
The Electron Ion Collider (EIC) 
Abhay Deshpande 
 
Lecture 1:  
Introduction to the EIC & Overview of its Physics 
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Will  

21st Century Nuclear Science: Probing nuclear matter in all Its forms & 
exploring their potential for applications 

How are the nuclear 
building blocks 

manifested in the 
internal structure of 

compact stellar 
objects, like neutron 

stars? 

How are the properties of protons and neutrons, 
and the force between them, built up from quarks, 
antiquarks and gluons?  What is the mechanism 
by which these fundamental particles materialize 

as hadrons? 

How can the properties of nuclei be                 
used to reveal the fundamental              

processes that produced an 
imbalance     between matter and 

antimatter in our universe? 

How can technologies 
developed for basic 

nuclear physics research 
be adapted to address 

society’s needs? 

Where in the  universe, and how, were 
the heavy elements formed?  How do 
supernovae explode? 

Where are the limits of nuclear 
existence, and what is the 

structure of nuclei near those 
limits? 

What is the nature of the 
different phases of nuclear 
matter through which the 

universe has evolved? 

Do nucleons and all nuclei, 
viewed at near light speed, 
appear as walls of gluons 
with universal properties? 

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
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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
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RECOMMENDATION: 
We recommend a high-energy 
high-luminosity polarized EIC as 
the highest priority for new 
facility construction following the 
completion of FRIB.    
 
Initiatives: 
Theory          
Detector & Accelerator R&D      

http://science.energy.gov/np/reports 



About these lectures: 
 
•  These set of lectures are based on the “White Paper” 

written to make the case for this project to the broader US 
nuclear science community 

• EIC White Paper (WP): https://arxiv.org/abs/1212.1701 
•  It is also about to be published in European Physics Journal  

•  The WP was based on a far more technical document 
summarizing the INT Workshop:  
•  http://www.int.washington.edu/PROGRAMS/10-3/ 
•  http://arxiv.org/abs/1108.1713 à (INT Report) 
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About these lectures 
Introduce the EIC to you through these four lectures 

Overview of the EIC : what is it? 
•  The collider concept & why is it unique? 

 
Why is it needed? – Science of EIC  
•  Experimental investigations of hadron structure & parton dynamics: 
è past & the future (EIC) 

•  Experimental investigations of cold QCD matter with nuclear DIS 
   è past & the future (EIC) 
•  What else could be possible at the highest machine properties 
   è introduce the technical challenges in machine & detector design 
   è when? How ? EIC?  
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Connections to others: 
Direct & strong connections to these lectures: 
• Hadron structure è Prof. Jianwei Qiu’s lectures 
• Machine and detectors : è Prof. Elke Aschenauer 
 
Some what weaker connections to these lectures: 
•  Lattice QCD and hadron structure è Prof. Sinead Ryan 
•  Fundamental Symmetries: èProf. Vincenzo Cirigliano  
• Nuclear structure: è Prof. Andrew Steiner (?) 
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What is an Electron Ion 
Collider? 
-- In the US context 
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Electron Ion Collider 
• Counter rotating beams of electrons and ions collide at an 

interaction point (IP) 
• Electron beams:  

•  Are the “probe” in this case :  
•  Structure-less : you can be assured that the resulting “hadronic debrie” 

comes entirely from the target under study… 
•  A much cleaner probe than hadron-hadron scattering 

•  Ion beams: target 
•  Could be protons, light nuclei or any heavy nuclei 
•  Light nuclei can even be polarized (their spin oriented in particular 

direction)  -- needed to study the “Spin” of the protons/neutrons 

• Needs at least one detector located in the IP where the 
electron-hadron beams cross 
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The EIC Machine parameters: 
For e-p/n collisions: 
•  Polarized e, p, deteron or 3He beams 
•  Electron beam energy ~ 5-20 GeV 
•  Proton beam energy up to ~50 - 250 GeV (RHIC exists!) 
•  Luminosity Lep~ 1033-34 cm-2sec-1 

•  Center of mass energy ~ sqrt( 4 x Ep x Ee) ~ 30 – 140 GeV 

For e-A collisions: (use the same collider ring…) 
•  Wide range in Nuclei (proton-to-Uranium) 
•  Luminosity per nucleon (scaled) by the one for e-p 
•  Variable CM energy (scaled by A) 

Two designs currently under considerations:  
•  Uses the existing RHIC and adds an electron beam facility  
•  Uses the recently upgraded 12 GeV electron beam of CEBAF and adds a 

hadron beam facility 
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Luminosity 
• Number of events Nexp created in a two-beam collision 

experiment is the product of “cross section” of interest, 
σexp, and the time integral of “instantaneous luminosity”: 

•  In bunched EIC Collider, if ne and np are the number of 
electrons and number of protons in each bunch (colliding 
head-on) with frequency f, then: 

 where sx and sy are the rms transverse beam sizes in 
horizontal (bend) and vertical directions. 
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EIC at BNL: eRHIC 
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3Ultimate eRHIC design 
Highly advanced and energy efficient accelerator

Peak luminosity: 2 � 1034 cm-2 s-1

ERL, permanent magnet arcs and 
strong cooling of proton beam 
greatly reduce electric power 
consumption to about 15 MW!

 

   

arXiv:1409.1633

(in cost-optimized scheme)

650 MHz SRF

V. Ptitsyn, BNL 



eRHIC performance 
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eRHIC peak luminosity vs. CM energy 

•  eRHIC(design(covers(whole(CenterUofUMass(energy(range,(including((
“EIC(White(Paper(Upgrade”(region(

•  Small(beam(emiQances(and(IR(design(allows(for(full(acceptance(
detector(at(full(luminosity(

eRHIC peak luminosity



EIC at JLab: JLEIC 
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JLEIC: EIC at Jefferson Lab (



JLEIC Luminosity Reach 

14 

1034 

JLEIC baseline provides 
high luminosity needed to  
carry out the EIC physic 
program 
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The Method & Kinematics  
Deep Inelastic Scattering…. 
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Deep Inelastic Scattering 
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Measure of 
resolution 
power 

Measure of 
inelasticity 

Measure of 
momentum 
fraction of 
struck quark 

Kinematics: 

Inclusive measurements: 
e+p/A à e’+X 
Detect only the scattered lepton in the detector 
Semi-inclusive measurements: 
e+p/A à e’+h(π,K,p,jet)+X 
Detect the scattered lepton in coincidence with identified hadrons/jets  
Exclusive measurements: 
e+p/A à e’+h(π,K,p,jet)+p’/A’ 
Detect scattered lepton, identify produced hadrons/jets and measure target remnants  

with respect to γ
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Deep Inelastic Scattering allows the Ultimate 
Experimental Control 
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Nobel 1961  
Hofstadter 

Nobel 1990 
Friedman, Kendall, 

Taylor 

Q2 
Q2 Q2 

√S 
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Kinematics and event distribution 
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scattering angle resolution for the scattered
lepton deteriorates. This problem is ad-
dressed by reconstructing the lepton kine-
matics from the hadronic final state using
the Jacquet-Blondel method [338, 339]. At
HERA, this method was successfully used
down to y of 0.005. The main reason this
hadronic method renders better resolution
at low y follows from the equation y

JB

=
E � P had

z

/2E
e

, where E � P had

z

is the sum
over the energy minus the longitudinal mo-
mentum of all hadronic final-state particles
and E

e

is the electron beam energy. This
quantity has no degradation of resolution for
y < 0.1 as compared to the electron method,
where y

e

= 1� (1� cos✓
e

)E0
e

/2E
e

.
Typically, one can obtain for a given

center-of-mass energy squared, roughly a
decade of Q2 reach at fixed x when using
only an electron method to determine lepton

kinematics, and roughly two decades when
including the hadronic method. If only us-
ing the electron method, one can increase
the range in accessible Q2 by lowering the
center-of-mass energy, as can be seen from
comparing the two panels of Fig. 6.1. This
is relevant for some semi-inclusive and exclu-
sive processes. The coverage of each setting
is given by the product of y ⇥ s. With a low
y
min

cut, one thus needs fewer settings in s.
However, this is an important consideration
for any measurement, which needs to sepa-
rate the cross-section components due to lon-
gitudinal and transverse photon polarization,
i.e. the measurement of F

L

where one needs
to have full y-coverage at all energies. The
advantages and disadvantages of this solu-
tion are discussed in the two machine-specific
detector sections of this chapter.
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∫Ldt = 10 fb-1 

5 GeV on 100 GeV
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Figure 6.1: The x � Q2 plane for center-of-mass energy 45 GeV (left) and 140 GeV (right).
The black lines indicate di↵erent y-cuts placed on the scattered lepton kinematics.

6.2.2 Angle and Momentum Distributions

Figure 6.2 shows the momentum versus
rapidity distributions in the laboratory frame
for pions originating from semi-inclusive re-
actions for di↵erent lepton and proton beam
energy combinations. For lower lepton en-
ergies, pions are scattered more in the for-
ward (ion) direction. With increasing lep-
ton beam energy, the hadrons increasingly
populate the central region of the detector.

At the highest lepton energies, hadrons are
even largely produced going backward (i.e.
in the lepton beam direction). The kine-
matic distributions for kaons and additional
protons/anti-protons are essentially identical
to those of the pions. The distributions for
semi-inclusive events in electron-nucleus col-
lisions may be slightly altered due to nuclear
modification e↵ects, but the global features

134

In designing detectors : their location, they types (tracking, particle ID, energy) 
requires one to ask other questions: 
•  Where do the electrons go after collision? 
•  Where do the quarks (jets) fly after collision?  

s = 4EpEe
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Where do electrons and quarks go? 

θ p 
q,e 

10 GeV x 250 GeV 1770 1600 

scattered electron scattered quark 

10 GeV 

5 GeV 
900 

5 GeV 

100 

Angles measured w.r.t. proton direction 

HOMEWORK: CALCULATE TONIGHT 
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Electron, Quark Kinematics 

scattered electron scattered quark 

5 GeV x 50 GeV θ p 
q,e 

HOMEWORK: CALCULATE TONIGHT 
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EIC: Enormous increase in x-Q2 reach 
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Insights from the semi-inclusive measure-
ments are complementary to those from the
inclusive measurements. Specifically, they
make it possible to delineate the quark and
anti-quark spin contributions by flavor, since

�q and �q̄ appear with di↵erent weights in
Eq. (2.11). A large body of semi-inclusive
data sensitive to nucleon helicity structure
has been collected by the experiments at
CERN [42, 43, 44] and DESY [45].
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Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX π0 STAR 1-jet
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Figure 2.5: Regions in x, Q2 covered by previous spin experiments and anticipated to be
accessible at an EIC. The values for the existing fixed-target DIS experiments are shown as
data points. The RHIC data are shown at a scale Q2 = p2

T

, where p
T

is the observed jet
(pion) transverse momentum, and an x value that is representative for the measurement at that
scale. The x-ranges probed at di↵erent scales are wide and have considerable overlap. The
shaded regions show the x, Q2 reach of an EIC for center-of-mass energy

p
s = 45 GeV andp

s = 140 GeV, respectively.

A further milestone in the study of the
nucleon was the advent of RHIC, the world’s
first polarized proton+proton collider. In the
context of the exploration of nucleon spin
structure, the RHIC spin program is a log-
ical continuation. Very much in the spirit
of the unpolarized hadron colliders in the
1980’s, RHIC entered the scene to provide
complementary information on the nucleon
that is not readily available in fixed-target
lepton scattering. The measurement of the
spin-dependent gluon distribution �g(x,Q2)

in the proton is a major focus and strength of
RHIC. Here the main tools are spin asymme-
tries in the production of inclusive pions [46,
47, 48, 49, 50] and jets [51, 52, 53, 54, 55]
at large transverse momentum perpendicular
to the beam axis, which sets the hard scale
Q in these reactions. Their reach in x and
Q2 is also indicated in Fig. 2.5. Unlike DIS,
the processes used at RHIC do not probe
the partons locally in x, but rather sample
over a region in x. RHIC also provides com-
plementary information on �u,�ū,�d,�d̄

23

Fixed target 
experiments 

Significance of this will be clear later in the lectures… 



What Physics? 
Motivation, overview & introduction…. Details in later 
lectures as needed... 
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QCD is the correct theory of 
strong interactions, but do we 
understand it? 
Do we understand the role of gluons & sea quarks in QCD? 
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“Folks, we should stop testing QCD, and start 
understanding  it.”    Yuri Dokshitzer (ICHEP’98, Vancouver) 



Jets (p. 4)

Introduction

Background Knowledge
Jets from scattering of partons

Jets are unavoidable at hadron
colliders, e.g. from parton scat-
tering

p

p

jet

jet

 [GeV/c]JET
Tp

0 100 200 300 400 500 600 700

 [
n

b
/(

G
e
V

/c
)]

J
E

T

T
 d

p
J
E

T
 /
 d

y
!

2
d

-14
10

-11
10

-810

-510

-2
10

10

4
10

7
10

1010
  D=0.7TK

 )
-1

CDF data ( L = 1.0 fb

Systematic uncertainties

NLO: JETRAD CTEQ6.1M

corrected to hadron level

0
µ / 2 = JET

T = max pFµ = Rµ

PDF uncertainties

)-6 10"|<2.1 (
JET

1.6<|y

)-3 10"|<1.6 (
JET

1.1<|y

|<1.1
JET

0.7<|y

)
3

 10"|<0.7 (
JET

0.1<|y

)6 10"|<0.1 (
JET

|y

Jet cross section: data and theory agree over many orders of magnitude ⇔
probe of underlying interaction

Tevatron

1

10

210

3
10

410

5
10

6
10

710

8
10

0.2

0.6

1.0

1.4

1.8

 1
/2
π
 d
σ

/(
d
η

d
p

T
) 

[p
b

/G
e

V
]

d
a

ta
 /

 t
h

e
o

ry

   [GeV/c]p
T

10 20 30 40 500

2

(a)

(b)

Combined MB

Combined HT

NLO QCD (Vogelsang)

Systematic Uncertainty
Theory Scale Uncertainty

p+p g jet + X
                 GeV
midpoint-cone
r     =0.4
0.2<η<0.8

=200s

cone

STAR 

STAR, PRL 97 (2006), 252001 

RHIC

Inclusive jet pT spectrum  

Hard Probes 2010 Hermine K. Wöhri : CMS results in pp collisions 

 (GeV)
T

p
20 30 100 200 1000

 (
p

b
/G

e
V

)
T

/d
y
d

p
!

2
d

-110

10

3
10

5
10

710

9
10

1110
1024)"|y|<0.5 (

256)"|y|<1.0 (#0.5

64)"|y|<1.5 (#1.0
16)"|y|<2.0 (#1.5

4)"|y|<2.5 (#2.0

1)"|y|<3.0 (#2.5

NLO pQCD+NP

Exp. uncertainty

 = 7 TeVs-1CMS preliminary, 60 nb

 R=0.5 PF
T

Anti-k

 (GeV)
T

p
20 30 100 200 1000

 (
p

b
/G

e
V

)
T

/d
y
d

p
!

2
d

-110

10

3
10

5
10

710

9
10

1110 coverage of the full 

pT range combining 

triggers with different 
thresholds 

experimental systematic 

uncertainties dominated 

by jet energy scale and 
resolution, and by the 

luminosity measurement 

17 

!! Extending the high pT limit beyond Tevatron reach 

!! Accessing the low pT part using different 
    jet reconstruction algorithms 

!! Good agreement with NLO predictions 
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Measure e-p 0.3 TeV:  
è Use pQCD Calculate p-p, p-pbar Jet x-sctn at 0.2, 2, 7 TeV 

Successes of 
QCD 



Gluon in the Standard Model of Physics 
 
 
 
 
 
 
 
At the heart of many un/(ill)-understood phenomena:  
Color Confinement, composition of nucleon spin, quark-gluon 
plasma at RHIC & LHC…  
 

25 

Gluon: carrier of strong force (QCD) 
 
Chargeless, massless, but carries color-
charge 
 
Binds the quarks and gluons inside the 
hadrons with tremendous force! (Strong 
force) 
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What distinguishes QCD from QED? 
QED is mediated by photons (γ)  which are charge-less 

QCD is mediated by gluons (g), also charge-less  but are colored!  

7/15/16 BSA Board Meeting at SBU 26 

Only in QCD In QCD &  
 g à γ in QED 



Role of gluons in hadron & nuclear structure  
Dynamical generation of hadron masses & nuclear binding 

•  Massless gluons & almost massless quarks, through their interactions, 
generate more than 95% of the mass of the nucleons:  

Without gluons, there would be no nucleons,  
no atomic nuclei… no visible world!  

•  Gluons carry ~50% the proton’s momentum, ?% of the nucleon’s spin, and are 
responsible for the transverse momentum of quarks 

•  The quark-gluon origin of the nucleon-nucleon forces in nuclei not quite known 

•  Lattice QCD can’t presently address dynamical properties on the light cone 
 

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



What does a proton look like? 
Bag Model: Gluon field distribution is 
wider than the fast moving quarks. 
Gluon radius > Charge Radius 
 
Constituent Quark Model: Gluons and 
sea quarks hide inside massive quarks. 
Gluon radius ~ Charge Radius  
 
Lattice Gauge theory (with slow moving 
quarks), gluons more concentrated 
inside the quarks:                           
Gluon radius < Charge Radius 
 

28 

Need transverse images of the quarks and gluons in protons  

Static                 Boosted 
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What does a proton look like? 
Unpolarized & polarized 

29 

Need to go beyond 1-dimension!  
Need 3D Images of nucleons in Momentum & Position space  

We only have a  
1-dimensional 

picture! 
 

QCD  
Terra-

incognita! 
 

High 
Potential for 
Discovery 
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The nucleon spin 
puzzle….  
Since 1988.. 
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

36

Sidebar 2.6: Nucleon Spin: So Simple and Yet So Complex
The simple fact that the proton carries spin 1/2, 

measured in units of Planck’s famous constant, is 

exploited daily in thousands of magnetic resonance 

imaging images worldwide. Because the proton is a 

composite system, its spin is generated from its quark 

and gluon constituents. Physicists’ evolving appreciation 

of how the spin might be generated, and of how much 

we have yet to understand about it, is an illustrative 

case study of how seemingly simple properties of visible 

matter emerge from complex QCD interactions.

Quarks are also spin 1/2 particles, and at any given 

moment an individual quark may spin in the same or 

the opposite direction of its proton host, respectively, 

making a positive or negative contribution to the total 

proton spin. Physicists originally expected the sum of 

quark spins to account for most of the proton’s spin 

but were quite surprised when experiments at CERN 

and other laboratories showed that the spins of all 

quarks and antiquarks combine to account for no more 

than about 30% of the total. This result has led nuclear 

scientists to address the more daunting challenges 

involved in measuring the other possible contributions to 

the spin illustrated in Figure 1. The gluons also have an 

intrinsic spin (1 unit) and might be “polarized” (i.e., might 

have a preferential orientation of their spins along or 

opposite the proton spin). And just as the earth orbits 

around the sun while simultaneously spinning about its 

own axis, the quarks and gluons in a proton could have 

orbital motion that would also contribute to the overall 

proton spin.

Figure 1: A schematic view of the proton and its potential spin contributions.

So how much of the spin comes from the spin of gluons? 

The first important constraints have come from recent 

measurements at RHIC, which provides the world’s 

first and only polarized proton collider capability at 

high energy. There, the STAR and PHENIX experiments 

have used the polarized quarks in one proton as a 

scattering probe to reveal that the gluons in the other 

proton are indeed polarized. Just as critical has been the 

development of the theoretical framework to integrate 

the RHIC measurements into a global QCD analysis to 

constrain both quark and gluon spin preferences. Results 

of those analyses are shown in Figure 2.

The protons at RHIC move at nearly the speed of light, 

and each quark and gluon inside carries a fraction x 

of the proton’s overall momentum. The widths of the 

colored bands in Figure 2 illustrate the uncertainties in 

the summed spin of all gluons that carry more than a 

fraction x
min

 of the proton’s momentum, with the value of 

x
min

 indicated on the horizontal axis. For each dataset, 

the uncertainties grow significantly at low x
min

 as the 

contributions have not been directly measured there.

In a significant breakthrough, the RHIC results to date 

(light blue band in Figure 2) indicate that the gluon spins 

do indeed have a non-negligible orientation preference 

for x above 5%. But they tell us very little about whether 

the much more abundant lower-momentum gluons may 

reinforce or counterbalance this preference. This leaves 

a large uncertainty in the total gluon spin contribution, 

indicated at the left edge of the plot, which can be 

reduced by analysis of anticipated RHIC polarized 

proton data (the darker blue band). However, this still 

would leave the overall uncertainty at a level that 

remains larger than the entire proton spin itself. Only 

an EIC (yellow band) can uniquely settle how much of 

the overall spin is contributed by the spins of quarks, 

antiquarks, and gluons combined.
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

Figure 2.14: The projected reduction in the uncertainties of the net gluon 
and net quark spin contributions to the proton’s spin for EIC electron 
energies of 5 (red) and 20 (yellow) GeV.

Tomographic Images of the Proton

Deep inelastic scattering (DIS) experiments carried out 

at EIC collision rates will provide for the first time 3D 

images of gluons in the proton’s internal landscape. Of 

particular interest are exclusive measurements, where 

one detects an outgoing meson in coincidence with the 

scattered electron with sufficient resolution to confirm 

that the proton has been left intact by the scattering 

process. For example, the detection of exclusive J/s 

meson production would provide unprecedented maps 

(Figure 2.17) showing how the gluons are distributed 

in space within a plane perpendicular to the parent 

proton’s motion. These particular maps encode vital 

information, inaccessible without the EIC, on the amount 

of proton spin associated with the gluons’ orbital motion.

Proton Spin at the EIC and Lattice QCD

The ability of LQCD calculations to reproduce many 

features of the hadron spectrum is a testimony to striking 

recent advances in our treatment of quark and gluon 

interactions from first principles. An important recent 

breakthrough in LQCD methodology now provides the 

promise of precision future comparisons of theory

Figure 2.15: The increased coverage (colored bands) over existing 
experiments (point symbols) that EIC polarized electron-proton collisions 
will provide in parton momentum fraction and resolving power.

Figure 2.16: A simulation based on projected EIC data of the transverse 
motion preferences of an up sea quark within a proton moving out of 
the page, with its spin pointing upward. The color code indicates the 
probability of finding the up quarks.

with such detailed EIC measurements of proton spin 

structure as the images and distributions in Figures 2.16 

and 2.17. Such comparisons will not only bring deep 

insight into the origin of the spin but will also shed light 

on the role the abundant gluons play in generating the 

proton’s mass and confining quarks and gluons inside 

the proton.

0.18            0.12 



A thought experiment: 
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A color charge (quark) walks in to a bar! 

Of course there are no free quarks….  
So lets take a more realistic case.... 



How does a Proton look at  
low and high energy? 

At high energy: 
• Wee partons fluctuations are time dilated in strong interaction 

time scales 
•  Long lived gluons radiate further smaller x gluons è which 

intern radiate more……. Leading to a runaway growth? 
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Low energy 
High x 

Regime of fixed target exp. 

High energy 
Low- x 

Regime of a Collider 
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Gluon and the consequences of its 
interesting properties: 
Gluons carry color charge è Can interact with other gluons!  

33 

“…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 

7/18/16 EIC Lecture 1 at NNPSS 2016 at MIT   



Gluon and the consequences of its 
interesting properties: 
Gluons carry color charge è Can interact with other gluons!  
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What could limit this indefinite 
rise? à saturation of soft gluon 
densities via ggàg recombination 
must be responsible.  
 
 
 

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
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)

recombination  

Apparent “indefinite rise” in gluon 
distribution in proton! 

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 << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
si
ty

QskT

~ 1/kT

kT
 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)

Where?  No one has unambiguously seen this before! 
If true, effective theory of this à“Color Glass Condensate” 
                                                              McLerran & Venugopalan et al  

QCD  
Terra-

incognita! 
 

High Potential 
for Discovery 
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Puzzles and challenges in understanding these 
QCD many body emergent dynamics 
How are the gluons and sea quarks, and their intrinsic spins 
distributed in space & momentum inside the nucleon? 
Role of Orbital angular momentum? 
How do they constitute the nucleon  
Spin?  
(This talk) 
 
What happens to the gluon density in nuclei at high energy? 
Does it saturate in to a gluonic form of matter of universal 
properties? 
(Eyser’s talk) 
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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
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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Puzzles and challenges…. 

How does the nuclear environment 
affect the distributions of quarks and 
gluons and their interactions inside 
nuclei?  
(Eyser) 
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Figure 3.25: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [174]. Also shown is the expected kinematic coverage of the
inclusive measurements at the EIC. The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic error, while the statistical uncertainty is
expected to be much smaller.

tering could also take place at a perturbative
scale Q > Q

0

, and its contribution to the in-
clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[213, 214]. Although such corrections are
suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS

cross-section could probe a new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [158, 155], the standard fixed order
perturbative QCD approach to the coherent
multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [193, 194] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [193, 194]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.
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 How does nuclear matter respond to 
fast moving color charge passing 
through it?  (hadronization…. 
confinment?) (Eyser) 
 

How do gluons and sea quarks 
contribute to the nucleon-nucleon 
force?  
(Related to Nicolescu’s talk) 
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Why we need an EIC? 
A new facility, EIC, with a versatile range of kinematics, 
beam polarizations, high luminosity and beam species, is 
required to precisely image the sea quarks and gluons in 
nucleons and nuclei, to explore the new QCD frontier of 
strong color fields in nuclei, and to resolve outstanding 
issues in understanding nucleons and nuclei in terms of 
fundamental building blocks of QCD 
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Nuclei 
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Wait…. 
Wasn’t There A Previous e-p Collider? 
HERA Collider at DESY/Hamburg, Germany 
Sqrt(s) = 300 GeV, 27 GeV e+/e- on 820 GeV protons 
2 collider experiments, 2 fixed target experiments 
Operational 1994-2007 
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The HERA accelerator at DESY, Hamburg

HERA: ep collider who closed in 2007, about 1 fb−1 accumulated



EIC Distinct from HERA  
•  Luminosity 100-1000 times that of HERA 

•  Enable 3D tomography of gluons and sea quarks in protons 
•  Polarized protons and light nuclear beams 

•  Critical to all spin physics related studies, including precise knowledge 
of gluon’s & angular momentum contributions from partons to the 
nucleon’s spin 

•  Nuclear beams of all A (pàU) 
•  To study gluon density at saturation scale and to search for coherent 

effects like the color glass condensate and test its universality 
•  Center mass variability with minimal loss of luminosity 

•  Critical to study onset of interesting QCD phenomena  

•  Detector & IR designs mindful of “Lessons learned from HERA” 
•  No bends in e-beam, maximal forward acceptance…. 
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