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Life is an Emergent Property

The philosophical concept of “emergent properties": Understanding the individual parts
alone is insufficient to understand or predict system behavior. Thus, emergent properties
necessarily come from the interactions of the parts of the larger system.

Systems

Elements
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Emergent Phenomena in QCD

How does the spin of proton arise from quarks and gluons? (Spin puzzle)

What are the emergent properties of dense gluon system?

How does proton mass arise? Mass gap: million dollar question.

How does gluon bind quarks and gluons inside proton?

We need the 3D information of the quark and gluon inside the proton!

EIC: keys to unlocking these mysteries! Many opportunities are in front of us!
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3D Tomography of Proton

[Marquet, IS2023]

Wigner distributions [Belitsky, Ji, Yuan, 04]
ingeniously encode all quantum information
of how partons are distributed inside hadrons.

Figure 2.2: Connections between di↵erent quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.

tum, and specific TMDs and GPDs quan-
tify the orbital angular momentum carried
by partons in di↵erent ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec. 3.3. For the regime of small
x, which is probed in collisions at the highest
energies, a di↵erent theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in kT or bT can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec. 3.2.
On the other hand, in a regime of moder-
ate x, around 10�3 for the proton and higher

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page 18) and the invariant momentum
transfer Q2 to the electron. While x deter-
mines the momentum fraction of the partons
probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
Q2 is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.

17
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Understanding Nucleon Spin

1.1 Physics highlights –7/138–

offers much more important information regarding the internal structure of nucleons as225

a composite many-body system.226

In high-energy scatterings, the proton can be viewed as a cluster of high energy quarks227

and gluons, which are collectively referred to as partons. The probability distributions228

of partons within the proton are called the parton distribution functions (PDFs). In229

general, PDFs give the probabilities of finding partons (quarks and gluons) in a hadron230

as a function of the momentum fraction ! w.r.t. the parent hadron carried by the231

partons. Due to the QCD evolution, quarks and gluons can mix with each other, and232

their PDFs depend on the resolution scale. When the resolution scale increases, the233

numbers of partons and their momentum distributions will change according to the234

evolution equations. These evolution equations can be derived from the perturbation235

QCD, although PDFs themselves are essentially non-perturbative objects. Thanks to236

QCD factorization theorems, PDFs can be extracted from measurments of cross-sections237

and spin-dependent asymmetries.238

Figure 1.3: Illustration of the quark and the partonic structure of the proton.

The partonic structure of the nucleon was firstly studied in experiments of electron-239

nucleon Deeply Inelastic Scattering(DIS). Since electrons are point-like particles and240

they do not participate in the strong interaction, they are the perfect probe for studying the241

internal structure of hadrons in high energy scatterings. Therefore, the DIS experiment242

is also known as the “Modern Rutherford Scattering Experiment”, which opens up a243

new window to probe the subatomic world. In 1969, the pioneer DIS experiments at244

SLAC discovered the so-called Bjorken scaling [15], which showed that the proton is245

composed of point-like partons with spin 1/2 (which are known as quarks afterward).246

Starting from DIS with unpolarized fixed targets, DIS experiments are later extended to247

unpolarized collider experiments and fixed-target experiments with polarized beam and248

targets. These DIS experiments have revolutionized our understanding of the subatomic249

structure of nucleons and nuclei. Later on, high energy DIS experiments observed250

the violation of Bjorken scaling [16], which indicates the existence of gluon and QCD251

Jaffe-Manohar decomposition

1

2
=

1

2
∆Σ + Lq
︸ ︷︷ ︸

Quark

+ ∆G+ Lg︸ ︷︷ ︸
Gluon

Quark spin ∆Σ is only 30% of proton spin.

g1(x,Q2) = 1
2

∑
e2q [∆q + ∆q̄]

The rest of the proton spin must come from
the gluon spin ∆G, quark and gluon OAM
Lq,g .

Orbital motions of quark and gluon are
essential. Need b⊥ × k⊥!
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Understanding Proton Mass

Mass decomposition [Ji, 95]

M = Mq +Mm︸ ︷︷ ︸
Quark

+Mg +Ma︸ ︷︷ ︸
Gluon

Mq : quark energy
Mm : quark mass (condensate)
Mg : gluon energy
Ma : trace anomaly

[χQCD, Yang, et al, 18]

Understand and measure each contribution.

Study the pressure and shear in the energy momentum tensor.
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Pressure and Shear forces inside proton

[Shanahan, Delmold, 19] Link

T ij(r) =

(
riri

r2
− 1

3
δij
)
s(r) + δijp(r)

The spatial of static EMT define the stress tensor. It can be decomposed in a traceless part
associated with shear forces s(r) and a trace associated with the pressure p(r).

s(r) and p(r) are computed in LQCD recently.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.072003


Saturation Physics (Color Glass Condensate)

Describe Emergent Phenomenon of the ultra-dense QCD cold matter.

Gluon density grows rapidly as x gets small. BFKL evolution!

Resummation of the αs ln 1
x ⇒ BFKL equation.

Many gluons with fixed size packed in a confined hadron, gluons overlap and recombine⇒
Non-linear QCD dynamics (BK/JIMWLK)⇒ ultra-dense gluonic matter

Saturation = Multiple Scattering (MV model) + Small-x (high energy) evolution
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A Tale of Two Gluon Distributions1

In small-x physics, there are two gluon distributions:[Kharzeev, Kovchegov, Tuchin; 03]
I. Weizsäcker Williams gluon distribution([Kovchegov, Mueller, 98] and MV model)
II. Color Dipole gluon distributions: (known for many years)
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In MV model, these two gluon distributions are different.

Same perturbative tail when k⊥ � Qs.
“A Tale of Two Gluon Distributions”⇒
“A Tail of Two Gluon Distributions” [B. Zajc]

Which gluon distribution to use in a given process?

Why are there exactly two gluon distributions?
Generalized Universality

1From Y. Kovchegov and C. Dickens.
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A Tale of Two Gluon Distributions

Two gauge invariant gluon definitions: [Dominguez, Marquet, Xiao and Yuan, 11]
I. Weizsäcker Williams gluon distribution: conventional gluon distributions

xGWW(x, k⊥) = 2

∫
dξ−dξ⊥
(2π)3P+

eixP
+ξ−−ik⊥·ξ⊥Tr〈P |F+i(ξ−, ξ⊥)U [+]†F+i(0)U [+]|P 〉.

II. Color Dipole gluon distributions: not probability density

xGDP(x, k⊥) = 2

∫
dξ−dξ⊥
(2π)3P+

eixP
+ξ−−ik⊥·ξ⊥Tr〈P |F+i(ξ−, ξ⊥)U [−]†F+i(0)U [+]|P 〉.

ξ
−

ξT

ξ
−

ξT

U [−] U [+]

Generalized Universality for Gluon Distributions: ×⇒ Do Not Appear.
√⇒ Apppear.

Inclusive Single Inc DIS dijet γ +jet dijet in pA
xGWW × × √ × √

xGDP
√ √ × √ √ Form CGC perspective,

Complementary physics missions in pA and eA collisions.
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Single inclusive hadron productions in pA collisions

p+A→ H +X [Chirilli, BX and Yuan, 12] (Ten-year effort) [Altinoluk, IS2023]

[quark] (xp+p , 0,0)

(0, xap
−
a ,kg⊥)

z
kµ

ξ pµ, y [hadron]

[nucleus] pµa

qµ [gluon]

k+ ≃ 0

P+

A
≃ 0

P−
p ≃ 0

Rapidity Divergence Collinear Divergence (F)Collinear Divergence (P)

Factorization: 1. collinear to target nucleus; rapidity divergence⇒ BK evolution for
UGD F(k⊥) ;2. collinear to the initial quark;⇒ DGLAP evolution for PDF; 3.
collinear to the final quark. ⇒ DGLAP evolution for FFs.
Kinematic constraint: Subtraction proper amount of logarithms before taking s→∞.
Resummation of additional threshold/Sudakov logarithms.
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NLO Single Hadron Productions in pA collisions

[Shi, Wang, Wei, Xiao, 21] 2112.06975 [hep-ph] [LHCb: 2108.13115]

α ∈ [2, 4] µ2 = α2(µ2min + p2⊥)
√
sNN = 5.02 TeV Λ2 ∈ [10, 40] GeV2 LHCb

10−2

10−1

100

101

102

103

104

d
3
σ
/d
y
d
2
p T

[ m
b
/G

eV
2
] pPb, 2.0 < y < 2.5

LO
pPb, 2.5 < y < 3.0
LO

pPb, 3.0 < y < 3.5
LO

pPb, 3.5 < y < 4.0
LO

pPb, 4.0 < y < 4.3
LO

10−4

10−3

10−2

10−1

100

101

102

d
3
σ
/d
y
d
2
p T

[ m
b
/G

eV
2
] pp, 2.0 < y < 2.5

One-loop
pp, 2.5 < y < 3.0
One-loop

pp, 3.0 < y < 3.5
One-loop

pp, 3.5 < y < 4.0
One-loop

pp, 4.0 < y < 4.5
One-loop

1 2 3 4 5 6 7

0.4

0.6

0.8

1

1.2

pT [GeV]

R
p
P
b

RpPb, 2.0 < y < 2.5
Resummed

1 2 3 4 5 6 7

pT [GeV]

RpPb, 2.5 < y < 3.0
Resummed

1 2 3 4 5 6 7

pT [GeV]

RpPb, 3.0 < y < 3.5
Resummed

1 2 3 4 5 6 7

pT [GeV]

RpPb, 3.5 < y < 4.0
Resummed

1 2 3 4 5 6 7

pT [GeV]

RpPb, 4.0 < y < 4.3
Resummed

Sudakov/Threshold
resummation help
stabilize NLO.

Precision test needs
reliable NLO calculation
from CGC.

Proof of concept for NLO
predictive power.

Agreement with forward
LHCb data.

Rapidity evolution of
RpPb.
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https://arxiv.org/abs/2112.06975


NLO DIS dijets

[Caucal, Salazar, Schenke, Stebel and Venugopalan, 2304.03304]
see also [Taels, Altinoluk, Beuf and Marquet, 2204.11650]

Proved factorization at one-loop.
Resummation of small-x and Sudakov logarithms.
Provide more reliable predictions for measurements at future EIC.
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An analogy to Fraunhofer Diffaction in Optics

[QCD at high energy, Kovchegov and Levin, 12]

Treat the hadron target in DIS as a black disk. [Joseph von Fraunhofer, 1821]
Similar pattern in optics (θmin

i ∼ 1/(kR)) and high energy QCD ti ∼ 1
R2 .

Two difference: 1. σ sensitive to gluon distribution; 2. Breakup of the target.
Use diffractive scattering to study gluon spatial distribution.
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Diffractive vector meson production

ρ, φ, J/Ψ, Υ · · ·

Coherent Incoherent

ρ, φ, J/Ψ, Υ · · ·

X

Incoherent DVMP is sensitive to the proton fluctuating shape. (Vital for
understanding flow)[Mantysaari, Schenke, 16; Mantysaari, Roy, Salazar, Schenke, 20]
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Can we measure Wigner distributions?

Can we measure Wigner distribution/GTMD? Yes, we can!

Diffractive back-to-back dijets in ep/eA collisions.
[Hatta, Xiao, Yuan, 16] Link

Further predictions of asymmetries due to correlations.

xW T
g (x, ~q⊥;~b⊥) = xWT

g Symmetric part

+ 2 cos(2φ)xWε
g + · · · Anisotropies

bT

kT
xp

−q⊥ − ∆⊥
2q⊥ − ∆⊥

2

p p′

k1

k2

Study of the elliptic anisotropy.[Mäntysaari, Mueller, Salazar and Schenke, 20] Link
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.202301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.112301


CMS: Dijet photoproduction in UPC (PbPb)

γ + Pb→ Jet + Jet + Pb

φ

�k1⊥�k2⊥

−�q⊥ = �ksg⊥

π − φ

1 Preliminary analysis Link [CMS-PAS-HIN-18-011]

2 Large asymmetries between momentum sum q⊥ = ~k1⊥ + ~k2⊥
and difference ~k1⊥ − ~k2⊥ observed!

3 Indication of additional sources ?

Asymmtries due to FS gluon radiations are important. [Hatta, Xiao, Yuan, Zhou, 21] Link
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https://inspirehep.net/files/32b71a96fdd30ec2fb4362f0605c7124
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.142001


Contributions from final state gluon radiations

[Hatta, Xiao, Yuan, Zhou, 21] Link

x

y

Consider soft gluon radiations near jet cone in γA/p→ qq̄ +A/p

g2

∫
d3kg

(2π)32Ekg
δ(2)(q⊥ + kg⊥)CF

2k1 · k2

k1 · kgk2 · kg
=
CFαs
π2q2
⊥

[
cdiff

0 + 2 cos(2φ) cdiff
2 + ...

]
.

cdiff
0 = ln

a0

R2
, cdiff

2 = ln
a2

R2
.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.142001


Harmonics of Parton Saturation in Lepton-Jet Correlations at EIC

[Tong, Xiao, Zhang, 23] Link

Use Fouier Harmonics to analyze and probe saturation effects.
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Significant nuclear modification of the asymmetries⇒
compelling evidence for saturation.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.151902


Origin of Collectivity

[Yen-Jie Lee, IS2023]: both MPI and High Multiplicity are needed
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Search for collectivity in e+e− at LEP and in DIS at HERA

Two-Particle Correlations in e+e− with ALEPH data[Badea et al, 19] Link

No significant long-range correlations is observed. ([ALEPHe+e− →W+W−]?)
Search for collectivity at HERA [H1 Collaboration, IS2021] Link

No collectivity observed at HERA. Data agree with RAPGAP. Q2 > 5GeV2
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https://doi.org/10.1103/PhysRevLett.123.212002
https://indico.bnl.gov/event/9726/contributions/45891/attachments/33838/54472/20210415DIS2021-sunc.pdf


Collectivity at EIC?

Two-particle correlations in photonuclear (Pb+Pb) UPC by ATLAS Link

Results for UPC in PbPb collisions. (Mini-EIC)

WW equivalent photon approximation: Small virtuality, like a plane wave.

Photons with energy up to 80 GeV at the LHC + the high-energy nuclei.

What about predictions for the collectivity at the EIC on the horizon?
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https://arxiv.org/pdf/2101.10771.pdf


The Structure of Photons

Photons can have a very rich QCD structure

|γ〉 = |γ0〉
+
∑

m,n

|mqq̄ + n g〉

+
∑

ρ,ω,···
|V 〉+ · · · ,

Point like (high Q2)

Partonic

VMD [Sakurai, 60]
Strong similarity between γ∗A and pA collisions when γ∗ has a long lifetime.

tlifetime ∼
1

q−
=
q+

Q2
� mp

P−
R ⇒ xB �

1

mpR

Comment: Collectivity in γ∗A collisions regardless the underlying interpretation.
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Collectivity in high multiplicity events in pA (γ∗A) collisions

Qualitative understanding of high multiplicity events and correlation.

Fluctuation in parton density

Many active partons

Correlated multiple scatterings

Operation in 2013 and 
future operations.  

A CGC model for correlation based on the above three assumptions

Let us pick two initially uncorrelated collinear partons (say q + q) from proton, and consider
their interactions with the target nucleus.

Correlation can be generated between them due to multiple interaction.

Due to Unitarity, the un-observed partons do not affect the correlation of the system.
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v2 results in γ∗A collisions from CGC and Hydro

[Shi, Wang, Wei, Xiao, Zheng, 21] Link [Zhao, Shen, Schenke, 22] Link
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Both agree with ATLAS UPC data Link

Partonic structure VS vector meson.
The future EIC may help to unravel the origin of the collectivity in general!
Selecting different Q2 and y bins⇒ handles to change system size and energy.
High multiplicity events in ep collisions at HERA vs eA at EIC.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054017
https://arxiv.org/pdf/2203.06094.pdf
https://arxiv.org/pdf/2101.10771.pdf


Summary

Yet, many questions remained unanswered in QCD!

Spin, Mass, Dense gluonic matter and 3D imaging, origin of collectivity, etc.

Cutting-edge EIC will provide us 3D image of protons and heavy nuclei with
unprecedented precision, and bring us new insights.

Synergy of EIC and Heavy Ion Physics is important for us to find answers to these
questions.
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