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Electron Ion Collider:
The Next QCD Frontier

Understanding the glue
that binds us all
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and that sets the initial stages of high energy nucl. coll.



Most Compelling EIC SCIENCE Questions

Does this saturation produce matter of universal properties in 

the nucleon and all nuclei viewed at nearly the speed of light?

Is there a simple boundary that separates the region from the more dilute quark 

gluon matter? If so how do the distributions of quarks and gluons change as one 

crosses the boundary?

Where does the saturation of gluon densities set in?

How are the gluons and sea-quarks, and their spins, distributed 
in space and momentum inside the nucleon?

How are these quark and gluon distributions correlated with the 
over all nucleon properties, such as spin direction?

What is the role of the motion of sea quarks and gluons 
in building the nucleon spin?

How does the nuclear environment affect the distribution 
of quarks and gluons and their interaction in nuclei?

How does the transverse spatial distribution of gluons compare to that in the nucleon?
How does matter respond to fast moving color charge passing through it? 

Is this response different for light and heavy quarks?

3



Electron-Ion Collider
• An ultimate machine to provide answers to these 

fundamental QCD questions:
• Collider ➾ kinematic reach into the gluon-dominated regime 
• Electron beam ➾ precision of the EM interaction as a probe
• Polarized electron and nucleon beams ➾ determine the 

correlations of sea quark and gluon distributions with the 
nucleon spin

• Heavy ion beams ➾ access to the regime of saturated gluon 
densities, and offer a precise dial in the study of propagation-
length for color charges in nuclear matter 

• A machine with high-luminosity polarized electron and proton 
beams, combined with versatile kinematics and beam species
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Two concepts for an EIC in the US
• eRHIC at BNL
• RHIC + new electron machine

• JLEIC at JLab
• CEBAF + new hadron machine

• Maximum utilization of past and current investment
• US Nuclear Science Advisory Committee recommendation 

(2015):  “highest priority for new facility construction” 
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Ultimate eRHIC ERL-Ring design

EIC:  Luminosity vs energy
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Spin and Flavor Structure of the  
Nucleons and Nuclei

Internal Landscape 
of Nuclei

QCD at Extreme Parton  
Densities - Saturation

Tomography (p/A)  
Transverse Momentum Distribution  

and Spatial Imaging
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eRHIC ERL-Ring design, no cooling 
of protons, Psynch ~ 2.5 MW

eRHIC Ring-Ring design, some 
cooling, 330 bunches, Psynch ~ 10 MW

JLEIC high luminosity detector

JLEIC full acceptance detector

Science case areas indicate the range of peak luminosities with which a statistically significant          
result can be achieved in about one year (107 sec) of running.
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Key Measurements : 
Spin and three dimensional imaging of nucleon

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position b

T

in the proton.

Both impact parameter distributions
f(x, b

T

) and transverse-momentum distri-
butions f(x,k

T

) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, b
T

)
and f(x,k

T

) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, b

T

) and f(x,k
T

)
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, b

T

,k
T

) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q2

(see the Sidebar on page 19). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and k

T

or b

T

. Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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ence and in nuclear science.
The scientific goals and the machine pa-

rameters of the EIC were delineated in delib-
erations at a community-wide program held
at the Institute for Nuclear Theory (INT)
[2]. The physics goals were set by identifying
critical questions in QCD that remain unan-
swered despite the significant experimental

and theoretical progress made over the past
decade. This White Paper is prepared for
the broader nuclear science community, and
presents a summary of those scientific goals
with a brief description of the golden mea-
surements and accelerator and detector tech-
nology advances required to achieve them.

1.2 Science Highlights of the Electron Ion Collider

1.2.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

The 12 GeV upgrade of CEBAF at JLab will start on such studies in the kinematic
region of the valence quarks, and a similar program will be carried out by COMPASS at
CERN. However, these programs will be dramatically extended at the EIC to explore the
role of the gluons and sea quarks in determining the hadron structure and properties. This
will resolve crucial questions, such as whether a substantial “missing” portion of nucleon
spin resides in the gluons. By providing high-energy probes of partons’ transverse momenta,
the EIC should also illuminate the role of their orbital motion contributing to nucleon spin.
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Puzzles: spin of nucleon
• Nucleon Spin:  sum of quark, gluon spin and orbital 

angular momentum 

• Quarks (      ) carry ~30% of proton spin (EMC 
collaboration 1987)

• Where is the “missing” spin?  
• gluon contribution in the limited measured range 

(latest RHIC data) ~20%
• Spin is the interplay between the intrinsic properties 

and interaction of quarks and gluons

1
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Polarized inclusive DIS

• Reaching low x ⇒ get into the region where gluons and sea quarks dominate
• Cover wide Q2 range for each x ⇒ study “scaling violations” ⇒ gluon density
• Access to large Q2 (at medium-to-large x) ⇒ access to electroweak effects
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3D imaging of sea and gluons
• Transverse Momentum 

Dependent parton 
distributions (TMDs) 

• confined motion in a nucleon 
(semi-inclusive DIS)

• 2+1D picture in momentum 
space (kT)

• Generalized Parton 
Distributions (GPDs)

• Spatial imaging of quarks and 
gluons (exclusive DIS)

• 2+1D picture in impact 
parameter space (b)

EIC pseudo data
20 GeV on 250 GeV

∫Ldt = 100 fb-1
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Figure 2.23: Top: The DVCS polarization asymmetry A sin(���S)
UT

for a transversely polarized
proton (see [115] for a precise definition). Middle: The spatial distribution of sea quarks in an
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measured region. Bottom: The corresponding density of partons in the transverse plane.
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Imaging at EIC: TMDs & GPDs
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• Transverse Momentum 
Distributions (TMD):
‣  2D+1 picture in momentum 

space (kT)

• Generalized Parton Distributions (GPD): 
‣ 2D+1 picture in coordinate space (bT)

u quark

-0.5 0.5

-0.5

0

0.5

0
Momentum along x axis (GeV)

M
om

en
tu

m
 a

lon
g 

y a
xis

 (G
eV

)

⊕
S

z
[0.0, 0.01]
[0.0, 0.02]
[0.0, 0.05]
[0.0, 0.10]
[0.1, 0.20]
[0.2, 0.30]
[0.3, 0.40]
[0.4, 0.50]
[0.5, 0.60]
[0.6, 0.70]
[0.7, 0.80]
[0.8, 0.90]
[0.9, 0.94]
[0.9, 0.97]
[0.9, 0.99]
[0.9, 1.00]

-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
bx (fm) bx (fm)

q⇑(x=10-3,b→,Q2 = 4 GeV2)q(x=10-3,b→,Q2 = 4 GeV2)

-1.5

-1

-0.5

0

0.5

1

1.5

b y
 (f

m
)

unpolarized                  polarized

11



TMD measured in semi-inclusive DIS

Go beyond the one-dimensional 
picture in parton TMD distributions

The Confined Motion of Partons Inside
the Nucleon
Semi-inclusive DIS (SIDIS) measurements
have two natural momentum scales: the
large momentum transfer from the electron
beam needed to achieve the desired spatial
resolution, and the momentum of the pro-
duced hadrons perpendicular to the direction
of the momentum transfer, which prefers a
small value sensitive to the motion of con-
fined partons. Remarkable theoretical ad-
vances over the past decade have led to a
rigorous framework where information on the
confined motion of the partons inside a fast-
moving nucleon is matched to transverse-
momentum dependent parton distributions
(TMDs). In particular, TMDs are sensitive
to correlations between the motion of par-
tons and their spin, as well as the spin of the
parent nucleon. These correlations can arise
from spin-orbit coupling among the partons,
about which very little is known to date.
TMDs thus allow us to investigate the full
three-dimensional dynamics of the proton,
going well beyond the information about lon-
gitudional momentum contained in conven-
tional parton distributions. With both elec-

tron and nucleon beams polarized at collider
energies, the EIC will dramatically advance
our knowledge of the motion of confined glu-
ons and sea quarks in ways not achievable at
any existing or proposed facility.

Figure 1.3 (Left) shows the transverse-
momentum distribution of up quarks inside
a proton moving in the z direction (out of the
page) with its spin polarized in the y direc-
tion. The color code indicates the probabil-
ity of finding the up quarks. The anisotropy
in transverse momentum is described by the
Sivers distribution function, which is induced
by the correlation between the proton’s spin
direction and the motion of its quarks and
gluons. While the figure is based on a pre-
liminary extraction of this distribution from
current experimental data, nothing is known
about the spin and momentum correlations
of the gluons and sea quarks. The achiev-
able statistical precision of the quark Sivers
function from EIC kinematics is also shown
in Fig. 1.3 (Right). Currently no data exist
for extracting such a picture in the gluon-
dominated region in the proton. The EIC
will be crucial to initiate and realize such a
program.
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Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while
polarized in the y-direction. The color code indicates the probability of finding the up quarks.
Right: The transverse-momentum profile of the up quark Sivers function at five x values
accessible to the EIC, and corresponding statistical uncertainties.
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Unpolarized quark inside a transversely 
polarized proton 



Deeply Virtual Compton Scattering

Current data: Limited and mainly 
unpolarized data at low-x

Requires high luminosities at different energies 
to map out the spatial distribution 
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Key Measurements in eA:  
Saturation and spatial-imaging of gluon 
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Figure 3.10: The theoretical expectations for the saturation scale at medium impact parameter
from Model-I as a function of Bjorken-x and the nuclear mass number A.

for the two structure functions, where the su-
perscripts p and A label the structure func-
tions for the protons and nuclei correspond-
ingly. Ratios like those in Eq. (3.7) can be
constructed for the quark and gluon nuclear
PDFs too. The ratio for the gluon distribu-
tion compares the number of gluons per nu-
cleon in the nucleus to the number of gluons
in a single free proton. Since the structure
function F

L

measures the gluon distribution
xG(x,Q2) [10, 152], the ratio R

L

(x,Q2) is
close to the ratio R

G

(x,Q2) of the gluon
PDFs in the nucleus and the proton normal-
ized the same way,

R
G

(x,Q2) ⌘ xG
A

(x,Q2)

AxG
p

(x,Q2)
. (3.8)

A sample of theoretical predictions for
the ratio R

G

(x,Q2) for the gluon PDFs
is plotted in Fig. 3.11, comprising sev-
eral DGLAP-based models along with the
saturation-based prediction. Note that the
DGLAP equation, describing evolution in
Q2, can not predict the x dependence of
distribution functions at low-x without the
data at comparable values of x and at lower
Q2: hence the DGLAP-based “predictions”

in Fig. 3.11 strongly su↵er from the uncer-
tainty in various ad hoc parameterizations
of the initial conditions for DGLAP evolu-
tion. Conversely, the saturation prediction
is based on the BK equation (3.3), which
is an evolution equation in x, generating a
very specific x-dependence of the distribu-
tion functions that follows from QCD: this
leads to a narrow error band for the satura-
tion prediction.

All existing approaches predict that the
ratio R

G

would be below one at small-x: this
is the nuclear shadowing phenomenon [161],
indicating that the number of small-x glu-
ons per nucleon in a nucleus is lower than
that in a free proton. In the DGLAP-based
description of nuclear PDFs, shadowing is in-
cluded in the parameterizations of the initial
conditions for DGLAP evolution. In the sat-
uration/CGC approach, gluon mergers and
interactions dynamically lead to the decrease
in the number of gluons (and other partons)
per nucleon as compared to that in a sin-
gle proton: this results in the shadowing of
PDFs and reduction of structure functions as
well.

One can clearly see from Fig. 3.11 that

71

with inclusive, semi-inclusive, exclusive 
DIS and diffraction in eA



Puzzles: How gluons grow?

• Linear DGLAP evolution: requires  “safety dynamics” to 
prevent unitarity violation  

• Saturation regime arises naturally through non-linear BK/
JIMWLK evolution

• in the Color Glass Condensate (CGC) framework

• Where does saturation set in?

• What is the dynamics of saturation process?

Understanding Low-x ?
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New Approach: Non-Linear 
Evolution
• At very high energy: 

recombination compensates 
gluon splitting

• BK/JIMWLK: non-linear 
effects  ⇒ saturation 
characterized by Qs(x)
‣ Describe physics at low-x 

& low to moderate Q2

‣ Wave function is Color 
Glass Condensate in IMF 
descriptionBFKL: BK adds:

• Where does saturation of gluons sets in?
• Whats the dynamic of the saturation process?
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Lepton-Nucleus Scattering and  
nuclear enhanced gluon saturation scale

16

Saturation Scale QS: What do we know?

19

Enhancement of QS with A ⇒ 
saturation regime reached at 
significantly lower energy in nuclei
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nuclear structure function: F2 and FL
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nPDF

• with A∫Ldt = 10 fb-1 with experimental smearing



Differential probes of many-body correlations

19

• Di-hadron correlations are very sensitive to the evolution and dynamics of many 
body correlation 

• In the saturation regime (< Qs), large transverse momentum imbalance for the 
hadron pairs expected,  which leads to back-to-back jet/hadron pairs to de-
correlation

• EIC expected data from 1 fb-1 integrated luminosity at 15(e)x100(p/Au) GeV (< ~1 
month running at eRHIC) 

• Saturation / no-saturation can be clearly distinguished 

• Strong suppression cannot be reproduced by the non-saturation model

• Systematic differential measurement: crossing onset of saturation using √s, Q2, A



Gluon spatial distribution and correlations 
 in exclusive diffractive Vector Meson production

• Novel “strong” probe to investigate gluonic structure of nuclei: color 
dipole coherent and incoherent diffractive interaction: Sensitive to 
saturation (s,b,A)

• Large σdiff/σtotal in e+A (~25-40%) compared to e+p (~10-15%) 

• Coherent: Access to spatial distribution of gluons

• Precise transverse imaging of the gluons

• Modification due to small-x evolution

• Incoherent: Gluon correlations in the transverse plane

Diffraction in eA
Two possibilities for the diffractive events in nuclei:

Coherent
No-breakup

Incoherent
With breakup into nucleons

The gap is still there

gap
gap

A A
A A’

p
n

e
e e

e

coherent incoherent
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Exclusive diffractive vector meson 
production: J/Ψ and Φ

• Probe (VM dipole size) dependent exclusive t-dependent 
production: yield and pattern sensitive to saturation 

• with A∫Ldt = 10 fb-1 with experimental smearing

|t | (GeV2) |t | (GeV2)
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 A
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ψ)
→

(e
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u 

σd

)2
 /d

t (
nb

/G
eV

 e
’ +

 A
u’

 +
 φ)

→
(e

 +
 A

u 
σd

J/ψ φ

∫Ldt = 10 fb-1
1 < Q2 < 10 GeV2
x < 0.01
|η(edecay)| < 4
p(edecay) > 1 GeV/c
δt/t = 5%

∫Ldt = 10 fb-1
1 < Q2 < 10 GeV2
x < 0.01
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
δt/t = 5%

104

103

102

10

1

10-1

10-2

105

104

103

102

10

1

10-1

10-2

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

Φ
J/Ψ
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Parton propagation and fragmentation

• Nuclei as space-time analyzer

• EIC can measure 

• fragmentation time scale to understand dynamics

• in medium energy loss to characterize medium

• gluon bremstrahlung: hadronization outside media

• prehadron absorption: color neutralization inside the 
medium

• Observable

• pT distribution broadening: direct link to saturation

• attenuation of hadrons

22



Hadronization - Energy Loss study 
in wide kinematic and mass range
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 Lower energy : 8 GeV2< Q2<12 GeV2, 32.5 GeV< < 37.5 GeV
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Figure 1.7: Left: A schematic illustrating the interaction of a parton moving through cold
nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus. Right: The
ratio of the semi-inclusive cross-section for producing a pion (red) composed of light quarks,
and a D0 meson (blue) composed of heavy quarks in e+lead collisions to e+deuteron collisions,
plotted as a function of z, the ratio of the momentum carried by the produced hadron to that
of the virtual photon (�⇤), as shown in the plots on the left.

much lower value of x, approaching the re-
gion of gluon saturation. In addition, the

EIC could for the first time reliably quantify
the nuclear gluon distribution over a wide
range of momentum fraction x.

1.2.3 Physics Possibilities at the Intensity Frontier

The subfield of Fundamental Symmetries in nuclear physics has an established history of
key discoveries, enabled by either the introduction of new technologies or the increase in
energy and luminosity of accelerator facilities. While the EIC is primarily being proposed for
exploring new frontiers in QCD, it o↵ers a unique new combination of experimental probes
potentially interesting to the investigations in Fundamental Symmetries. For example,
the availability of polarized beams at high energy and high luminosity, combined with a
state-of-the-art hermetic detector, could extend Standard Model tests of the running of
the weak-coupling constant far beyond the reach of the JLab12 parity violation program,
namely toward the Z-pole scale previously probed at LEP and SLC.

10

D0

(hadron momentum fraction of virtual photon)

• access to heavy-meson: studying mass-dependent hadronization 
properties - transition mechanism from quarks to hadrons



Summary 
Electron-Ion Collider is to understand the glue that 
binds us all. It is the brightest sub-femtometer to 
answer outstanding fundamental questions in QCD 
through unique and unprecedented measurements:

• Deeply extend the current understanding of 
nucleon structure: spin and 3D landscape.

• Establish and explore new degree of freedom of 
gluonic property of matter - saturation regime 

• Shed light on what governs the transition from 
quarks to hadrons
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Ultimate eRHIC design  
Highly advanced and energy efficient accelerator



JLEIC Baseline Layout 
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Ion	Source
Booster Linac

	
Ion	Source

Booster

Linac

CEBAF	is	a	full	energy	injector.

Warm Electron 
Collider Ring 
(3 to 10 GeV)


