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Major goal:  

Understanding QCD interactions 

and emergence of hadronic and 

nuclear matter in terms of quarks 

and gluons

Bernd Surrow

Theoretical foundation
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Interactions arise from fundamental symmetry principles: SU(3)c 

Properties of visible universe such as mass and spin (e.g. proton): Emergent through complex structure of the 

QCD vacuum Essential elements looking 

forward:  

1) Tomography of hadrons and 

nuclear matter in terms of 

quarks and gluons 

2) Synergy of experimental 

progress and theory 

D. Leinweber: Quantum fluctuations in gluon fields 

LQCD =

nfX

j=1

 ̄j (iDµ�
µ �mj) j �

1

4
TrGµ⌫Gµ⌫
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EIC - A QCD lab to explore the structure and dynamics of the visible world 
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Theoretical foundation
DIS - Kinematics 
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momentum 
fraction by 
struck quark 

y =
p · q
p · k
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f(x) =

f+(x) + f�(x)

+

Measure of 
probability to 
find parton f 

with longitudinal 
momentum 
fraction x
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1990: J. I. Friedman, H. W. 
Kendall and R. E. Taylor: “for 
their pioneering investigations 
concerning deep inelastic 
scattering of electrons on protons 
and bound neutrons, which have 
been of essential importance for 
the development of the quark 
model in particle physics.”
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Figure 3.1: The NNPDF3.1 NNLO PDFs, evaluated at µ2 = 10 GeV2 (left) and µ
2 = 104 GeV2 (right).

3.3 Parton distributions

We now inspect the baseline NNPDF3.1 parton distributions, and compare them to NNPDF3.0
and to MMHT14 [7], CT14 [6] and ABMP16 [8]. The NNLO NNPDF3.1 PDFs are displayed
in Fig. 3.1. It can be seen that although charm is now independently parametrized, it is still
known more precisely than the strange PDF. The most precisely determined PDF over most of
the experimentally accessible range of x is now the gluon, as will be discussed in more detail
below.

In Fig. 3.2 we show the distance between the NNPDF3.1 and NNPDF3.0 PDFs. According
to the definition of the distance given in Ref. [98], d ' 1 corresponds to statistically equivalent
sets. Comparing two sets with Nrep = 100 replicas, a distance of d ' 10 corresponds to a
di↵erence of one-sigma in units of the corresponding variance, both for central values and for
PDF uncertainties. For clarity only the distance between the total strangeness distributions
s
+ = s + s̄ is shown, rather than the strange and antistrange separately. We find important
di↵erences both at the level of central values and of PDF errors for all flavors and in the entire
range of x. The largest distance is found for charm, which is independently parametrized in
NNPDF3.1, while it was not in NNPDF3.0. Aside from this, the most significant distances are
seen in light quark distributions at large x and strangeness at medium x.

In Fig. 3.3 we compare the full set of NNPDF3.1 NNLO PDFs with NNPDF3.0. The
NNPDF3.1 gluon is slightly larger than its NNPDF3.0 counterpart in the x

⇠
< 0.03 region, while

it becomes smaller at larger x, with significantly reduced PDF errors. The NNPDF3.1 light
quarks and strangeness are larger than 3.0 at intermediate x, with the largest deviation seen
for the strange and antidown PDFs, while at both small and large x there is good agreement
between the two PDF determinations. The best-fit charm PDF of NNPDF3.1 is significantly

23

R. D. Ball et al., EPJ C77 (2017) 663.
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Figure 82: The combined HERA data for the inclusive NC e+p and e!p reduced cross sections
together with fixed-target data [107,108] and the predictions of HERAPDF2.0 NNLO. The
bands represent the total uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the fit.

129

H1 and ZEUS Collaborations (H. Abramowicz et al.), Eur.Phys.J. C75 
(2015) no.12, 580.

d�eP / FP
2 =

X

i

e2i x (qi + q̄i)
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�f(x) =

f+(x)� f�(x)

�

Measure of 
probability to find 
parton f with spin 

aligned to anti-anti-
aligned to proton 

spin at  momentum 
fraction x

�⇥ = �u + �ū + �d + �d̄ + �s + �s̄

�G

1
2
�⇥

1
2

= �Sq⇥ + �Sg⇥ + �Lq⇥ + �Lg⇥

(R.L. Jaffe and A. Manohar, Nucl. Phys. B337, 509 (1990))
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Figure 4: World data on the spin-dependent structure function gp
1 as a function of Q2 for various values of x with

all COMPASS data in red (full circles: 160GeV, full squares: 200GeV). The lines represent the Q2 dependence
for each value of x, as determined from a NLO QCD fit (see Section 6). The dashed ranges represent the region
with W 2 < 10 (GeV/c2)2.

uncertainty. This leaves 11 free parameters in the fitted parton distributions. The expression for c2 of
the fit consists of three terms,

c2 =
Nexp

Â
n=1

2

4
Ndata

n

Â
i=1

 
g f it

1 �Nngdata
1,i

Nnsi

!2

+

✓
1�Nn

dNn

◆2
3

5+c2
positivity . (11)

Only statistical uncertainties of the data are taken into account in si. The normalisation factors Nn

of each data set n are allowed to vary taking into account the normalisation uncertainties dNn . If the
latter are unavailable, they are estimated as quadratic sums of the uncertainties of the beam and target
polarisations. The fitted normalisations are found to be consistent with unity, except for the E155 proton
data where the normalisation is higher, albeit compatible with the value quoted in Ref. 14.

In order to keep the parameters within their physical ranges, the polarised PDFs are calculated at ev-
ery iteration of the fit and required to satisfy the positivity conditions |Dq(x) +Dq̄(x)|  q(x) + q̄(x)

10

COMPASS Collaboration (C. Adolph et al.), Phys.Lett. B753 (2016) 18.

gP1 =
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2

X

i

e2i (�qi +�q̄i)
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Figure 13: The NNPDFpol1.1 parton set compared to DSSV08 [6] at Q2 = 10 GeV2.
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NNPDF 
Collaboration 
(Emanuele R. 
Nocera et al.), 
Nucl.Phys. B887 
(2014) 276-308
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EIC physics case development
Critical steps over the last couple of years - 1 

INT Workshop series / Documentation of Physics Case - 
Whitepaper: “Understanding the glue that binds us all!” 

INT Workshop: 2010 

WP: 2012, updated in 2014 for LRP 

2015 Long-range plan (LRP): 

Request to review EIC Science Case by National 
Academy of Sciences, Engineering, and Medicine (NAS)

7
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Understanding 
the glue that 
binds as all!

arXiv:1212.1701

NSAC  Meeting June 2, 2017

Recommendations:
1. Capitalize on investments made to 

maintain U.S. leadership in nuclear 
science.

2. Develop and deploy a U.S.-led ton-scale 
neutrino-less double beta decay 
experiment.

3. Construct a high-energy high-
luminosity polarized electron-ion 
collider (EIC) as the highest priority for 
new construction following the 
completion of FRIB.

4. Increase investment in small-scale and 
mid-scale projects and initiatives that 
enable forefront research at 
universities and laboratories.

The 2015 Long Range Plan for Nuclear Science

16

The FY 2018 Request supports progress in important aspects of the 2015 LRP Vision 

T. Hallman

NSAC  Meeting June 2, 2017

Next Formal Step on the EIC Science Case is Continuing

THE NATIONAL ACADEMIES OF SCIENCES, ENGINEERING, AND MEDICINE 
Division on Engineering and Physical Science
Board on Physics and Astronomy
U.S.-Based Electron Ion Collider Science Assessment

Summary
dŚĞ�EĂƚŝŽŶĂů��ĐĂĚĞŵŝĞƐ�ŽĨ�^ĐŝĞŶĐĞƐ͕��ŶŐŝŶĞĞƌŝŶŐ͕�ĂŶĚ�DĞĚŝĐŝŶĞ�;͞EĂƚŝŽŶĂů��ĐĂĚĞŵŝĞƐ͟Ϳ�
will form a committee to carry out a thorough, independent assessment of the scientific 
justification for a U.S. domestic electron ion collider facility.  In preparing its report, the 
committee will address the role that such a facility would play in the future of nuclear 
science, considering the field broadly, but placing emphasis on its potential scientific 
impact on quantum chromodynamics.  The need for such an accelerator will be addressed 
in the context of international efforts in this area.  Support for the 18-month project in the 
amount of $540,000 is requested from the Department of Energy.

19

͞h͘^͘-Based Electron Ion Collider Science �ƐƐĞƐƐŵĞŶƚ͟�ŝƐ�ŶŽǁ�ŐĞƚƚŝŶŐ�ƵŶĚĞƌǁĂǇ͘�dŚĞ��ŚĂŝƌ�
will be Gordon Baym. The rest of the committee, including a co-chair, will be appointed in 
the next couple of weeks. The first meeting is being planned for January, 2017

T. Hallman

https://arxiv.org/abs/1212.1701
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NAS Webinar and NAS report release: 07/24/2018
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EIC physics case development

Webinar on Tuesday, July 24, 2018 - Public 

presentation and report release 

Gordon Baym (Co-chair): Webinar presentation 

Slides from Webinar: https://www.nap.edu/

resource/25171/eic-public-briefing-slides.pdf 

Glowing” report on a US-based EIC facility!

“The committee finds 
that the science that can 
be addressed by an EIC 

is compelling, 
fundamental and 

timely.” 

https://www.nap.edu/catalog/25171/an-assessment-of-us-based-
electron-ion-collider-science Download pdf-file of 

final report!

https://www.nap.edu/resource/25171/eic-public-briefing-slides.pdf
https://www.nap.edu/resource/25171/eic-public-briefing-slides.pdf
https://www.nap.edu/catalog/25171/an-assessment-of-us-based-electron-ion-collider-science
https://www.nap.edu/catalog/25171/an-assessment-of-us-based-electron-ion-collider-science
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Spinning Glue: QCD and Spin
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EIC physics case development
 Yellow Report Status

Rolf Ent & Thomas Ullrich
EIC User Group Remote Meeting, February 4, 2021

~400 authors / ~150 institutions / ~900 pages with strong international contributions! 

Review: Community review within EICUG and external readers (~30) worldwide covering physics and detector expert fields! 

Available on archive: https://arxiv.org/abs/2103.05419 / Planned publication! 

arXiv:2103.05419

http://www.nationalacademies.org
https://arxiv.org/abs/2103.05419
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EIC Physics Pillars
Motivation - EIC program
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How are the sea quarks and gluons, and their spins, distributed in space 
and momentum inside the nucleon?  

How do the nucleon properties emerge from them and their 
interactions?

How do color-charged quarks and gluons, and colorless jets, interact 
with a nuclear medium? 

How do the confined hadronic states emerge from these quarks and 
gluons?  

How do the quark-gluon interactions create nuclear binding?

How does a dense nuclear environment affect the quarks and 
gluons, their correlations, and their interactions? 

What happens to the gluon density in nuclei? Does it saturate at 
high energy, giving rise to a gluonic matter with universal 
properties in all nuclei, even the proton?
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QCD at Extreme Parton 
Densities - Saturation

Parton Distributions 
in Nuclei 

Spin and Flavor Structure of 
the Nucleon and Nuclei

Tomography (p/A) 
Transverse Momentum 
Distribution and Spatial 

Imaging

EIC: Study 

structure and 

dynamics of matter 

at high luminosity, 

high energy with 

polarized beams and 

wide range of nuclei 

Whitepaper:  

Spinning Glue: QCD and Spin
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EIC Physics Pillars 
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Understanding 
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binds as all!

arXiv:1212.1701
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https://arxiv.org/abs/1212.1701
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Requirements 
Machine: 

High luminosity: 1033cm-2s-1 - 1034cm-2s-1 / 10-100 fb-1/year 

Flexible center-of-mass energy                              : Wide kinematic range 

Highly polarized electron (0.7) and proton / light ion (0.7) beams: Spin structure studies 

Wide range of nuclear beams (d to Pb/U): High gluon density 

Detector: 
Wide acceptance detector system including particle ID (e/h separation & π, K, p ID - flavor tagging)   

Instrumentation for tagging of protons from elastic reactions and neutrons from nuclear breakup: Target / nuclear 
fragments in addition to low Q2 tagger / polarimetry and luminosity (abs. and rel.) measurement

Spinning Glue: QCD and Spin
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EIC Physics Pillars 

HERMES, COMPASS, JLab6, JLAB12

EIC

perturbative
non-perturbative

HERA

10-1

Q2(GeV2)

1 10 102 103 104 105

s = 4 Ee Ep Q2 = s x y
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Luminosity /       / Kinematic coverage 
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EIC Physics Pillars 
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EIC Physics Pillars 
Overview of processes and final states 

Inclusive: Unpolarized fi(x,Q2) and helicity distribution Δfi(x,Q2) 

functions through unpolarized and polarized structure function 

measurements (F2, FL, g1) 

Define kinematics (x, y, Q2) through electron (e-ID and energy+angular 

measurement critical) / hadron final state or combination of both 

depending on kinematic x-Q2 region

SDIS: Flavor tagging through hadron identification studying FF / TMD’s 

(Transverse momentum, kT, dependence) requiring azimuthal asymmetry 

measurement - Full azimuthal acceptance 

Heavy flavor (charm / bottom): Excellent secondary vertex 

reconstruction

Exclusive: Tagging of final state proton using Roman pot system studying 

GPD’s (Impact parameter, bT, dependence) using DVCS and VM production 

eA: Impact parameter determination / Neutron tagging using Zero-Degree 

Calorimeter (ZDC)

Inclusive DISe�

X

e

p

e+ p/A ! e0 +X

Semi-Inclusive DIS 
(SDIS)

e�

e

p
h

e+ p/A ! e0 + h+X

Deeply-Virtual 
Compton Scattering 
(DVCS)

e�

e

p p

�

e+ p/A ! e0 +N 0/A0 + �/m



1: Scattered 
electron

2: 
Fragmented 
particles (e.g. 
π, K, p) of 
struck quark

3: Nuclear 
and 
nucleonic 
fragments / 
scattered 
proton

1

2
3
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PANIC 2021 Conference
Lisbon, September 9, 2021

EIC Physics Pillars 
Overview of general detector requirements 

Acceptance: Close to 4π coverage with a η-coverage 

(η = -ln(tan(θ/2)) of approximately η < |4| combined 

calorimetry (EM CAL and hadron CAL at least in 

forward direction) and tracking coverage 

Low dead material budget in particular in rear 

direction (~5% X/X0) 

Good momentum resolution Δp/p ~ few % 

Electron ID for e/h separation varies with θ / η at 

the level of 1:104 / ~2%/√E for η<-2 and ~10%/√E 

for -2<η<1

Particle ID for π/K/p separation over a wide momentum range 

(Forward η up to ~50GeV/c / Barrel η up to ~10GeV/c / Rear η up to ~7 

GeV/c)  

High spatial vertex resolution ~ 10-20μm for vertex reconstruction 

Low-angel taggers: 

Far Forward region: Proton (Roman pots) Neutron (Zero-Degree 

Calorimeter) detection 

Far Backward region: Low Q2 tagger 

Luminosity (Absolute and relative) and local polarization direction 

measurement 

arXiv:2103.05419
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EIC Physics Pillars 

Global properties: Mass
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EIC Physics Pillars 
Mass 

Proton mass M - Relation to Energy-Momentum Tensor (EMT)  

 with  

Forward matrix element of  (i=q,g):  

with gravitational form factors  at t=0. Conservation of EMT implies:  

 

In the forward limit,  fully determined by two numbers!

Tμν

M = n⟨Tμ
μ⟩ = n⟨T 00⟩

P=0
n =

1
2M

Tμν
i R ⟨Tμν

i R⟩ = 2PμPνAi(0) + 2M2gμνCi(0)

Ai(0), Ci(0)

Aq(0) + Ag(0) = 0 Cq(0) + Cg(0) = 0

⟨Tμν
i R⟩

A. Metz, Priv. com.
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EIC Physics Pillars 
Nucleon mass 

Different sum rules based on a decomposition of  or : 

2-term sum rule by Hatta, Rajan, and Tanaka : Decomposition of  

 

2-term sum rule by Lorcé: Decomposition of  

 

3-term sum rule by Rodini, Metz, Pasquini: Decomposition of  

 

4-term sum rule by Ji: Decomposition of  

Tμ
μ T 00

Tμ
μ

M = n (⟨(Tq, R)μ
μ⟩ + ⟨(Tg, R)μ

μ⟩)
T 00

M = n (⟨(Tq, R)00⟩ + ⟨(Tg, R)00⟩)
T 00

M = n (⟨(ℋq⟩ + ⟨(ℋm⟩ + ⟨(ℋg⟩)
T 00

M = n (⟨(ℋq[Ji]⟩ + ⟨(ℋm⟩ + ⟨(ℋg[Ji]⟩ + ⟨(ℋa⟩)

Formulation in terms 
of two independent 
parameters reflecting  

a) Parton momentum 
fraction and  

b) Quark mass 
terms / relation to 
trace anomaly.  

EIC:  Constrain 
anomaly contribution 
(Gluon contr. to trace 
anomaly) through 
heavy quarkonium 
production!

A. Metz, Priv. com.

Hatta, Rajan, Tanaka, JHEP 12 (2018) 008 / 
Tanaka, JHEP 01 (2019) 120

Lorcé, EPJC 78, 120 (2018)

Rodini, Metz, Pasquini, JHEP 09 (2020) 067 / 
Metz, Rodini, Pasquini, PRD 102 (2020) 114042

Ji, PRL 74, 1071 (1995) / 
PRD 52, 271 (1995)
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EIC Physics Pillars 
Comparison of different mass sum rules: D2 renormalization scheme

• Numerical comparison in D2 scheme (u,d,s in quark mass term)

2 terms Tµ

µ 2 terms T 00

3 terms T 00 4 terms T 00

M
D2
q = Mm M

D2
q = Mq[Ji] M

D2
g = Mg[Ji] +Ma

A. Metz, Priv. com.

2-term sum rule by 
Hatta, Rajan, and 

Tanaka

2-term sum rule 
by Lorcé

3-term sum rule by 
Rodini, Metz, Pasquini

4-term sum rule 
by Ji
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EIC Physics Pillars 
EIC constraint of anomaly to nucleon mass 

First results from GlueX and anticipated SoLID experiment! 

INT workshop: “Origin of the Visible Universe: Unraveling the Proton Mass”         
June 13-17, 2022 
https://www.int.washington.edu/programs-and-workshops/20r-77

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 85

Figure 7.26: Projection of the trace anomaly contribution to the proton mass (Ma/Mp) with
U photoproduction on the proton at the EIC in 10 ⇥ 100 GeV electron/proton beam-energy
configuration. The insert panel illustrates the minimization used to determine the uncer-
tainty for each data point. The black circles are the results from the analysis of the GlueX
J/y data [191], while the dark green circles correspond the JLab SoLID J/y projections. The
U projections were generated following the approach from Ref. [192] with the lAger Monte
Carlo generator [193].

is important to distinguish the ep center-of-mass energy from the g(⇤)p energy. The
latter is constrained to be close to the threshold.) Moreover, the produced quarko-
nia and their decay products (lepton pairs) are typically in the very forward region,
and this may require special detectors. Section 8.4.5 reports the results of detailed
simulations which partly address these questions and indicate directions for future
improvements.

Another way to address the question of the origin of the hadron mass is through
chiral symmetry. In this picture, different mechanisms due to dynamical chiral
symmetry breaking (DCSB) are responsible for the emergent hadronic mass and
should manifest themselves in observables that probe the shape and size of the
hadron wave function [194]. Five key measurements at the EIC expected to deliver
far-reaching insights into the dynamical generation of mass have been highlighted
in Ref. [12]. Among them, there are measurements of the meson structure functions
as discussed in Sect. 7.1.3 (see Fig. 7.24) and of the pion electromagnetic form factor
as reported in Secs. 7.2.1 and 8.5.1. While the p+ mass is barely influenced by the
Higgs and is almost entirely generated by DCSB, the Higgs mechanism is expected
to play a more relevant role for the K+ mass due to its strange quark content.
Thus, the comparison of the charged pion and charged kaon form factors over a

arXiv:2103.05419

https://www.int.washington.edu/programs-and-workshops/20r-77
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Global properties: Spin
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Spin and Flavor Structure of the Nucleon
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EIC Physics Pillars 

g1 stat. uncertainty projections for 10fb-1 for range of CME 

in comparison to DSSV14 predictions incl. uncertainties 

EIC impact on the knowledge of the integral of the quark + 

gluon spin contribution vs. orbital angular momentum 

shows how the angular momenta contribution is
totally unconstrained at moderate to low x. A
key observable in disentangling the various parton
contributions to the proton spin is the polarized
structure function g1(x,Q2). It is proportional to
the di↵erence of the neutral current cross-sections
of DIS events, with the beams polarized parallel
and anti-parallel in the longitudinal direction,

1

2


d2�⌧

dxdQ2
� d2�◆

dxdQ2

�
' 4⇡↵2

Q4
y(2� y)g1(x,Q

2).

(3)

Fixed target
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Figure 11: Projections for the structure function g1 at
di↵erent

p
s, compared with a model extrapolation and

its uncertainties [18]. The curves correspond to di↵er-
ent values of x that are specified next to each curve.
For clarity, constants are added to g1 to separate dif-
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Quark Spin Gluon Spin Orbital Angular Momentum

E. Aschenauer, R. Sassot and M. Stratmann, Phys. Rev. D92 (2015) 094030. 
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Figure 1.3 (Left) shows the transverse-
momentum distribution of up quarks inside
a proton moving in the z direction (out of the
page) with its spin polarized in the y direc-
tion. The color code indicates the probabil-
ity of finding the up quarks. The anisotropy
in transverse momentum is described by the
Sivers distribution function, which is induced
by the correlation between the proton’s spin
direction and the motion of its quarks and
gluons. While the figure is based on a pre-

liminary extraction of this distribution from
current experimental data, nothing is known
about the spin and momentum correlations
of the gluons and sea quarks. The achiev-
able statistical precision of the quark Sivers
function from EIC kinematics is also shown
in Fig. 1.3 (Right). Currently no data exist
for extracting such a picture in the gluon-
dominated region in the proton. The EIC
will be crucial to initiate and realize such a
program.

The Tomography of the Nucleon - Spatial Imaging of Gluons and Sea Quarks

By choosing particular final states in elec-
tron+proton scattering, the EIC will probe
the transverse spatial distribution of sea
quarks and gluons in the fast-moving pro-
ton as a function of the parton’s longitudinal
momentum fraction, x. This spatial distri-

bution yields a picture of the proton that is
complementary to the one obtained from the
transverse-momentum distribution of quarks
and gluons, revealing aspects of proton struc-
ture that are intimately connected with the
dynamics of QCD at large distances.
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Figure 1.4: The projected precision of the transverse spatial distribution of gluons as obtained
from the cross-section of exclusive J/ production. It includes statistical and systematic uncer-
tainties due to extrapolation into the unmeasured region of momentum transfer to the scattered
proton. The distance of the gluon from the center of the proton is bT in femtometers, and the
kinematic quantity xV = xB (1 +M

2
J/ /Q

2) determines the gluon’s momentum fraction. The
collision energies assumed for the top large xV plot and the lower xV plots are Ee = 5, 20 GeV
and Ep = 100, 250 GeV, respectively.
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Fourier transf.          
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gluons

the uncertainty on the contributions from
the unmeasured small-x region. While the
central values of the helicity contributions in
Fig. 1.2 are derived from existing data, they
could change as new data become available
in the low- x region. The uncertainties cal-
culated here are based on the state-of-the art
theoretical treatment of all available data re-
lated to the nucleon spin puzzle. Clearly, the

EIC will make a huge impact on our knowl-
edge of these quantities, unmatched by any
other existing or anticipated facility. The
reduced uncertainties would definitively re-
solve the question of whether parton spin
preferences alone can account for the over-
all proton spin, or whether additional contri-
butions are needed from the orbital angular
momentum of partons in the nucleon.

The Confined Motion of Partons Inside the Nucleon

Semi-inclusive DIS (SIDIS) measure-
ments have two natural momentum scales:
the large momentum transfer from the elec-
tron beam needed to achieve the desired spa-
tial resolution, and the momentum of the
produced hadrons perpendicular to the direc-
tion of the momentum transfer, which prefers
a small value sensitive to the motion of con-
fined partons. Remarkable theoretical ad-
vances over the past decade have led to a
rigorous framework where information on the
confined motion of the partons inside a fast-
moving nucleon is matched to transverse-
momentum dependent parton distributions
(TMDs). In particular, TMDs are sensitive

to correlations between the motion of par-
tons and their spin, as well as the spin of the
parent nucleon. These correlations can arise
from spin-orbit coupling among the partons,
about which very little is known to date.
TMDs thus allow us to investigate the full
three-dimensional dynamics of the proton,
going well beyond the information about lon-
gitudional momentum contained in conven-
tional parton distributions. With both elec-
tron and nucleon beams polarized at collider
energies, the EIC will dramatically advance
our knowledge of the motion of confined glu-
ons and sea quarks in ways not achievable at
any existing or proposed facility.

u quark

-0.5 0.5

-0.5

0

0.5

0
Momentum along x axis (GeV)

M
om

en
tu

m
 a

lon
g 

y a
xis

 (G
eV

)

0 0.2 0.4 0.6 0.8 1

50

100

150

!3
10

!210

!110

50

100

150

10

20

30

40

50

5

10

15

20

25

5

10

15

20

1

2

3

4

1010 110 1

10

1515

10

15

20

3030

x

  (GeV)Quark transverse momentum

Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while
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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.

10-2 10-1 1

Valence Quark
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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pseudo-data and errors with the current depicted
uncertainties (gray band) demonstrate dramati-
cally the need for higher energies allowing one to
reach lower x values where uncertainties are large.
For FL at Q2 > 10 GeV2 and for charm FL the
lower energy range does not provide any substan-

tial improvement. It is also important to note
that EIC can achieve a comparable precision in
measuring FL for the proton, improving even on
the existing measurements from HERA [62] where
kinematics overlap.
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Figure 21: Inclusive (left) and charm (right) reduced cross-sections plotted as functions of Q2 and x for both EIC
pseudo-data and the EPPS16 model (gray-shaded curves) [57, 61]. The uncertainties represent statistical and
systematics added in quadrature. Also shown on the left plot is the region covered by currently available data.

Figure 22: Inclusive (left) and charm (right) reduced cross-sections as a function of x at the Q2 values of 4.4 GeV2

(solid circles) and 139 GeV2 (open circles) at three di↵erent center-of-mass energies. See text for details.
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Figure 23: Inclusive (left) and charm (right) FL structure function, plotted as a function of Q2 and x. The
uncertainties represent statistical and systematics added in quadrature. The gray-shaded bands depict the un-
certainties in our current knowledge of FL derived from the EPPS16 nuclear PDF [57, 61]. See text for further
details.

3.5 Nuclear Modifications of Parton Distribution Functions

The simulations discussed in the previous sec-
tion suggest that an EIC will have an enormous
impact on the global extractions of nuclear PDFs,
particularly for the gluons. While the LHC data
have achieved a substantial broadening of cover-
age in the kinematical space, the newly explored
regions scan a Q2 range where the DGLAP RGE
significantly wash away the nuclear e↵ects, leaving
the low x gluon nearly unconstrained.

The modification introduced by the nuclear en-
vironment can be quantified in terms of the ratio
between the nucleus A and the free proton PDF
(RA

f , f = q, g) for quarks and gluons, with devi-
ations from unity being manifestations of nuclear
e↵ects. A depletion of this ratio relative to unity
is often called shadowing. The impact study of
EIC simulated data shown in Fig. 21 was done by
incorporating these data into the EPPS16 fit [57].
However, as the parameterization is too sti↵ in the
as yet unexplored low x region, additional free pa-
rameters for the gluons have been added to the

functional form (EPPS16* [61, 63]). The corre-
sponding RPb

g from EPPS16* is shown in Fig. 24.
The grey band represents the EPPS16* theo-

retical uncertainty. The orange band is the result
of including the EIC simulated inclusive reduced
cross-section data in the fit. The lower panel of
each plot shows the reduction factor in the uncer-
tainty (orange curve) with respect to the baseline
fit (gray band). It is clear that the higher center-
of-mass energy has a significantly larger impact in
the whole kinematical range with the relative un-
certainty roughly a factor of 2 smaller than for the
lower center-of-mass energy.

We also examined the simulated charm quark
reduced cross-section (blue hatched band), for
which no data currently exist. The impact of
its measurement for nuclear gluon distributions is
shown in Fig. 24. While it brings no additional
constraint on the low -x region, its impact at high-
x is remarkable providing up to a factor 8 reduc-
tion in uncertainty (blue curve).
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pseudo-data and errors with the current depicted
uncertainties (gray band) demonstrate dramati-
cally the need for higher energies allowing one to
reach lower x values where uncertainties are large.
For FL at Q2 > 10 GeV2 and for charm FL the
lower energy range does not provide any substan-

tial improvement. It is also important to note
that EIC can achieve a comparable precision in
measuring FL for the proton, improving even on
the existing measurements from HERA [62] where
kinematics overlap.
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Figure 21: Inclusive (left) and charm (right) reduced cross-sections plotted as functions of Q2 and x for both EIC
pseudo-data and the EPPS16 model (gray-shaded curves) [57, 61]. The uncertainties represent statistical and
systematics added in quadrature. Also shown on the left plot is the region covered by currently available data.

Figure 22: Inclusive (left) and charm (right) reduced cross-sections as a function of x at the Q2 values of 4.4 GeV2

(solid circles) and 139 GeV2 (open circles) at three di↵erent center-of-mass energies. See text for details.
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Figure 23: Inclusive (left) and charm (right) FL structure function, plotted as a function of Q2 and x. The
uncertainties represent statistical and systematics added in quadrature. The gray-shaded bands depict the un-
certainties in our current knowledge of FL derived from the EPPS16 nuclear PDF [57, 61]. See text for further
details.

3.5 Nuclear Modifications of Parton Distribution Functions

The simulations discussed in the previous sec-
tion suggest that an EIC will have an enormous
impact on the global extractions of nuclear PDFs,
particularly for the gluons. While the LHC data
have achieved a substantial broadening of cover-
age in the kinematical space, the newly explored
regions scan a Q2 range where the DGLAP RGE
significantly wash away the nuclear e↵ects, leaving
the low x gluon nearly unconstrained.

The modification introduced by the nuclear en-
vironment can be quantified in terms of the ratio
between the nucleus A and the free proton PDF
(RA

f , f = q, g) for quarks and gluons, with devi-
ations from unity being manifestations of nuclear
e↵ects. A depletion of this ratio relative to unity
is often called shadowing. The impact study of
EIC simulated data shown in Fig. 21 was done by
incorporating these data into the EPPS16 fit [57].
However, as the parameterization is too sti↵ in the
as yet unexplored low x region, additional free pa-
rameters for the gluons have been added to the

functional form (EPPS16* [61, 63]). The corre-
sponding RPb

g from EPPS16* is shown in Fig. 24.
The grey band represents the EPPS16* theo-

retical uncertainty. The orange band is the result
of including the EIC simulated inclusive reduced
cross-section data in the fit. The lower panel of
each plot shows the reduction factor in the uncer-
tainty (orange curve) with respect to the baseline
fit (gray band). It is clear that the higher center-
of-mass energy has a significantly larger impact in
the whole kinematical range with the relative un-
certainty roughly a factor of 2 smaller than for the
lower center-of-mass energy.

We also examined the simulated charm quark
reduced cross-section (blue hatched band), for
which no data currently exist. The impact of
its measurement for nuclear gluon distributions is
shown in Fig. 24. While it brings no additional
constraint on the low -x region, its impact at high-
x is remarkable providing up to a factor 8 reduc-
tion in uncertainty (blue curve).
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Figure 24: The ratio RPb
g , from EPPS16*, of gluon distributions in a lead nucleus relative to the proton, for the

low (left) and high (right)
p
s, at Q2 = 1.69 GeV2 and Q2 = 10 GeV2 (upper and lower plots, respectively). The

grey band represents the EPPS16* theoretical uncertainty. The orange (blue hatched) band includes the EIC
simulated inclusive (charm quark) reduced cross-section data. The lower panel in each plot shows the reduction
factor in the uncertainty with respect to the baseline fit.

Impact on Heavy-Ion Physics

Measurements over the last two decades, first
at RHIC and later at the LHC, have provided
strong evidence for the formation of a strongly
coupled plasma of quarks and gluons (sQGP) in
high energy collisions of heavy nuclei. This sQGP
appears to behave like a nearly perfect liquid and
is well described by hydrodynamics at around 1
fm/c after the initial impact of the two nuclei
[64–67]. For reviews, see [68–71].

Despite the significant insight accumulated in
the past 17 years, little is understood about how

the initial non-equilibrium state, whose properties
are little known, evolves towards a system in ther-
mal equilibrium. A conjectured picture of the ini-
tial phase, based on the CGC framework, suggests
that at leading order the collision can be approxi-
mated by the collision of “shock waves” of classical
gluon fields (Glasma fields), [72–74] resulting in
the production of non-equilibrium gluonic matter.

Unfortunately, heavy-ion collisions themselves
cannot teach us much about the initial state be-
cause most of the details are wiped out during the
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Over two decades, the nuclear physics community has developed the 

scientific and technical case for the Electron-Ion Collider, to push the 

frontiers of human understanding of the fundamental structure and dynamics 

of matter ➜ Emergent phenomena in QCD! 

Enormously profit from a diverse set of experiences among experimentalists 

and theorists at numerous institutions worldwide ➜ Critical for a broad EIC 

scientific program. 

The Yellow Report activity brought together the EIC community even under 

restricted conditions and resulted in a 3 Volume Series: Executive Summary / 

Physics / Detector ➜ Basis for Detector proposal efforts in 2021! 

Outstanding educational opportunities for multiple generations world-wide.
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