy associated with quarks moving around at close 
to the speed of light. …” The 2015 Long Range Plan for Nuclear Science

❑ EIC’s expected  contribution in:
◇ Trace anomaly: 

Upsilon production 
near the threshold 

◇ Quark-gluon energy:
quark-gluon momentum fractions

Quark Energy Gluon Energy Quark Mass Trace Anomaly 

Relativistic motion Quantum fluctuation

J/Ψ, Υ, …

χ Symmetry Breaking 

In pions and kaons with 
Sullivan process

In nucleon with  
DIS and SIDIS
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The world’s first electron-nucleus collider

• How does a dense nuclear environment affect the quarks and 
gluons, their correlations, and their interactions? 

• 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?

The Nucleus as a laboratory for QCD
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Gluon saturation at low-x

What tames the low-x rise? 

• New evolution equations at low x & moderate Q2 
• Saturation Scale QS(x) where gluon emission 

and recombination become comparable 

gluon  
emission

gluon 
recombination

= At QS
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Gluon saturation at low-x

What tames the low-x rise? 

• New evolution equations at low x & moderate Q2 
• Saturation Scale QS(x) where gluon emission 

and recombination become comparable 

First observation of gluon recombination effects in nuclei: 
➔  leading to a collective gluonic system 

First observation of gluon recombination in different nuclei  
à Is this a universal property?  

What is the new effective theory in this regime?

gluon  
emission

gluon 
recombination

= At QS



How to explore/study this new phase of matter? 
 
(multi-TeV) e-p collider (LHeC) OR a (multi-10s GeV) e-A collider
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Advantage of nucleus à
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How to explore/study this new phase of matter? 
 
(multi-TeV) e-p collider (LHeC) OR a (multi-10s GeV) e-A collider

22

Advantage of nucleus à

Enhancement of QS with A: 
 Saturation regime reached at significantly lower energy 

(read: “cost”) in nuclei 
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Diffraction for the 21st Century

Probing Q2 
dependence of 
gluon 
saturation in 
diffractive  
vector meson 
production

Probing gluon 
saturation 
through 
measuring 
σdiff/σtot

Extracting the 
gluon 
distribution 
ρ(bT) of nuclei 
via Fourier 
transformation 
of dσ/dt in 
diffractive J/ψ 
production

Diffraction cross-
sections have strong 
discovery potential: 
High sensitivity to 
gluon density in linear 
regime:  σ~[g(x,Q2)]2  
Dramatic changes in 
cross-sections with 
onset of non-linear 
strong color fields
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