
Exploring QCD at the Electron-Ion Collider

C. Weiss (JLab), HUGS 2024 Lectures, JLab, 30-31 May 2024

4

Electron
Injection

Line

Electron
Cooler

Injector
Linac

(Polarized)
Ion Source

Polarized
Electron
Source

Hadron
Storage

Ring

Electron
Storage

Ring

Possible
Detector 

Location (IP6)

Possible
Detector 

Location (IP8)
Electrons

Electrons

Hadrons

Electron
Injector (RCS)

AGS

EIC

Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-

Concepts

Measurements

Accelerator and detector

Organization

5-18 GeVEe =
40-275 GeVEp =
30-140 GeVs =

Luminosity up to 1034 cm-2 s-1
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Figure 7.19: Impact of SIDIS measurements at the EIC on the sea quark helicities xDū, xDd̄
and xDs as a function of x at Q2 = 10 GeV2.

Sea quark helicities via SIDIS

The sensitivity on the struck parton that fragmentation functions provide can be
used to leverage the understanding of the helicity structure of the nucleon — see
also Sec. 7.4.1 concerning the fragmentation functions themselves. In particular,
the access to the sea quark helicities can be substantially improved over inclusive
DIS measurements via SIDIS measurements that detect pions and kaons in addi-
tion to the scattered lepton. Detailed impact studies that use PEPSI as polarized
MC generator and follow the previous DSSV [88, 119, 120] extractions have been
performed on the expected EIC measurements using various collision energies and
polarized proton as well as 3He beams [87]. As can be seen in Fig. 7.19, the reduc-
tion in the uncertainties of all three sea quark helicities (Dū, Dd̄, Ds) in comparison
to the current level of understanding is substantial. Similar to the gluon polariza-
tion, the highest impact at low x relates to the data at the highest collision energies
while intermediate to higher x receive the biggest improvements already from the
lower collision energies. One of the most important points that can be answered
with the sea quark helicities are their contributions to the spin sum rule. In particu-
lar, the strange sea polarization is in current fits forced to negative values at lower x
due to the hyperon beta-decay constants and the assumption of SU(3)-flavor sym-
metry in conjunction with no indication of a negative polarization in the x-range
covered in the currently existing data [121, 122]. The EIC SIDIS data will conclu-
sively answer whether there is a nonzero strange polarization at x > 0.5 ⇥ 10�5.
Further studies using similar pseudodata together with a re-weighting technique
on the NNPDFpol [123, 124] replicas come to similar conclusions about the im-
provements to the sea quark helicities [125].

Measurements

Many-body system

Focus on understanding/explaining hadrons and nuclei as emergent phenomena of QCD

Use parton picture to view hadron as many-body system — particle content, measurable properties

Develop physical picture — formal derivations can be provided



3Plan

Concepts
QCD as dynamical system

Parton picture of hadron structure

Factorization and parton densities

High-energy electron scattering

Kinematics and cross sections

Energy and luminosity

EIC physics I: Nucleon structure

Sea quark and gluon polarization

Orbital angular momentum

Transverse spatial distributions

Nuclear interactions and partonic structure

Organization

EIC User Group, ePIC Collaboration, Project

EIC physics III: Hadronization

Nuclear gluon density

Gluon shadowing at small x

Fragmentation functions

Timeline

[Accelerator and detector]

Fixed-target vs. colliding-beam

Neutron structure from D/3He

Hadronization in nuclear medium

EIC physics II: QCD in nuclei

Gluon saturation



4QCD: Dynamical system

Aμ(x), ψ, ψ̄(x)

modes  e−ikx

gauge and matter fields

particles — gluons, quarks/antiquarks

modes coupled by gauge interaction

quantum motion involves radiation, 
particle creation/annihilation

essentially relativistic: momenta few 100 MeV    quark masses  few MeVk ∼ ≫ ∼

“particles” and “radiation” cannot be separated



5QCD: Scale dependence

Modes depend on resolution scale, 
“how much radiation is included”

 0

 0.1

 0.2

 0.3

10-3 10-2 10-1

distance  [fm]

αeff

...

Effective coupling scale-dependent

  + gauge-dep.VQQ̄(r) =
4παeff(r)

r

Asymptotic freedom: Effective coupling 
decreases at short distances

Perturbative calculations generally 
applicable at short distances 
(typically  0.2 fm)≲Here: 1-loop accuracy

Example: Interaction of static sources



6QCD: Larger distances

Nonperturbative vacuum fluctuations of 
gauge fields - tunneling, topology

Condensate of quark-antiquark pairs -  
chiral symmetry breaking

Dynamical mass generation:  
Effective degrees of freedom 

 e.g. constituent quark picture↔

Hadron formation at distances ~ 1 fm
Leinweber 2003: “Cooled” lattice QCD 
configurations

Rich spectrum of meson and baryon 
excitations

~ 0.3 fm



7Hadron structure: Correlation functions

.
.
.

.
.
.

...

...

time

Correlation functions of color-singlet operators 
with meson/baryon quantum numbers

⟨0 | T J(x) J(0) |0⟩ in vacuum state

Imaginary time : Statistical mechanics 
Lattice simulations, analytic methods

t → iτ

→ Lecture Huey-Wen Lin

Hadron spectrum , structure mh ⟨h |𝒪 |h⟩

No concept of particle content: 
Cannot separate modes “belonging to hadron” 
from vacuum fluctuations

No notion of hadron wave function: 
Not a closed system



8Hadron structure: Parton picture

wave fu
nctio

n

Momentum P → ∞ ( )≫ μ𝗏𝖺𝖼
P → ∞

kT ≲ μ

Separate modes:
k∥ = xP, x > 0 “hadron”

k∥ ≲ μ𝗏𝖺𝖼 “vacuum”

Hadron becomes closed system: 
Described by wave function

Wave function has components with different particle number: 
  (schematically)|N⟩ = |qqq⟩ + |qqqq̄q⟩ + |qqqg⟩ + . . .

In QCD this picture emerges after factorization and renormalization: 
Transverse momentum cutoff , scale dependence → laterkT ≲ μ

Many-body system in particle degrees of freedom



9Hadron structure: Many-body system

~ 0.1x µ< 0.01 x 1/

xP

~ 0.3x

resolution
gluons

gluons
dominant

perturbative
radiation

non−pert.
fields

valence quarkssea quarks

Components of wave function

Measurable properties

Few particles with large    fractional momentumx = O(1)
Many particles with small  x ≪ 1

Particle number densities, incl. spin/flavor dependence
Transverse spatial distributions
Transverse orbital motion, spin-orbit correlations
Particle correlations

} change with  
resolution scale μ

} connected by  
QCD interactions



10Hadron structure: Quark/gluon number densities
12 18. Structure Functions
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Figure 18.4: The bands are x times the unpolarized (a,b) parton distributions f(x) (where f =
uv, dv, u, d, s ƒ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0 global analysis [76] at scales
µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with –s(M2

Z) = 0.118. The analogous results
obtained in the NNLO MMHT analysis can be found in Fig. 1 of Ref [55].The corresponding
polarized parton distributions are shown (c,d), obtained in NLO with NNPDFpol1.1 [78].

1st June, 2020 8:28am

Number densities  f(x, μ)
 — longitudinal momentum fractionx
 — resolution scale μ ∫ d2kT < μ

Extracted from global analysis of various 
scattering processes → Lecture Nobuo Sato

Types of particles

x ≳ 0.3 Valence quarks

x ∼ 10−1 Sea quarks, gluons

x ≲ 10−2 Gluons dominant

Basic particle content of nucleon in QCD!
  etc.uv ≡ u − ū



11Factorization: Separation of scales

...

...

radiation

Q
2

k
2

T µ
2

∼
...

...

Scattering process at momentum 
transfer hadronic scaleQ2 ≫

Separate scales:

k2
T ∼ μ2

k2
T ∼ Q2 hard scattering process

hadron structure

  radiation↕

Types of final states

inclusive  all radiationΣ

semi-inclusive e + N → e′￼+ h + X′￼

e + N → e′￼+ X

exclusive e + N → e′￼+ M + N′￼

radiation restricted

radiation only internal, 
emitted + absorbed

Hadron structure described by particle densities = reduction of “wave functions”



12Factorization: Parton distributions

Number density of quarks 
in fast-moving nucleon statef(x, μ) = ⟨N(P) | a†a (k∥ = xP, kT < μ) |N(P)⟩P→∞

Rigorously defined: Matrix elements of 2nd quantized QCD operator,  
renormalized at scale , scale dependence described by evolution eqsμ

→ ∫
dλ
2π

eiλx(Pn) ⟨N(P) | ψ̄(λn) . . . ψ(0)μ |N(P)⟩𝖺𝗇𝗒 P Correlation function of quark fields 
at light-like separation λnμ, nμnμ = 0
→ Lecture Nobuo Sato

Principal tools for characterizing hadron structure in QCD

Extensions: Spin-dependent distributions, transverse-momentum dependent distributions TMD, 
generalized parton distributions GPD with P ≠ P′￼

Process-independent, universal: Same distribution can appear in multiple processes  
as directed by factorization

Computable: Distributions can be computed using lattice QCD, other non-perturbative methods

Sum rules:   global charges ∫ dx [ f − f̄ ](x, μ) =

Properties

N N

PDF

q, g



13Summary

Fast-moving hadron state ( ) decouples from vacuum fluctuations, 
becomes “closed system” described by wave function

P ≫ μvac

Think of hadron as many-body system with physical characteristics: Particle content, 
spatial size, orbital motion, correlations…

Hadron state has components with variable particle number, connected by QCD interactions

Rigorous definition of parton densities can be provided in the context of factorization of  
high-momentum transfer processes: Second-quantized QCD operator, renormalization



14Electron scattering: Kinematic variables

X

pe

p
e’

p
N

q

e

N

.
.
.

x x B

1/ Q

∼

Relativistically invariant variables

Inelastic scattering: Energy and momentum transfer independent

Particles described by 4-momenta   etc.pe = (Ee, pe)

  4-momentum transferq ≡ pe − pe′￼= (q0, q)

   invariant momentum transferQ2 ≡ − q2

   Bjorken scaling variablexB ≡
Q2

2(pNq)

Probing nucleon structure

x ∼ xB selects momentum fraction

1/Q sets resolution scale

Direct connection of external kinematic variables 
with internal variables of parton picture



15Electron scattering: Cross section

 
dσ

dxBdQ2
= [Flux] × [F1(xB, Q2) + . . . ]

 F1(xB, Q2) = ∑
q=u,d,s

e2
q ∫ dx Cq(xB, x; Q2/μ2) [q(x, μ2) + q̄(x, μ2)]

Differential cross section (1-photon exchange) 
parametrized by invariant structure functions

Inclusive scattering e + N → e′￼+ X

Factorization: Structure function 
expressed through parton densities

Coefficients contains hard scattering  
and radiation effects (evolution)

Predict cross section from parton densities model 
Extract parton densities from measured cross section

Similar workflow in semi-inclusive scattering , 
exclusive scattering 

e + N → e′￼+ h + X
e + N → e′￼+ M + N′￼

 +e2
q ∫ dx Cg(xB, x; Q2/μ2) g(x, μ2)



16Electron scattering: Polarization

 
dσ↑↑ − dσ↓↑

dxBdQ2
= [Flux'] × [g1(xB, Q2) + . . . ]

 g1(xB, Q2) = ∑
q=u,d,s

e2
q ∫ dx C′￼q(xB, x; Q2/μ2) [Δq(x, μ2) + Δq̄(x, μ2)]

Spin difference of differential cross sections 
parametrized by spin structure functions

Inclusive scattering ,  beam and target polarized⃗e + ⃗N → e′￼+ X

Factorization: Structure function 
expressed through polarized 
parton densities

 +e2
q ∫ dx C′￼g(xB, x; Q2/μ2) Δg(x, μ2)

 
dσ↑↑ − dσ↓↑

dσ↑↑ + dσ↓↑
=

Flux'
Flux

×
g1(xB, Q2)

F1(xB, Q2) + . . .
Alt. observable: Spin asymmetry of cross section, 
experimentally simpler than absolute cross section

Similar workflow in polarized semi-inclusive and exclusive scattering



17Electron scattering: Kinematic range

1

101
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103
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Q
2
  

[G
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2
]

x

JLab 12
√s = 20 GeV

√s = 100 GeV

Kinematic coverage
in ep scattering

EIC

X

pe

p
e’

p
N

q

e

N

s = (pe + pN)2

seN →

electron-nucleon invariant

= (Ee + Ep)2
𝖢𝖬 energies of particles in CM frame

Kinematic range 

kinematic limitQ2 < xB(s − m2)

Large  needed to access small , high s xB Q2

Experimental limitations at low  
and large  — resolution

Q2

xB



18Electron scattering: Setups

solid/liquid/gas

e

e p, A

p, A

e

Beam on fixed target

High luminosity from density of protons/nuclei in target 

Polarized target technology

CM energy grows as  s = 2Eemp + m2
p

Colliding beams

CM energy grows as product  s ∼ 4EeEp

Energy-efficient: Beams in storage rings can collide 
multiple times

Clean: No target material, no scattering from atomic 
electrons, no dilution by other nuclei

Detection: Final-state particles can have large angles 
depending on energies; far-forward detection

Achieving high luminosity much more challenging: 
Beam quality (cooling), focusing, collision geometry

Integrated design needed: Interaction region, detector



19Electron scattering: Luminosity
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HERA ep

JLab12

HERMES

COMPASS

Mainz

SLAC

Bonn

E665

EMC/NMC

LHeC

EIC

Bates

ep/eA/µp/µA facilities

Z/A = 1

Nevent
T

= L × σ

rate luminosity cross section

Luminosity determines event rate  
for given cross section

High luminosity required for

rare processes exclusive processes,  
high  hadrons 
rare nuclear configurations

pT

multidimensional 
binning

transverse imaging, 
TMD evolution, jets

spin asymmetries polarized partons

JLab 12 GeV: Energy x luminosity frontier  
in fixed-target scattering

EIC: First high-luminosity polarized ep/eA collider



20Hadron structure: Many-body system

~ 0.1x µ< 0.01 x 1/

xP

~ 0.3x

resolution
gluons

gluons
dominant

perturbative
radiation

non−pert.
fields

valence quarkssea quarks

Measurable properties
Particle number densities, incl. spin/flavor dependence
Transverse spatial distributions
Transverse orbital motion, spin-orbit correlations
Particle correlations

} change with  
resolution scale μ

JLab12EIC
EIC

JLab12



21Summary

Electron scattering probes partonic structure differentially in  (momentum fraction) 
and  (resolution scale)

x ∼ xB
μ2 ∼ Q2

JLab 12 GeV and EIC are complementary: 
JLab 12 GeV:  valence quarks, highest luminosity 
EIC: , sea quarks and gluons, scale dependence

x ≳ 0.1,
x ≲ 0.1

Luminosity critical for many applications



22EIC: Sea quark polarization

s,

−

−
d
−

π, K

Interactions?

u,
s

Spin

72 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS

10�6 10�5 10�4 10�3 10�2 10�1

x

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04

x �ū
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Figure 7.19: Impact of SIDIS measurements at the EIC on the sea quark helicities xDū, xDd̄
and xDs as a function of x at Q2 = 10 GeV2.

Sea quark helicities via SIDIS

The sensitivity on the struck parton that fragmentation functions provide can be
used to leverage the understanding of the helicity structure of the nucleon — see
also Sec. 7.4.1 concerning the fragmentation functions themselves. In particular,
the access to the sea quark helicities can be substantially improved over inclusive
DIS measurements via SIDIS measurements that detect pions and kaons in addi-
tion to the scattered lepton. Detailed impact studies that use PEPSI as polarized
MC generator and follow the previous DSSV [88, 119, 120] extractions have been
performed on the expected EIC measurements using various collision energies and
polarized proton as well as 3He beams [87]. As can be seen in Fig. 7.19, the reduc-
tion in the uncertainties of all three sea quark helicities (Dū, Dd̄, Ds) in comparison
to the current level of understanding is substantial. Similar to the gluon polariza-
tion, the highest impact at low x relates to the data at the highest collision energies
while intermediate to higher x receive the biggest improvements already from the
lower collision energies. One of the most important points that can be answered
with the sea quark helicities are their contributions to the spin sum rule. In particu-
lar, the strange sea polarization is in current fits forced to negative values at lower x
due to the hyperon beta-decay constants and the assumption of SU(3)-flavor sym-
metry in conjunction with no indication of a negative polarization in the x-range
covered in the currently existing data [121, 122]. The EIC SIDIS data will conclu-
sively answer whether there is a nonzero strange polarization at x > 0.5 ⇥ 10�5.
Further studies using similar pseudodata together with a re-weighting technique
on the NNPDFpol [123, 124] replicas come to similar conclusions about the im-
provements to the sea quark helicities [125].

How are sea quarks polarized?

EIC Yellow Report 2022

Nonperturbative interactions 
connecting valence and sea quarks?

Mesonic degrees of freedom?

Semi-inclusive scattering

Detect  from fragmentationπ, K

Determine charge/flavor of active quark

EIC measurements

High energy ensures independent 
fragmentation of active quark

Accurate extraction of sea quark 
polarization

Fixed-target: HERMES, COMPASS, JLab12 GeV



23EIC: Gluon polarization
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Figure 7.11: Correlation (upper panel) and sensitivity (lower panel) coefficients between the
gluon helicity distribution Dg(x, Q2) and the (photon-nucleon) double-spin asymmetry A1,
as well as between the quark-singlet distribution DS(x, Q2) and A1, as a function of {x, Q2}.
The lighter blue and darker blue circles represent the values of the correlation (sensitivity)
coefficient for

p
s = 45 GeV and 140 GeV, respectively. In all the cases the size of the circles

is proportional to the value of the correlation (sensitivity) coefficient.
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Figure 7.12: Impact of the projected EIC ALL pseudoda on the gluon helicity (left panel)
and quark singlet helicity (right panel) distributions as a function of x for Q2 = 10 GeV2.
In addition to the DSSV14 estimate (light-blue), the uncertainty bands resulting from the fit
including the

p
s = 45 GeV DIS pseudodata (blue) and, subsequently, the reweighting withp

s = 140 GeV pseudodata (dark blue), are also shown.

the impact of the extrapolation region, three sets of pseudodata were generated by
shifting the unmeasured region at low x with ±1s confidence level, using existing
helicity PDF uncertainties as well as the central predictions.

In Fig. 7.13 the uncertainty bands for gp
1 before and after the three scenarios (±1s

confidence level and central) at the EIC are shown, along with the ratios dEIC/d

Q dep.

Spin

Interactions?

2

How are gluons polarized?

Nonperturbative interactions creating  
“physical” gluon modes?

Gluon spin contribution to nucleon spin? 
Orbital angular momentum in nucleon?

Gluon polarization from ep scattering

 dependence of spin structure function 
 from QCD evolution

Q2

g1(x, Q2)

Heavy quark pair production cc̄

Alt: Polarized  scattering at RHICpp

EIC measurements

Accurate determination of Δg

Wide range of  enables effective 
extraction from evolution

x, Q2



24EIC: Spin sum rule and orbital angular momentum

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 69
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Figure 7.17: Room left for potential OAM contributions to the proton spin at Q2 = 10 GeV2,
using the existing data and future EIC measurements. The horizontal axis shows the differ-
ence between 1

2 and the contribution from the spin of quarks and gluons for a momentum
fraction down to x = 0.001, which would be the room left for OAM if the spin contribution
from partons with smaller momentum fractions was negligible. The vertical axis presents
the spin contribution from partons with momentum fractions between 10�6 and 10�3. The
ellipses correspond to the 1s correlated uncertainty for the DSSV14 data set (light blue), the
fit including EIC

p
s = 45 GeV pseudodata (blue), and the reweighting with

p
s = 140 GeV

pseudodata.

tive neutron polarization in DIS [108, 109]. On-shell extrapolation in the proton
momentum eliminates nuclear modifications and final-state interactions and per-
mits the extraction of the free neutron structure functions [68]. Simulations show
that an accurate determination of the neutron double-spin asymmetry Akn is feasi-
ble using polarized tagged DIS with on-shell extrapolation (see Fig. 7.16). Further
applications of tagged measurements are discussed in Sec. 7.3.8.

Orbital angular momentum contribution to nucleon spin

The improved constraints on the spin of quarks and gluons allow for exploring the
contribution to the proton spin due to the orbital angular momentum (OAM) of
the partons. Figure 7.17 presents the potential of the EIC to constrain this contri-
bution, which is identified with the difference between the quark and gluon spin
contribution and the proton spin 1

2 . The horizontal axis shows the difference be-

Nucleon spin sum rule

1
2

=
1
2

ΔΣ(μ) + ΔG(μ) + Lq + Lg

Lq, g

Orbital

Spin

angular
momentum

Nucleon spin composed of quark + gluon spins 
and orbital angular momentum

Determination of gluon spin by EIC measurements 
provide constraint on orbital angular momentum

ΔΣ(μ) = ∑
q=u,d,s

∫
1

0
dx [Δq + Δq̄](x, μ)

ΔG(μ) = ∫
1

0
dx Δg(x, μ)

Direct demonstration of orbital AM?

Semi-inclusive transverse single-spin asymmetries

Exclusive processes probing GPDs

Nucleon structure at : PDFs, form factorsx → 1
JLab12 GeV + beyond



25EIC: Spin-orbit interactions

126 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,
f ?q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(fh � fS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(fh�fS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the

asymmetry

L >0

transverse
nucleon spin

...

orbital angular
momentum

final−state
interactions

azimuthal

Spin-orbit interactions in QCD

Azimuthal asymmetry  
in semi-inclusive hadron production 
on transversely polarized proton 

∝ eL ⋅ (ST × phT)

Requires orbital angular momentum  
and QCD final-state interaction

L > 0

What nonperturbative dynamics is at work?

EIC measurements

Extraction of azimuthally dependent quark 
distribution from semi-inclusive scattering

Wide  coverage allows for test of reaction 
mechanism, QCD evolution studies

x, Q2

current uncertainty
EIC projections



26EIC: Transverse spatial distributions

How are partons distributed in transverse space?

Defines “size” and “shape” of nucleon in QCD

Transverse spatial distributions change with , 
nucleon polarization, quark/gluon spin

x

Exclusive process  e + N → e’ + (meson, γ) + N

High  production process takes place 
in interaction with single quark/gluon

Q2

Transverse spatial distribution of quarks/
gluons as Fourier transform ΔT → bT

Channels sensitive to quarks and gluons:

b

q,q, g
x

−

N’

Q
2

transverse

x’x

meson, γ
e

e’

N

recoil

T∆

pQCD

Nucleon form factor for quarks/gluons  
with longitudinal momentum fraction  —  
generalized parton distribution

x

 (DVCS): Quarks, gluons at NLOγ

 GluonsJ/ψ, Υ :
: Gluons + singlet quarksρ0, ϕ



27EIC: Transverse spatial distribution of gluons
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Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/y production for 15.8 GeV2 < Q2 + M2

V <

25.1 GeV2, assuming a collection of 10 fb�1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T , extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV2 < Q2 + M2

V < 91 GeV2, assuming 100 fb�1

(from Ref. [416]).

distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for
the nucleon in models [420–422], calculations from dispersion relations [423] and
lattice QCD [424, 425].

/ψJ2

T∆

GPD

Q

hard

Exclusive  photo/electroproduction 
as clean probe of gluon GPD

J/ψ

Differential measurements in xB, Q2, Δ2
T ∼ − t

Spatial distribution broadens with decreasing x

−2
10

−1
10

−3
10 x

diffusion

gluons
radiative
gluons

valence−like

pion
cloud
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.
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.
.

.

.

x ≲ 0.1
x < 10−2

gluons in pion cloud
partonic diffusion

Test ideas about dynamics!

x > 0.2 valence-like gluons



28EIC: Neutron structure with spectator tagging

Measurements on neutron essential for  
 flavor separation of quark distributionsu − d

16

0 0.005 0.01
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2 < 34 GeV228 < Q

 X + n'→* + d γ

FIG. 8. Pole extrapolation and free nucleon cross section ex-
traction in spectator tagging. Top: Neutron cross section with
proton tagging. Bottom: Proton cross section with neutron
tagging. The data show the deuteron reduced cross sections
divided by the pole factor, Eq. (52), as functions of p2pT (p

2
nT ).

Stars and bands: MC data (generator-level). Circles: Re-
constructed with acceptance only. Squares: Full simulations
including acceptance and smearing e↵ects (these data show
the raw smearing e↵ects and have not been corrected). The
lines shows the first-degree polynomial fits used for the pole
extrapolation. The fit functions are evaluated at the pole po-
sition Eq. (41), where they give the free nucleon reduced cross
sections (denoted by the arrows).

section. One sees that the experimentally reconstructed
pole factor is a smooth function and follows the theoret-
ical function shown in Fig. 3.

C. Nucleon structure from pole extrapolation

In the third step of the analysis, we extrapolate the
deuteron cross section after pole removal to the nucleon

pole p
2
pT (p

2
nT ) ! �a

2
T , where it gives the free nucleon

cross section, see Eq. (52). Figure 8 shows the simulated
data and the extrapolation procedure for both proton and
neutron tagging. The bands show the p

2
pT (p

2
nT ) depen-

dence of the cross section after pole removal, Eq. (50),
as obtained from the MC data with acceptance e↵ects
only (no smearing). One sees that the dependence of
this quantity on p

2
T is very weak, because most of the p2T

dependence of the tagged cross section has been removed
by the pole factor (see also Fig. 3), and that the data
indicate a regular distribution around a smooth curve.
The extrapolation to negative p

2
T can therefore be per-

formed with a low-order polynomial fit. The degree of
the fitting polynomial and the choice of p

2
T range for

the fit are a matter of optimization and determine the
fit uncertainty (see Sec. V); the example in the figure is
representative and shows a first-order fit over the range
0 < p

2
T < (100 MeV/c)2. The free nucleon reduced cross

section and its uncertainty are obtained by evaluating
the fit at the pole momentum p

2
pT (p

2
nT ) = �a

2
T . Note

that the extrapolation relies essentially on the EIC far-
forward acceptance extending down to p

2
T = 0 for both

protons and neutrons; any acceptance limit p2T > 0 would
increase the extrapolation distance and uncertainty.

In Figure 8 the extrapolation is performed with the
MC data with acceptance e↵ects only. The plots also
show the distributions obtained from the full simulations,
which include the e↵ects of momentum smearing in the
cross section and the pole factor. One sees that these
distributions di↵er from the generator-level distributions
by ⇠10% in the case of proton tagging, and ⇠30% in
neutron tagging. In an actual experiment the smearing
e↵ects will be corrected by an unfolding procedure, which
is expected to eliminate most of the di↵erences. Perform-
ing the extrapolation with the original MC distributions
therefore presents a realistic picture of nucleon structure
extraction in the actual experiment.

Figure 9 shows the free neutron and proton reduced
cross sections measured via pole extrapolation, Eq. (52),
at several values of ↵p and ↵n. The reduced cross sections
are presented as functions of xn and xp, Eqs. (28) and
(34), the nucleon-level scaling variables whose values are
fixed by the spectator kinematics. The result shown here
have been corrected for artifacts resulting from the treat-
ment of the electron-nucleon sub-process kinematics in
BeAGLE, by applying the factor Eq. (54) (see Sec. III A;
this correction will not be needed in a real experiment).
An important feature of tagging is that the same value of
xn(xp) can be realized with di↵erent combinations of x
and ↵p(↵n), allowing one to measure the same physical
nucleon cross section in di↵erent settings of the exter-
nal DIS and spectator kinematics. Figure 9 shows that
the results obtained at di↵erent values of ↵p(↵n) agree
at the level of 5–10%; the small di↵erences result from
the event-averaged pole-removal procedure and could be
reduced by corrections (see Sec. II F). This provides a
crucial test of the simulations and the robustness of the
extraction procedure. Note that in extractions at ↵ 6= 1

e’e

X

p

d

n

Neutron available only in scattering on nuclei: 
Corrections from motion, binding, polarization

Cleanest method: Scattering on deuteron with  
detection of spectator proton

identifies events with active neutron

controls nuclear configuration during  
high-energy process

Free neutron structure from “on-shell extrapolation” 
in spectator momentum

Uses EIC far-forward detectors



29EIC: Other hadron structure measurements

Diffractive scattering on proton: Diffractive parton densities, quantum fluctuations  
of gluon  density

Electroweak charged-current scattering for charge/flavor separation of quarks

Pion/kaon structure from peripheral scattering on nucleon

TMD evolution: Validating/testing theory of QCD radiation in TMD observables, 
transition from low to high pT

Parton structure studies using QCD jets

Detailed information: EIC Yellow Report 2021 [INSPIRE]

Many more “creative” applications…

https://inspirehep.net/literature/1851258


30Summary

Need for CM energy and luminosity evident in applications discussed here

EIC will answer basic questions nucleon/hadron partonic structure 
in region of sea quarks and gluons

Partonic structure probed in high-Q2 scattering processes directly connected  
with QCD effects/phenomena in perturbative and nonperturbative domains
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Concepts
QCD as dynamical system

Parton picture of hadron structure

Factorization and parton densities

High-energy electron scattering

Kinematics and cross sections

Energy and luminosity

EIC physics I: Nucleon structure

Sea quark and gluon polarization

Orbital angular momentum

Transverse spatial distributions

Nuclear interactions and partonic structure

Organization

EIC User Group, ePIC Collaboration, Project

EIC physics III: Hadronization

Nuclear gluon density

Gluon shadowing at small x

Fragmentation functions

Timeline

[Accelerator and detector]

Fixed-target vs. colliding-beam

Neutron structure from D/3He

Hadronization in nuclear medium

EIC physics II: QCD in nuclei

Gluon saturation



32Nuclei: Nucleon interactions and partonic structure

fA(x, μ2) ≠ ∑
N

fN(x, μ2) (N = p, n)

How do nucleon interactions and nuclear binding emerge from QCD? 
“Next step” after exploring nucleon structure

Compare partonic structure of nuclei and free nucleons

  defined as fraction of  = nominal nucleon momentumx PA/A

What type of nucleon interactions causes modification at given ?x

nuclear modifications from motion + binding

What distances are involved at given ?x

Concepts of partonic structure, factorization, etc. for nuclei defined in same way as for nucleon

Nucleon interactions expressed in nuclear modifications of partonic structure



33Nuclei: Nucleon interactions and partonic structure

Longitudinal distances involved in parton density

fA(x, μ2) = ∫
dλ
2π

eiλmN x ⟨A | ψ̄(λn) . . . ψ(0)μ |A⟩ parton density as correlation function 
in nucleus rest frame,  P0

A ≈ AmN

λ ∼
1

xmN
typical distances in correlation function at given x

x = 0.5  fmλ = 0.4 < nucleon size

x = 0.1  fmλ = 2 ~ typical NN distance

x = 10−2  fmλ = 20  diameter of nucleus≫

λ



34Nuclei: Nucleon interactions and partonic structure

10
−1

10
−2

10
−3

1
x

exchange mechanisms
antishadowing

collective effects
shadowing, saturation

mid−range interactions short−range interactions
"EMC effect"

Different types of nucleon interactions are expressed in the nuclear modifications  
of the parton densities in different ranges of x



35Nuclei: Nuclear parton densities

Nuclear parton densities from global analysis 
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Fig. 7 The EPPS21 nuclear modifications of bound protons in carbon (two leftmost columns) in lead (two rightmost columns)
at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and the nuclear
error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to the full
uncertainty (nuclear and baseline errors added in quadrature).
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Fig. 7 The EPPS21 nuclear modifications of bound protons in carbon (two leftmost columns) in lead (two rightmost columns)
at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and the nuclear
error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to the full
uncertainty (nuclear and baseline errors added in quadrature).
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Fig. 7 The EPPS21 nuclear modifications of bound protons in carbon (two leftmost columns) in lead (two rightmost columns)
at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and the nuclear
error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to the full
uncertainty (nuclear and baseline errors added in quadrature).

RA(x, μ2) ≡
fA(x, μ2)

[Np fp + Nn fn](x, μ2)

Suppression of valence u-quark densities observed 
Further information coming/expected from JLab12: Flavor and spin dependence 
Sea quarks? Gluons? 

x > 0.3

x ∼ 0.1 Some indications of gluon antishadowing 
Valence and sea quarks? Flavor dependence?

x ≲ 0.1 Gluon shadowing observed 
Quarks?



36EIC: Nuclear gluon densities

Open heavy flavor production :  
Direct probe, good theoretical control

c, b

 quarks identified through  mesonsc, b D, B

0.01 0.1 x
0.0

0.5

1.0

1.5

2.0

R
g

µ2 = 2 GeV2

A = 56

EPPS16

EPPS16 + EIC

B

(x)
Rc , Rb
D, B

b

2,x

_

Q

G

e

x

N, A
N, A

e’

c, b_
,c

[Furletova, Sato, Weiss; 2020 INT Report, arXiv:2002.12333; Aschenauer et al. PRD 96 114005 (2017) ]

Nuclear gluon density can be determined from

 dependence of inclusive eA cross section 
 and  structure functions 

Q2

F2 FL

High charm production rates and reconstruction 
efficiency at EIC

Impact on nuclear gluons at x ≳ 0.1

→ Gluon EMC effect?

→ Gluon antishadowing?



37EIC: Nuclear quark charge/flavor densities

EIC: Semi-inclusive DIS on nuclei

<

x)q
f

,+ </ /=h

(x)Df
h

u, u,< d, d<

(

e
e’

A

K+, K Can separate , constrain nuclear sea q ↔ q̄

High energy ensures independent fragmentation 
of active quark

How are the quark/antiquark and flavor densities 
in nucleus modified at ?x ∼ 0.1

Meson exchange in NN interaction: 
Enhancement of antiquarks?

Inclusive DIS cannot separate  q ↔ q̄

Strategies for separating parton structure 
modifications from nuclear final-state interactions

Detector simulations planned

vector

N

N

π,



38EIC: Gluon shadowing at small x

Gluons are “pulled” from different nucleons 
coherently at amplitude level

+

2

1 221

Distance in correlator  size of nucleus≫

fA(x) = f1(x) + f2(x) + f1−2 interference(x) Interference term in gluon density* 
Nuclear density  sum of nucleon densities≠

Interference term reduces nuclear gluon density compared to sum of nucleon densities

QM effect. Analog of classical “shadowing” — nucleon 2 hidden behind nucleon 1

*Interference made possible by diffractive amplitudes .  
Shadowing effect closely connected to diffractive scattering.

N → g + X′￼+ N

Observed in heavy quarkonium production in  collisions at LHC 
Can be tested and explored at EIC

γA



39EIC: Gluon shadowing in coherent processes

Coherent quarkonium production on heavy nuclei
thickness

b J/ψ

coherent

Amplitude probes gluon density in nucleus at fixed 
impact parameter b

Shadowing effect in gluon density proportional to 
nuclear thickness correlated with impact parameter 
→ expressed in diffraction pattern

184 7.3. THE NUCLEUS: A LABORATORY FOR QCD

Figure 7.83: (left) ds/dt for coherent and incoherent J/y photoproduction with and without
saturation. From Ref. [2]. (right) ds/dt for incoherent J/y photoproduction in the BeAGLE
Monte Carlo (black). The other lines show the effect of successive cuts that there are no
neutrons (red), no photons with energy above 50 MeV (green), no protons in the draft Roman
pot detector or off-energy detector, and no protons in the B0 forward detector, which is
discussed in Section 8.5.2.

dimensional Fourier transform of ds/dt [893, 894]

F(b) µ
Z •

0
pTdpT J0(bpT)

r
ds

dt
(7.49)

where J0 is a Bessel function and b is the impact parameter within the nucleus. Thep converts the cross-section into an amplitude. The square root introduces a sign
ambiguity. The positive root is taken at pT = 0, and then the amplitude flips signs
at each diffractive minimum. This sign flip needs to be included when analyzing
the data. The detector resolution and photon pT limit how well the positions of
these minima can be determined, limiting the accuracy of F(b).

The STAR Collaboration has applied this approach to r and direct p+p� photo-
production in ultra-peripheral collisions and found some limitations in the method
[894, 895]:

The pT integral runs from 0 to •, but the data is limited to a maximum pT. Un-
less the pT range encompasses several diffractive minima (up to pT ⇡ 15h̄/RA),
F(b) will not fully capture the shape of the nucleus. In the upper half of this pT
range, incoherent production dominates over coherent, so good separating power
is required. This will be discussed in more detail later.

The measured ds/dt includes contributions from the photon pT and the experi-
mental resolution. Naively, one might expect to remove the photon pT by mea-

Differential cross section exhibits “diffraction pattern”  
determined by Fourier transform of amplitude squared

Difficult measurement: Coherent events identified by 
vetoing nuclear breakup events (neutron emission)

Uses far-forward detection system:  
Zero-degree calorimeter for neutrons

Detection

EIC Yellow Report



40EIC: Gluon shadowing in coherent processes

Guzey, Rinaldi, Scopetta, Strikman, Viviani 2022

thickness

b J/ψ
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4

0.0 0.2 0.4 0.6 0.8
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

FIG. 3: Ratio of the di↵erential cross section for J/ coher-
ent production on 4He to the same quantity for the nucleon
target at t = 0 as a function of �t at x = 10�3. Relative
errors of 10% and 15% have been considered on the quanti-
ties B0 and �2, respectively (see text and the Supplemental
Material).

relative error of approximately 10 %, measured by H1
and ZEUS collaborations at HERA (see Ref. [15] for ref-
erences). This value corresponds to x ' 10�3, typical
for the EIC kinematics. In addition, using the Gribov-
Migdal relation, we estimate ⌘0 and ⌘ by exploiting the
measured energy dependence of the corresponding ampli-
tudes: ⌘0 = (⇡/2)⇥0.1 ' 0.16 and ⌘ = (⇡/2)⇥0.2 ' 0.3.
In our analysis, we neglected the t dependence of ⌘ and
⌘0 since the slopes of the corresponding scattering am-
plitudes weakly depend on energy [i.e., the slopes of the
Regge trajectories ↵0(0) are small].

The results are presented in Figs. 3-5, taking into ac-
count the relative errors on �2 and B0 discussed above.
Notice that these uncertainties do not a↵ect our numer-
ical predictions significantly. In facts, the bulk of the
predicted strong t dependence is given by the nuclear
k-body form factors, �k. The latter quantities are cal-
culated with the most recent realistic potentials and the
theoretical uncertainty on them, in the relevant kinemat-
ical region, is very small. An example of the convergence
of the nuclear calculation is provided in the Supplemental
Material.

Figure 3 shows our predictions for the ratio of the dif-
ferential cross section for J/ coherent production on
4He to that for the nucleon at t = 0 as a function of
�t at x = 10�3. One can see from the figure that the
cross section is dominated by the one-body (IA) and the
two-body rescattering dynamics. The first minimum is
clearly shifted from �t = 0.45 GeV2 to �t = 0.27 GeV2,
essentially due to the two-body contribution. Since one-
body dynamics is under remarkable theoretical control, it
allows one to disentangle two-body dynamics and unam-
biguously relate it to leading-twist gluon nuclear shad-

FIG. 4: Ratio of the di↵erential cross section for J/ co-
herent production on 4He to the same quantity at t = 0 as a
function of �t: the IA result at x = 0.05 is compared to the
full one at x = 10�3. Relative errors of 10% and 15% have
been considered on the quantities B0 and �2, respectively (see
text and the Supplemental Material).

owing. Note also that the clear minimum of the t depen-
dence in the IA case is filled because ⌘0 6= ⌘ 6= 0 in the
full calculation. This represents a unique opportunity to
measure the ratios of the real to imaginary parts of the
corresponding scattering amplitudes.

The quality of the IA result can be tested at x = 0.05,
where it is expected to be dominating in a broad range of
t due to a vanishingly small contribution of the shadowing
correction. This is illustrated in Fig. 4 presenting the x
evolution of the gluon shadowing correction in 4He. It
shows the ratio of the di↵erential cross section for J/ 
coherent production on 4He to the same quantity at t = 0
as a function of �t. At x = 10�3, the full result is shown.
At x = 0.05, the IA result is presented. In the latter
case, the parameters of the model of J/ production have
been properly changed (in particular, we used B0(x) = 3
GeV�2 [34]).

Note that this x evolution of the t dependence agrees
with that predicted in Ref. [34], which was obtained con-
sidering HERA data; a check of this model will be pos-
sible at the EIC. Since the one-body contribution domi-
nates the cross section at x = 0.05, where no shadowing
is expected in a wide range of t, the emergence of LT
gluon shadowing at lower x points to a significant broad-
ening in the impact parameter space of the nuclear gluon
distribution, as discussed in Ref. [20] for heavy nuclei.
If confirmed, this observation would be a relevant step
towards a 3D imaging of gluons in nuclei.

We have also repeated our analysis for the 3He sys-
tem, which will be systematically used at an EIC. In
this case, the nuclear ↵s �1,�2, and �3 have been cal-
culated using a realistic wave function developed along
the lines of Ref. [27] and using the AV18 nucleon-nucleon

Active detection of recoiling nucleus 
using far-forward detectors

Alt. approach: Coherent quarkonium production 
on light nuclei (D, 3He, 4He)

Shadowing effect smaller, but expression in 
diffraction pattern better understood

Cross section without shadowing has  
well-established diffractive minimum

Shadowing will “fill” the minimum - large effect!

Recoiling nucleus is charged particle, 
detected with Roman Pot detectors

Detection
with 
shadowing



41EIC: Gluon saturation at small x

Gluon number grows through QCD radiation

New dynamical scale in wave function at small x

Gluon density per transverse area becomes scale: QS(x)

Theory: Nonlinear QCD evolution BK, JIMWLK; 
classical fields “color-glass condensate”

Breakdown in Bjorken scaling of F2, FL

New phenomena

EIC measurements

Saturation studies using exclusive, diffractive and 
inclusive processes
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High  in forward particle productionpT ∼ QS

Parton correlations, multiparton processes 

Effect enhanced in nuclei, naively ,  
but diminished by shadowing

QS ∝ A1/3
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
x = 10�3 (also referred to as xP) as a function of b from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same x (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger

Example: Nucleus/proton ratio of diffractive structure  
functions predicted by CGC. EIC Yellow Report



42Hadronization

How do hadrons emerge from energetic QCD modes?
?−e+

??
"hole"
spinx,

ep

e

Basic process of “conversion of energy to matter"

What is role of QCD radiation, nonperturbative fields, 
chiral symmetry breaking?

Fragmentation functions

Describe probability for energetic quark/antiquark/gluon to decay into certain hadron with energy fraction  
plus unidentified colored remnant

z

:  Accurate measurements, but only , cannot separate  and e+e− → h + X q + q̄ q q̄

 (semiinclusive DIS): Separate information on  and , test universalityep → e′￼+ h + X q q̄

Analogies with parton distributions in hadrons: Appear in factorization, universal

As fundamental as hadron structure,  
but much less understood…



43EIC: Fragmentation functions

EIC: Semi-inclusive pion and kaon production

Major improvement in flavor separation, 
“unfavored” fragmentation

21
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FIG. 21: Reweighting of DSS NLO parton to pion and parton to kaon fragmentation-function replicas for the combinations
q + q̄ associated to the final hadron valence quarks (upper panels) as well as for the unfavoured flavours of quarks and gluons
(lower panels) with EIC pseudodata of c.m.s energy

p
s = 140 GeV. As in Fig. 18 and Fig. 19, the results are normalized to

the DSS best fit. In the case of parton to pion FFs, the modified distributions are represented by the pink line, while their
modified uncertainties are represented by the dark blue band. Analogously, the original central value and uncertainty are given
by the black and white dashed line and the light blue band, respectively. The inverse color scheme is used in the case of parton
to kaon FFs. All results are shown at a scale of Q2 = 10 GeV2.
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FIG. 21: Reweighting of DSS NLO parton to pion and parton to kaon fragmentation-function replicas for the combinations
q + q̄ associated to the final hadron valence quarks (upper panels) as well as for the unfavoured flavours of quarks and gluons
(lower panels) with EIC pseudodata of c.m.s energy

p
s = 140 GeV. As in Fig. 18 and Fig. 19, the results are normalized to

the DSS best fit. In the case of parton to pion FFs, the modified distributions are represented by the pink line, while their
modified uncertainties are represented by the dark blue band. Analogously, the original central value and uncertainty are given
by the black and white dashed line and the light blue band, respectively. The inverse color scheme is used in the case of parton
to kaon FFs. All results are shown at a scale of Q2 = 10 GeV2.

Quark/antiquark fragmentation functions 
from global analysis

EIC Yellow Report



44EIC: Target fragmentation of nucleon

Target fragmentation: Hadronization of nucleon remnant 
when removing quark with given x

current

fragmentation
target

hadrons
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Hadron transverse momentum  pT  [GeV/c]

Hadron pseudorapidity in target fragmentation

[xB = 0.1, Q2 ~ 10 GeV2] Ep = 100 GeV: xF = 1
xF = 0.3
xF = 0.1

Ep = 41 GeV: xF = 1
xF = 0.3
xF = 0.1

Provides information on configurations in nucleon  
partonic wave function: particle content, motion

New observables in fragmentation of polarized nucleon

New information from measurements of correlations 
between current and target fragmentation

Feasibility with EIC detectors being explored

x

EIC Yellow Report



45EIC: Hadronization in nuclear medium

How does energetic color charge interact with hadronic matter?

Wide range of energies 10-100 GeV: 
Move hadronization in and out of nucleus

ν =

Hadronization of heavy quarks:  
Clean probe, QCD predictions

High luminosity for multidimensional binning
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? Induced radiation, modified fragmentation

Timescales for color neutralization, hadronization?

Energy loss, transverse momentum broadening

Cold matter results as input to hot matter in heavy-ion

EIC measurements

Wide range of momentum transfers : 
Scale dependence of medium effects

Q2



46EIC: Organization

DOE Project: Standard structure/process for construction of new facilities. Integrated project, 
managed/executed according to project management best practices (scope, cost, schedule, 
risk, critical decisions, reviews, etc.). Also integrates international contributions to EIC detector.

BNL and JLab: Host facility (BNL) and supporting efforts such as detector assembly, testing.  
Lab staff extensively involved in DOE project, and engaged in scientific and technical development. 
Labs also engage and connect with user community.

ePIC Collaboration: International collaboration designing/building EIC detector.  
Formed in 2022. 171 institutions, 25 countries, >500 members. [Webpage]

EIC User Group: International association of scientists promoting EIC in scientific, technical, 
and educational matters. >1400 members, 290 institutions, 38 countries. Includes theorists. 
Working groups, e.g. for EIC Theory and second detector. Holds meetings, provides online 
resources.  [Webpage]

https://www.bnl.gov/eic/epic.php
https://www.eicug.org


47EIC: Project timeline

CD0: Approve mission need, site selection. December 2019 ✓

CD1: Approve scope, analyze alternatives. June 2021 ✓

CD2: Approve preliminary design (maturity >60%), requires pre-TDR

CD3: Approve final design (maturity >90%), requires TDR

CD3A: Approve start of long-lead procurements. March 2024 ✓

CD4: Project completion, expected ~2034

Progress depends on budget allocations, 
timeline may be revised

Measurements and analysis will be done by 
“next generation!”


