
The Electron Ion Collider (EIC) 
Abhay Deshpande 
 
Lecture 3:  
How the EIC will “solve” the nucleon spin puzzle 
Open questions in high density cold QCD matter & how will 
the EIC address them? 
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Study of internal 
structure of a 
watermelon: 
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A-A (RHIC) 
1) Violent 
collision of 
melons 

Violent DIS e-A (EIC) 
2) Cutting the watermelon with a knife 

Non-Violent e-A (EIC) 
3) MRI of a watermelon 



What does we look like? 
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1D         
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3D         

Courtesy: Alssandro Bacchetta 



Probe & target complex 
 
Soft interactions before 
collisions can destroy 
factorization, i.e. nuclear 
wave function affected 
 
Kinematics imprecisely 
determined 

Probe point like 
 
No initial state soft 
interactions, factorization 
preserved 
 
 
Kinematics precisely 
determined 

7/19/16 EIC Lecture 3 at NNPSS 2016 at MIT   4 Pre-EIC: p+A at RHIC and LHC

• Probe has structure as 
complex as the “target”
• More direct information on the 

response of a nuclear medium 
to gluon probe 
• Soft color interactions before 

the collision can alter the 
nuclear wave function and 
destroy universality of parton 
properties (break factorization)

p

p/A

• Point-like probe
• Dominated by single photon 

exchange ! no direct color 
interaction ! preserve the 
properties of partons in the 
nuclear wave function
• High precision & access to 

partonic kinematics
• Nuclei always “cold” nuclear 

matter (CNM)

p/A

Electron-Hadron (DIS)Hadron-Hadron



Deep Inelastic Scattering 
7/19/16 EIC Lecture 3 at NNPSS 2016 at MIT   5 

Measure of 
resolution 
power 

Measure of 
inelasticity 

Measure of 
momentum 
fraction of 
struck quark 

Kinematics: 

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

with respect to γ
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EIC: widens the x-Q2 phase space! 
Insights from the semi-inclusive measure-
ments are complementary to those from the
inclusive measurements. Specifically, they
make it possible to delineate the quark and
anti-quark spin contributions by flavor, since

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

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

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

T

, where p
T

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

p
s = 45 GeV andp

s = 140 GeV, respectively.

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

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

23
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ΔΣ/2 = Quark contribution to Proton Spin 
  LQ   = Quark Orbital Ang. Mom
 Δg    = Gluon contribution to Proton Spin 
  LG   = Gluon Orbital Ang. Mom  

Our Understanding of 
Nucleon Spin 

7 

1
2

=

1
2
�⌃ + LQ

�
+ [�g + LG]

Precision in ΔΣ and Δg è  A clear idea 
Of the magnitude of LQ+LG 
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Toward solving nucleon spin:  
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But, theory & experimental techniques have also evolved, now so we can do 
better than this…. 



Unified view of the Nucleon Structure 
9 

q (2+1)D imaging Quarks (Jlab/COMPASS) , Gluons (EIC) 
²  TMDs – confined motion in a nucleon (semi-inclusive DIS)  
²  GPDs – Spatial imaging of quarks and gluons (exclusive DIS & diffraction)   

5D 

3D 

1D 

HERMES 
JLab12 

COMPASS 
Valence 

HERMES 
JLab12 

COMPASS 
(RHIC) 

q Wigner distributions 
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q Naturally, two scales: 
²  high Q – localized probe 

To “see” quarks and gluons  

²  Low pT – sensitive to confining scale 
To “see” their confined motion 

²  Theory – QCD TMD factorization 

Semi-Inclusive DIS è Best for measuring 
Transverse Momentum Distributions 

q Naturally, two planes: 
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First, maybe the only, 
measurement of polarized sea 
and gluon TMDs 

q High luminosity implies: Single 
transverse-spin asymmetries: high 
resolution & multidimensional  
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Momentum tomography of the nucleon 
 
•  Tomographic images of KX/Ky of partons as functions of Bjorken-x: u quark 

distribution for transversely polarized proton.  
•  With EIC: low x partonic plots like these possible!   
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Spatial Imaging of quarks & gluons 
Generalized Parton Distributions 
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Deeply Virtual Compton Scattering 
Measure all three final states 
e + p à e’+ p’+ γ 

Fourier transform of momentum 
transferred=(p-p’) à Spatial distribution 

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p0)/2 before and after the scattering, as
shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = x

B

/(2� x
B

) in terms of the usual
Bjorken variable x

B

= Q2/(2p · q). For
the production of a meson with mass
M

V

one finds instead ⇠ = x
V

/(2� x
V

)
with x

V

= (Q2 +M2

V

)/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �

T

= p

0
T

� p

T

to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T

+ 4⇠2M2)/(1 �
⇠2), where M is the proton mass.

• The resolution scale is given by Q2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ 

+Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges e
q

and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

e
q

Z
dxHq(x, ⇠, t) = F p

1

(t) ,
X

q

e
q

Z
dxEq(x, ⇠, t) = F p

2

(t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.
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Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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Quarks 
Motion   

Gluons: 
Only @  
Collider  

7/15/16 BSA Board Meeting at SBU 

Historically investigations of nucleon 
structure and dynamics involved breaking the 
nucleon….  
 
To get to the orbital motion of quarks and 
gluons we need non-violent collisions 



Exclusive DIS 
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Measure of 
resolution 
power 

Measure of 
inelasticity 

Measure of 
momentum 
fraction of 
struck quark 

Kinematics: 

Exclusive events: 
e + (p/A) à e’+ (p’/A’)+ γ / J/ψ / ρ / φ
detect all event products in the detector 

e’ 

t 

(Q2) 
e 

γL* 
x+ξ  x-ξ  

H, H, E, E (x,ξ,t) 
~ ~ 

γ

p p’ 
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Allow access to the spatial 
distribution of partons in the nucleon 

Fourier transform of spatial 
distributions è GPDs 

GPDs è Orbital Angular Momenta! 

1
2

= JQ + JG

JQ =
1
2
�⌃ + LQ

JG = �G + LG



EIC coverage for GPDs 

First, maybe the only, measurement of polarized sea and gluon GPDs 
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GPDS: Transverse spatial gluon 
distribution from exclusive J/Ψ production 
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An immediate check/impact: 

17 

q  Quark GPDs and its orbital contribution to proton’s spin: 

Jq =
1

2
lim
t!0

Z
dx x [Hq(x, ⇠, t) + Eq(x, ⇠, t)] =

1

2
�q + Lq

The first meaningful constraint on quark orbital contribution to proton spin 
by combining the sea from the EIC and valence region from JLab 12 

This could be checked  
by Lattice QCD 

Lu + Ld ~ 0? 

There are also more recent ideas 
Of calculating parton distribution 

functions on Lattice:  
X. Ji et al. arXiv 1310.4263; 

1310.7471; 1402.1462 
& Y.-Q. Ma, J.-W. Qiu 1404.6860 
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What Can We Learnt From 
The Nuclei At The EIC? 
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How does a Proton look at  
low and high energy? 

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

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

intern radiate more……. Leading to a runaway growth? 

19 

Low energy 
High x 

Regime of fixed target exp. 

High energy 
Low- x 

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

20 

“…The result is a self catalyzing enhancement that leads to a runaway growth. 
A small color charge in isolation builds up a big color thundercloud….” 

 
F. Wilczek, in “Origin of Mass” 

Nobel Prize, 2004 

7/19/16 EIC Lecture 3 at NNPSS 2016 at MIT   



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

21 

What could limit this indefinite 
rise? à saturation of soft gluon 
densities via ggàg recombination 
must be responsible.  
 
 
 

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

recombination  

Apparent “indefinite rise” in gluon 
distribution in proton! 

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
•BFKL (linear QCD): splitting functions ⇒ gluon density grows
•BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
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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)

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

QCD  
Terra-

incognita! 
 

High Potential 
for Discovery 
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Nucleus:  
A laboratory for QCD 
What do we know about the gluons in nuclei? Very little! 
Does gluon density saturate? Does it produce a unique and 
universal state of matter? 
Parton propagation and interaction in nuclei (vs. protons) 
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Kinematic region accessible with nuclei 
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What do we learn from low-x studies? 
Low-x è High Energy 

24 

What tames the low-x rise? 
•  New evolution eqn.s @ low x & moderate Q2 
•  Saturation Scale QS(x) where gluon 

emission and recombination comparable 

First observation of gluon recombination effects in nuclei: 
èleading to a collective gluonic system! 

 
First observation of g-g recombination in different nuclei  

à  Is this a universal property?  
à  Is the Color Glass Condensate the correct effective theory? 
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Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
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gluon  
emission 

gluon 
recombination 

= At QS 

Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity

�!"##""$

�!"%"$

&'!()*

!+,-.+,/01

21")

21
"&
'

101345.,-.6+,/75".58/01

9

pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate
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Evolution equations…. Types & Recent 
advances.... (an experimentalist’s introduction) 
Current state of QCD theory does not allow first principle calculation of 
quark and gluon distributions, the evolution equations, allow one to 
determine these distributions at some value of (x,Q2) if they are known 
at some other (initial) (x0, Q0

2). 
•  Most widely used: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) : evolve 

in the Q2 dimension 
•  The ones which allow you to calculate PDFs at some low-x, given those 

PDFs at some x0, such that x < x0 are called Balitsky-Fadin-Kuraev-Lipatov 
(BFKL) 

 
•  Something has to modify the BFKL evolution at high energyto prevent it from 

becoming unphysically large 

many new
smaller partons
are produced

Proton
(x, Q2)

Proton
(x0, Q2)

x0 >> x

Low Energy High Energy

parton

“Color Glass Condensate” 

Figure 3.4: The proton wave-function at small-x (shown on the right) contains a large number
of gluons (and quarks) as compared to the same wave-function at a larger x = x

0

(shown on
the left). The figure is a projection on the plane transverse to the beam axis (the latter is shown
by arrows coming “out of the page,” with the length of the arrows reflecting the momentum of
the proton).

number of partons N at the previous step,

@N(x, r
T

)

@ ln(1/x)
= ↵

s

K
BFKL

⌦ N(x, r
T

), (3.1)

with K
BFKL

an integral kernel and ↵
s

the
strong coupling constant. In DIS at high en-
ergy, the virtual photon splits into a quark-
antiquark dipole which interacts with the
proton. The dipole scattering amplitude
N(x, r

T

) probes the gluon distribution in the
proton at the transverse distance r

T

⇠ 1/Q.7

Note that a Fourier transform of N(x, r
T

) is
related to the gluon transverse momentum
distribution (TMD) f(x, k

T

) from Chap. 2.
The BFKL evolution leads to the power-law
growth of the parton distributions with de-
creasing x, such that N ⇠ (1/x)� with � a
positive number [146]. This behavior may
account for the increase of the gluon density
at small-x in the HERA data of Fig. 3.3.

The question arises whether the gluon
and quark densities can grow without limit
at small-x. While there is no strict bound
on the number density of gluons in QCD,
there is a bound on the scattering cross-

sections stemming from unitarity. Indeed,
a proton (or nucleus) with a lot of “sea”
gluons is more likely to interact in high en-
ergy scattering, which leads to larger scat-
tering cross-sections. Therefore, the bound
on cross-sections should have implications for
the gluon density. The cross-section bound
arises due to the black disk limit known from
quantum mechanics. The high-energy total
scattering cross section of a particle on a
sphere of radius R is bounded by

�
tot

 2⇡R2. (3.2)

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 den-
sity in the proton or nucleus wave-function
grows as a power of energy, �

tot

⇠ s�, and
clearly violates both the black disk limit and
the Froissart–Martin bound at very high en-
ergy.

7In general, the dipole amplitude also depends on the impact parameter bT of the dipole (cf. Sec. 2.4.6):
for simplicity we suppress this dependence in N(x, rT ).
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splitting recombination

Figure 3.5: 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.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. 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 evolu-
tion equation:

@N(x, r
T

)

@ ln(1/x)
= ↵

s

K
BFKL

⌦ N(x, r
T

)� ↵
s

[N(x, r
T

)]2. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [149, 150, 151], which is valid
for QCD in the limit of the large number
of colors N

c

.8 A generalization of Eq. (3.3)
beyond the large-N

c

limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [145,
154, 155, 156, 157] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) 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 corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-

ration scale Q
s

, which grows as Q2

s

⇠ (1/x)�

with decreasing x [152, 158, 159].

Classical Gluon Fields and the Nuclear
“Oomph” Factor

We have argued above that parton satura-
tion is a universal 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 exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic
velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-
function. As one can see from Fig. 3.6, af-
ter the boost, the nucleons, as “seen” by the
small-x gluons with large longitudinal wave-

8An equation of this type was originally suggested by Gribov, 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 expected 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. (3.3) does not have any higher-order
terms in N .
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How to explore/study this new phase of matter? 
(multi-TeV) e-p collider (LHeC) OR a (multi-10s GeV) e-A collider 
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Enhancement of QS with A: 
 Saturation regime reached at significantly lower 

energy (read: “cost”) in nuclei  

Advantage of nucleus à Key Topic in eA: Gluon Saturation (II)
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Diffraction in  
Optics and high energy scattering 
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Figure 3.13: Left panel: The di�ractive pattern of light on a circular obstacle in wave optics.
Right panel: The di�ractive cross-section in high energy scattering. The elastic cross-section in
the right panel is analogous to the di�ractive pattern in the left panel if we identify |t| ⇥ k2 �2.

�i � 1/(k R) for small-angle di�raction.
Elastic scattering in QCD has a similar

structure. Imagine a hadron (a projectile)
scattering on a target nucleus. If the scat-
tering is elastic, both the hadron and the nu-
cleus will be intact after the collision. The
elastic process is described by the di�eren-
tial scattering cross-section d⇥el/dt with the
Mandelstam variable t describing the mo-
mentum transfer between the target and the
projectile. A typical d⇥el/dt is sketched by
the solid line in the right panel of Fig. 3.13
as a function of t. Identifying the projectile
hadron with the incident plane wave in the
wave optics example, the target nucleus with
the obstacle, and writing |t| ⇥ k2 �2 valid for
small angles, we can see that the two pan-
els of Fig. 3.13 exhibit analogous di�ractive
patterns and, therefore, describe very simi-
lar physics! The minima (and maxima) of
the cross-section d⇥el/dt in the right panel
of Fig. 3.13 are also related to the inverse
size of the target squared, |ti| � 1/R2. This
is exactly the same principle as employed for
spatial imaging of the nucleons as described
in Sec. 2.3.

The essential di�erence between QCD
and wave optics is summarized by two facts:

(i) The proton/nuclear target is not always
an opaque “black disk” obstacle of geomet-
ric optics. A smaller projectile, which in-
teracts more weakly due to color-screening
and asymptotic freedom, is likely to pro-
duce a di�erent di�ractive pattern from the
larger, more strongly interacting, projectile.
(ii) The scattering in QCD does not have to
be completely elastic: the projectile or tar-
get may break up. The event is still called
di�ractive if there is a rapidity gap, as de-
scribed in the Sidebar on page 61. The cross-
section for the target breakup (leaving the
projectile intact) is plotted by the dotted line
in the right panel of Fig. 3.13, and does not
exhibit the di�ractive minima and maxima.

The property (i) is very important for
di�raction in DIS in relation to satura-
tion/CGC physics. As we have seen above,
owing to the uncertainty principle, at higher
Q2, the virtual photon probes shorter trans-
verse distances, and is less sensitive to sat-
uration e�ects. Conversely, the virtual pho-
ton in DIS with the lower Q2 is likely to be
more sensitive to saturation physics. Due to
the presence of a rapidity gap, the di�rac-
tive cross-section can be thought of as aris-
ing from an exchange of several partons with
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Light with wavelength λ 
obstructed by an opaque disk of 
radius R suffers diffraction: 
 k à wave number 
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Transverse imaging of the gluons nuclei 
Diffractive vector meson 

production in e-Au 
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èDoes low x dynamics 
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transverse gluon distribution?  
 
Experimental challenges being 
Studied. 
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-
ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a

quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
object probed, i.e., the dipole scattering am-
plitudeN(x, r

T

, b
T

) on the nucleus with r2
T

⇠
1/(Q2 + M2

V

), where M
V

is the mass of
the vector meson [188] (see also the Sidebar
on page 40). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows the d�/dt distribution
for J/ on the left and � mesons on the
right. The coherent distribution depends on
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Many ways to get to gluon distribution in nuclei, but 
diffraction most sensitive: 
 
 
 
 
 
 
 
At HERA  

ep: 10-15% diffractive 
At EIC eA, if Saturation/CGC 

eA: 25-30% diffractive 

Saturation/CGC: What to measure? 
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Cross sections & PDFs (F2, FL, g1) 

Deep Inelastic Scattering: Structure Functions

The cross-sections for neutral-current deep inelastic scattering (e + N �! e0 + X) on
unpolarized nucleons and nuclei can be written in the one photon exchange approximation
(neglecting electroweak e↵ects) in terms of two structure functions F

2

and F
L

:

d2�

dx dQ2

=
4⇡↵2

xQ4
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1� y +

y2

2

◆
F
2

(x,Q2)� y2

2
F
L

(x,Q2)

�
. (2.1)

For practical purposes, often the reduced cross-section, �
r

, is used:

�
r

=

✓
d2�

dx dQ2

◆
xQ4

2⇡↵2[1 + (1� y)2]
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2

(x,Q2)� y2

1 + (1� y)2
F
L

(x,Q2) . (2.2)

For longitudinally polarized proton and electron beams, the neutral current cross-section
for deep inelastic scattering can be written in terms of one structure function g

1

:

1

2


d2�

! 

dx dQ2

� d2�
!!

dx dQ2

�
' 4⇡ ↵2

Q4

y (2� y) g
1

(x,Q2) , (2.3)

where the superscript arrows represent electron and proton longitudinal spin directions and
the terms suppressed by x2M2/Q2 have been neglected.

Experimentally F
2

, F
L

and g
1

can be measured in inclusive scattering, i.e., the final
hadronic state, X, does not need to be analyzed. The relevant kinematic variables x, Q2,
and y, can be reconstructed from the measured scattered lepton alone.

F
2

, F
L

and g
1

are proportional to the cross-section for the hadronic subprocess �⇤+p !
X, which gets contributions from the di↵erent polarization states of the virtual photon.
F
2

corresponds to the sum over transverse and longitudinal polarizations and the structure
function F

L

to longitudinal polarization of the virtual photon (i.e., helicity =0). The g
1

structure function is sensitive to the transverse polarization of the virtual photon (i.e.,
helicity =±1).

Equation 2.2 shows that the longitudinal structure function F
L

starts to contribute
to the cross-section at larger values of y but is negligible at very small values of y. To
separate the structure functions F

L

and F
2

for a given x and Q2, one needs to measure the
cross-section for di↵erent values of y and hence di↵erent e+p collision energies.

At large Q2 and to leading order (LO) in the strong coupling ↵
s

, the structure functions
F
2

and g
1

are respectively sensitive to the sum over unpolarized and longitudinally polarized
quark and anti-quark distributions in the nucleon,

F
2

(x,Q2) = x
X

e2
q

⇥
q(x,Q2) + q̄(x,Q2)

⇤
, (2.4)

g
1

(x,Q2) =
1

2

X
e2
q

⇥
�q(x,Q2) +�q̄(x,Q2)

⇤
, (2.5)

where e
q

denotes a quark’s electric charge.
At large Q2, one has F

L

= 0 at LO, i.e., this structure function receives its first con-
tributions at order ↵

s

. It is thus particularly sensitive to gluons, especially at low x where
the gluon densitiy is much larger than the densities for quarks and anti-quarks.

Figure 2.4 (Left) shows the world data of the reduced cross-section, �
r

/ F
2

, as a
function of Q2 for a wide range of fixed values of x for scattering on a proton [10]. The
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Deep Inelastic Scattering: Structure Functions
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Other clues to saturation… 

FL / ↵sxG(x,Q2)dF

A
2 (x,Q2

d lnQ2
/ ↵sG(x,Q2)
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What else with nuclei? 
Reduce uncertainty in parton distribution functions 
 
Study how color propagates through nuclear medium… 
another clue to “confinement”? 
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Fully understand: emergence of hadrons from Hot QCD matter  
initial state çè properties of QGP formed in AA collisions 

Initial State Uncertainties Unacceptably Large 



EIC: impact on the knowledge of nPDFs 

34 

Ratio of Parton Distribution Functions of Pb over Proton: 
•  Without EIC, large uncertainties in nuclear sea quarks and gluons 
•  With EIC significantly reduces uncertainties 

•  Impossible for current and future pA data at RHIC & LHC data to achieve 
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The classic EMC effect 
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Figure 3.25: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [176]. Also shown is the expected kinematic coverage of the
inclusive measurements at the EIC. The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic error, while the statistical uncertainty is
expected to be much smaller.

clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[215, 216]. Although such corrections are
suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS
cross-section could probe a new QCD phe-
nomenon - the saturation of gluons discussed

in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [160, 157], the standard fixed order
perturbative QCD approach to the coherent
multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [195, 196] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [195, 196]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

This very important transition region
with Bjorken x 2 (0.001, 0.1) could be best

90

Do the parton distributions in nuclei get modified?  
Are the quarks and gluons de-confined in the nuclear medium? 
Nucleus behaves differently than a proton/deuteron 

Nucleus behaves 
the same as a  
proton/deuteron 
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From Quarks and Glue into mesons and baryons 

1/ν is the coherence length. Dialing it determines 
whether quarks (gluons) fragment in or out of 
nucleus 

Pb
ν = 35 GeV
Q2 = 10 GeV2

Pb
ν = 145 GeV
Q2 = 35 GeV2
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∫Ldt = 10 fb-1

30  < Q2 < 40 GeV2
140 < ν < 150 GeV 
0.01 < y < 0.85
x > 0.1
∫Ldt = 10 fb-1

Novel sensitivity to heavy quark  
fragmentation 

7/19/16 EIC Lecture 3 at NNPSS 2016 at MIT   36 



⌫ =
Q

2

2mx

Need the collider energy of EIC and its control on parton kinematics 

Control of ν by selecting kinematics; 
Also under control the nuclear size. 

  
Colored quark emerges as color neutral 

hadron è What is nature telling us about 
confinement? 

Unprecedented ν, the virtual photon 
energy range @ EIC : precision &  
control  

Emergence of Hadrons from Partons 
37 

Nucleus as a Femtometer sized filter   

Identify π vs. D0 (charm) mesons in e-A 
collisions: Understand energy loss of light 

vs. heavy quarks traversing the cold 
nuclear matter:  

Connect to energy loss in Hot QCD 

Energy loss by light vs. heavy 
quarks: 

Pions (model-I)
Pions (model-II)
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carried by hadron, z
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Physics vs. Luminosity & Energy 
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