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Outline :   the  5 W’s  of  journalism

You have to write about Who, What, 
Where, When, and Why. If you want to 
add something, ask for my permission!

the  EIC  project : 

What ? 

Why ? 

Where ? 

When ? 

Who ? 



What ? 
What is it all about ?

the  EIC  project :   What ?



the  EIC  project :   What ?

EIC   =   Electron - Ion   Collider 
machine parameters as identified in the  

2015 Long Range Plan for Nuclear Science :

• Ion beams from protons, deuterons, to the heaviest stable nuclei 

• polarized (~ 70%) electrons, protons, and light nuclei   

• variable c.m. energy √s ~20−100 GeV, upgradable to ~140 GeV   

• high collision luminosity ~ 1033-34  cm-2 sec-1 

• possibly have more than one interaction region   

e

γ*, Z0, ..

Q=(q,ν)
~1/Q < 0.1 fm

~ν/Q2  

~1/(xM)

EIC = a high-resolution  
          giant microscope  



Why ? 

the  EIC  project :   Why ?

the EIC Physics case ?



the  EIC  project :   Why ?

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 
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!! 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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J. Weng’s talk 

G. Martinez’s talk 

K.S. Grogg’s poster 

LHC

perturbative QCD 
= 

precision physics 

works very well, but…  

from e−p collisions 
@ 0.3 TeV (HERA)

(QCD) 
- factorization 
- evolution 
- universality

p−p, p−p, jet cross section @ 0.2, 2, 7 TeV−
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Why #1 

14

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 

The Higgs mechanism explains  
only ~ 1% of visible matter,  

which rather emerges as a result of  
non-linear dynamics of QCD

“.. 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 US 2015 Long Range Plan  
for Nuclear Science

38 | NewScientist | 6 June 2015

called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.

Like all fundamental particles, quarks 
acquire these masses through interactions 
with the sticky, all-pervasive Higgs field, the 
thing that makes the Higgs boson. But 
explaining the mass of matter made of 

multiple quarks clearly needs something else.
The answer comes by scaling the sheer 

cliff face that is quantum chromodynamics, 
or QCD. Just as particles have an electrical 
charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
together by exchanging massless photons. 
Similarly, colour-charged quarks bind 
together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
reduces a nucleon’s interior to a lattice of 
points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
no certain outcomes, these simulations must  
be run thousands of times to arrive at an 
“average” answer. To work out where the 
proton and neutron masses come from,  
Fodor and his colleagues had to harness two 
IBM Blue Gene supercomputers and two suites 
of cluster-computing processors. 

The breakthrough came in 2008, when they 
finally arrived at a mass for both nucleons of 
936 MeV, give or take 25 MeV – pretty much  
on the nose (Science, vol 322, p 1224). This 
confirmed that the interaction energies of 
quarks and gluons make up the lion’s share of 
the mass of stuff as we know it. You might feel 
solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
calculation suffered from a glaring omission: 
the effects of electrical charge, which is 
another source of energy, and therefore mass. 

Heart of the matter
A full explanation of where stuff gets its mass from is buried deep in the atomic nucleus

The protons and neutrons in the nucleus 
make up the vast bulk of matter’s mass

The masses of the three 
up and down quarks 

that make up the charge 
of protons and 

neutrons account 
for only a tiny fraction 

of their total mass

Most of a proton or neutron’s mass is contained in the interaction energies 
of a “sea” of quarks, antiquarks and the gluons that bind them

ATOM

ATOMIC NUCLEUS

938.3 MeV

2.3 MeV

Mass 0.5 MeV

4.8 MeV

939.6 MeV

U U
U

U U

d

d d
d

PROTON NEUTRON

GLUON

U

d

d

Electron

Up quark

Down quark

SEA QUARK
“Explaining the 
mass of normal 

matter needs more 
than the Higgs 

boson”

Hadron scale → non-perturbative QCD

Why #2 1/2  =proton spin

We know that quarks contribute only a fraction of nucleon’s spin.   
What about the rest? Gluon helicity?  partonic orbital motion ?

1/2
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quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
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together to form matter such as protons and 
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reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
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Hadron scale → non-perturbative QCD

Why #2 1/2  =proton spin

We know that quarks contribute only a fraction of nucleon’s spin.   
What about the rest? Gluon helicity?  partonic orbital motion ?

1/2

Big question:  

how do the nucleon properties emerge from  

the non-linear QCD dynamics of confined partons?
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Why #3 

x

gluon self-interaction → proliferation of # gluons 
dramatic rise of gluon density @ low fractional momenta x 

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
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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)

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)

unitarity → gluons must recombine to 
                  balance splitting (saturation)

Where does saturation set in? Never clearly seen before. 
Is there a universal gluonic matter at high density? 

How does nuclear matter affect quark & gluon interactions?

=
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Electron-Ion  Collider :  a  multi-purpose  microscope
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fractional momentum  
of struck parton

e + p/A  →  e’                            + X        inclusive 
             →  e’ + h (π, K, p, jet)  + X        semi-inclusive 
             →  e’ + h (π, K, p, jet)  + p’/A’   exclusive
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very good PID capability required !
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the  EIC  project

Q2 = s x y   the larger the energy the larger the coverage, but   
                   σ ~ 1 / (xQ4)  and  detector resolution ⇒ y > ymin

many-body regimecollective  
regime

saturation  
regime

non-perturbative  
regime

perturbative  
regime

LHC
HERA (high x)

RHIC

HERMES

COMPASS

JLAB 6

JLAB 12

few-body  
regime 
(JLab12)



- large lever arm in Q2 
(evolution) 

- disentangle non-pert./pert. 
regimes

the  EIC  project

Q2 = s x y   the larger the energy the larger the coverage, but   
                   σ ~ 1 / (xQ4)  and  detector resolution ⇒ y > ymin

many-body regimecollective  
regime

saturation  
regime

non-perturbative  
regime

perturbative  
regime

transition 
region

EIC

LHC
HERA (high x)

RHIC

HERMES

COMPASS

JLAB 6

JLAB 12

few-body  
regime 
(JLab12)
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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 Why #2 proton  
spin 1/2
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Why #3 

x

h

h

γ∗

γ∗

Q2 = q2 � ⌫2

⌫

Q

2
=

1

2xM

high luminosity  
and polarization

wide range of  
c.m. energies and 

nuclear probes
1	

10	

100	

In
te
gr
at
ed

	L
um

in
os
ity

	[2
-1
/y
r]
	

1 yr = 107 sec

NP QCD:  from  Discovery  to  Precision
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Uniqueness of EIC among all DIS Facilities

All DIS facilities in the world. 

However, 
if we ask for: 
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Uniqueness   of   EIC
Uniqueness of EIC among all DIS Facilities

All DIS facilities in the world. 

However, 
if we ask for: 

8

All DIS facilities in the world 

However, if we ask for…

- high luminosity and 
wide reach in √s

- polarized lepton & 
hadron beams 

- nuclear beams

EIC stands out as  
unique facility



Potential   of   EIC

A glimpse of  
the expected performance of EIC  

about some “observables” related to  
the issues raised by  Why’s

details in 

Opportunita’ a EIC – 17 Jan 2017accardi@jlab.org 14

The 3 pillars of EIC science
 

 What role do sea quarks and gluons play in nucleon structure?

– Spin, 3D imaging, angular momentum
 

 What are the proper�es of fundamental QCD nuclear color %elds?

– Shadowing, gluon satura8on, universal “gluonic maBer” 
 

 How does colored radia�on:    •  interact with QCD ma6er?

   •  materialize into colorless hadrons?

– Parton and hadron propaga8on in the nuclear medium

– Using jets to characterize the nucleus color structure

White Paper : 1212.1701/EPJA 2016INT 2010 / 1108.1713
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The 3 pillars of EIC science
 

 What role do sea quarks and gluons play in nucleon structure?

– Spin, 3D imaging, angular momentum
 

 What are the proper�es of fundamental QCD nuclear color %elds?

– Shadowing, gluon satura8on, universal “gluonic maBer” 
 

 How does colored radia�on:    •  interact with QCD ma6er?

   •  materialize into colorless hadrons?

– Parton and hadron propaga8on in the nuclear medium

– Using jets to characterize the nucleus color structure

White Paper : 1212.1701/EPJA 2016INT 2010 / 1108.1713

INT 2010 
arXiv:1108.1713

White Paper 
EPJ A52 (16) 268,  arXiv:1212.1701



The  Nucleon  Spin  Puzzle

Why #2 :  How does QCD generate the Nucleon’s spin ?

1/2

sum rule

1st step:   
the parton helicities

�⌃(Q2) =
X

q

[�q(Q2) +�q̄(Q2) ]

�g(Q2) where do they 
come from?

1

2
=

1

2
�⌃ + �g +

X

q

Lq+q̄ + Lg
���
Q2

quark 

gluon



The  Nucleon  Spin  Puzzle

polarized Deep-Inelastic Scattering (DIS)

σ ep→ehX
= ⊗

q

∑ σ eq→eq ⊗

σ pp→hX
= ⊗

q

∑ ⊗σ qq→qq ⊗

σ pp→eeX
= ⊗

q

∑ ⊗σ qq→ee

Physics$reac9ons$

DF

σ
FF

5 Contalbrigo M. 

SIDIS 

e+e- σ ee→hhX
=

q

∑ σ qq→ee⊗ ⊗

DY 

pp 

DF 

FF 

FF DF 

FF 

DF DF 

DF 

FF 

SIDIS:%rich%phenomenology,%the%most%explored%so%far%

e+e::%B:factories%as%powerful%fragmenta>on%laboratories%

DY:%challenging%for%experiments%(only%unpolarized%so%far)%

Hadron%reac>ons:%challenging%for%theory%(ISI%+%FSI)%

 NPQCD 2015, 22thApril 2015, Cortona 

hard cross  
section

parton helicity

factorization theorem:  
connect nucleon (g1) to parton (Δq, Δg)
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Semi-Inclusive DIS
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 NPQCD 2015, 22thApril 2015, Cortona 
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The  Nucleon  Spin  Puzzle
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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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How does QCD generate the nucleon’s spin?
  

 Spin decomposi8on

 

 What can EIC do?
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How does QCD generate the nucleon’s spin?
  

 Spin decomposi8on

 

 What can EIC do?

generate pseudo-data fit → g1
q, g1

q, g1
g−

Δg

 ΔΣ /2

huge impact 
from EIC !

the first polarized 
electron-proton 

collider



The  Nucleon  Spin  Puzzle

1/2

sum rule 1
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precise  
knowledge 

                             clear idea of  
                              size of  
     Orbital Angular Mom. (OAM)2nd step:  



The  Nucleon  Spin  Puzzle

1/2

sum rule 1

2
=

1

2
�⌃ + �g +

X

q

Lq+q̄ + Lg
���
Q2

precise  
knowledge 

                             clear idea of  
                              size of  
     Orbital Angular Mom. (OAM)

Present situation is not so clear…

- new data from RHIC → new fit DSSV14 → Δg larger → no room for OAM but data only  
in x ∈ [0.02,0.4]

- recent lattice calculations  →  direct Sg ~ 50% ± 10% 
   from χQCD Collab.           →  sea quark OAM =  Jq − ΔΣ /2 ~ 50% ± 10% disconnected  

diagrams ?

P.R.L. 115 (15) 092002

Lattice QCD Impacts Diverse 
Experimental Program in NP

3

Friday, May 22, 2015

P.R. D90 (14) 012007

De Florian et al.,  
P.R.L. 113 (14) 012001

P.R.L. 118 (17) 102001

P.R. D91 (15) 014505

Sg ↔ Δg ?

2nd step:  
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Two-scale observables
  

 Need to understand the conCned mo8on of quarks and gluons in QCD

– TMDs, GTMDs, …
 

 Need “probes” for two-scale observables!

High lumi needed!

3Dim  Imaging  of  Partons
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Two-scale observables
  

 Need to understand the conCned mo8on of quarks and gluons in QCD

– TMDs, GTMDs, …
 

 Need “probes” for two-scale observables!

High lumi needed!

In order to directly explore the orbital motion of partons,  
we need to extend our view from 1Dim to 3Dim pictures

need two scales Q ≫ Q0 : 

- hard scale Q    to localize the probe and see partons as particles

- soft scale Q0 ~ k⊥ ~ 1/b⊥ ~ ΛQCD    to be sensitive to confinement scale

high luminosity required !



New  Tools

Useful tool for 3Dim imaging of partons: Wigner distributions
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Two-scale observables
  

 Need to understand the conCned mo8on of quarks and gluons in QCD

– TMDs, GTMDs, …
 

 Need “probes” for two-scale observables!

High lumi needed!

W (x, k⊥, b⊥)

x 

k⊥

b⊥

∫db⊥ ∫dk⊥
momentum 

space
coordinate 

space

q(x, k⊥) q(x, b⊥)

                            2       +  1  Dim images  
             ⊥ coord. space +  x long. mom. 
               Fourier Transformed (b⊥↔q) of  

Generalized Parton Distributions  
GPD’s 

  exclusive processes: factor. th. if -q2≪ Q2

3Dim images in mom. space 
Transverse-Momentum Dependent 

distribution functions 
TMD’s  

SIDIS: factor. th. if k⊥≪ Q

k⊥ ↔ b⊥×



TMD :  the  Sivers  function

     SIDIS :     e + N → e’ + h + X
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SIDIS and quark angular momentum
  

 Semi-incl

now

w/ EIC

Sivers function 
distortion of q distribution  
because of N↑ polarization 

Z
dk2?

k2?
2M2

f?u�ū
1T

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
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the “TMD zoo” at leading twist
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Saturation  at  high nuclear density

Why #3 : Is there a universal gluon matter at high density?

First of all, how well do we know nuclear nPDF?

d�

dx dQ

2
=

4⇡↵2

xQ

4

✓
1� y +

y

2

2

◆
F2(x,Q

2)� y

2

2
FL(x,Q

2)

�
DIS

q + q  mom. distributions gluon  mom. distribution

F2 World Data (A≥Fe)
CTEQ10+EPS09
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nuclear PDF

R = PDF (Pb)
PDF (p)

- EIC: better precision at small x; adding charm pseudo-data, also at high x 
- complementary to LHC data:   + test universality of nPDF 
                                                   + reduce QCD uncertainties in BSM searches 
- impact on Heavy Ion Physics:  initial state cleanly     

                                                disentangled Initial 
State 

nuclear modification  
factor for partons 



nuclear PDF

- EIC: better precision at small x; adding charm pseudo-data, also at high x 
- complementary to LHC data:   + test universality of nPDF 
                                                   + reduce QCD uncertainties in BSM searches 
- impact on Heavy Ion Physics:  initial state cleanly     

                                                disentangled 

What happens at very low x? 
( implications for astronomical objects like neutron stars )

Initial 
State 

R = PDF (Pb)
PDF (p)

nuclear modification  
factor for partons 



Saturation  at  high nuclear density

Eur. Phys. J. A (2016) 52: 268 Page 41 of 100

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 )

Fig. 38. The unintegrated gluon distribution (gluon TMD)
φ(x, k2

T ) of a large nucleus due to classical gluon fields (solid
line). The dashed curve denotes the lowest-order perturbative
result.

gluons in this classical distribution have transverse mo-
mentum kT ≈ Qs. Note that the gluon distribution slows
down its growth with decreasing kT for kT < Qs (from a
power-law of kT to a logarithm, as can be shown by ex-
plicit calculations). The distribution saturates, justifying
the name of the saturation scale.

The gluon field arises from all the nucleons in the nu-
cleus at a given location in the transverse plane (impact
parameter). Away from the edges, the nucleon density
in the nucleus is approximately constant. Therefore, the
number of nucleons at a fixed impact parameter is simply
proportional to the thickness of the nucleus in the longi-
tudinal (beam) direction.

For a large nucleus, that thickness, in turn, is propor-
tional to the nuclear radius R ∼ A1/3 with the nuclear
mass number A. The transverse momentum of the gluon
can be thought of as arising from many transverse momen-
tum “kicks” acquired from interactions with the partons
in all the nucleons at a given impact parameter. Neglect-
ing the correlations between nucleons, which is justified for
a large nucleus in the leading power of A approximation,
once can think of the “kicks” as being random. Just like
in the random walk problem, after A1/3 random kicks the
typical transverse momentum —and hence the saturation
scale— becomes Qs ∼

√
A1/3, such that Q2

s,∼ A1/3. We
see that the saturation scale for heavy ions, QA

s is much
larger than the saturation scale of the proton, Qp

s , (at the
same x), since (QA

s )2 ≈ A1/3 (Qp
s)2 [152,153,160,163]. This

enhancement factor A1/3 of the saturation scale squared
is often referred to as the nuclear “oomph” factor, since
it reflects the enhancement of saturation effects in the nu-
cleus as compared to the proton. For the gold nucleus with
A = 197, the nuclear “oomph” factor is A1/3 ≈ 6.

Map of high energy QCD and the saturation scale

We summarize our theoretical knowledge of high en-
ergy QCD discussed above in fig. 39, in which different
regimes are plotted in the (Q2, Y = ln 1/x) plane. On

Geometric
 

Scaling

Y 
= 

ln
 1

/x

no
n-

pe
rtu

rb
at

iv
e 

re
gi

on

ln Q2

Q2
s(Y)saturation

region

Λ2
QCD

αs <<  1αs ~ 1

BK/JIMWLK

DGLAP

BFKL

Fig. 39. The map of high energy QCD in the (Q2, Y = ln 1/x)
plane.

the left of fig. 39 we see the region with Q2 ≤ Λ2
QCD in

which the strong coupling is large, αs ∼ 1, and small-
coupling approaches do not work (ΛQCD is the QCD con-
finement scale). In the perturbative region, Q2 ≫ Λ2

QCD,
where the coupling is small, αs ≪ 1, we see the standard
DGLAP evolution and the linear small-x BFKL evolution,
denoted by the horizontal and vertical arrows correspond-
ingly. The BFKL equation evolves the gluon distribution
towards small-x, where the parton density becomes large
and parton saturation sets in. The transition to saturation
is described by the non-linear BK and JIMWLK evolution
equations. Most importantly, this transition happens at
Q2

s ≫ Λ2
QCD where the small-coupling approach is valid.

Saturation/CGC physics provides a new way of tack-
ling the problem of calculating hadronic and nuclear scat-
tering cross-sections. It is based on the theoretical obser-
vation that small-x hadronic and nuclear wave-functions
—and, therefore, the scattering cross-sections— are de-
scribed by an internal momentum scale, the saturation
scale Qs [152]. As we argued above, the saturation scale
grows with decreasing x (and, conversely, with the increas-
ing center-of-mass energy

√
s) and with the increasing

mass number of a nucleus A (in the case of a nuclear wave
function) approximately as

Q2
s(x) ∼ A1/3

(
1
x

)λ

(20)

where the best current theoretical estimates of λ give
λ = 0.2–0.3 [164], in agreement with the experimental
data collected at HERA [165–168] and at RHIC [164].
Therefore, for hadronic collisions at high energy and/or for
collisions of large ultra-relativistic nuclei, the saturation
scale becomes large, Q2

s ≫ Λ2
QCD. For the total (and par-

ticle production) cross-sections, Qs is usually the largest
momentum scale in the problem. We therefore expect it

Iancu, Leonidov, McLerran, P.L. B510 (01) 133

Where is onset of high-density regime?  Look at evolution eq.’s
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QCD at extremes: gluon saturation

HERA discovered a drama8c rise in the number

of gluons carrying a small frac8onal longitudinal

momentum of the proton (i.e. small-x).

This cannot go on forever as

x decrease:  parton recombina8on

must balance spliSng (satura8on).

→ new eWec8ve theory, 

     e.g., Color Glass Condensate? 

• Protons (or ions) enter the satura8on regime at Q < Qs ,

where the satura�on scale depends on gluon density:  
 

Q
s 
=Qs(x) for protons, Q

s 
=Qs(x,A) for nuclei  

• We need measurements at Qs >~ 1 GeV for pQCD interpreta8on.

• Maximum accessible Qs
max is a very weak func8on of  x

hadron
partons

@Ng(x, 1/Q)

@ log(1/x)

= ↵s KBFKL ⌦Ng(x, 1/Q)

BFKL evolution

unlimited rise of  
gluon density  

Ng ~ 1/xλ 

( σ ~ sλ ) 
seen at HERA
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This cannot go on forever as
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must balance spliSng (satura8on).

→ new eWec8ve theory, 

     e.g., Color Glass Condensate? 

• Protons (or ions) enter the satura8on regime at Q < Qs ,

where the satura�on scale depends on gluon density:  
 

Q
s 
=Qs(x) for protons, Q

s 
=Qs(x,A) for nuclei  

• We need measurements at Qs >~ 1 GeV for pQCD interpreta8on.

• Maximum accessible Qs
max is a very weak func8on of  x

BK / JIMWLK evo

�↵s [Ng(x, 1/Q)]2

unitarity 
↓ 

Froissart bound σ ~ log2 s 
↓  

saturation, i.e.

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
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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)

=

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
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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)

at some scale 
Qs(x,A) ≫ ΛQCD

the Color Glass Condensate (CGC)



Universal  gluonic  matter (CGC) ?
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splitting recombination

Fig. 36. The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons (quarks and gluons) are denoted
by straight solid lines for simplicity.

In QCD, the black disk limit translates into the Froissart-
Martin unitarity bound, which states that the total
hadronic cross-section can not grow faster than ln2 s
at very high energies with s the center-of-mass energy
squared [148]. The cross section resulting from the BFKL
growth of the gluon density in the proton or nucleus wave-
function grows as a power of energy, σtot ∼ sλ, and clearly
violates both the black disk limit and the Froissart-Martin
bound at very high energy.

We see that something has to modify the BFKL evolu-
tion at high energy to prevent it from becoming unphysi-
cally large. The modification is illustrated on the far right
of fig. 36. At very high energies (leading to high gluon
densities), partons may start to recombine with each other
on top of the splitting. The recombination of two partons
into one is proportional to the number of pairs of partons,
which in turn scales as N2. We end up with the following
non-linear evolution equation:

∂ N(x, rT )
∂ ln(1/x)

= αs KBFKL ⊗ N(x, rT ) − αs [N(x, rT )]2.

(19)
This is the Balitsky-Kovchegov (BK) evolution equa-
tion [149–151], which is valid for QCD in the limit
of the large number of colors Nc (see footnote 8). A
generalization of eq. (19) beyond the large-Nc limit
is accomplished by the Jalilian-Marian-Iancu-McLerran-
Weigert-Leonidov-Kovner (JIMWLK) [145, 154–157] evo-
lution equation, which is a functional differential equation.

The physical impact of the quadratic term on the right
of eq. (19) is clear: it slows down the small-x evolution,
leading to parton saturation, when the number density
of partons stops growing with decreasing x. The corre-
sponding total cross-sections satisfy the black disk limit of
eq. (18). The effect of gluon mergers becomes important
when the quadratic term in eq. (19) becomes comparable
to the linear term on the right-hand side. This gives rise
to the saturation scale Qs, which grows as Q2

s ∼ (1/x)λ

with decreasing x [152,158,159].

Classical gluon fields and the nuclear “Oomph” factor

8 An equation of this type was originally suggested by Gri-
bov, Levin and Ryskin in [152] and by Mueller and Qiu in [153],
though at the time it was assumed that the quadratic term was
only the first non-linear correction with higher order terms ex-
pected to be present as well. In [149, 150], the exact form of
the equation was found, and it was shown that in the large-Nc

limit eq. (19) does not have any higher-order terms in N .

Boost

Fig. 37. A large nucleus before and after an ultra-relativistic
boost.

We have argued above that parton saturation is a uni-
versal phenomenon, valid both for scattering on a proton
or a nucleus. Here we demonstrate that nuclei provide an
extra enhancement of the saturation phenomenon, making
it easier to observe and study experimentally.

Imagine a large nucleus (a heavy ion), which was
boosted to some ultra-relativistic velocity, as shown in
fig. 37. We are interested in the dynamics of small-x glu-
ons in the wave function of this relativistic nucleus. One
can show that due to the Heisenberg uncertainty princi-
ple, the small-x gluons interact with the whole nucleus
coherently in the longitudinal (beam) direction, There-
fore, only the transverse plane distribution of nucleons is
important for the small-x wave function. As one can see
from fig. 37, after the boost, the nucleons, as “seen” by
the small-x gluons with large longitudinal wavelength, ap-
pear to overlap with each other in the transverse plane,
leading to high parton density. A large occupation num-
ber of color charges (partons) leads to a classical gluon
field dominating the small-x wave-function of the nucleus.
This is the essence of the McLerran-Venugopalan (MV)
model [160]. According to the MV model, the dominant
gluon field is given by the solution of the classical Yang-
Mills equations, which are the QCD analogue of Maxwell
equations of electrodynamics.

The Yang-Mills equations were solved for a single nu-
cleus exactly [161, 162]; their solution was used to con-
struct an unintegrated gluon distribution (gluon TMD)
φ(x, k2

T ) shown in fig. 38 (multiplied by the phase space
factor of the gluon’s transverse momentum kT ) as a func-
tion of kT (see footnote 9). Figure 38 demonstrates the
emergence of the saturation scale Qs. The majority of

9 Note that in the MV model φ(x, k2
T ) is independent

of Bjorken x. Its x-dependence comes in through the BK/
JIMWLK evolution equations described above.
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Of particular interest is the process of elastic vector
meson (V ) production, e + A → e + V + A. The cross-
section dσ/dt for such processes at lower Q2 is sensitive
to the effects of parton saturation [188], as we will explic-
itly demonstrate below. For a vector meson with a suffi-
ciently spread-out wave function (a large meson, like φ or
ρ), varying Q2 would allow one to detect the onset of the
saturation phenomenon [188].

Diffraction can serve as a trigger of the onset of the
black disk limit of eq. (18). In that regime, the total
diffractive cross-section σdiff (including all the events with
rapidity gaps), would constitute 50% of the total cross-
section,

σdiff

σtot
=

1
2

. (27)

This may sound counterintuitive: indeed, the naive ex-
pectation in QCD is that events with gaps in rapidity
are exponentially suppressed. It was therefore surprising
to see that a large fraction (approximately 15%) of all
events reported by HERA experiments are rapidity gap
events [189]. This corresponds to a situation where the
projectile electron slams into the proton at rest with an
energy 50000 times the proton rest energy and in about 1
in 7 such scatterings, nothing happens to the proton. In
the black disk regime this ratio should increase to 1 in 2
events.

3.2.2 Key measurements

The main goal of the e + A program at an EIC is to un-
veil the collective behavior of densely packed gluons under
conditions where their self-interactions dominate, a regime
where non-linear QCD supersedes “conventional” linear
QCD. The plain fact that there is no data from this realm
of the nuclear wave function available is already a com-
pelling enough reason to build an EIC. It is truly terra
incognita. However, our goal is not only to observe the on-
set of saturation, but to explore its properties and reveal
its dynamical behavior. As explained above, the satura-
tion scale squared for nuclei includes an “oomph” factor
of A1/3 making it larger than in the proton (cf. eq. (22));
fig. 45 demonstrates that. While at an EIC, a direct study
of the saturation region in the proton is impossible (while
remaining in the perturbative QCD region where the cou-
pling αs is small, i.e., above the horizontal dashed line in
the figure), this A1/3 enhancement may allow us to study
the saturation region of large nuclei, such as gold (Au).
In fig. 45, the borders of the kinematic reach of the EIC
are indicated by the diagonal black lines corresponding to
different combinations of electron and hadron beam ener-
gies; the actual kinematic reach regions are to the right of
the border lines.

A wide range of measurements with an EIC can dis-
tinguish between predictions in the CGC, or other novel
frameworks, and those following from the established
DGLAP evolution equations. However, these comparisons
have to be made with care. Non-linear models are valid
only at or below the saturation scale, Q2

s, while pertur-
bative QCD (pQCD) based on the linear DGLAP evolu-
tion equation is strictly only applicable at large Q2. In
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Fig. 45. The kinematic reach in x and Q2 of the EIC for
different electron beam energies, given by the regions to the
right of the diagonal black lines, compared with predictions of
the saturation scale, Qs, in p, Ca, and Au from Model-I (see
sect. 3.2.1 and note that x < 0.01 in the figure).

the range Q2 < Q2
s, solely non-linear theories such as the

CGC can provide quantitative calculations. It is only in a
small window of approximately 1 ! Q2 ! 4GeV2 where
a comparison between the two approaches can be made
(see fig. 45). Due to the complexity of high-energy nu-
clear physics, at the end, the final insight will come from
the thorough comparison of models calculations with a
multitude of measurements, each investigating different
aspects of the low-x regime. We will learn from varying
the ion species, A, from light to heavy nuclei, studying
the Q2, x, and t dependence of the cross-section in inclu-
sive, semi-inclusive, and exclusive measurements in DIS
and diffractive events.

In what follows we discuss a small set of key measure-
ments whose ability to extract novel physics is beyond
question. They serve primarily to exemplify the very rich
physics program available at an EIC. These “golden” mea-
surements are summarized in table 4 with two EIC energy
options. These measurements are discussed in further de-
tail in the remainder of this section. It should be stressed
that the low-x physics program will only reach its full po-
tential when the beam energies are large enough to reach
sufficiently deep into the saturation regime. Ultimately
this will only be possible at an EIC where x ∼ 10−4 can
be reached at Q2 values of 1–2GeV2 as indicated in fig. 45.
Only the highest energies will give us enough of a lever arm
in Q2 to study the crossing into the saturation region al-
lowing us to, at the same time, make the comparison with
DGLAP-based pQCD and CGC predictions. The statis-
tical error bars depicted in the figures described in this
section are derived by assuming an integrated luminosity
of

∫
Ldt = 10 fb−1/A for each species and include exper-

[Qs(x,A)]2 ⇠
✓
A

x

◆ 1
3

Nucleus  
A

virtual photon has wave length L ~ 1/x ≫ 2RA ~ A1/3 boosted nucleus size 
lepton probes coherently all gluons inside nucleus at given b

2RA

virtual photon

impact 
parameterb

Saturation scale

(maximum at b=0)

Advantage of having ion beams 
same Qs reached at (A × larger) x 

hence, at (1/√A × smaller) energy √s
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Diffraction: a powerful probe of onset of QCD  
                   non-linear dynamics in saturation
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The Electron-Ion Collider
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eRHIC
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the  JLEIC  project 

- use existing CEBAF for  
    polarized e− injector

- “figure 8” layout optimized 
for high ion  polarization

- energy range √s :  20 → 65 - 140 GeV  (depending on magnet tech.)

- fully integrated detector/IR

1035 
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1033 

   
  (

 

LHC - JLEIC achieves initial high Lumi; 
   choice of magnet technology 
   determines initial / upgraded  
   energy reach



the  eRHIC  project 

- use existing RHIC: tunnel,  
   detector halls, hadron injector

- add 18 GeV e− accelerator in  
   same tunnel (use either  
   Electron Storage Ring or  
   Energy Recovery Linac)
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Uniqueness of EIC among all DIS Facilities

All DIS facilities in the world. 
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When ? 

the  EIC  project :   When ?

the time scale ?
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JLEIC possible timeline (eRHIC similar)

CD0 = DOE “Mission Need” statement;   CD1 = design choice and site selection

CD2/CD3 = establish project baseline cost and schedule

Updated: 1/13/17

A. Accardi,  Giornata sulle opportunità del progetto EIC,  Genova Jan. 17 2017
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The EIC User Group:  www.eicug.org
28 countries, 151 institutions 
685 collaborators    (April, 2017)

Institutional Board:  one representative for each one of 151 institutions
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Steering Committee: President 
A. Deshpande

Vice President 
B. Surrow
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   T. Ullrich

President IB 
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The EIC User Group:  www.eicug.org
28 countries, 151 institutions 
685 collaborators    (April, 2017)

EICUG  previous meetings
• Stony Brook,  Jun. 2014 

• Berkeley, Jan. 6-9 2016 

• Argonne Nat. Lab., Jul. 7-10 2016 

• remote/web, Mar. 2017 (preparation of NAS review) 

EICUG  next meeting

Trieste, Jul. 18-22 2017

http://skypper.physics.sunysb.edu/~eicug/meeting1/SBU.html

http://skypper.physics.sunysb.edu/~eicug/meeting2/UCB2016.html

http://eic2016.phy.anl.gov/

https://agenda.infn.it/conferenceDisplay.py?ovw=True&confId=13037

http://www.eicug.org
http://skypper.physics.sunysb.edu/~eicug/meeting1/SBU.html
http://skypper.physics.sunysb.edu/~eicug/meeting1/SBU.html
http://skypper.physics.sunysb.edu/~eicug/meeting1/SBU.html
https://agenda.infn.it/conferenceDisplay.py?ovw=True&confId=13037

