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Motivation
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FOREWORD

The Electron-Ion Collider (EIC), is a powerful new facility to be built in the the U.S. Department
of Energy’s Brookhaven National Laboratory in partnership with the Thomas Je↵erson National
Accelerator Facility. Its main focus is to explore the most fundamental building blocks of the visible
matter in the universe and reveal the properties of the strong force of nature.

The initiative to develop this white paper followed DOE’s approval of “mission need” (known as
CD-0) in December 2019. Since then the EIC has achieved Critical Decision 1 (CD-1) approval on
July 6, 2021. This milestone marks the start of the project execution phase for a next-generation
nuclear physics facility, making the present initiative timely.

The EIC is designed to have two interaction regions that are suitable for the installation of large-
scale detector systems for high priority nuclear physics experiments. The goal of the initiative leading
to this white paper was to take a fresh look at the changing landscape of the science underlying the
need of a complementary approach towards the overall optimization and the execution of the EIC
science program, and include, where appropriate, recent scientific advancements and challenges that
go beyond the original motivation for the EIC. Several of the highly rated science programs proposed
for the EIC were selected, as well as recent developments that have opened up new directions
in nuclear science. It also included discussions on the machine requirements and performance of
detection systems for the successful and e�cient execution of the EIC science program.

The organizing team held a preparatory coordination meeting on December 15–16, 2020 [1] bringing
in experts in the field to discuss the science of the EIC second interaction region, its instrumentation,
and explore ways of its implementation in order to maximize the scientific impact of the EIC. The goal
of this meeting was also to define the scientific program and the agenda for subsequent workshops.

The first workshop took place remotely on March 17-19, 2021, and was co-hosted by Argonne Na-
tional Laboratory and the CFNS. Over 400 members of the international nuclear science community
registered as participants [2]. This first workshop highlighted the science that will benefit the most
from a second EIC interaction region, including the science of deep inelastic exclusive and semi-
inclusive processes, the physics with jets, heavy flavor production, spectroscopy of exotic hadrons,
and processes with light and heavy ions. This workshop was very timely as Brookhaven National
Laboratory and Je↵erson Laboratory had just announced the “Call for Collaboration Proposals for
Detectors to be located at the EIC” in two interaction regions. Detector 2 could complement the
project detector 1 and may focus on optimizing particular science topics or addressing topics beyond
the requirements defined in previous published EIC documents. It also refers to possible optimization
of the second interaction region towards such aims.

The second workshop [3] Precision Studies of QCD at EIC, co-hosted by Asia Pacific Center for
Theoretical Physics (APCTP) and the CFNS, took place on July 19-23, 2021. This workshop exam-
ined the science requiring high luminosity at low to medium center of mass energies (20 to 60 GeV).
The goal of this workshop was to motivate the study of high impact science in the context of the
overall machine design, EIC operation, and detector performance, focusing on science highlights, de-
tector concepts, and science documentation. As a result of this workshop technical working groups
were formed to develop this white paper. It identifies part of the science program in the precision

from the FOREWORD:

…

…

- kickoff meeting (hybrid), MIT Dec. 15-16 2020 https://indico.bnl.gov/event/9794

- 1st workshop (online), ANL+CFNS Mar. 17-19 2021 https://indico.bnl.gov/event/10677

- 2nd workshop (online), APCTP+CFNS Jul. 19-23 2021 https://indico.bnl.gov/event/11669
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studies of QCD that require or greatly benefit from the high luminosity and low to medium center-
of-mass energies, and it documents the scientific underpinnings in support of such a program. The
objective of this document is to help define the path towards the realization of the second interaction
region.
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725/08/2023 - HEP-EPS/Hamburg P. Antonioli - The ePIC experiment

IR-6

IR-8

• High Luminosity: L= 1033 – 1034cm-2sec-1, 10 – 100 fb-1/year
• Highly Polarized Beams:  70%

à requires high precision polarimetry
• Large Center of Mass Energy Range: 

Ecm = 29 – 140 GeV
à Large Detector Acceptance 

• Large Ion Species Range:  protons – Uranium
à unique opportunity to study Qs evolution with x

e: 5 GeV to 18 GeVp: 41 GeV, 100 to 275 GeV
p/A beam e beam

ion

41-275 GeV

electron

5-18 GeV

Mandate is clear – now how to get there?

• Started a series of meetings between the project leadership, ATHENA, CORE and ECCE leaders and the 
steering committee chair and vice chair.

• Unanimous support from all parties in the room – everyone agrees a 2nd detector, on a delayed timeline, 
is the best course of action for the EIC science and the community.

• Define the boundary conditions
o Include a secondary focus

o DPAP talk most recent!
o arxiv 2105.13564

o Crossing angle 35 mrad
o Accelerator free space -4.5 m to +5 m
o Luminosity as on the plot (dashed lines)

• Developed four essential focus areas
- details in next slides …

45

FIG. 19. Estimated coverage of JLab12, HERMES and EIC data for di↵erent energy configurations. The need to deliver high
luminosity for the low and medium energy configurations to fill in the phase space between fixed target experiments and the
higher EIC options is obvious. The data are constrained to y > 0.05.

the colliding and scattered leptons, and the hadronic plane defined by the colliding and observed
hadrons, SIDIS measurements at the EIC will allow the extraction of various TMDs by evaluating
independent angular modulations of the angle distribution between the two planes as well as the
distribution between the hadron spin vector and one of the planes.

1. Impact on the understanding of TMD factorization and applicability to fixed target data

The TMD factorization formula Eq 39 receives corrections which enter in terms of powers of
� ⇠ PhT /z/Q. Identifying the domain of applicability of TMD factorization is not trivial [183].
In recent analyses, usually the choice � < 0.25 is adopted, at least for high Q [184–187]. These
restrictions reduce the significance of a large amount of existing measurements, in particular a
majority of data from existing fixed target experiments. Figure 23 illustrates this issue by showing
the results of Ref. [188] where the regions of pion production in SIDIS at the EIC are studied using
results of Ref. [189]. The so-called a�nity to TMD factorization region (i.e. the probability that the
data can be described by TMD factorization) is calculated for each bin of the EIC measurements.
The a�nity represents the probability of the bin to belong to TMD factorization region and spans
from 0% to 100%, indicated by color and symbol size in the figure. One can see from Fig. 23 that only
at relatively high z and PhT (and relatively large x and Q

2) corrections to the TMD factorization
description are expected to be negligible. The reach of the EIC data into other regions, will be
important for the study the connections to other types of factorization, for instance the collinear
factorization or the region accessed by fixed target experiments, where sizable corrections to the
current TMD formalism are expected. Comparing this figure with the reach of the di↵erent energy
option shown in Fig. 20, it can be seen that intermediate beam energy option such as 10 ⇥ 100
GeV2 operate largely in a region where TMD factorization holds, but also contain phase space in the

Fig.19 of paper
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leading-twist GPDs

GPD are Fourier Transform of matrix elements of bilocal operators

operator GPD CFF FF

vector H F1

tensor E F2

axial vector GA

pseudo-scalar GP

ψ̄γμψ

ψ̄σμνΔνψ

ψ̄γμγ5ψ

ψ̄γ5ψ

ℋ

ℰ

H̃ ℋ̃

Ẽ ℰ̃

flip N spin

4 structures accessible in DVCS

4 additional chiral-odd structures (T-pol. quark) 
accessible only in DVMP

unpol. quark

L-pol. quark



Properties of GPDs

Polynomiality  (Lorentz covariance)

∫
1

−1
dx xm GPD(x, ξ, t) =

[ m
2 ]

∑
j=0

ξ2j C2j(t) + mod(m,2) ξm+1 Cm+1(t)
Ji, J.Phys.G 24 (98) 1181 
Radyushkin, P.L. B449 (99) 81



Properties of GPDs

Polynomiality  (Lorentz covariance)

∫
1

−1
dx xm GPD(x, ξ, t) =

[ m
2 ]

∑
j=0

ξ2j C2j(t) + mod(m,2) ξm+1 Cm+1(t)

special cases: 

m=0  connection to form factors  FF(t)→

Ji, J.Phys.G 24 (98) 1181 
Radyushkin, P.L. B449 (99) 81

Ex.   ∫
1

−1
dx Hq(x, ξ, t) = Fq

1 (t)

∫
1

−1
dx Eq(x, ξ, t) = Fq

2 (t)



Properties of GPDs

Polynomiality  (Lorentz covariance)

∫
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−1
dx xm GPD(x, ξ, t) =

[ m
2 ]

∑
j=0

ξ2j C2j(t) + mod(m,2) ξm+1 Cm+1(t)

special cases: 

m=0  connection to form factors  FF(t)→

Ji, J.Phys.G 24 (98) 1181 
Radyushkin, P.L. B449 (99) 81

Ex.   ∫
1

−1
dx Hq(x, ξ, t) = Fq

1 (t)

∫
1

−1
dx Eq(x, ξ, t) = Fq

2 (t)

m=1  generalized form factors  extrapolation ( )  mass and spin→ → t → 0 →

∫
1

−1
dx x Hq(x, ξ, t) = Mq(t) + Dq(t) ξ2Ex.   

∫
1

−1
dx x Eq(x, ξ, t) = 2Jq(t) − Mq(t) − Dq(t) ξ2

M(0) mass and momentum 

J(0)  angular momentum 

D(0)  “D-term” related to  
          mechanical properties

byproduct: N spin sum rule

Ji, P.R.L. 78 (97) 610

Polyakov, P.L. B555 (03) 57

1
2 ∫

1

−1
dx x [Hq(x, ξ,0) + Eq(x, ξ,0)] = Jq



Properties of GPDs

QCD Energy-Momentum Tensor (EMT) Tμν = ψ̄γμ i
2

Dνψ − FaμλFaν
λ +

1
4

gμνF2

⟨P′￼|Tq,g
μν |P⟩ = ū(P′￼) [Mq,g(t)

PμPν

MN
+ Jq,g(t)

i(Pμσνρ + Pνσμρ) Δρ

2MN
+ Dq,g(t)

ΔμΔν − gμν Δ2

5MN
+ c̄q,g(t) gμν] u(P)
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1
4

gμνF2
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μν |P⟩ = ū(P′￼) [Mq,g(t)

PμPν

MN
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i(Pμσνρ + Pνσμρ) Δρ

2MN
+ Dq,g(t)

ΔμΔν − gμν Δ2

5MN
+ c̄q,g(t) gμν] u(P)

connection to generalized form factors “trace anomaly”

in Breit frame (Δ=P’-P), static EMT Tμν(r) = ∫
dΔ

2E(2π)3
e−iΔ⋅r ⟨P′￼|Tμν |P⟩  probability density  

     interpretation
→

Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0

hp|TQ,G
µ⌫ |p0i = ū(p0)


MQ,G

2 (t)
PµP⌫

MN
+ JQ,G(t)

i(Pµ�⌫⇢ + P⌫�µ⇢)�⇢

2MN
+ dQ,G

1 (t)
�µ�⌫ � gµ⌫�2

5MN
± c̄(t)gµ⌫

�
u(p)
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μν |P⟩ = ū(P′￼) [Mq,g(t)

PμPν

MN
+ Jq,g(t)

i(Pμσνρ + Pνσμρ) Δρ

2MN
+ Dq,g(t)

ΔμΔν − gμν Δ2

5MN
+ c̄q,g(t) gμν] u(P)

connection to generalized form factors “trace anomaly”

in Breit frame (Δ=P’-P), static EMT Tμν(r) = ∫
dΔ

2E(2π)3
e−iΔ⋅r ⟨P′￼|Tμν |P⟩  probability density  

     interpretation
→

Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0

hp|TQ,G
µ⌫ |p0i = ū(p0)
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Form Factors of Energy Momentum Tensor
Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

Form Factors of Energy Momentum Tensor

T ijdSj

“mechanical properties” of nucleon

M. Polyakov, PLB 555 (2003) 57

Fourier transform in coordinate space

shear forces pressure

TQ
ij (~r)= s(~r)

✓
rirj
r2

� 1

3
�ij

◆
+ p(~r) �ij

dQ1 (0) = 5⇡MN

Z 1

0
dr r4 p(r)

Angular 

∫ dr T00(r) = MN ∫ dr (S × r)k T0k(r) = 1/2

Tij(r) = s(r) ( rirj

r2
−

1
3

δij) p(r) δij

D(0) = −
16π
15

MN ∫
∞

0
dr r4 s(r) = 4πMN ∫

∞

0
dr r4 p(r) D-term related to  

internal forces 

Lorcé et al, P.L. B776 (18) 38 
Lorcé et al., E.P.J. C79 (19) 1 
Polyakov, P.L. B555 (03) 57



Attempts of Femtography

Probability density distribution in impact parameter space

extrapolation of data to ξ ~ ΔP+ = 0

q(x, b⊥) = ∫
dΔ⊥

(2π)2
eiΔ⊥⋅b⊥ Hq(x,0, − Δ2

⊥)

⟨b2
⊥(x)⟩ =

∫ db⊥ b2
⊥ q(x, b⊥)

∫ db⊥ q(x, b⊥)

Burkardt, P.R. D62 (00) 071503



Attempts of Femtography

Probability density distribution in impact parameter space

extrapolation of data to ξ ~ ΔP+ = 0

q(x, b⊥) = ∫
dΔ⊥

(2π)2
eiΔ⊥⋅b⊥ Hq(x,0, − Δ2

⊥)

Interpretation of GPDs I

2+1D structure of the nucleon

In the limit ⇠ ! 0, one recovers a density interpretation:
I 1D in momentum space (x)
I 2D in coordinate space ~b? (related to t)

M. Burkardt, Phys. Rev. D62, 071503 (2000)

Possibility to extract density from experimental data

0
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u

PARTONS Fits 2018-1

10-2 10-1 100

x
-3
-2
-1
0
1
2
3

b ⟂
 [f

m
]

figure from H. Moutarde et al., EPJC 78 (2018) 890

Correlation between x and b? ! going beyond PDF and FF.

Caveat: no experimental data at ⇠ = 0
! extrapolations (and thus model-dependence) are necessary

Cédric Mezrag (Irfu-DPhN) Generalised Partons Distributions June 6th , 2024 6 / 31

Moutarde et al., E.P.J. C78 (18) 890

⟨b2
⊥(x)⟩ =

∫ db⊥ b2
⊥ q(x, b⊥)

∫ db⊥ q(x, b⊥)

high-momentum (valence) quarks are at the core of the nucleon,  
low-momentum (sea) quarks spread to its periphery

Burkardt, P.R. D62 (00) 071503

fitting Hq to CLAS6  
and HERMES data



Attempts of Femtography

small  “extrapolation” to ξ = 0→

N. d’Hose at Trasnversity 2024

⟨b2
⊥(x)⟩ ≈ 2 B(ξ)

latest from COMPASS:  
dσDVCS

dt
∼ (Im[ℋ(ξ, ξ, t)])2 ↔ e−B(ξ) |t|

x = ξ ≈ xB /2
dDVCS/dt= e-B|t| =  (ImH )2 2016 analysed statistics =  2.3  Ref

2016+2017 expected statistics = 10   Ref

2012 statistics =  Ref

from Kumericki & Mueller

from Goloskokov & Kroll

2016

2012

Improvements in 2016 analysis compared to 2012
 same intensity with mu+ and mu- beam in 2016
 more advanced analysis with 2016 data, still ongoing 
 0 contamination with different thresholds
 better MC description of the evolution in ν
 binning with 3 variables (t,Q2,ν) or 4 variables (t,,Q2,ν)
 different binning in t 10/24

COMPASS 12-16 Transverse extention of partons in the sea quark range

PLB793

ImH = H (x=, , t)
x =   xB /2   close to 0  

H

dDVCS/dt= e-B|t| =  (ImH )2 2016 analysed statistics =  2.3  Ref
2016+2017 expected statistics = 10   Ref

2012 statistics =  Ref

from Kumericki & Mueller

from Goloskokov & Kroll

2016

2012

Improvements in 2016 analysis compared to 2012
 same intensity with mu+ and mu- beam in 2016
 more advanced analysis with 2016 data, still ongoing 
 0 contamination with different thresholds
 better MC description of the evolution in ν
 binning with 3 variables (t,Q2,ν) or 4 variables (t,,Q2,ν)
 different binning in t 10/24

COMPASS 12-16 Transverse extention of partons in the sea quark range

PLB793

ImH = H (x=, , t)
x =   xB /2   close to 0  

H



Angular momentum

Ju+ū

J
d
+
d̄

Ju�ū = 0.214 +0.009
�0.013 Jd�d̄ = �0.029 +0.021

�0.008

Ju�ū = 0.230 +0.009
�0.024 Jd�d̄ = �0.004 +0.010

�0.016

models  
of  

GPD

lattice

color lensing 
Sivers  E↔

DVCS on T-pol. proton

D
V

C
S 

on
 n

eu
tr

on
Jq =

1
2 ∫

1

−1
dx x [Hq(x, ξ,0) + Eq(x, ξ,0)]



D-term and N internal forces

∫
1

−1
dx x Hq(x, ξ, t) = Mq(t) + Dq(t) ξ2

∫
1

−1
dx x Eq(x, ξ, t) = 2Jq(t) − Mq(t) − Dq(t) ξ2

D-term from  
GPDs H and E  

but GPDs are “buried” 
inside CFF ,  ℋ ℰ
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Uncertainties:

expected for JLab @ 12 GeV
from CLAS @ 6 GeV data

prior to CLAS data

 GPDs provide indirect access to mechanical properties of the nucleon 
(encoded in the gravitational form factors, GFFs, of the energy-momentum 
tensor).

 Three scalar GFFs, functions of t: 
encode pressure and shear forces (d1(t)), 
mass (M2(t)) and angular momentum 
distributions (J(t)). 

 Can be related to GPDs via sum rules: 

 Possibility of extracting pressure 
distributions! More data needed.

V. Burkert, L. Elouadrhiri, F.-X. Girod,  
Nature 557, 396-399 (2018)

Imaging pressure within the nucleon

D(0) = 4πMN ∫
∞

0
dr r4 p(r) < 0

r2p(r) stability 

∫
∞

0
dr r2 p(r) = 0

Perevalova et al., P.R.D 94 (16) 054024

consistent with 
data & models

Girod et al., Nature 557 (18) 7705

using CLAS6 data



Exclusive processes

Re(CFF) Im(CFF)

Access only to the  
 dependence(x = ± ξ, ξ, t)

Deeply virtual Compton scattering (DVCS) 

q(x)

ERBL

DGLAP

Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001) 

Real part        Imaginary partThe amplitude DVCS at LT & LO in S  (GPD H) :

𝑡,  fixed

In an experiment we measure
Compton Form Factor H

H = 1−׬
+1 𝑑𝑥 H(𝑥,,𝑡)

𝑥−+𝑖ε
= P1−׬

+1 𝑑𝑥 H(𝑥,,𝑡)
𝑥− − 𝑖 𝜋 H(𝑥 = ± , , 𝑡)

ReH , 𝑡 = _1 න 𝑑𝑥
ImH (𝑥, 𝑡)
𝑥 − 

+ (𝑡)

Q²large, xB
ℓ

*

ℓ’

small

hard

soft GPDs
Generalized Parton 

Distributions

27

GPD(x,ξ,0)
GPD(x,0,0) = PDF(x)

CFF(ξ, t) = PV∫
1

−1
dx

GPD(x, ξ, t)
x − ξ

− iπ GPD(x = ± ξ, ξ, t) + o ( 1
Q2 )

Need to combine information from  
- different DVCS measurement 
- different processes



Exclusive processes
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CFF combinations in DVCS
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unpol. target
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~
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~
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~
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Ongoing and future programs

Observable 
(target)

12-GeV experiments CFF sensitivity Status

s, sbeam(p) Hall A

CLAS12

Hall C

ReH(p), ImH(p) Data taken in 2016; 
Phys. Rev. Lett. 128 (2022)

Data taken in 2018-2019; 
CS analysis under review

Experiment just finished

BSA(p) + TCS CLAS12 ImH(p) Data taken in 2018-2019; 
Phys. Rev. Lett. 130 (2023) 
Phys. Rev. Lett. 127 (2021)

lTSA(p), lDSA(p) CLAS12 ImH(p), ImH(p), ReH(p), ReH(p) Experiment completed in March 2023

tTSA(p) CLAS12 ImH(p), ImE(p) Experiment foreseen for > 2027

BSA(n) CLAS12 ImE(n) Data taken in 2019-2020; 
BSA paper ready for release

lTSA(n), lDSA(n) CLAS12 ImH(n), ReH(n) Experiment completed in March 2023

JLab@12 GeV DVCS program

~ ~

10

S. Niccolai, Transversity 2024

first ever TCS

combining Hermes & Hall A p DVCS  + CLAS12 BSA on p,n DVCS   flavor separation of CFF→

flavor sep. of CFF 
Ji’s sum rule

+ plans for DDVCS and positron DVCS

JLab12 DVCS

COMPASS DVCS
DVMP on π0, ρ0, ω, φ, J/ψ using 2016,17 data →

- transversity GPD 
- gluon GPD 
- flavor decomposition

see N. d’Hose, Transversity 2024

Kumericki et al., JHEP 07 (11) 073
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the graviton-proton interaction, a highly impractical proposition due to the extreme weakness of the
gravitational interaction [58, 59]. More recent theoretical development showed that the GFFs may
be indirectly probed in deeply virtual Compton scattering (DVCS) [60]. DVCS allows probing the
proton’s quark structure expressed in the GPDs, as the basis for the exploration of its mechanical
or gravitational properties [61].

The handbag diagram for the DVCS amplitude 3 contains contributions from non-local operators
with collinear twist 2, 3, and 4, where the latter two can be neglected at large Q

2. These operators
can be expanded through the operator product expansion in terms of local operators with an infinite
tower of J

PC quantum numbers. This includes operators with the quantum numbers of the graviton,
so information about how the target would interact with a graviton is encoded within this tower.
The GPDs H

q and E
q are mapped to the GFF D

q(t), A
q(t), and J

q(t) = 1

2
A

q(t) + 1

2
B

q(t) in the Ji
sum rule [60], involving the second Mellin moment of the GPD H

q and E
q as

Z
dx x[Hq(x, ⇠, t) + E

q(x, ⇠, t)] = 2Jq(t), (7)
Z

dx xH
q(x, ⇠, t) = A

q(t) + ⇠
2
D

q(t). (8)

In the following we focus on the term D
q(t) that encodes information about mechanical properties,

see Sec. III C.
This new direction of nucleon structure research has recently resulted in the first estimate of the

pressure distribution inside the proton based on experimental data [62], employing CLAS DVCS-BH
beam-spin asymmetry data [63] and di↵erential cross sections [64], and constraints from parameter-
ized data covering the full phase space.

With the EIC as a high luminosity machine and a large energy reach these properties can be
accessed covering a large range in xB, Q

2 and �t in the exclusive DVCS process. As shown in
Figure 8 the lower EIC CM energy range of 3 ⇥ 10�3

< xB < 0.1 will cover the valence quark
and sea-quark domains, while at the high CM energies the gluon contributions will be accessible at
10�4

< xB < 10�2.

FIG. 8. Accessible ranges in xB vs Q2 (left), and t vs azimuth angle � (right) for the DVCS process at a center-of-mass energy
p
s = 28 GeV. The color code indicates the number of events per pixel for a given luminosity.

Ideally, one would determine the integrals in Eqs.(7) and (8) by measuring GPD H and E in the
entire x and ⇠ space and in a large range of t. For the DVCS experiments, such an approach is
impractical as the GPDs are not directly accessible in the full x, ⇠-space, but only at the constrained
kinematics x = ±⇠. The GPDs also do not directly appear in the experimental observables. Instead,
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an experimental challenge.
All these new reactions have quite small cross-sections and would greatly benefit from a high

luminosity option in the low energy range of the EIC. More detailed feasibility studies need to be
performed but first order of magnitude estimates show that they need a quite large coverage of
photon detection which seems in line with current detector designs.

FIG. 7. Compton form factors ImH and ReH extracted at local xB values from simulated DVCS events at di↵erent CM beam
energies,

p
s = 31.6 GeV (LOW) and

p
s � 100 GeV (HIGH). The dark shaded bands represent the reach and the uncertainties

at the lower CM-energy. The lighter shaded bands represent the higher CM-energy. The xB regions labeled LOW can only be
covered at the low CM-energy with reasonable uncertainties. The xB region labeled HIGH can only be reached with the high
CM-energy. The widths of the bands indicate the estimated uncertainties due to overall reconstruction e↵ects, statistics and
systematic uncertainties. For each of the two CM-energies a combined integrated luminosity of 200 fb�1 equally split between
longitudinally polarized and transversely polarized proton runs is assumed. At xB > 0.1 smaller uncertainties can be achieved
at the low CM-energy, which provides overlapping xB kinematics with the JLab 12 GeV experiments (not shown). The region

xB < 2⇥ 10�3 can only be reached at the high CM-energy. Note, that the CFF E and eH are determined simultaneously. Here
we have used same integrated luminosity for the two CM energies. The results are statistics limited and may be scaled for
di↵erent assumptions. Regarding the luminosity assumptions at the low CM energy see comments in the caption of Fig. 2.

2. Analysis methods

GPDs are projections of Wigner distributions that give access to the unknown mechanical proper-
ties of the nucleon involving both space and momentum correlations. Among these are the quark
and gluon angular momentum, along with spin directed qgq interactions [18, 21–25]. An accurate
knowledge of GPDs would unveil an unprecedented amount of information on nucleon structure and
on the working of the strong interactions. Nevertheless, after two decades of experimental and phe-
nomenological e↵orts, it has been, so far, impossible to extract these important quantities directly
from experiment. The problem lies at the core of their connection with observables: the cleanest
probe to observe GPDs is from the matrix elements for deeply virtual Compton scattering (DVCS)
(Fig.6, and Sec.II B). In a nutshell, GPDs are multi-variable functions depending on the kinematic
set of variables, x, ⇠, t, Q

2 (see eq.[1)], which enter the DVCS cross section in the form of convolutions
with complex kernels, calculable in perturbative QCD, known as Compton Form Factors (CFFs).
Furthermore, because GPDs are defined at the amplitude level, they appear in bilinear forms, in
all observables, including various types of asymmetries. An additional consequence is that all four
GPDs, H, E, eH, eE, enter simultaneously any given beam/target spin configuration. It is therefore
necessary to consider simultaneously a large array of di↵erent observables in order to extract the
contribution of each individual GPD, even before addressing the issues of their flavor composition,
and of the sensitivity of observables to quark/antiquark components (for a detailed analysis of the
DVCS cross section we refer the reader to [46–48]).

For high precision femtography, which is required to obtain proton structure images, the hadron
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the graviton-proton interaction, a highly impractical proposition due to the extreme weakness of the
gravitational interaction [58, 59]. More recent theoretical development showed that the GFFs may
be indirectly probed in deeply virtual Compton scattering (DVCS) [60]. DVCS allows probing the
proton’s quark structure expressed in the GPDs, as the basis for the exploration of its mechanical
or gravitational properties [61].

The handbag diagram for the DVCS amplitude 3 contains contributions from non-local operators
with collinear twist 2, 3, and 4, where the latter two can be neglected at large Q

2. These operators
can be expanded through the operator product expansion in terms of local operators with an infinite
tower of J

PC quantum numbers. This includes operators with the quantum numbers of the graviton,
so information about how the target would interact with a graviton is encoded within this tower.
The GPDs H

q and E
q are mapped to the GFF D

q(t), A
q(t), and J

q(t) = 1

2
A

q(t) + 1

2
B

q(t) in the Ji
sum rule [60], involving the second Mellin moment of the GPD H

q and E
q as

Z
dx x[Hq(x, ⇠, t) + E

q(x, ⇠, t)] = 2Jq(t), (7)
Z

dx xH
q(x, ⇠, t) = A

q(t) + ⇠
2
D

q(t). (8)

In the following we focus on the term D
q(t) that encodes information about mechanical properties,

see Sec. III C.
This new direction of nucleon structure research has recently resulted in the first estimate of the

pressure distribution inside the proton based on experimental data [62], employing CLAS DVCS-BH
beam-spin asymmetry data [63] and di↵erential cross sections [64], and constraints from parameter-
ized data covering the full phase space.

With the EIC as a high luminosity machine and a large energy reach these properties can be
accessed covering a large range in xB, Q

2 and �t in the exclusive DVCS process. As shown in
Figure 8 the lower EIC CM energy range of 3 ⇥ 10�3

< xB < 0.1 will cover the valence quark
and sea-quark domains, while at the high CM energies the gluon contributions will be accessible at
10�4

< xB < 10�2.

FIG. 8. Accessible ranges in xB vs Q2 (left), and t vs azimuth angle � (right) for the DVCS process at a center-of-mass energy
p
s = 28 GeV. The color code indicates the number of events per pixel for a given luminosity.

Ideally, one would determine the integrals in Eqs.(7) and (8) by measuring GPD H and E in the
entire x and ⇠ space and in a large range of t. For the DVCS experiments, such an approach is
impractical as the GPDs are not directly accessible in the full x, ⇠-space, but only at the constrained
kinematics x = ±⇠. The GPDs also do not directly appear in the experimental observables. Instead,
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have profound consequences. Notice that D(t) is the only GFF which exhibits a divergence for t ! 0
when QED e↵ects are included. Also this is not surprising given the relation of D(t) to the forces
acting in a system. The behavior of D(t) / 1/

p
�t at small-t is relevant only in the unmeasurable

region of very small |t| < 10�3GeV2 such that this is of no practical concern for experiments [149].
However, a satisfactory theoretical definition of the D-term may require not only the inclusion of
electromagnetic forces but also gravitational forces which, no matter how weak, are present in every
system and are also long-range forces [154]. Notice that despite the divergence of D(t) due to QED
e↵ects, the accompanying prefactor (�µ�⌫ � gµ⌫�2) ensures that the matrix element hp2|T̂ q,g

µ⌫ |p1i is
overall well-behaving in the t ! 0 forward limit.

FIG. 13. Left: Spatial distribution of radial force, which has a positive sign everywhere. Right: Distribution of tangential force, which

exhibits a node near a distance r ⇡ 0.45fm from the center, where it also reverses sign as indicated by the direction of the arrows. The lines

represent the magnitude of force acting along the orientation of the surface. Note that pressure acts equally on both sides of a hypothetical

pressure gauge immersed in the system. A positive magnitude of pressure means that an element of the proton is being pushed on from

both direction,. i.e. it is being ”squeezed”, while a negative magnitude means it is being pulled on from both directions, i.e. it is being

”stretched”. [129, 155].

The first experimental information from Je↵erson Lab experiments allows one to present first
visualization of the pressure inside the proton. Using expression for D

q(t) in (10) and the pa-
rameterization of �(t) in [156] the Fourier transforms (34) and (35) can be inverted to determine
respectively s

q(r) which is also referred to pressure anisotropy, and p
q(r) which is also referred to as

the isotropic pressure.

Figure 13 shows an example of a tangential pressure distribution inside the proton using parameter-
izations of H(⇠, t) and �(t). We stress that these results have been obtained with paramterizations
of the kinematic observables ⇠ and t extrapolated into unmeasured physical territory. The extension
of these measurements to higher energies, including into the EIC kinematics domain and the avail-
ability of transversely polarized protons, will enable experiments with strong sensitivity to the CFF
E(⇠, t) and H(⇠, t) and unprecedented kinematic coverage.

Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23
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M. Polyakov, PLB 555 (2003) 57
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shear forces pressure

TQ
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◆
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(Fig.13 paper)
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⟨P′￼|Tq,g
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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
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30

FIG. 11. Left: the proton mass decomposition, calculated from lattice QCD, into di↵erent sources, including the quark mass
(Hm), quark and gluon kinetic and potential energy (Hg, HE), and quantum anomalous energy contributions (Ha) [104, 105].
Middle: the scalar density distribution in space which can be constructed from the GFF [110–112]. Right: Di↵erential cross
section d�/dt in units of nb/GeV2 for exclusive threshold J/ production at EIC as a function of |t| at W = 4.4 GeV,
Q

2 = 64 GeV2. The dashed curves are for D
g = 0 and the solid curves are for nonzero D

g (from LQCD). The split between
the two solid curves, or two dashed curves is caused by the variation in the gluon scalar matrix element 0 < b < 1 [109].

As discussed extensively in the literature, when a particle has a finite mass, the spatial resolution
of a coordinate-space distribution is limited by its Compton wavelength. In the case of the nucleon,
this is about 0.2 fm. Since the nucleon charge diameter is around 1.7 fm, one can talk about an
approximate coordinate-space profile. Thus, one can define the spatial distribution of energy as the
Fourier transformation of the mass form factor [66]

⇢m(r) =

Z
d3q

(2⇡)3
e

iq·r
Gm(t) . (18)

The alternative is to interpret the nucleon form factors in the infinite momentum frame, which yield
a 2D profile [113].

From the spatial energy distribution, one can define the Sachs-type mass radius as

hr2im = 6
dGm(t)/M

dt

����
t=0

= 6
dA(t)

dt

����
t=0

� 3
D(0)

2M2
. (19)

The recent data from J/ production at threshold has motivated extracting the proton’s mass radius
using either VDM or AdS/CFT type interpretation [114, 115]. A QCD factorization study indicates
that a connection with the gluon contribution can be established, while the quark contribution can
be obtained through a similar form factor. Both contributions have been computed on the lattice
QCD [110, 111], from which one can extract the mass radius as 0.74 fm [84].

Another interesting quantity is the scalar density,

⇢s(r) =

Z
d3q

(2⇡)3
e

iq·r
Gs(t) , (20)

defining a scalar field distribution inside the nucleon. Gs(t) can either be deduced directly from
the trace part of the EMT or indirectly through the form factors of the twist-2 tensor, as discussed
above. This scalar field is the analogue of the MIT bag constant B, which is a constant inside the
nucleon but zero outside, and may be considered as a confining scalar field. A plot of a LQCD
calculation of the scalar density [111] is shown in the middle panel of Fig. 11.

Eq + Eg

Ma

Alexandrou et al., 
P.R.L. 119 (17) 142002

EIC Yellow Report, N.P.. A1026 (22) 122447
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FIG. 23. TMD a�nity for EIC kinematics. Bin centers are located in the points corresponding to the bin averaged values of
xb and Q

2, and in each of these bins various values of zh and qT /Q can be measured. In each bin of fixed zh and qT /Q, the
a�nity is indicated by a dot with size proportional to the corresponding a�nity value. The a�nity is color coded according to
the scheme on the right of the panels: red (and smaller) symbols correspond to low TMD a�nity, while dark blue (and larger)
symbols correspond to high TMD a�nity. The plot is from Ref. [188]

3. The impact study on the unpolarized TMDs

The unpolarized TMD distributions and fragmentation functions have been extracted in Refs. [184–
187, 190] (SV17, PV17, SV19, PV19, MAPTMD22) with high perturbative accuracy up to NNLO and up
to N3LL of TMD logarithmic resummation. The data used in these global analyses includes Drell-
Yan and SIDIS processes measured at fixed target experiments [191–199] at relatively low energies,
and the collider measurements at higher energy scales [200–212]. The span in the resolution scale Q

and in observed transverse momentum qT allows for an extraction of the non-perturbative Collins-
Soper kernel (CS-kernel) and the unpolarized TMDs. These extractions demonstrate an agreement
between the theory and the experimental measurements.

The extremely precise LHC measurements at Q ' MZ provide very stringent constraints on the
CS-kernel and TMDs in the region of small values of b. However, the uncertainty of extractions
grows in the region of b > 1 GeV�1 due to the lack of the precise low-qT data. The large b region is
important for the understanding of the non-perturbative nature of TMDs and the primordial shapes
TMDs and CS-kernel. In particular for the Q range accessed by intermediate energies, Q � 5 � 10
GeV, TMDs are only very poorly constrained. Low and intermediate energies at the EIC will
naturally provide precision data in this kinematic regime as shown below. Predictions from various
groups are di↵erent in this region, see Ref. [213], and also disagree with the lattice measurements
[214–216]. This disagreement is problematic since it points to a limited understanding of the TMD
evolution encoded in the CS-kernel, which dictates the evolution properties of all TMDs and describes
properties of the QCD vacuum [213]. The measurements from the EIC will fill in the gap between

10-2
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10-1Fig.23 of paper
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3. The impact study on the unpolarized TMDs

The unpolarized TMD distributions and fragmentation functions have been extracted in Refs. [184–
187, 190] (SV17, PV17, SV19, PV19, MAPTMD22) with high perturbative accuracy up to NNLO and up
to N3LL of TMD logarithmic resummation. The data used in these global analyses includes Drell-
Yan and SIDIS processes measured at fixed target experiments [191–199] at relatively low energies,
and the collider measurements at higher energy scales [200–212]. The span in the resolution scale Q

and in observed transverse momentum qT allows for an extraction of the non-perturbative Collins-
Soper kernel (CS-kernel) and the unpolarized TMDs. These extractions demonstrate an agreement
between the theory and the experimental measurements.

The extremely precise LHC measurements at Q ' MZ provide very stringent constraints on the
CS-kernel and TMDs in the region of small values of b. However, the uncertainty of extractions
grows in the region of b > 1 GeV�1 due to the lack of the precise low-qT data. The large b region is
important for the understanding of the non-perturbative nature of TMDs and the primordial shapes
TMDs and CS-kernel. In particular for the Q range accessed by intermediate energies, Q � 5 � 10
GeV, TMDs are only very poorly constrained. Low and intermediate energies at the EIC will
naturally provide precision data in this kinematic regime as shown below. Predictions from various
groups are di↵erent in this region, see Ref. [213], and also disagree with the lattice measurements
[214–216]. This disagreement is problematic since it points to a limited understanding of the TMD
evolution encoded in the CS-kernel, which dictates the evolution properties of all TMDs and describes
properties of the QCD vacuum [213]. The measurements from the EIC will fill in the gap between

10-2

10

affinity = probability of fulfill fact. th.

45

FIG. 19. Estimated coverage of JLab12, HERMES and EIC data for di↵erent energy configurations. The need to deliver high
luminosity for the low and medium energy configurations to fill in the phase space between fixed target experiments and the
higher EIC options is obvious. The data are constrained to y > 0.05.

the colliding and scattered leptons, and the hadronic plane defined by the colliding and observed
hadrons, SIDIS measurements at the EIC will allow the extraction of various TMDs by evaluating
independent angular modulations of the angle distribution between the two planes as well as the
distribution between the hadron spin vector and one of the planes.

1. Impact on the understanding of TMD factorization and applicability to fixed target data

The TMD factorization formula Eq 39 receives corrections which enter in terms of powers of
� ⇠ PhT /z/Q. Identifying the domain of applicability of TMD factorization is not trivial [183].
In recent analyses, usually the choice � < 0.25 is adopted, at least for high Q [184–187]. These
restrictions reduce the significance of a large amount of existing measurements, in particular a
majority of data from existing fixed target experiments. Figure 23 illustrates this issue by showing
the results of Ref. [188] where the regions of pion production in SIDIS at the EIC are studied using
results of Ref. [189]. The so-called a�nity to TMD factorization region (i.e. the probability that the
data can be described by TMD factorization) is calculated for each bin of the EIC measurements.
The a�nity represents the probability of the bin to belong to TMD factorization region and spans
from 0% to 100%, indicated by color and symbol size in the figure. One can see from Fig. 23 that only
at relatively high z and PhT (and relatively large x and Q

2) corrections to the TMD factorization
description are expected to be negligible. The reach of the EIC data into other regions, will be
important for the study the connections to other types of factorization, for instance the collinear
factorization or the region accessed by fixed target experiments, where sizable corrections to the
current TMD formalism are expected. Comparing this figure with the reach of the di↵erent energy
option shown in Fig. 20, it can be seen that intermediate beam energy option such as 10 ⇥ 100
GeV2 operate largely in a region where TMD factorization holds, but also contain phase space in the

10-1

EIC low/medium energy well 
into TMD factorization region

Fig.23 of paper
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�1 for the 5⇥41 configuration, whereNi is the normalized count rate in a bin and d the depolarization
factor. The quantity is proportional to the relative statistical uncertainty in the respective bin with a proportionality factor of
N

�1
total. This illustrates the relative statistical uncertainties one can reach for TMDs dependent on di↵erent polarization factors.

reach. The x range will be extended towards small-x values, in the region relevant for the evaluation
of the sum rules – such as the relation to the scalar charge. The Q

2 range, spanning a broad window
of mid-Q2 values, will allow analyses that account for QCD evolution e↵ects on each contribution.
EIC thus represents a unique opportunity to expand the curent exploratory studies towards global
QCD analyses of the rich phenomenology of higher-twist distribution functions.

In Fig. 22 the theoretical predictions are shown for the contribution of e
a(x) to the beam spin asym-

metry in semi-inclusive di-hadron production in the collinear framework for two di↵erent center of
mass energies, showing larger projected asymmetries for lower energies as expected. This asymme-
try receives a contribution not only from e

a(x) but also from a term involving a twist-3 di-hadron
fragmentation function together with f

a
1
(x) [175]. The latter has not been considered here [178].

The uncertainties in Fig. 22 come from the envelope of the uncertainties on the interference frag-
mentation function [179] and two models for e

a(x), the light-front constituent quark model [180] and
model of the mass-term contribution to e

a(x) with an assumed constituent quark mass of 300 MeV
and the unpolarized PDF from MSTW08LO. All PDFs and fragmentation functions are taken at
Q

2 = 1 GeV2 and the projected uncertainties for the EIC are shown only for Q
2 values smaller than
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�1 for the 5⇥41 configuration, whereNi is the normalized count rate in a bin and d the depolarization
factor. The quantity is proportional to the relative statistical uncertainty in the respective bin with a proportionality factor of
N

�1
total. This illustrates the relative statistical uncertainties one can reach for TMDs dependent on di↵erent polarization factors.

reach. The x range will be extended towards small-x values, in the region relevant for the evaluation
of the sum rules – such as the relation to the scalar charge. The Q

2 range, spanning a broad window
of mid-Q2 values, will allow analyses that account for QCD evolution e↵ects on each contribution.
EIC thus represents a unique opportunity to expand the curent exploratory studies towards global
QCD analyses of the rich phenomenology of higher-twist distribution functions.

In Fig. 22 the theoretical predictions are shown for the contribution of e
a(x) to the beam spin asym-

metry in semi-inclusive di-hadron production in the collinear framework for two di↵erent center of
mass energies, showing larger projected asymmetries for lower energies as expected. This asymme-
try receives a contribution not only from e

a(x) but also from a term involving a twist-3 di-hadron
fragmentation function together with f

a
1
(x) [175]. The latter has not been considered here [178].

The uncertainties in Fig. 22 come from the envelope of the uncertainties on the interference frag-
mentation function [179] and two models for e

a(x), the light-front constituent quark model [180] and
model of the mass-term contribution to e

a(x) with an assumed constituent quark mass of 300 MeV
and the unpolarized PDF from MSTW08LO. All PDFs and fragmentation functions are taken at
Q

2 = 1 GeV2 and the projected uncertainties for the EIC are shown only for Q
2 values smaller than
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ATHENA DETECTOR PROPOSAL 3.2. ORIGIN OF SPIN AND 3-D NUCLEON IMAGING
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Figure 3.12: Left: Projected uncertainties for the unpolarized cross sections measured with ATHENA compared
with uncertainties of the PV17 TMD PDF extraction [71] (grey dots). Over a significant part of the phase space
the total uncertainty on the ATHENA pseudodata is dominated by the assumed systematic 2% point-to-point
and 3% scale uncertainty, whereas the theory uncertainties are dominated by the poorly known TMD evolution.
The di↵erent colors represent the di↵erent energy combinations. The size of the markers show the uncertainties
of the corresponding datasets. At each point the data and theory relative uncertainties are shown where the
data has the relative highest impact. Right: Projected Sivers asymmetries extracted from ATHENA pseudodata
compared to projections from the PV19 extraction [72] for charged pions. Pseudodata with Q2 > 1:0GeV2,
0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
shape of this TMDs as well as its evolution. The uncertainties of the individual datasets were scaled to 100
fb�1 at 10 ⇥ 275 GeV assuming equal data taking time for each center-of-mass-energy. Based on previous
experience, we assumed 2% point-to-point uncertainty and 1.5% scale uncertainty (FastSim).

3.2.3 3-D parton imaging with heavy flavor and jets
Jets are excellent proxies for partons, especially in the clean environment of DIS, so they are powerful probes for
TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark TMD PDFs without
convolution with TMD fragmentation functions [73, 74]. Similarly, di-jets in DIS probe gluon TMD PDFs and
o↵er a very promising way to constrain the magnitude of the gluon Sivers function over a wide kinematic
range [75]. In di↵ractive DIS, di-jet-proton correlations probe the Wigner function [76]—the ultimate goal for
nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
Paper, the potential of their measurements with jets had not been fully explored by the time the EIC White
Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
their substructures. The novel barrel ECal also helps hadronic final state measurements. Adding the excellent
tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of

events where the reconstructed and generated values of qT =p
jet
T are in the same bin to the number of all events

reconstructed in that bin. The purity is found to be more than 50% for the bin widths shown, ensuring rea-
sonable corrections for the asymmetries and unfolding for the unpolarized e+p baseline. The theory predictions
and uncertainties are taken from [77].

Fragmentation function, or hadron-in-jet, measurements generalize SIDIS by providing an additional axis

38
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0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
shape of this TMDs as well as its evolution. The uncertainties of the individual datasets were scaled to 100
fb�1 at 10 ⇥ 275 GeV assuming equal data taking time for each center-of-mass-energy. Based on previous
experience, we assumed 2% point-to-point uncertainty and 1.5% scale uncertainty (FastSim).

3.2.3 3-D parton imaging with heavy flavor and jets
Jets are excellent proxies for partons, especially in the clean environment of DIS, so they are powerful probes for
TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark TMD PDFs without
convolution with TMD fragmentation functions [73, 74]. Similarly, di-jets in DIS probe gluon TMD PDFs and
o↵er a very promising way to constrain the magnitude of the gluon Sivers function over a wide kinematic
range [75]. In di↵ractive DIS, di-jet-proton correlations probe the Wigner function [76]—the ultimate goal for
nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
Paper, the potential of their measurements with jets had not been fully explored by the time the EIC White
Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
their substructures. The novel barrel ECal also helps hadronic final state measurements. Adding the excellent
tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of

events where the reconstructed and generated values of qT =p
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T are in the same bin to the number of all events

reconstructed in that bin. The purity is found to be more than 50% for the bin widths shown, ensuring rea-
sonable corrections for the asymmetries and unfolding for the unpolarized e+p baseline. The theory predictions
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

EIC impact on unpol. TMD

f1(x,kT;Q)

• very different kT behavior 

f1(x,0;Q)

• it changes with x 
th. error band =  

68% of all replicas

MAPTMD24 global fit of 2031 SIDIS + Drell-Yan data 
including flavor dependence of kT-distribution

Bacchetta et al. (MAP Coll.), arXiv:2405.13833
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Figure 3.12: Left: Projected uncertainties for the unpolarized cross sections measured with ATHENA compared
with uncertainties of the PV17 TMD PDF extraction [71] (grey dots). Over a significant part of the phase space
the total uncertainty on the ATHENA pseudodata is dominated by the assumed systematic 2% point-to-point
and 3% scale uncertainty, whereas the theory uncertainties are dominated by the poorly known TMD evolution.
The di↵erent colors represent the di↵erent energy combinations. The size of the markers show the uncertainties
of the corresponding datasets. At each point the data and theory relative uncertainties are shown where the
data has the relative highest impact. Right: Projected Sivers asymmetries extracted from ATHENA pseudodata
compared to projections from the PV19 extraction [72] for charged pions. Pseudodata with Q2 > 1:0GeV2,
0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
shape of this TMDs as well as its evolution. The uncertainties of the individual datasets were scaled to 100
fb�1 at 10 ⇥ 275 GeV assuming equal data taking time for each center-of-mass-energy. Based on previous
experience, we assumed 2% point-to-point uncertainty and 1.5% scale uncertainty (FastSim).

3.2.3 3-D parton imaging with heavy flavor and jets
Jets are excellent proxies for partons, especially in the clean environment of DIS, so they are powerful probes for
TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark TMD PDFs without
convolution with TMD fragmentation functions [73, 74]. Similarly, di-jets in DIS probe gluon TMD PDFs and
o↵er a very promising way to constrain the magnitude of the gluon Sivers function over a wide kinematic
range [75]. In di↵ractive DIS, di-jet-proton correlations probe the Wigner function [76]—the ultimate goal for
nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
Paper, the potential of their measurements with jets had not been fully explored by the time the EIC White
Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
their substructures. The novel barrel ECal also helps hadronic final state measurements. Adding the excellent
tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of

events where the reconstructed and generated values of qT =p
jet
T are in the same bin to the number of all events

reconstructed in that bin. The purity is found to be more than 50% for the bin widths shown, ensuring rea-
sonable corrections for the asymmetries and unfolding for the unpolarized e+p baseline. The theory predictions
and uncertainties are taken from [77].

Fragmentation function, or hadron-in-jet, measurements generalize SIDIS by providing an additional axis

38

Sivers TMD from

TSSA    e p   e’ + π+ + X↑ →

Bacchetta et al., P.L. B827 (22) 136961

Adam et al. (ATHENA Coll.), JINST 17 (22) P10019
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50

EIC pseudo-data (in 5 ⇥ 41, 5 ⇥ 100, 10 ⇥ 100, 18 ⇥ 100 and 18 ⇥ 275 beam-energy configurations).
The pseudo-data, generated by pythia [217], includes expected statistical and estimated systematic
uncertainties, for a hand-book detector design with moderate particle identification capability. The
estimate for the improvement in the uncertainties for the extraction of the unpolarized TMDs is
shown in the right panel in Fig. 24 exemplary for f

u
1T . In general, the main impact in the unpolarized

sector occurs for the CS-kernel, whose uncertainty reduces by a factor of ⇠ 10. This is only possible
with precise and homogeneous coverage of the (Q, x, z) domain, which can e�ciently de-correlate
the e↵ects of soft gluon evolution and internal transverse motion.

Fig. 25 shows the impact of the same integrated luminosity with the highest, 18 ⇥ 275, energy
configuration and the lowest, 5 ⇥ 45 energy configuration on the extraction of the unpolarized u-
quark TMD PDFs at di↵erent values of b as a function of x. As expected, the lower energy data has
a significant impact to constrain the PDF in the valence quark region for all b and over the majority
of the x range at higher values of b. This is thanks to the sensitivity to smaller values of pT . Notice
that the high energy option has little impact in the valence region, as large x values can only be
accessed at large Q

2. The combination of low and high energy measurements will have the most
homogeneous coverage of the kinematics required for the studies of TMDs.

4. The impact study on the Sivers functions
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FIG. 26. Expected impact on the u-quark Sivers functions as a function x as obtained from semi-inclusive pion and kaon
EIC pseudo-data for 10⇥ 100, 18⇥ 275) beam-energy configurations and the combined impact. Fit uses pseudodata from the
EIC reference detector described in the Yellow Report [8] and SV19 fit. Left: impact of equal time data taking with the base
configuration, right: impact of proposed luminosity increase at low and mid energies.

The non-vanishing Sivers asymmetry triggered a lot of interest in the physics community and many
groups have performed extractions of the Sivers functions from the available experimental data [218–
231]. However, currently the global pool of Sivers asymmetry measurements o↵ers a relatively small
number of data points that could be consistently analysed using the TMD factorization approach.
The future measurements by the EIC will provide a significant amount of new data in a wide and
unexplored kinematic region, and thus have a decisive impact in the determination of the Sivers
functions.

To determine the impact of EIC measurements on the Sivers function, the pseudo-data generated
by Pythia-6 [217] was used with a successive reweighing by a phenomenological model for the Sivers
and unpolarized structure functions from Ref. [221]. The pseudo-data for ⇡

± and K
± production

Fig.26 of the paper
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Figure 3.12: Left: Projected uncertainties for the unpolarized cross sections measured with ATHENA compared
with uncertainties of the PV17 TMD PDF extraction [71] (grey dots). Over a significant part of the phase space
the total uncertainty on the ATHENA pseudodata is dominated by the assumed systematic 2% point-to-point
and 3% scale uncertainty, whereas the theory uncertainties are dominated by the poorly known TMD evolution.
The di↵erent colors represent the di↵erent energy combinations. The size of the markers show the uncertainties
of the corresponding datasets. At each point the data and theory relative uncertainties are shown where the
data has the relative highest impact. Right: Projected Sivers asymmetries extracted from ATHENA pseudodata
compared to projections from the PV19 extraction [72] for charged pions. Pseudodata with Q2 > 1:0GeV2,
0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
shape of this TMDs as well as its evolution. The uncertainties of the individual datasets were scaled to 100
fb�1 at 10 ⇥ 275 GeV assuming equal data taking time for each center-of-mass-energy. Based on previous
experience, we assumed 2% point-to-point uncertainty and 1.5% scale uncertainty (FastSim).

3.2.3 3-D parton imaging with heavy flavor and jets
Jets are excellent proxies for partons, especially in the clean environment of DIS, so they are powerful probes for
TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark TMD PDFs without
convolution with TMD fragmentation functions [73, 74]. Similarly, di-jets in DIS probe gluon TMD PDFs and
o↵er a very promising way to constrain the magnitude of the gluon Sivers function over a wide kinematic
range [75]. In di↵ractive DIS, di-jet-proton correlations probe the Wigner function [76]—the ultimate goal for
nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
Paper, the potential of their measurements with jets had not been fully explored by the time the EIC White
Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
their substructures. The novel barrel ECal also helps hadronic final state measurements. Adding the excellent
tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of

events where the reconstructed and generated values of qT =p
jet
T are in the same bin to the number of all events

reconstructed in that bin. The purity is found to be more than 50% for the bin widths shown, ensuring rea-
sonable corrections for the asymmetries and unfolding for the unpolarized e+p baseline. The theory predictions
and uncertainties are taken from [77].

Fragmentation function, or hadron-in-jet, measurements generalize SIDIS by providing an additional axis
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EIC pseudo-data (in 5 ⇥ 41, 5 ⇥ 100, 10 ⇥ 100, 18 ⇥ 100 and 18 ⇥ 275 beam-energy configurations).
The pseudo-data, generated by pythia [217], includes expected statistical and estimated systematic
uncertainties, for a hand-book detector design with moderate particle identification capability. The
estimate for the improvement in the uncertainties for the extraction of the unpolarized TMDs is
shown in the right panel in Fig. 24 exemplary for f

u
1T . In general, the main impact in the unpolarized

sector occurs for the CS-kernel, whose uncertainty reduces by a factor of ⇠ 10. This is only possible
with precise and homogeneous coverage of the (Q, x, z) domain, which can e�ciently de-correlate
the e↵ects of soft gluon evolution and internal transverse motion.

Fig. 25 shows the impact of the same integrated luminosity with the highest, 18 ⇥ 275, energy
configuration and the lowest, 5 ⇥ 45 energy configuration on the extraction of the unpolarized u-
quark TMD PDFs at di↵erent values of b as a function of x. As expected, the lower energy data has
a significant impact to constrain the PDF in the valence quark region for all b and over the majority
of the x range at higher values of b. This is thanks to the sensitivity to smaller values of pT . Notice
that the high energy option has little impact in the valence region, as large x values can only be
accessed at large Q

2. The combination of low and high energy measurements will have the most
homogeneous coverage of the kinematics required for the studies of TMDs.

4. The impact study on the Sivers functions
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FIG. 26. Expected impact on the u-quark Sivers functions as a function x as obtained from semi-inclusive pion and kaon
EIC pseudo-data for 10⇥ 100, 18⇥ 275) beam-energy configurations and the combined impact. Fit uses pseudodata from the
EIC reference detector described in the Yellow Report [8] and SV19 fit. Left: impact of equal time data taking with the base
configuration, right: impact of proposed luminosity increase at low and mid energies.

The non-vanishing Sivers asymmetry triggered a lot of interest in the physics community and many
groups have performed extractions of the Sivers functions from the available experimental data [218–
231]. However, currently the global pool of Sivers asymmetry measurements o↵ers a relatively small
number of data points that could be consistently analysed using the TMD factorization approach.
The future measurements by the EIC will provide a significant amount of new data in a wide and
unexplored kinematic region, and thus have a decisive impact in the determination of the Sivers
functions.

To determine the impact of EIC measurements on the Sivers function, the pseudo-data generated
by Pythia-6 [217] was used with a successive reweighing by a phenomenological model for the Sivers
and unpolarized structure functions from Ref. [221]. The pseudo-data for ⇡

± and K
± production
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Tensor charge: tension pheno-lattice

adapted from D. Pitonyak, QCD Evolution 24

• approximate compatibility of JAM with other phenomenology when 
using both Collins effect and di-hadron mechanism but not including 
lattice results in the fit

• including lattice as prior, JAM still compatible with exp. data with 
both Collins effect and di-hadron mechanism but deviates from 
other phenomenology

      

  

D. Pitonyak

20

 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2) gT = δu − δd



EIC impact on tensor charge
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Gamberg, Kang, DP, Prokudin, Sato, Seidl, PLB 816 (2021) 
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Gupta et al., P.R. D98 (18) 034503

Hasan et al., P.R. D99 (19) 114505

Yamanaka et al., P.R. D98 (18) 054516

Harris et al., P.R. D100 (19) 034513

Alexandrou et al., arXiv:1909.00485

Bali et al., P.R. D91 (15) 054501

Lattice results

Gamberg et al., P.L. B816 (21) 

Abdul-Khalek et al. (EIC Yellow Report), 
N.P. A1026 (22) 122447

current data
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