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Understanding Nucleon Mass
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❑ 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
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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 stu! 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
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“Our goal is to explore and understand the internal structure of 
nucleons in terms of their elementary constituents, i.e. quarks and 
gluons. ”

Take home message?

1
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(EMC, CERN 1987!)

Why #2 :  the  Nucleon  spin
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Why #4 :  gluon saturation

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 ?
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•At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)



Why #4 :  gluon saturation

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)

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? 
Is there a universal gluonic matter at high density? 

How does nuclear matter affect quark & gluon interactions?
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inclusive

semi-inclusive

exclusive

Deep-Inelastic Scattering 
(DIS)

Q2 = s x y

very high luminosity

very good detector PID
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accelerator-based science and society, from medicine through materials science to elementary           
particle physics.”  
  
The location of the EIC is expected to be chosen after the U.S. Department of Energy has                 
started its staged project approval process. Future users will, to a considerable extent, be              
international, in particular European. The interested scientists world-wide are organized in the            
EIC User Group (EICUG, web site http://www.eicug.org/) which is governed by three            
committees:  

- the Institutional Board (IB), which is formed by a representative of each participating             
institution 

- the elected Steering Committee (SC), which organizes the regular business of the            
EICUG, and has one specific European Representative and currently another European           
as one of the 4 “at-large” members  

- the Election and Nominating Committee (ENC), which is charged to organize and            
conduct the elections of the SC members.  

The composition and detailed mission of each committee are regulated by a Charter that was               
formally approved by the EICUG in 2016. ​As of Dec. 3, 2018, ​the EICUG consists of 840                 
scientists from 177 institutions of 30 countries in all world regions, with a large European               
involvement consisting of about 230 scientists (2 ​7 ​%) from 58 institutions. About 27% of the              
European scientists are working on theory. The institutions ​and their involvement are listed in              
the addendum.  
 
  

 
Figure 1. Left: the phase space in (x,Q​2​) covered in polarized electron-proton DIS by two 
different setups for the EIC, in comparison with past and current DIS machines and RHIC 
(updated version of Ref. [3]). A center-of-mass energy in the range of 20-100 GeV is foreseen 
for the EIC, with 45 GeV having maximum luminosity and 140 GeV being the maximal energy 
after a possible future upgrade. Right: EIC kinematical reach for nuclei, compared to earlier 
nuclear DIS experiments. 
 

The  Phase  Space
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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 

see  also
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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
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Collinear Parton Distribution Functions 
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Collinear PDF now

Final HERA Picture of Proton (HERAPDF2.0)
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• ~2% gluon precision, 1% on sea quarks for x ~ 10-2

• Uncertainty explodes above x=10-1 and below x=10-3

• Low x gluon rising in a non-sustainable way at large Q2 …
[Note ‘Standard’ presentation is at Q2 = 10 GeV2]
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Precision matters!

High x (anti)- quarks 

10

- Sensitivity to BSM heavy W boson through 
excess in high mass ln or jj already limited by 
PDFs through background prediction (high x 
valence quark and antiquark entering Drell-Yan)
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E. Kay & U. Klein using VRAP v0.9W (combined +/-)

Many more examples in recent ‘Report on the Physics at 
the HL-LHC …’, ATLAS and CMS, CERN-LPCC-2019-01
… much of the LHC search programme will become limited by 
high x parton density uncertainties as time progresses
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Collinear PDFs @ EIC

EIC at √s = 140 GeV 
SIDIS  e−p  with K±,π±
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Collinear PDFs @ EIC

E. Aschenauer, talk at INT-1803

xū+ xc̄ xd̄+ xs̄

EIC at √s = 140 GeV 
Charged-Current  DIS 

EIC at √s = 140 GeV 
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Collinear PDFs @ EIC

E. Aschenauer, talk at INT-1803

xū+ xc̄ xd̄+ xs̄

EIC at √s = 140 GeV 
Charged-Current  DIS 

EIC at √s = 140 GeV 
SIDIS  e−p  with K±,π±

important for large-qT W & Z 
production and for BSM physics

important for Higgs & BSM physics 
using “BSM-insensitive” PDFs



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

generate EIC pseudo-data and fit → g1q, g1q, g1g
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 ΔΣ /2

Rf Whe cXUUeQW SIDIS daWa hiQdeU a cRPSOeWe fOaYRU VeSaUaWiRQ Rf XQfaYRUed chaQQeOV. AW Whe EIC,                
Whe high OXPiQRViW\, cRPbiQed ZiWh Whe OaUge OeYeU aUP iQ Whe haUd VcaOe Q aQd Whe SXUSRVefXOO\                 
SOaQQed deWecWRU caSabiOiWieV, ZiOO aOORZ fRU YeU\ SUeciVe VWXdieV Rf Whe fOaYRU deSeQdeQce Rf FFV               
RYeU Whe ZhROe ShaVe VSace. CXUUeQW VWXdieV RQ Whe SURjecWed UeOaWiYe eUURU iQdicaWe WhaW              
VigQificaQW iPSURYePeQWV caQ be achieYed aOVR fRU PDFV Rf OighW fOaYRUV RYeU a Zide UaQge Rf ORZ                 
WR PediXP [, SaUWicXOaUO\ fRU Whe VWUaQge cRPSRQeQW [6]. HeQce, cRPbiQiQg iQSXWV fURP Whe EIC,               
hadURQ cROOideUV aQd B-facWRUieV, ZiOO aOORZ WR dUaVWicaOO\ UedXce Whe XQceUWaiQWieV RQ FFV, aQd              
cRXOd PaNe iW SRVVibOe aOVR WR Ueach Whe XOWiPaWe gRaO Rf a ViPXOWaQeRXV e[WUacWiRQ fURP daWa Rf                 
bRWh PDFV aQd FFV. AddiWiRQaOO\, iW cRXOd heOS iQ cOaUif\iQg if Whe iQWUiQVic fOaYRU cRQWeQW Rf Whe                 
SURWRQ UeceiYeV cRQWUibXWiRQV aOVR fURP chaUP [11], aVVRciaWed ZiWh e[RWic FRcN cRPSRQeQWV iQ             
Whe SURWRQ ZaYe fXQcWiRQ.  

                                        
FigXUe 3: IQWegUaWed gOXRQ heOiciW\ aV a fXQcWiRQ Rf Whe aWWaiQabOe [​PiQ fRU YaUiRXV EIC               
cRQfigXUaWiRQV [12].  
 
The aYaiOabiOiW\ Rf SROaUi]ed SURWRQ beaPV aW Whe EIC aOORZV RQe WR dR a ViPiOaU aQaO\ViV fRU Whe                  
SROaUi]ed TXaUN aQd gOXRQ PDFV aQd WheUeb\ WR Vhed fXUWheU OighW RQ WheiU cRQWUibXWiRQ WR Whe                
SURWRQ VSiQ. IQ SaUWicXOaU, Whe VWUaQge ​TXaUN ​aQd gOXRQ PDFV VWiOO haYe OaUge XQceUWaiQWieV.              
ReceQW UeVXOWV RbWaiQed aW RHIC giYe eYideQce WhaW Whe gOXRQ cRQWUibXWiRQ iV QRQYaQiVhiQg aQd              
SRViWiYe, aOWhRXgh Whe XQceUWaiQW\ iV OaUge becaXVe Whe UeVXOW iV YeU\ VeQViWiYe WR Whe PiQiPXP               
aWWaiQabOe [. WiWh iWV XQiTXe caSabiOiW\ Rf cROOidiQg ORQgiWXdiQaOO\ SROaUi]ed eOecWURQV aQd SURWRQV,             
ZhiOe VSaQQiQg VPaOO [ eYeQ beORZ 10 ​-4​, Whe EIC ZiOO dUaVWicaOO\ UedXce WhiV XQceUWaiQW\ (Vee Fig.                
3 [12]). BRWh DIS aQd SIDIS daWa ZiOO be iPSRUWaQW heUe. The deYeORSPeQW Rf UeOiabOe aQd                
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The  Nucleon  Spin  Puzzle

13

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

generate EIC pseudo-data and fit → g1q, g1q, g1g

 ΔΣ /2

Rf Whe cXUUeQW SIDIS daWa hiQdeU a cRPSOeWe fOaYRU VeSaUaWiRQ Rf XQfaYRUed chaQQeOV. AW Whe EIC,                
Whe high OXPiQRViW\, cRPbiQed ZiWh Whe OaUge OeYeU aUP iQ Whe haUd VcaOe Q aQd Whe SXUSRVefXOO\                 
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Whe SURWRQ ZaYe fXQcWiRQ.  

                                        
FigXUe 3: IQWegUaWed gOXRQ heOiciW\ aV a fXQcWiRQ Rf Whe aWWaiQabOe [​PiQ fRU YaUiRXV EIC               
cRQfigXUaWiRQV [12].  
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respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that kT is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P , the
nucleon spin S, and the parton spin (say a
quark, sq). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. 2.12. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
kT , and will vanish with a simple kT integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum
space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.
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Figure 2.13: The density in the transverse-momentum plane for unpolarized quarks with x = 0.1
in a nucleon polarized along the ŷ direction. The anisotropy due to the proton polarization is
described by the Sivers function, for which the model of [77] is used. The deep red (blue)
indicates large negative (positive) values for the Sivers function.

One particular example is the quark
Sivers function f

?q
1T which describes the

transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13 demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the

34
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accelerator-based science and society, from medicine through materials science to elementary           
particle physics.”  
  
The location of the EIC is expected to be chosen after the U.S. Department of Energy has                 
started its staged project approval process. Future users will, to a considerable extent, be              
international, in particular European. The interested scientists world-wide are organized in the            
EIC User Group (EICUG, web site http://www.eicug.org/) which is governed by three            
committees:  

- the Institutional Board (IB), which is formed by a representative of each participating             
institution 

- the elected Steering Committee (SC), which organizes the regular business of the            
EICUG, and has one specific European Representative and currently another European           
as one of the 4 “at-large” members  

- the Election and Nominating Committee (ENC), which is charged to organize and            
conduct the elections of the SC members.  

The composition and detailed mission of each committee are regulated by a Charter that was               
formally approved by the EICUG in 2016. ​As of Dec. 3, 2018, ​the EICUG consists of 840                 
scientists from 177 institutions of 30 countries in all world regions, with a large European               
involvement consisting of about 230 scientists (2 ​7 ​%) from 58 institutions. About 27% of the              
European scientists are working on theory. The institutions ​and their involvement are listed in              
the addendum.  
 
  

 
Figure 1. Left: the phase space in (x,Q​2​) covered in polarized electron-proton DIS by two 
different setups for the EIC, in comparison with past and current DIS machines and RHIC 
(updated version of Ref. [3]). A center-of-mass energy in the range of 20-100 GeV is foreseen 
for the EIC, with 45 GeV having maximum luminosity and 140 GeV being the maximal energy 
after a possible future upgrade. Right: EIC kinematical reach for nuclei, compared to earlier 
nuclear DIS experiments. 
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EIC
EIC  explores larger phase space 

- test universality 
- test evolution of TMD with Q2 
- study matching with pQCD at PhT2~Q2 
- test factorization   e−p ↔ p−p  

- gluon TMD from 

Gluon TMDs

26

3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
2
T )

�
,

B
gg!QQ̄ =

N

N2 � 1
B1 H

gg(x1, x2, q
2
T ) , (8)
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.

gluon TMD
gluon TMD

gluon TMD

±1

±1 ∓1

∓1

h⊥ g
1

h⊥ g
1

±1

±1 ±1

fg
1

±1

fg
1gluon TMD

gluon TMD

e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12) 
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14)  

see talks by C. Pisano, F. Murgia, J.H. Lee 

e p → jet jet X



26

flavor dependence of k⊥-distribution

A. Bacchetta/INFN12

Transverse-momentum distributions

?

36

Tuesday, 13 November 12

A. Bacchetta/INFN12

Transverse-momentum distributions

?

36

Tuesday, 13 November 12

❓
hints of flavor dependence  
from fit of HERMES data
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sea < u

d < u d > uBacchetta et al.,  
JHEP 1311 (13) 194 electron

proton X

h = π, K…
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deuteron
disentangle flavors  

with different targets  
and hadron species

can affect extraction of mW from qT distribution of  W decay at LHC 
if precision ≲ 10 MeV.       Is it  W+ ≠ W− ?

Bacchetta et al., PLB 788 (18)
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Figure 3: The dependence of sin
2 ✓W on Q calculated in the Standard Model (solid line) compared with existing

data and projected fixed-target and EIC measurements. For the EIC projections 200 days of electron-deuteron

running is assumed (with luminosity of 267 fb
�1

per nucleon and electrons 80% polarized). QED and QCD

radiative corrections and e↵ects of detector smearing are taken into account [32].

its isovector component. But it can also be obtained from SIDIS (HERMES, COMPASS) or proton-proton collisions
(RHIC) with transversely polarized hadrons by extracting the chiral-odd transversity distribution, whose first
Mellin moment is the tensor charge. The EIC can significantly contribute in reducing the current uncertainty on
the phenomenological extraction of the tensor charge by widely enlarging the covered x and Q2 range.

6 Detector R&D

The ability to extract exciting physics at the EIC is intimately connected to the overall design of the experiments
and to the performance of the required detectors incorporated appropriately into the interaction region of the
collider. From the experimental point of view, the broad EIC physics program encompasses the study of inclusive
and semi-inclusive reactions, as well as exclusive processes in the collision of electrons with protons or light to heavy
nuclei over a wide range of center-of-mass energies. Consequently the requirements for the experimental apparatus
are complex and challenging.

In all cases the unambiguous identification of the scattered electron and the precise measurement of its angle
and energy is essential, since it determines the key kinematic variables (x,Q2) of the interaction. This imposes
many strong requirements on the detectors. Also needed to access the semi-inclusive processes: excellent hadron
identification over a wide momentum and rapidity range, from 200 MeV/c to 10 GeV/c in the barrel region and
up to 50 GeV/c in the forward (hadron going) region, with full 2⇡ acceptance for tracking and momentum analysis
and excellent vertex resolution by a low-mass vertex detector. In particular, the extremely wide phase-space range
where hadron identification is needed is specific of experiments at the EIC and imposes the use, within the same
setup, of diversified approaches for particle identification. Exclusive reactions require the capability to accurately
track all particles with high spatial and momentum resolution. The identification of many key processes depends
on the complete hermeticity of the setup, another characteristic aspect of experiments at the EIC resulting in the
additional requirement of very forward detectors such as Roman pots, and large-acceptance zero-degree calorimetry
to e↵ectively detect neutrons from the breakup of nuclei. The entire experimental program will require the precise
measurement of luminosity; polarized beams impose the need of highly accurate electron, proton, and light nucleus
polarimetry.

The need for a largely diversified set of detector types is evident from this schematic analysis. Expertise and
experience with the required subsystems is spread over many communities and continents. There are sectors where
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weak mixing angle 
(Y.X. Zhao et al., Eur. Phys. J. A53 (2017) 55) 
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weak mixing angle 
(Y.X. Zhao et al., Eur. Phys. J. A53 (2017) 55) 

W mass 
(Bacchetta et al., Phys. Lett. B 788 (2018) 542) 
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How to measure GPDs

‣accessible in exclusive reactions

‣factorization for large Q2,  |t|<< Q2 , W2

‣depend on 3 variables: x, ⇠, t

Compton Form Factors

‣ 8 independent GPDs:  
   real functions depending on the parton and target polarization   
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Radial pressure distribution

data before 6 GeV 
6 GeV JLab 
projected 12 GeV JLab 

Girod, Elouadrhiri,Burkert, Nature 557 (2018) 7705

Necessary to verify model assumptions in the exp extraction 
with more data coming  from JLab, COMPASS and EIC

Kumericki, Nature 570 (2019) 7759
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Orbital angular momentum from GPDs
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extractions from HERMES 
data using two different 
models

QCDSF: PoS (Lattice 2007) 158
LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Problem of model dependent extractions 

Ji’s sum rule 1

2

Z
dx x

h
H(x, 0, 0) + E(x, 0, 0)

i
= J

X. Ji, P.R.L. 78 (97) 



QCD in nuclei

1 Introduction

A U.S.-based Electron-Ion Collider (EIC) has recently been endorsed by the U.S. National Academies of Sciences,
Engineering, and Medicine (NAS) [1]. This brings the realization of such a collider another step closer, after its
earlier recommendation in the 2015 Long-Range Plan for U.S. nuclear science of the Nuclear Science Advisory
Committee “as the highest priority for new facility construction following the completion of FRIB” [2]. Given the
substantial European interest and involvement in the EIC and its physics program, it seems appropriate to outline
to the Panel of the European Strategy for Particle Physics Update (ESPPU) the current European involvement in
the EIC endeavor and the mutual benefits for particle physics experiments at CERN and EIC experiments.

The general need for and uses of high-energy electron-proton and electron-ion collisions, often referred to as
Deep Inelastic Scattering (DIS), are outlined in a separate document submitted to this Panel. Also, detailed
accelerator (R&D) aspects of the U.S.-based EIC are outlined in a dedicated document. Here the focus will be
on the EIC physics and detector R&D program, the synergies with present and planned CERN experiments, and
outlining the European involvement in the EIC.

DFFHOHUDWRU-EDVHG VFLHQFH DQG VRFLHW\, IURP PHGLFLQH WKURXJK PDWHULDOV VFLHQFH WR HOHPHQWDU\           
SDUWLFOH SK\VLFV.´  
  
7KH ORFDWLRQ RI WKH EIC LV H[SHFWHG WR EH FKRVHQ DIWHU WKH 8.S. DHSDUWPHQW RI EQHUJ\ KDV                 
VWDUWHG LWV VWDJHG SURMHFW DSSURYDO SURFHVV. FXWXUH XVHUV ZLOO, WR D FRQVLGHUDEOH H[WHQW, EH              
LQWHUQDWLRQDO, LQ SDUWLFXODU EXURSHDQ. 7KH LQWHUHVWHG VFLHQWLVWV ZRUOG-ZLGH DUH RUJDQL]HG LQ WKH            
EIC 8VHU GURXS (EIC8G, ZHE VLWH KWWS://ZZZ.HLFXJ.RUJ/) ZKLFK LV JRYHUQHG E\ WKUHH            
FRPPLWWHHV:  

- WKH IQVWLWXWLRQDO BRDUG (IB), ZKLFK LV IRUPHG E\ D UHSUHVHQWDWLYH RI HDFK SDUWLFLSDWLQJ             
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- WKH EOHFWLRQ DQG NRPLQDWLQJ CRPPLWWHH (ENC), ZKLFK LV FKDUJHG WR RUJDQL]H DQG            
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VFLHQWLVWV IURP 177 LQVWLWXWLRQV RI 30 FRXQWULHV LQ DOO ZRUOG UHJLRQV, ZLWK D ODUJH EXURSHDQ               
LQYROYHPHQW FRQVLVWLQJ RI DERXW 230 VFLHQWLVWV (2 ​7 ​%) IURP 58 LQVWLWXWLRQV. AERXW 27% RI WKH              
EXURSHDQ VFLHQWLVWV DUH ZRUNLQJ RQ WKHRU\. 7KH LQVWLWXWLRQV ​DQG WKHLU LQYROYHPHQW DUH OLVWHG LQ              
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FLJXUH 1. LHIW: WKH SKDVH VSDFH LQ ([,Q​2​) FRYHUHG LQ SRODUL]HG HOHFWURQ-SURWRQ DIS E\ WZR 
GLIIHUHQW VHWXSV IRU WKH EIC, LQ FRPSDULVRQ ZLWK SDVW DQG FXUUHQW DIS PDFKLQHV DQG RHIC 
(XSGDWHG YHUVLRQ RI RHI. >3@). A FHQWHU-RI-PDVV HQHUJ\ LQ WKH UDQJH RI 20-100 GH9 LV IRUHVHHQ 
IRU WKH EIC, ZLWK 45 GH9 KDYLQJ PD[LPXP OXPLQRVLW\ DQG 140 GH9 EHLQJ WKH PD[LPDO HQHUJ\ 
DIWHU D SRVVLEOH IXWXUH XSJUDGH. RLJKW: EIC NLQHPDWLFDO UHDFK IRU QXFOHL, FRPSDUHG WR HDUOLHU 
QXFOHDU DIS H[SHULPHQWV. 
 

Figure 1: Left: the phase space in (x,Q2
) covered in polarized electron-proton DIS by two di↵erent setups for the

EIC, in comparison with past and current DIS machines and RHIC (updated version of Ref. [3]). A center-of-mass

energy in the range of 20-100 GeV is foreseen for the EIC, with 45 GeV having maximum luminosity and 140 GeV

being the maximal energy after a possible future upgrade. Right: EIC kinematical reach for nuclei, compared to

earlier nuclear DIS experiments.

The EIC is a machine that is unique compared to any previous DIS experiment because of the combined availability
of high energy, high luminosity, ion versatility, and polarization. It is the first ever machine with the capability to
collide highly polarized electrons on polarized protons and light ions, as well as on unpolarized heavier ions up to
uranium. The EIC has a large reach in x and Q2 (see Fig. 1). High energy scattering of polarized electrons and
ions, including both longitudinally and transversely polarized light ions, is crucial to a full understanding of the
quark-gluon structure and dynamics of baryons, mesons, and nuclei. Compared to the HERA collider at DESY, the
EIC will have lower energy but much higher luminosity. It can conduct measurements that have never been feasible
before. The NAS committee finds the scientific case for EIC compelling, unique, timely, and supported by the U.S.
nuclear science community. According to the NAS report [1]: “The science questions that an EIC will answer are

central to completing an understanding of atoms as well as being integral to the agenda of nuclear physics today.

In addition, the development of an EIC would advance accelerator science and technology in nuclear science; it

would as well benefit other fields of accelerator-based science and society, from medicine through materials science

to elementary particle physics.”

The location of the EIC is expected to be chosen after the U.S. Department of Energy has started its staged
project approval process. Future users will, to a considerable extent, be international, in particular European. The
interested scientists world-wide are organized in the EIC User Group (EICUG, web site http://www.eicug.org/)
which is governed by three committees:

- the Institutional Board (IB), which is formed by a representative of each participating institution
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Fig. 41. 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.

Measurements extracting the x, b and A dependence
of the saturation scale provide very useful information on
the momentum distribution and space-time structure of
strong color fields in QCD at high energies. The saturation
scale defines the transverse momentum of the majority of
gluons in the small-x wave-function, as shown in fig. 38,
thus being instrumental to our understanding of the mo-
mentum distributions of gluons. The impact parameter
dependence of the saturation scale tells us how the gluons
are distributed in the transverse coordinate plane, clari-
fying the spatial distribution of the small-x gluons in the
proton or nucleus.

Nuclear structure functions

The plots in figs. 39, 40 and 41 suggest a straight-
forward way of finding saturation/CGC physics: if we
perform the DIS experiment on a proton, or, better yet,
on a nucleus, and measure the DIS scattering cross-section
as a function of x and Q2, then, at sufficiently low x and
Q2, one may be able to see the effects of saturation. As
explained in Sidebar II, the total DIS cross-section is re-
lated to the structure functions F2(x,Q2) and FL(x,Q2)
by a linear relation. One finds that the structure function
F2 is more sensitive to the quark distribution xq(x,Q2)
of the proton or nucleus, while the structure function FL

measures the gluon distribution xG(x,Q2) [12, 175]. Sat-
uration effects can thus be seen in both F2 and FL at low
x and Q2, although, since saturation is gluon-driven, one
would expect FL to manifest them stronger.

The nuclear effects on the structure functions can be
quantified by the ratios

R2(x,Q2) ≡ FA
2 (x,Q2)

AF p
2 (x,Q2)

,

RL(x,Q2) ≡ FA
L (x,Q2)

AF p
L(x,Q2)

, (23)
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Fig. 42. Theoretical predictions for RG(x, Q2) plotted at
Q2 = 1.69 GeV2 for a Pb nucleus: the models corresponding
to different curves are explained in the plot legend. The mod-
els are: EPS09 [176], EKS 98 [177] (based on the leading-order
(LO) global DGLAP analysis), HKN 07 [178], nDS [179] (next-
to-leading-order (NLO) DGLAP analysis), and rcBK [165],
plotted for Q2 = 1.85 GeV2 (based on BK non-linear evolu-
tion with the running-coupling corrections (rcBK) [180–183],
referred to as Model-II in sect. 3.2.1). The light-gray shaded
area depicts the uncertainty band of EPS09, while the blue
shaded area indicates the uncertainty band of the rcBK ap-
proach.

for the two structure functions, where the superscripts p
and A label the structure functions for the protons and
nuclei correspondingly. Ratios like those in eq. (23) can
be constructed for the quark and gluon nuclear PDFs too.
The ratio for the gluon distribution compares the number
of gluons per nucleon in the nucleus to the number of
gluons in a single free proton. Since the structure function
FL measures the gluon distribution xG(x,Q2) [12, 175],
the ratio RL(x,Q2) is close to the ratio RG(x,Q2) of the
gluon PDFs in the nucleus and the proton normalized the
same way,

RG(x,Q2) ≡ xGA(x,Q2)
AxGp(x,Q2)

. (24)

A sample of theoretical predictions for the ratio
RG(x,Q2) for the gluon PDFs is plotted in fig. 42,
comprising several DGLAP-based models along with the
saturation-based prediction. Note that the DGLAP equa-
tion, describing evolution in Q2, cannot 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. 42 strongly suffer from
the uncertainty in various ad hoc parameterizations of the
initial conditions for DGLAP evolution. Conversely, the
saturation prediction is based on the BK equation (19),
which is an evolution equation in x, generating a very
specific x-dependence of the distribution functions that
follows from QCD: this leads to a narrow error band for
the saturation prediction.

All existing approaches predict that the ratio RG

would be below one at small x: this is the nuclear shad-
owing phenomenon [184], indicating that the number of
small-x gluons per nucleon in a nucleus is lower than that
in a free proton. In the DGLAP-based description of nu-
clear PDFs, shadowing is included in the parameteriza-
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Figure 25: EPPS16 ratio of gluon PDF in a Pb nucleus relative to that of the proton (RPb
g ), and its uncertainty

band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
than 90% of all final state particles in a heavy-ion collision at mid-rapidity. The bands on the top of each panel
reflect the referring kinematic acceptance of the typical RHIC and LHC experiment. For details, see text. The
vertical red and blue lines indicate the kinematic limits for di↵erent EIC center-of-mass energies.

evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Non-Linear Dynamics
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10-310-4
x

Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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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
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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

DGLAP
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Fig. 41. 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.

Measurements extracting the x, b and A dependence
of the saturation scale provide very useful information on
the momentum distribution and space-time structure of
strong color fields in QCD at high energies. The saturation
scale defines the transverse momentum of the majority of
gluons in the small-x wave-function, as shown in fig. 38,
thus being instrumental to our understanding of the mo-
mentum distributions of gluons. The impact parameter
dependence of the saturation scale tells us how the gluons
are distributed in the transverse coordinate plane, clari-
fying the spatial distribution of the small-x gluons in the
proton or nucleus.

Nuclear structure functions

The plots in figs. 39, 40 and 41 suggest a straight-
forward way of finding saturation/CGC physics: if we
perform the DIS experiment on a proton, or, better yet,
on a nucleus, and measure the DIS scattering cross-section
as a function of x and Q2, then, at sufficiently low x and
Q2, one may be able to see the effects of saturation. As
explained in Sidebar II, the total DIS cross-section is re-
lated to the structure functions F2(x,Q2) and FL(x,Q2)
by a linear relation. One finds that the structure function
F2 is more sensitive to the quark distribution xq(x,Q2)
of the proton or nucleus, while the structure function FL

measures the gluon distribution xG(x,Q2) [12, 175]. Sat-
uration effects can thus be seen in both F2 and FL at low
x and Q2, although, since saturation is gluon-driven, one
would expect FL to manifest them stronger.

The nuclear effects on the structure functions can be
quantified by the ratios

R2(x,Q2) ≡ FA
2 (x,Q2)

AF p
2 (x,Q2)

,

RL(x,Q2) ≡ FA
L (x,Q2)

AF p
L(x,Q2)

, (23)

10-4 10-3 10-2 10-1 1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
GP

b (x
, Q

2 =1
.6

9 
G

eV
2 )

x

EPS09LO
EKS98

rcBK (Q2 = 1.85 GeV2)

HKN07 (LO)
nDS (LO)

Fig. 42. Theoretical predictions for RG(x, Q2) plotted at
Q2 = 1.69 GeV2 for a Pb nucleus: the models corresponding
to different curves are explained in the plot legend. The mod-
els are: EPS09 [176], EKS 98 [177] (based on the leading-order
(LO) global DGLAP analysis), HKN 07 [178], nDS [179] (next-
to-leading-order (NLO) DGLAP analysis), and rcBK [165],
plotted for Q2 = 1.85 GeV2 (based on BK non-linear evolu-
tion with the running-coupling corrections (rcBK) [180–183],
referred to as Model-II in sect. 3.2.1). The light-gray shaded
area depicts the uncertainty band of EPS09, while the blue
shaded area indicates the uncertainty band of the rcBK ap-
proach.

for the two structure functions, where the superscripts p
and A label the structure functions for the protons and
nuclei correspondingly. Ratios like those in eq. (23) can
be constructed for the quark and gluon nuclear PDFs too.
The ratio for the gluon distribution compares the number
of gluons per nucleon in the nucleus to the number of
gluons in a single free proton. Since the structure function
FL measures the gluon distribution xG(x,Q2) [12, 175],
the ratio RL(x,Q2) is close to the ratio RG(x,Q2) of the
gluon PDFs in the nucleus and the proton normalized the
same way,

RG(x,Q2) ≡ xGA(x,Q2)
AxGp(x,Q2)

. (24)

A sample of theoretical predictions for the ratio
RG(x,Q2) for the gluon PDFs is plotted in fig. 42,
comprising several DGLAP-based models along with the
saturation-based prediction. Note that the DGLAP equa-
tion, describing evolution in Q2, cannot 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. 42 strongly suffer from
the uncertainty in various ad hoc parameterizations of the
initial conditions for DGLAP evolution. Conversely, the
saturation prediction is based on the BK equation (19),
which is an evolution equation in x, generating a very
specific x-dependence of the distribution functions that
follows from QCD: this leads to a narrow error band for
the saturation prediction.

All existing approaches predict that the ratio RG

would be below one at small x: this is the nuclear shad-
owing phenomenon [184], indicating that the number of
small-x gluons per nucleon in a nucleus is lower than that
in a free proton. In the DGLAP-based description of nu-
clear PDFs, shadowing is included in the parameteriza-
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Figure 25: EPPS16 ratio of gluon PDF in a Pb nucleus relative to that of the proton (RPb
g ), and its uncertainty

band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
than 90% of all final state particles in a heavy-ion collision at mid-rapidity. The bands on the top of each panel
reflect the referring kinematic acceptance of the typical RHIC and LHC experiment. For details, see text. The
vertical red and blue lines indicate the kinematic limits for di↵erent EIC center-of-mass energies.

evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the

25
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Regime

Radiation Dominated 
Regime

Non-Linear Dynamics
Regime

10-310-4
x

Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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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
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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
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Fig. 41. 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.

Measurements extracting the x, b and A dependence
of the saturation scale provide very useful information on
the momentum distribution and space-time structure of
strong color fields in QCD at high energies. The saturation
scale defines the transverse momentum of the majority of
gluons in the small-x wave-function, as shown in fig. 38,
thus being instrumental to our understanding of the mo-
mentum distributions of gluons. The impact parameter
dependence of the saturation scale tells us how the gluons
are distributed in the transverse coordinate plane, clari-
fying the spatial distribution of the small-x gluons in the
proton or nucleus.

Nuclear structure functions

The plots in figs. 39, 40 and 41 suggest a straight-
forward way of finding saturation/CGC physics: if we
perform the DIS experiment on a proton, or, better yet,
on a nucleus, and measure the DIS scattering cross-section
as a function of x and Q2, then, at sufficiently low x and
Q2, one may be able to see the effects of saturation. As
explained in Sidebar II, the total DIS cross-section is re-
lated to the structure functions F2(x,Q2) and FL(x,Q2)
by a linear relation. One finds that the structure function
F2 is more sensitive to the quark distribution xq(x,Q2)
of the proton or nucleus, while the structure function FL

measures the gluon distribution xG(x,Q2) [12, 175]. Sat-
uration effects can thus be seen in both F2 and FL at low
x and Q2, although, since saturation is gluon-driven, one
would expect FL to manifest them stronger.

The nuclear effects on the structure functions can be
quantified by the ratios

R2(x,Q2) ≡ FA
2 (x,Q2)

AF p
2 (x,Q2)

,

RL(x,Q2) ≡ FA
L (x,Q2)

AF p
L(x,Q2)

, (23)
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Fig. 42. Theoretical predictions for RG(x, Q2) plotted at
Q2 = 1.69 GeV2 for a Pb nucleus: the models corresponding
to different curves are explained in the plot legend. The mod-
els are: EPS09 [176], EKS 98 [177] (based on the leading-order
(LO) global DGLAP analysis), HKN 07 [178], nDS [179] (next-
to-leading-order (NLO) DGLAP analysis), and rcBK [165],
plotted for Q2 = 1.85 GeV2 (based on BK non-linear evolu-
tion with the running-coupling corrections (rcBK) [180–183],
referred to as Model-II in sect. 3.2.1). The light-gray shaded
area depicts the uncertainty band of EPS09, while the blue
shaded area indicates the uncertainty band of the rcBK ap-
proach.

for the two structure functions, where the superscripts p
and A label the structure functions for the protons and
nuclei correspondingly. Ratios like those in eq. (23) can
be constructed for the quark and gluon nuclear PDFs too.
The ratio for the gluon distribution compares the number
of gluons per nucleon in the nucleus to the number of
gluons in a single free proton. Since the structure function
FL measures the gluon distribution xG(x,Q2) [12, 175],
the ratio RL(x,Q2) is close to the ratio RG(x,Q2) of the
gluon PDFs in the nucleus and the proton normalized the
same way,

RG(x,Q2) ≡ xGA(x,Q2)
AxGp(x,Q2)

. (24)

A sample of theoretical predictions for the ratio
RG(x,Q2) for the gluon PDFs is plotted in fig. 42,
comprising several DGLAP-based models along with the
saturation-based prediction. Note that the DGLAP equa-
tion, describing evolution in Q2, cannot 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. 42 strongly suffer from
the uncertainty in various ad hoc parameterizations of the
initial conditions for DGLAP evolution. Conversely, the
saturation prediction is based on the BK equation (19),
which is an evolution equation in x, generating a very
specific x-dependence of the distribution functions that
follows from QCD: this leads to a narrow error band for
the saturation prediction.

All existing approaches predict that the ratio RG

would be below one at small x: this is the nuclear shad-
owing phenomenon [184], indicating that the number of
small-x gluons per nucleon in a nucleus is lower than that
in a free proton. In the DGLAP-based description of nu-
clear PDFs, shadowing is included in the parameteriza-
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Figure 25: EPPS16 ratio of gluon PDF in a Pb nucleus relative to that of the proton (RPb
g ), and its uncertainty

band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
than 90% of all final state particles in a heavy-ion collision at mid-rapidity. The bands on the top of each panel
reflect the referring kinematic acceptance of the typical RHIC and LHC experiment. For details, see text. The
vertical red and blue lines indicate the kinematic limits for di↵erent EIC center-of-mass energies.

evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the

25
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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10-310-4
x

Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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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
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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

DGLAP

EIC can “intercept” Qs(x,A)

[Qs(x,A)]2 ⇠
✓
A

x

◆ 1
3

Saturation scale
Advantage of having  

ion beams: 
same Qs reached for  
higher x / lower √s



Importance  of  diffraction

        Diffraction :        a powerful probe of onset of QCD    
    σdiff ~ [g(x,Q2)]2     non-linear dynamics in saturation
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Q2 dependence of saturation
Study the saturation limit  
→ proximity to “black body” limit in DIS
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New multiquark states to confirm:  
X(3872) and  pentaquarkΣD

γγ
J/ψDiffractive double       production 

through     collisions Open heavy flavour
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Opportunities with quarkonia at EIC

I. Vitev



Conclusions  

• EIC is addressing fundamental (open) questions on structure of nucleons and 
nuclei:  

    - spin and flavor structure of nucleons and nuclei 
    - 3D-imaging (tomography) in momentum and spatial space 
    - description of matter at extreme parton densities 

• The answers to these questions are relevant both “per se” and for precision 
measurements / New Physics discoveries 

• Apologies for not having discusses many topics in detail: many interesting slides 
on each of these topics (and more!) at 

• Thanks for your attention!


