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called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.

Like all fundamental particles, quarks 
acquire these masses through interactions 
with the sticky, all-pervasive Higgs field, the 
thing that makes the Higgs boson. But 
explaining the mass of matter made of 

multiple quarks clearly needs something else.
The answer comes by scaling the sheer 

cliff face that is quantum chromodynamics, 
or QCD. Just as particles have an electrical 
charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
together by exchanging massless photons. 
Similarly, colour-charged quarks bind 
together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
reduces a nucleon’s interior to a lattice of 
points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
no certain outcomes, these simulations must  
be run thousands of times to arrive at an 
“average” answer. To work out where the 
proton and neutron masses come from,  
Fodor and his colleagues had to harness two 
IBM Blue Gene supercomputers and two suites 
of cluster-computing processors. 

The breakthrough came in 2008, when they 
finally arrived at a mass for both nucleons of 
936 MeV, give or take 25 MeV – pretty much  
on the nose (Science, vol 322, p 1224). This 
confirmed that the interaction energies of 
quarks and gluons make up the lion’s share of 
the mass of stuff as we know it. You might feel 
solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
calculation suffered from a glaring omission: 
the effects of electrical charge, which is 
another source of energy, and therefore mass. 

Heart of the matter
A full explanation of where stu! gets its mass from is buried deep in the atomic nucleus

The protons and neutrons in the nucleus 
make up the vast bulk of matter’s mass

The masses of the three 
up and down quarks 

that make up the charge 
of protons and 

neutrons account 
for only a tiny fraction 

of their total mass

Most of a proton or neutron’s mass is contained in the interaction energies 
of a “sea” of quarks, antiquarks and the gluons that bind them
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2) How do colored partons propagate and interact 
with nuclear medium such that eventually colorless 
hadrons emerge ?
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Motivation – the EIC science program

3) Does gluon density saturate at high energy, giving 
rise to a universal gluonic matter  ?
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What do we know about these 

non perturbative MAPS ?


And what can we learn 

about them at the EIC ?
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3D-maps in momentum space 

TMD (x,kT) can be extracted only in semi-inclusive processes

e.g., semi-inclusive DIS  (SIDIS) 

soft scale  PhT/z ≪ Q to “feel” intrinsic kT 
related to confined motion
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3D-maps in position space 
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3D-maps in position space 
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The EIC concept detector 

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 …
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called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.

Like all fundamental particles, quarks 
acquire these masses through interactions 
with the sticky, all-pervasive Higgs field, the 
thing that makes the Higgs boson. But 
explaining the mass of matter made of 

multiple quarks clearly needs something else.
The answer comes by scaling the sheer 

cliff face that is quantum chromodynamics, 
or QCD. Just as particles have an electrical 
charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
together by exchanging massless photons. 
Similarly, colour-charged quarks bind 
together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
reduces a nucleon’s interior to a lattice of 
points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
no certain outcomes, these simulations must  
be run thousands of times to arrive at an 
“average” answer. To work out where the 
proton and neutron masses come from,  
Fodor and his colleagues had to harness two 
IBM Blue Gene supercomputers and two suites 
of cluster-computing processors. 

The breakthrough came in 2008, when they 
finally arrived at a mass for both nucleons of 
936 MeV, give or take 25 MeV – pretty much  
on the nose (Science, vol 322, p 1224). This 
confirmed that the interaction energies of 
quarks and gluons make up the lion’s share of 
the mass of stuff as we know it. You might feel 
solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
calculation suffered from a glaring omission: 
the effects of electrical charge, which is 
another source of energy, and therefore mass. 

Heart of the matter
A full explanation of where stu! gets its mass from is buried deep in the atomic nucleus

The protons and neutrons in the nucleus 
make up the vast bulk of matter’s mass

The masses of the three 
up and down quarks 

that make up the charge 
of protons and 

neutrons account 
for only a tiny fraction 

of their total mass

Most of a proton or neutron’s mass is contained in the interaction energies 
of a “sea” of quarks, antiquarks and the gluons that bind them
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charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
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Similarly, colour-charged quarks bind 
together to form matter such as protons and 
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gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
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technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
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points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
no certain outcomes, these simulations must  
be run thousands of times to arrive at an 
“average” answer. To work out where the 
proton and neutron masses come from,  
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IBM Blue Gene supercomputers and two suites 
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finally arrived at a mass for both nucleons of 
936 MeV, give or take 25 MeV – pretty much  
on the nose (Science, vol 322, p 1224). This 
confirmed that the interaction energies of 
quarks and gluons make up the lion’s share of 
the mass of stuff as we know it. You might feel 
solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
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The Yellow Report Initiative
The purpose of the Yellow Report Initiative is to advance the state and detail of
the documented physics studies (White Paper, INT program proceedings) and
detector concepts in preparation for the realization of the EIC.

¾ Work started in January 2020
¾ Report released in March 2021: arXiv:2103.05419
¾ Enormous community effort: 902 pages, 415 authors, 151 institutions

8

Organization:
¾ Physics Working Group

¾ Inclusive Reactions
¾ Semi-inclusive Reactions
¾ Jets & Heavy Quarks
¾ Exclusive Reactions
¾ Diffractive & Tagging

¾ Detector Working Group
¾ Tracking
¾ PID
¾ Calorimetry
¾ Far-forward detectors
¾ DAQ/Electronics
¾ Central Detector/Integration & Magnet
¾ Forward Detector/IR integration
¾ Polarimetry/Ancillary detectors
¾ Detector Complementarity

arXiv:2103.05419 (N.P.A in press)

Enormous community effort: 902 pp, 415 authors, 151 instit.’s

Vol I (Exec. Summary) , Vol II (Physics) , Vol. III (Detector)
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• ~400 authors / ~150 institutions / ~900 pages with strong international contributions!

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419
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2.11 Summary of Detector Requirements . . . . . . . . . . . . . . . . . . . 19

3 Detector Concepts 23

3.1 Tracking and Vertexing Detector Systems . . . . . . . . . . . . . . . . 24

3.2 Particle Identification Detector Systems . . . . . . . . . . . . . . . . . 25

3.3 Calorimeter Detector Systems . . . . . . . . . . . . . . . . . . . . . . 26

3.4 Auxiliary Detector Systems . . . . . . . . . . . . . . . . . . . . . . . . 27

3.5 Two Complementary Detectors . . . . . . . . . . . . . . . . . . . . . . 28

4 Opportunities for Detector Technology and Computing 30

Volume II: Physics 35

5 Introduction to Volume II 37

6 The EIC Physics Case 40

7 EIC Measurements and Studies 52

7.1 Global Properties and Parton Structure of Hadrons . . . . . . . . . . 52

7.2 Multi-dimensional Imaging of Nucleons, Nuclei, and Mesons . . . . 105

7.3 The Nucleus: A Laboratory for QCD . . . . . . . . . . . . . . . . . . 146

7.4 Understanding Hadronization . . . . . . . . . . . . . . . . . . . . . . 186

7.5 Connections with Other Fields . . . . . . . . . . . . . . . . . . . . . . 214

7.6 Connected Theory Efforts . . . . . . . . . . . . . . . . . . . . . . . . . 248

8 Detector Requirements 258

8.1 Inclusive Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 260

8.2 Semi-Inclusive Measurements . . . . . . . . . . . . . . . . . . . . . . 283

8.3 Jets and Heavy Quarks . . . . . . . . . . . . . . . . . . . . . . . . . . 294

8.4 Exclusive Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 323

8.5 Diffractive Measurements and Tagging . . . . . . . . . . . . . . . . . 365

xii

5 Working Groups

- Inclusive      reactions

- Semi-inclusive    “

- Exclusive            “

- Diffractive          “

- Jets & Heavy Quarks



The EIC Yellow Report Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

2.11 Summary of Detector Requirements . . . . . . . . . . . . . . . . . . . 19

3 Detector Concepts 23

3.1 Tracking and Vertexing Detector Systems . . . . . . . . . . . . . . . . 24

3.2 Particle Identification Detector Systems . . . . . . . . . . . . . . . . . 25

3.3 Calorimeter Detector Systems . . . . . . . . . . . . . . . . . . . . . . 26

3.4 Auxiliary Detector Systems . . . . . . . . . . . . . . . . . . . . . . . . 27

3.5 Two Complementary Detectors . . . . . . . . . . . . . . . . . . . . . . 28

4 Opportunities for Detector Technology and Computing 30

Volume II: Physics 35

5 Introduction to Volume II 37

6 The EIC Physics Case 40

7 EIC Measurements and Studies 52

7.1 Global Properties and Parton Structure of Hadrons . . . . . . . . . . 52

7.2 Multi-dimensional Imaging of Nucleons, Nuclei, and Mesons . . . . 105

7.3 The Nucleus: A Laboratory for QCD . . . . . . . . . . . . . . . . . . 146

7.4 Understanding Hadronization . . . . . . . . . . . . . . . . . . . . . . 186

7.5 Connections with Other Fields . . . . . . . . . . . . . . . . . . . . . . 214

7.6 Connected Theory Efforts . . . . . . . . . . . . . . . . . . . . . . . . . 248

8 Detector Requirements 258

8.1 Inclusive Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 260

8.2 Semi-Inclusive Measurements . . . . . . . . . . . . . . . . . . . . . . 283

8.3 Jets and Heavy Quarks . . . . . . . . . . . . . . . . . . . . . . . . . . 294

8.4 Exclusive Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 323

8.5 Diffractive Measurements and Tagging . . . . . . . . . . . . . . . . . 365

xii

5 Working Groups

- Inclusive      reactions

- Semi-inclusive    “

- Exclusive            “

- Diffractive          “

- Jets & Heavy Quarks

EIC Topics from YR Outline
EIC Topics from YR Outline

• Many interesting important topics

• Several topics have received little attention so far

• Details of detector requirements discussed in separate chapter (Chapter 8)

• For some topics dependence on
p
s was studied in detail

(see some of shorter presentations later)

• Many interesting important topics

• Several topics have received little attention so far

• Details of detector requirements discussed in separate chapter (Chapter 8)

• For some topics dependence on
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s was studied in detail

(see some of shorter presentations later)
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projected performance
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Unpolarized parton structure of the proton and neutron
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The EIC performance :  unpolarized PDFs 
Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press

EIC at  GeV    SIDIS  e p  e’ (K±,π±) Xs = 140 →
Aschenauer et al., P.R. D99 (19) 094004

impact on unpolarized sea-quark PDFs
Parton Distribution Functions 

• Expected impact on the unpolarized sea quark PDFs from EIC SIDIS 
measurements for identified pions and kaons

Olga Evdokimov (UIC) SPIN 2021 10/21/2021 11

JHEP 05(2006) 026

• Moderate impact on
up, down, anti-up and
anti-down

• Major improvement
for strange PDFs,
especially at low x,
and s/light

moderate on 

u , d , ū , d̄

large improvement  on  

s , s̄

L=10 fb-1
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BSM searches from 

“BSM-independent” 

source
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34

Comparison between global fits
reasonable agreement with CT18, and MSHT20, different pattern of PDF uncertainties 

different 
large-x gluon 

quark flavour separation

Rojo @QCD-N 2021

current large uncertainties 

in strange content

also projected precision could help 
to establish intrinsic charm content


of the proton
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collision data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [3], along with existing world data
(red solid circles). Data points for Tevatron and LHC are shifted horizontally for clarity. Result from combining 100 fb�1

ep 18 ⇥ 275 GeV and 10 fb�1 eD 18 ⇥ 137 GeV is also shown and is called the ”YR reference point” (blue diamond). The
PDF uncertainty is from CT18NLO. The electron beam polarization is assumed to be 80% with a relative 1% uncertainty.
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are the expected precision from P2 [11], MOLLER [12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
in the modified minimal subtraction scheme (MS scheme) [17].

amplitude with the dimension-6 contribution. This is consistent with our truncation of the SMEFT expansion above,
since the dimension-6 squared contributions are formally the same order in the 1/⇤ expansion as the dimension-8 terms
which we neglect. The following four-fermion operators in Table I can a↵ect the DIS cross section at leading-order in
the coupling constants for massless fermions, which we assume here.

O
(1)
`q (¯̀�µ`)(q̄�µq) O`u (¯̀�µ`)(ū�µu)

O
(3)
`q (¯̀�µ⌧ I`)(q̄�µ⌧ Iq) O`d (¯̀�µ`)(d̄�µd)

Oeu (ē�µe)(ū�µu) Oqe (q̄�µq)(ē�µe)

Oed (ē�µe)(d̄�µd)

TABLE I. Dimension-6 four-fermion operators contributing to DIS at leading order in the coupling constants. Here, q and `
denote left-handed quark and lepton doublets, while u, d and e denote right-handed singlets for the up quarks, down quarks
and leptons, respectively. The ⌧ I denote the SU(2) Pauli matrices.

In Table I, we have suppressed flavor indices for these operators, and in our analysis, we assume flavor universality
for simplicity. We note that the overall electroweak couplings that govern lepton-pair production are also shifted in
the SMEFT by operators other than those considered above. Such contributions are far better bounded through other
data sets such as precision Z-pole observables, and we neglect them here. The above assumptions leave us with the
seven Wilson coe�cients associated with the operators in Table I entering the predictions for our observables.

The SMEFT framework provides a mechanism to conduct global analyses of world data across all energy scales.
An issue that arises in such global fits is the appearance of flat directions that occur when the available experimental
measurements cannot disentangle the contributions from di↵erent EFT operators. Figure 4 shows two Wilson coe�-
cients and the available 68% confidence level ellipse for the case where only LHC data is used in the fits (blue curve),
only EIC data (yellow curve) and the combination of the two data sets. The EIC data included in this projection are

the two (one) highest energy settings of the ep (eD) A(e)
PV

data sets described in Section 2.1.2. The LHC data set used
in this fit is from the high invariant mass Drell-Yan process measured by ATLAS in Ref. [19]. More details regarding
the analysis of this data set can be found in Ref. [20]. It is apparent that when only LHC data are included, there
is a degeneracy in the space of 2-lepton, 2-quark Wilson coe�cients. This can be seen from the elongated nature
of the LHC constraint ellipses. The EIC will play a crucial role in resolving this flat direction, and combined fits of
LHC and projected EIC data lead to much stronger constraints than either experiment alone. Analysis is ongoing to
extract SMEFT constraints using both unpolarized and polarized PV asymmetries projected for EIC. The polarized
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FIG. 3. From [4]: Projected results for sin2 ✓W using ep (left, solid magenta markers) and eD (right, solid cyan markers)
collision data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [3], along with existing world data
(red solid circles). Data points for Tevatron and LHC are shifted horizontally for clarity. Result from combining 100 fb�1

ep 18 ⇥ 275 GeV and 10 fb�1 eD 18 ⇥ 137 GeV is also shown and is called the ”YR reference point” (blue diamond). The
PDF uncertainty is from CT18NLO. The electron beam polarization is assumed to be 80% with a relative 1% uncertainty.
The inner error bars show the combined uncertainty from statistical and 1% uncorrelated background e↵ect; the median error
bars show the experimental uncertainty that includes statistical, 1% uncorrelated background, and 1% electron polarimetry.
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are the expected precision from P2 [11], MOLLER [12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
in the modified minimal subtraction scheme (MS scheme) [17].

amplitude with the dimension-6 contribution. This is consistent with our truncation of the SMEFT expansion above,
since the dimension-6 squared contributions are formally the same order in the 1/⇤ expansion as the dimension-8 terms
which we neglect. The following four-fermion operators in Table I can a↵ect the DIS cross section at leading-order in
the coupling constants for massless fermions, which we assume here.

O
(1)
`q (¯̀�µ`)(q̄�µq) O`u (¯̀�µ`)(ū�µu)

O
(3)
`q (¯̀�µ⌧ I`)(q̄�µ⌧ Iq) O`d (¯̀�µ`)(d̄�µd)

Oeu (ē�µe)(ū�µu) Oqe (q̄�µq)(ē�µe)

Oed (ē�µe)(d̄�µd)

TABLE I. Dimension-6 four-fermion operators contributing to DIS at leading order in the coupling constants. Here, q and `
denote left-handed quark and lepton doublets, while u, d and e denote right-handed singlets for the up quarks, down quarks
and leptons, respectively. The ⌧ I denote the SU(2) Pauli matrices.

In Table I, we have suppressed flavor indices for these operators, and in our analysis, we assume flavor universality
for simplicity. We note that the overall electroweak couplings that govern lepton-pair production are also shifted in
the SMEFT by operators other than those considered above. Such contributions are far better bounded through other
data sets such as precision Z-pole observables, and we neglect them here. The above assumptions leave us with the
seven Wilson coe�cients associated with the operators in Table I entering the predictions for our observables.

The SMEFT framework provides a mechanism to conduct global analyses of world data across all energy scales.
An issue that arises in such global fits is the appearance of flat directions that occur when the available experimental
measurements cannot disentangle the contributions from di↵erent EFT operators. Figure 4 shows two Wilson coe�-
cients and the available 68% confidence level ellipse for the case where only LHC data is used in the fits (blue curve),
only EIC data (yellow curve) and the combination of the two data sets. The EIC data included in this projection are

the two (one) highest energy settings of the ep (eD) A(e)
PV

data sets described in Section 2.1.2. The LHC data set used
in this fit is from the high invariant mass Drell-Yan process measured by ATLAS in Ref. [19]. More details regarding
the analysis of this data set can be found in Ref. [20]. It is apparent that when only LHC data are included, there
is a degeneracy in the space of 2-lepton, 2-quark Wilson coe�cients. This can be seen from the elongated nature
of the LHC constraint ellipses. The EIC will play a crucial role in resolving this flat direction, and combined fits of
LHC and projected EIC data lead to much stronger constraints than either experiment alone. Analysis is ongoing to
extract SMEFT constraints using both unpolarized and polarized PV asymmetries projected for EIC. The polarized
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coe�cients plotted correspond to the operators defined in Table I. The inclusion of high precision A(e)
PV data from EIC (projected

here using the ECCE detector) would provide strong, complementary constraints on the parameter space.

PV asymmetry in fact will provide further complementarity to unpolarized asymmetries.

2.3. PDF Fits and Flavour Decomposition

An impact study of these �Z interference structure functions on the unpolarized proton PDFs has been performed
by the JAM collaboration [Yellow Report, Chapter 7]. This work represents a specialized study of the EIC’s PDF

impacts as broadly considered in Sec. 3 below. Figure 5 (left panel) shows the impact of A(e)
PV measurements at the

EIC, including both proton and deuteron beams with integrated luminosities of 100 fb�1 and 10 fb�1, respectively, at
the energies

p
s = 29, 45, 63 and 141 GeV for the proton and

p
s = 29, 66 and 89 GeV for the deuteron. In the case of

a longitudinally polarized proton beam, similar enhancement of the sensitivity to various quark flavors has also been
observed, especially for the strange quark. Fig. 5 (right panel) shows the impact of Ap

PV at the EIC on the truncated
moments of �⌃ and �g, assuming an integrated luminosity of 100 fb�1. During the helicity impact studies, it was
found that the outcome of the impact of EIC parity-violating data has a dependence on the triplet and octet axial
charges, gA and a8. Therefore, di↵erent values were used either from JAM17 collaboration or from Hyperon Decays
under SU(3) symmetry, as labeled by di↵erent color in the plot. On the other hand, please be noted that � � Z
interference structure functions will reduce the dependence of Hyperon decay data in the future global data analysis,
since they provide additional inputs.

In short, by taking advantage of parity-violating asymmetry measurements at the EIC, the � � Z interference
structure functions can provide unique combinations of unpolarized and polarized PDFs in the parton model. It can
enhance the sensitivities to di↵erent quark flavors on top of the traditional pure electromagnetic structure functions.

FIG. 5. Left: Ratio of uncertainties on the unpolarized PDFs as functions of x, including EIC A(e)
PV data to those without EIC

data, at Q2 = 10 GeV2. One can see that parity-violating asymmetry measurements with a longitudinally polarized electron
beam can enhance the sensitivity of d̄ + ū and s + s̄ apparently. Middle and Right: Ratio of uncertainties on the truncated
moments of the quark singlet (top) and gluon (bottom) PDFs as functions of xmin, including EIC A(p)

PV data to those without
EIC data, at Q2 = 10 GeV2. The results are sensitive to the triplet and octet axial charges, gA and a8. Di↵erent color in the
plot shows the results with values of gA and a8 taken from JAM17 [cite JAM17] (red) or hyperon decays and SU(3) (green).

Parity Violating DIS
⃗e − p

APV ⟶ sin2 θW

bridging low- to high-energies

correlated PDF uncertainties

CT18NLO 

MMHT2014nlo_68cl

NNPDF3.1_nlo_as_0118

SMEFT

10

Because all lepton and quark NC couplings depend on the weak mixing angle sin2 ✓W , measurements of A(e)
PV

will
allow the value of sin2 ✓W to be determined. Similarly, if the electron beam is unpolarized and the proton (or ion)
beam is longitudinally polarized, one forms the so-called polarized PV asymmetry

Ap(d)
PV

⌘ �p

�0
, (2.8)

which can provide constraints on polarized PDFs via the determination of the g�Z

1,4,5 structure functions, or a simul-
taneous determination of the PDF and EW NC couplings.

Projections for A(e)
PV

were performed using the ECCE detector configuration [2] and the luminosity from Table 10.1
of the EIC Yellow Report [3]. Details of the analysis – asymmetry projection and extractions of sin2 ✓W – can be
found in [4] and a brief description is given here. For electroweak physics studies, we assumed the annual luminosity –
ten times the “High divergence configuration” value – 15.4, 100, 44.8, and 36.8 fb�1 for 18 ⇥ 275(137), 10 ⇥ 275(137),
10 ⇥ 100, and 5 ⇥ 100 GeV for ep (eD), respectively. For the deuterium ion beam, the energy specified is per nucleon.
We used the Djangoh generator [5] (version 4.6.16 [6]) that includes full electromagnetic and electroweak radiative
e↵ects to generate 20-million (20 M) events for each beam type and energy combination. In lieu of a full GEANT-based
simulation, a fast smearing method was used because of the need of high statistics for EW physics study. Events were
selected based on DIS condition, to limit photoproduction background, and to ensure high purity of electron samples.
Events were unfolded to correct for bin migration.

2.1.3. Extraction of the Weak Mixing Angle

From the projected size and statistical uncertainty of the asymmetry A(e)
PV

, we used the parton-model structure
functions of Eqs. (2.2-2.3) to fit the weak mixing angle sin2 ✓W . The main systematic uncertainties included particle
background (1% relative in each bin, completely uncorrelated among all (x, Q2) bins), and electron polarization (1%
relative in each bin, completely correlated among all (x, Q2) bins of data of the same

p
s). The PDF uncertainty

was evaluated using the CT18NLO [7] (LHAPDF [8] ID 14400–14458), MMHT2014nlo 68cl [9] (ID 25100–25150)
and NNPDF31 nlo as 0118 [10] (ID 303400–303500) PDF sets. The analysis in [4] treated the PDF uncertainties as
completely uncorrelated in (x, Q2) bins, but we have updated the analysis and have accounted for correlations in the
PDF uncertainty here. We found that PDF uncertainties are likely not a dominant uncertainty for EIC projections,
but the electron polarization is, for high luminosity settings. Our results for sin2 ✓W are shown in Figs. 3 for five
energy and luminosity combinations for ep and eD collisions, respectively, along with existing and near-future world
data.

Our results show that the EIC will provide determination of sin2 ✓W in an energy scale that bridges higher energy
colliders with low-energy tests. Additionally, data points of di↵erent

p
s values of EIC can be combined, or the

Q2-dependence of the EW parameter can be explored, depending on the runplan of the EIC. Furthermore, one should
explore the exploratory potential of the EIC measurements beyond the scope of a single parameter (the weak mixing
angle). One such framework is given in the next section.

2.2. Complementarity of EIC and LHC in the SMEFT Framework

The Standard Model has so far been remarkably successful in describing all observed laboratory phenomena. No
new particles beyond those present in the SM have been discovered so far, and no appreciable deviation from SM
predictions has been conclusively observed. Given this situation it is increasingly important to understand how
indirect signatures of new physics can be probed and constrained by data. This e↵ort will help guide future searches
for new physics by suggesting in what channels measurable deviations from SM predictions may occur given the
current bounds.

A convenient theoretical framework for investigating indirect signatures of heavy new physics without associated
new particles is SM e↵ective field theory (SMEFT), which extends the SM Lagrangian to include terms suppressed by
an energy scale ⇤ at which ultraviolet completion becomes important and BSM particles appear (for a review of the
SMEFT see Ref. [18]). Truncating the expansion in 1/⇤ at dimension-6, and ignoring operators of odd-dimension,
which violate lepton number, we have

L = LSM +
X

i

CiOi + . . . , (2.9)

where the ellipsis denotes operators of higher dimensions. The Wilson coe�cients defined above have dimensions of
1/⇤2. When computing cross sections and other observables, we consider only the leading interference of the SM
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FIG. 3. From [4]: Projected results for sin2 ✓W using ep (left, solid magenta markers) and eD (right, solid cyan markers)
collision data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [3], along with existing world data
(red solid circles). Data points for Tevatron and LHC are shifted horizontally for clarity. Result from combining 100 fb�1

ep 18 ⇥ 275 GeV and 10 fb�1 eD 18 ⇥ 137 GeV is also shown and is called the ”YR reference point” (blue diamond). The
PDF uncertainty is from CT18NLO. The electron beam polarization is assumed to be 80% with a relative 1% uncertainty.
The inner error bars show the combined uncertainty from statistical and 1% uncorrelated background e↵ect; the median error
bars show the experimental uncertainty that includes statistical, 1% uncorrelated background, and 1% electron polarimetry.
The outer-most error bars (which almost coincide with the median error bars) include all the above and the PDF uncertainty
evaluated using the CT18NLO sets. Results evaluated with the MMHT2014 and NNPDF31NLO sets are similar. Also shown
are the expected precision from P2 [11], MOLLER [12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
in the modified minimal subtraction scheme (MS scheme) [17].

amplitude with the dimension-6 contribution. This is consistent with our truncation of the SMEFT expansion above,
since the dimension-6 squared contributions are formally the same order in the 1/⇤ expansion as the dimension-8 terms
which we neglect. The following four-fermion operators in Table I can a↵ect the DIS cross section at leading-order in
the coupling constants for massless fermions, which we assume here.

O
(1)
`q (¯̀�µ`)(q̄�µq) O`u (¯̀�µ`)(ū�µu)

O
(3)
`q (¯̀�µ⌧ I`)(q̄�µ⌧ Iq) O`d (¯̀�µ`)(d̄�µd)

Oeu (ē�µe)(ū�µu) Oqe (q̄�µq)(ē�µe)

Oed (ē�µe)(d̄�µd)

TABLE I. Dimension-6 four-fermion operators contributing to DIS at leading order in the coupling constants. Here, q and `
denote left-handed quark and lepton doublets, while u, d and e denote right-handed singlets for the up quarks, down quarks
and leptons, respectively. The ⌧ I denote the SU(2) Pauli matrices.

In Table I, we have suppressed flavor indices for these operators, and in our analysis, we assume flavor universality
for simplicity. We note that the overall electroweak couplings that govern lepton-pair production are also shifted in
the SMEFT by operators other than those considered above. Such contributions are far better bounded through other
data sets such as precision Z-pole observables, and we neglect them here. The above assumptions leave us with the
seven Wilson coe�cients associated with the operators in Table I entering the predictions for our observables.

The SMEFT framework provides a mechanism to conduct global analyses of world data across all energy scales.
An issue that arises in such global fits is the appearance of flat directions that occur when the available experimental
measurements cannot disentangle the contributions from di↵erent EFT operators. Figure 4 shows two Wilson coe�-
cients and the available 68% confidence level ellipse for the case where only LHC data is used in the fits (blue curve),
only EIC data (yellow curve) and the combination of the two data sets. The EIC data included in this projection are

the two (one) highest energy settings of the ep (eD) A(e)
PV

data sets described in Section 2.1.2. The LHC data set used
in this fit is from the high invariant mass Drell-Yan process measured by ATLAS in Ref. [19]. More details regarding
the analysis of this data set can be found in Ref. [20]. It is apparent that when only LHC data are included, there
is a degeneracy in the space of 2-lepton, 2-quark Wilson coe�cients. This can be seen from the elongated nature
of the LHC constraint ellipses. The EIC will play a crucial role in resolving this flat direction, and combined fits of
LHC and projected EIC data lead to much stronger constraints than either experiment alone. Analysis is ongoing to
extract SMEFT constraints using both unpolarized and polarized PV asymmetries projected for EIC. The polarized
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evaluated using the CT18NLO sets. Results evaluated with the MMHT2014 and NNPDF31NLO sets are similar. Also shown
are the expected precision from P2 [11], MOLLER [12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
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amplitude with the dimension-6 contribution. This is consistent with our truncation of the SMEFT expansion above,
since the dimension-6 squared contributions are formally the same order in the 1/⇤ expansion as the dimension-8 terms
which we neglect. The following four-fermion operators in Table I can a↵ect the DIS cross section at leading-order in
the coupling constants for massless fermions, which we assume here.

O
(1)
`q (¯̀�µ`)(q̄�µq) O`u (¯̀�µ`)(ū�µu)

O
(3)
`q (¯̀�µ⌧ I`)(q̄�µ⌧ Iq) O`d (¯̀�µ`)(d̄�µd)

Oeu (ē�µe)(ū�µu) Oqe (q̄�µq)(ē�µe)

Oed (ē�µe)(d̄�µd)

TABLE I. Dimension-6 four-fermion operators contributing to DIS at leading order in the coupling constants. Here, q and `
denote left-handed quark and lepton doublets, while u, d and e denote right-handed singlets for the up quarks, down quarks
and leptons, respectively. The ⌧ I denote the SU(2) Pauli matrices.

In Table I, we have suppressed flavor indices for these operators, and in our analysis, we assume flavor universality
for simplicity. We note that the overall electroweak couplings that govern lepton-pair production are also shifted in
the SMEFT by operators other than those considered above. Such contributions are far better bounded through other
data sets such as precision Z-pole observables, and we neglect them here. The above assumptions leave us with the
seven Wilson coe�cients associated with the operators in Table I entering the predictions for our observables.

The SMEFT framework provides a mechanism to conduct global analyses of world data across all energy scales.
An issue that arises in such global fits is the appearance of flat directions that occur when the available experimental
measurements cannot disentangle the contributions from di↵erent EFT operators. Figure 4 shows two Wilson coe�-
cients and the available 68% confidence level ellipse for the case where only LHC data is used in the fits (blue curve),
only EIC data (yellow curve) and the combination of the two data sets. The EIC data included in this projection are

the two (one) highest energy settings of the ep (eD) A(e)
PV

data sets described in Section 2.1.2. The LHC data set used
in this fit is from the high invariant mass Drell-Yan process measured by ATLAS in Ref. [19]. More details regarding
the analysis of this data set can be found in Ref. [20]. It is apparent that when only LHC data are included, there
is a degeneracy in the space of 2-lepton, 2-quark Wilson coe�cients. This can be seen from the elongated nature
of the LHC constraint ellipses. The EIC will play a crucial role in resolving this flat direction, and combined fits of
LHC and projected EIC data lead to much stronger constraints than either experiment alone. Analysis is ongoing to
extract SMEFT constraints using both unpolarized and polarized PV asymmetries projected for EIC. The polarized
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impact on gluon & quark helicities

still large uncertainties for x < 10-4  beyond reach of the EIC

remarkable constraints in range 10-4 < x < 10-1, particularly for gluon helicity
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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].
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range of x at the future EIC. Compared to the inclusive
DIS measurements, the polarized charm structure func-
tion provides direct access to the �g from leading order.
This will complement the fully inclusive DIS measure-
ments in several important ways, for example, o↵ering a
new ingredient on the �g determination in addition to
the inclusive DIS and providing sensitivity in the moder-
ate x region.

A similar measurement was proposed and performed
by the COMPASS collaboration [13]. However, the
COMPASS measurement yielded only one data point and
was interpreted based on the approximation of photo-
production [14].

Our study is based on two important developments in
the recent years. First, the next-to-leading order per-
turbative QCD formalism for heavy flavor production in
polarized DIS has been derived [15]. This will help to
achieve high precision from theory side in constraining
�g from the experiments. Second, an all-silicon tracker
conceptual design has been applied and demonstrated in
various EIC simulations [16, 17]. It also plays an essen-
tial role in our analysis of this paper, since it enables high
precision measurement of heavy flavor hadrons through
their hadronic decay channels.

II. THEORETICAL CALCULATION

In the theory calculation, we focus on electro-
production of inclusive open charm particles. The
hadronization e↵ects of the charm quark into the D
mesons, electro-weak corrections, intrinsic charm com-
ponents, and target mass corrections are currently not
considered. The cross-sections for the unpolarized and
polarized DIS processes are given in terms of three inde-
pendent structure functions F1,2(x,Q2) and g1(x,Q2):

d2�

dxdy
=

4⇡↵2

xyQ2

⇥
(1� y)F2(x,Q

2) + y2xF1(x,Q
2)
⇤
, (2)

d2��

dxdy
=

4⇡↵2

xyQ2
(2y � y2)2xg1(x,Q

2) (3)

from which we can define the charm double-spin asym-
metry

Ac
LL =
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2d�
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2)

F c
1 (x,Q

2)
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where the superscript c refers to the charm component of
the structure functions, d�++ and d�+� are the charm
production cross-sections for electron and proton beam
spin orientation to be parallel and anti-parallel to each
other, respectively, and D(y) is the depolarization factor
of the virtual photon depending on the inelasticity y. The

target mass as well as the cross-section from longitudinal
photon polarization are ignored in the above equations.
In the context of collinear factorization, the structure

functions can be computed as a convolution of (p)PDFs
(�)fj and perturbative coe�cient functions (�)ck,j :
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(8)

where zmax = Q2/(4m2+Q2) is the kinematic boundary
to create a charm quark pair in the final state with m the
charm quark mass. Note that the argument of the PDF
is x/z where x is the Bjorken-x and z is the convolution
variable. The perturbative next-to-leading order (NLO)
calculation of the partonic coe�cient functions (�)ck,j
is known in the unpolarized case [18] for quite a while.
Their polarized counterparts have become available only
recently [15] after the previous leading order (LO) com-
putation [19].
Heavy flavor production can constrain the gluon PDF

since at LO the only contribution is photon-gluon-fusion
(PGF) (see Fig. 1a) and in the case of unpolarized PDFs
this is an established technique [20]. At NLO three dif-
ferent types of contributions have to be considered: real
gluon radiation (see Fig. 1b), virtual corrections to PGF
(see Fig. 1c), and light quark initiated contributions (see
Fig. 1d).

FIG. 1. Selected Feynman diagrams at LO and NLO for heavy
flavor production in high energy e+ p collisions.

For the factorization and renormalization procedure we
use the MSm scheme as described in [14] and choose the
respective scales to be µ2

F = µ2
R = 4m2 + Q2. We use

a fixed flavor scheme with nl = 3 light flavors (uds)
together with a pole mass prescription for the heavy
charm quark. The actual value for the pole mass m

Heavy-flavor production represents ~15% of inclusive DIS cross section at EIC kin. 
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3-Dim  Maps in momentum space
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• non-perturbative kT dependence is not 
a simple Gaussian

• average <kT2>  strongly depends on x, 
and might depend on flavor (in particular 
for fragmentation)

• Gaussian non perturbative evolution seems 
preferred

• modern fits can reach N3LL+NNLO 
perturbative accuracy with reduced χ2 ~ 1 
on thousands data points
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Lessons to be learnt :
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Within the framework of transverse-momentum-dependent factorization, we investigate for the first time 
the impact of a flavor-dependent intrinsic transverse momentum of quarks on the production of W ±

bosons in proton–proton collisions at √s = 7 TeV. We estimate the shift in the extracted value of the 
W boson mass MW induced by different choices of flavor-dependent parameters for the intrinsic quark 
transverse momentum by means of a template fit to the transverse-mass and the lepton transverse-
momentum distributions of the W -decay products. We obtain −6 ≤ !MW + ≤ 9 MeV and −4 ≤ !MW − ≤
3 MeV with a statistical uncertainty of ±2.5 MeV. Our findings call for more detailed investigations of 
flavor-dependent nonperturbative effects linked to the proton structure at hadron colliders.
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1. Introduction and motivation

Nonperturbative effects in transverse-momentum-dependent 
(TMD) phenomena are a central topic in the hadronic physics 
community with potentially important applications to high-energy 
physics. The study of nonperturbative corrections originates from 
the work of Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale of the process 
compared to the infrared scale of QCD. TMD factorization and 
evolution have been extensively studied in the literature [3–6], 
together with the matching to collinear factorization [2,7–12]. De-
spite the limited amount of data available and the many open 
theoretical questions, in the past years we started gaining phe-
nomenological information about TMD parton distribution func-
tions (TMD PDFs) with increasing level of accuracy. Recently, the 
unpolarized quark TMD PDF was extracted for the first time from 
a global fit of data for semi-inclusive deep-inelastic scattering 
(SIDIS) and production of Drell–Yan lepton pairs and Z bosons [13]. 
Nonetheless, we need a deeper understanding of many theoretical 
and phenomenological aspects [14].

* Corresponding author.
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giuseppe.bozzi@unipv.it (G. Bozzi), marco.radici@pv.infn.it (M. Radici), 
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In this paper, we demonstrate that if we want to determine the 
free parameters of the Standard Model with very high precision, 
then the effects of a possible flavor dependence of the intrinsic 
partonic transverse momentum should not be neglected even in 
the kinematic region where nonperturbative effects are expected 
to be small [9,13,15–19] ("QCD % Q % √

s: W boson production 
at the LHC lies in this kinematic region). In particular, we focus on 
the impact of the simplest TMD PDF, the unpolarized one, on the 
determination of the W boson mass at hadron colliders.

2. Experimental measurements and uncertainties

The determination of the W boson mass, MW , from the global 
electroweak fit (MW = 80.356 ± 0.008 GeV) [20] features a very 
small uncertainty that sets a goal for the precision of the experi-
mental measurements at hadron colliders.

Precise determinations of MW have been extracted from pp̄
collisions at D0 [21] and at CDF [22], and from pp collisions 
at ATLAS [23] with a total uncertainty of 23 MeV, 19 MeV 
and 19 MeV, respectively. The current world average, based on 
these measurements and the ones performed at LEP, is MW =
80.379 ± 0.012 GeV [24]. The experimental analyses are based on 
a template-fit procedure on the differential distributions of the de-
cay products: in particular, the transverse momentum of the final 
lepton, pT # , the transverse momentum of the neutrino pTν (only 

https://doi.org/10.1016/j.physletb.2018.11.002
0370-2693/ 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Within the framework of transverse-momentum-dependent factorization, we investigate for the first time 
the impact of a flavor-dependent intrinsic transverse momentum of quarks on the production of W ±

bosons in proton–proton collisions at √s = 7 TeV. We estimate the shift in the extracted value of the 
W boson mass MW induced by different choices of flavor-dependent parameters for the intrinsic quark 
transverse momentum by means of a template fit to the transverse-mass and the lepton transverse-
momentum distributions of the W -decay products. We obtain −6 ≤ !MW + ≤ 9 MeV and −4 ≤ !MW − ≤
3 MeV with a statistical uncertainty of ±2.5 MeV. Our findings call for more detailed investigations of 
flavor-dependent nonperturbative effects linked to the proton structure at hadron colliders.

 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction and motivation

Nonperturbative effects in transverse-momentum-dependent 
(TMD) phenomena are a central topic in the hadronic physics 
community with potentially important applications to high-energy 
physics. The study of nonperturbative corrections originates from 
the work of Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale of the process 
compared to the infrared scale of QCD. TMD factorization and 
evolution have been extensively studied in the literature [3–6], 
together with the matching to collinear factorization [2,7–12]. De-
spite the limited amount of data available and the many open 
theoretical questions, in the past years we started gaining phe-
nomenological information about TMD parton distribution func-
tions (TMD PDFs) with increasing level of accuracy. Recently, the 
unpolarized quark TMD PDF was extracted for the first time from 
a global fit of data for semi-inclusive deep-inelastic scattering 
(SIDIS) and production of Drell–Yan lepton pairs and Z bosons [13]. 
Nonetheless, we need a deeper understanding of many theoretical 
and phenomenological aspects [14].
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In this paper, we demonstrate that if we want to determine the 
free parameters of the Standard Model with very high precision, 
then the effects of a possible flavor dependence of the intrinsic 
partonic transverse momentum should not be neglected even in 
the kinematic region where nonperturbative effects are expected 
to be small [9,13,15–19] ("QCD % Q % √

s: W boson production 
at the LHC lies in this kinematic region). In particular, we focus on 
the impact of the simplest TMD PDF, the unpolarized one, on the 
determination of the W boson mass at hadron colliders.

2. Experimental measurements and uncertainties

The determination of the W boson mass, MW , from the global 
electroweak fit (MW = 80.356 ± 0.008 GeV) [20] features a very 
small uncertainty that sets a goal for the precision of the experi-
mental measurements at hadron colliders.

Precise determinations of MW have been extracted from pp̄
collisions at D0 [21] and at CDF [22], and from pp collisions 
at ATLAS [23] with a total uncertainty of 23 MeV, 19 MeV 
and 19 MeV, respectively. The current world average, based on 
these measurements and the ones performed at LEP, is MW =
80.379 ± 0.012 GeV [24]. The experimental analyses are based on 
a template-fit procedure on the differential distributions of the de-
cay products: in particular, the transverse momentum of the final 
lepton, pT # , the transverse momentum of the neutrino pTν (only 
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⌘i=� ln
⇥
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⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2
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FIG. 1: Examples of subprocesses contributing to the cos 2�
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tively. As the helicities of the photons and gluons indicate,
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resulting in an M2
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8 Transverse Momentum Dependent distribtion fnc.s (TMDs) are allowed 
by gauge invariance
The TMD knows as Sivers function is 
o sensitive to transverse proton spin – parton transverse motion 

correlations
o predicted not to be universal between SIDIS & p+p

§ SiversDIS = - Sivers (DY or W or Z)
o Weak bosons: 
• less background compared to DY
• higher =* = T/* : can test evolution effects 
• sensitive to sea quarks
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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how the momentum distribution of 
unpolarized quarks is distorted by the 
transverse polarization of the nucleon 
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to notice, as a check of the results validity, that our predictions well describe also the z and PhT distributions, even if
those projections of the data were not included in the fit (see Appendix B for more details).

The agreement with vector-boson-production STAR measurements [52] is worse than the SIDIS case, with a �2 =
13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
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the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
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all parametrizations are in fair 
agreement for valence flavors
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Framework SIDIS DY W/Z 
production e+e- N of points

JAM 2020

arXiv:2002.08384

extended 

parton model ✔ ✔ ✔ ✔ 517

Pavia 2020

arXiv:2004.14278

LO+NLL ✔ ✔ ✔ ✘ 150

EKT 2020

arXiv:2009.10710

NLO+N2LL ✔ ✔ ✔ ✘ 243

BPV 2020

arXiv:2012.05135

arXiv:2103.03270

ζ prescription ✔ ✔ ✔ ✘ 76

most recent extractions of quark Sivers
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o Current STAR data not yet significant enough to make claims on the sign-change
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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

GeV+ EIC  5 × 41
18 × 275

Bury et al., 

P.R.L. 126 (21) 112002
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Figure 3.13: Left: Sensitivity for lepton-jet Sivers asymmetry (FastSim). Right: Sensitivity for di-charm Sivers
asymmetry. These are representative examples of measurements probing (sea) quark TMDs and gluon TMDs,
respectively (FastSim).

(the jet axis as well as the ‚⇤ axis), which can be used to probe TMD PDFs and TMD FFs in an independent
and controlled way [77] For example, by fixing the pT of the jet with respect to the photon axis while varying
the pT of the hadrons with respect to the jet axis decouples those e↵ects and o↵ers great flexibility to constrain
TMDs and their evolution [78] ATHENA’s precision calorimetry, tracking, and PID capabilities enable good
energy flow reconstruction and are crucial for these measurements.

Performance requirements for fragmentation functions are similar to those for jet correlations accessing
TMDs. However, fragmentation function measurements also require excellent PID over the entire x , z , Q2

phase space. Figure 3.14 shows the projected precision for hadron-in-jet Collins asymmetry measurements,
which probe quark transversity, TMD fragmentation functions, and TMD evolution. This measurement is
representative of an entire class of possible jet substructure measurements.

Figure 3.14: Projection for
hadron-in-jet Collins asymmetry
measurement for charged pions,
kaons and protons. This is rep-
resentative of the class of jet sub-
structure measurements (Fast-
Sim).

3.2.4 Transverse spatial imaging of quarks and gluons
Deeply virtual Compton scattering (DVCS, ‚⇤N ! N 0‚) and timelike Compton scattering (TCS, ‚N ! N 0‚⇤ !
N 0l+l�) are among the most discussed exclusive reactions that can lead to the extraction of Generalized Parton
Distribution (GPD) functions. ATHENA is designed especially to reconstruct the entire final state with superior
precision. In DVCS, a virtual photon is exchanged in the scattering with its virtuality well in the perturbative
regime (Q2 > 1 GeV2) and a high-energy real photon is emitted. Conversely, in TCS, a real photon absorbed

39

th uncertainty

projected precision

Arratia et al., arXiv:2007.07281

also access to gluon Sivers TMD from   , charm di-jets

                                                      and  J/ψ  production

D0D̄0 Zheng et al., arXiv:1805.05290

Rajesh et al., arXiv:2108.04866

The EIC performance :  polarized TMDs 
Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press EIC impact

opportunities with jets and Heavy Flavors

GeV+ EIC  5 × 41
18 × 275

Bury et al., 

P.R.L. 126 (21) 112002

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



transversity  h1q (x,kT) Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

✘

✘

survives kT integration

collinear PDF  h1q (x)

=1h �

- no chiral-odd structures in SM Lagrangian; potential doorway to BSM physics

Example: SMEFT studies of strong CP violation via neutron EDM dn 
dn = �u du + �d dd + �s dsbounds from exp. δq(Q2) = ∫

1

0
dx hq−q̄

1 (x, Q2)tensor charge

The EIC performance :  polarized TMDs 

- net density of -pol. quark in -pol. proton

- prototype of chiral-odd parton densities
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ST ⋅k×PhT

Collins effect
requires knowledge of chiral-odd 

Collins TMD FF H⊥
1

Collins, N.P. B396 (93) 161
probes transversity as TMD PDF

Ph

Ph = P1+P2

2R = P1-P2

quark

ΦR

2RT ST ⋅P2×P1 = ST ⋅Ph×RT

di-hadron mechanism

Collins et al., N.P. B420 (94) 

if   define di-hadron fragmentation function (DiFF)R2
T ∝ M2

h1h2
≪ Q2

requires knowledge of 

chiral-odd DiFF H∢

1

probes transversity as PDF
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transversity is chiral-odd  needs a chiral-odd partner in the cross section

two different fragmentation mechanisms: 

→



Mechanism Framework SIDIS e+e- p-p collisions N pts

PV 2018   arXiv:1802.05212 collinear DiFF LO ✔ ✔ ✔ 78
JAM 2020  arXiv:2002.08384 Collins effect generalized parton model ✔ ✔ ✔ 517
MEX 2019  arXiv:1912.03289  collinear DiFF LO ✔ ✔ ✘ 68
CA 2020   arXiv:2001.01573  Collins effect generalized parton model ✔ ✔ ✘ 76
JAM 2022  arXiv:2205.00999 Collins effect generalized parton model ✔ ✔ ✔ 634

most recent extractions

tensor charge δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2) gT = δu - δd

Q=2 GeV
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral g[xmin ]

T vs. xmin. Also shown is the ratio DEIC/DJAM20 of the uncertainty in g[xmin ]
T for

the re-fit that includes pseudodata from the EIC to that of the original JAM20 fit [241]. Note
that the results from two recent lattice QCD calculations [527,528] are for the full gT integral
(i.e., xmin = 0) and have been offset for clarity. Bottom right: The impact on the up quark
(du), down quark (dd), and isovector (gT) tensor charges and their comparison to the lattice
data.

culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
shows g[xmin]

T vs. xmin, where g[xmin]
T is the following truncated integral: g[xmin]

T ⌘

Collins effect

L=10 fb-1 , 8223 data pts.

proton [GeV]: 5x41, 5x100, 10x100, 18x275

3He [GeV]: 5x41, 5x100, 18x100
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culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
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di-hadron mechanism
L=10 fb-1 , 3852 data pts, proton&3He [GeV]: 10x100

1) ETMC ’19


2)   Mainz ’19


3) LHPC ’19


4) JLQCD ’18


5) PNDME ’18


6) ETMC ’17
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Alexandrou et al., P.R. D95 (17) 114514; (E)  P.R. D96 (17) 099906 

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
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Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press EIC impact
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral g[xmin ]

T vs. xmin. Also shown is the ratio DEIC/DJAM20 of the uncertainty in g[xmin ]
T for

the re-fit that includes pseudodata from the EIC to that of the original JAM20 fit [241]. Note
that the results from two recent lattice QCD calculations [527,528] are for the full gT integral
(i.e., xmin = 0) and have been offset for clarity. Bottom right: The impact on the up quark
(du), down quark (dd), and isovector (gT) tensor charges and their comparison to the lattice
data.

culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
shows g[xmin]

T vs. xmin, where g[xmin]
T is the following truncated integral: g[xmin]

T ⌘

Collins effect

L=10 fb-1 , 8223 data pts.

proton [GeV]: 5x41, 5x100, 10x100, 18x275

3He [GeV]: 5x41, 5x100, 18x100
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culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
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di-hadron mechanism
L=10 fb-1 , 3852 data pts, proton&3He [GeV]: 10x100

1) ETMC ’19
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5) PNDME ’18


6) ETMC ’17


7) RQCD ’14


8) LHPC ‘12 Green et al., P.R. D86 (12) 114509

Alexandrou et al., P.R. D95 (17) 114514; (E)  P.R. D96 (17) 099906 

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
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comparable/higher precision than lattice
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a new opportunity: jet substructure

e + p  e’ + jet (h) + X→
if  hybrid factorisation scheme: j2

T ≪ (Pjet
T )2

- TMD framework for fragmentation

- collinear framework for collision

hadron-in-jet Collins effect

requires knowledge of 

Collins TMD FF H⊥

1
but probes transversity as PDF
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- TMD framework for fragmentation

- collinear framework for collision
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requires knowledge of 

Collins TMD FF H⊥

1
but probes transversity as PDF

Bernd Surrow

Results / Status - Collins Asymmetry measurements (4)

STAR: Collins asymmetry AUT at 500GeV compared to model calculations

14

5th International Workshop on Transverse Polarization Phenomena - Transversity 2017 
INFN Frascati, Italy, December 11-15, 2017

Models based on SDIS and e+/e- assuming robust factorization  and universality of the Collins function 

DMP / KPRY: No TMD evolution 

KPRY-NLL: TMD evolution up to NLLG 

General agreement between data and model calculations is consistent with assumptions of robust TMD-factorization and 

universality of the Collins function

DMP+2013: 

M. Anselmino, M. Boglione, 
U. D’Alesio, S. Melis,
F. Murgia, and A. Prokudin, 
Phys. Rev. D 87, 094019
(2013). 

U. D’Alesio, F. Murgia, and 
C. Pisano, Phys. Rev. D 83,
034021 (2011). 

U. D’Alesio, F. Murgia, and 
C. Pisano, arXiv:
1707.00914.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

KPRY / KPRY-NLL: 

Z.-B. Kang, A. Prokudin, 
F. Ringer, and F. Yuan,
arXiv:1707.00913.

05 OCT 2021 S. Fazio 17

Spin-dependent modulation of hadrons in jets
Collins function (TMD FF)

Di-hadron correlation measurements
“interference FF”

Transversity

DIS2021 DIS2021

o Significant Collins asymmetries have been observed from 
200 GeV data:
• Collinear transversity is probed most directly in the 

jet 4T dependence;
• Collins TMD FF is sensitive to the (5$, z) dependence.

D’Alesio et al., 

P.L. B773 (17) 300

Kang et al., 

P.L. B774 (17) 635

KPRY

DMP
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Figure 7.58: Left: Electron-jet Sivers asymmetry. Right: Hadron-in-jet Collins asymmetry.
The error bars represent the expected precision, whereas the bands represent current uncer-
tainties of the Sivers, transversity and Collins TMDs. Note that in this case the observables
are calculated in the laboratory frame where qT corresponds to the transverse momentum
imbalance between scattered electron and jet. Figures adapted from Ref. [29, 597, 598].

where the sum runs over all the hadrons in the final states and fla is the azimuthal
angle between the final-state lepton l and hadron a measured in a plane transverse
to the collision axis in the lab frame. Recently, this observable has been evaluated
to the highest resummed accuracy in DIS [622] — N3LL matched with the NLO
cross section for the production of a lepton and two jets. Figure 7.59 shows the
precision of successive orders in the nearly back-to-back TEEC limit for EIC and
HERA center-of-mass energies as a function of t = (1 + cos f)/2.
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Figure 7.59: Resummed TEEC distributions in the back-to-back limit as a function of
t = (1 + cos f)/2, which describes the deviation of the scattered lepton and the produced
hadrons from being back-to-back in the transverse plane. The orange, blue, and green bands
are the predictions with scale uncertainties at NLL, NNLL and N3LL, respectively. The left
and right panels are for EIC and HERA energies, respectively.

The TEEC cross section can be factorized as the convolution of a hard function,
beam function, jet function and soft function in the back-to-back limit. A close con-
nection to TMD factorization is established, as the beam function, when combined

Arratia et al., arXiv:2007.07281

measured in 
p-p collision 

at STAR

predicted 

at the EIC
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The EIC performance :  nuclear PDF
Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press the nuclear modification factor RA

nuclear PDFs are different from free proton PDFs :

f i
p/A(x; Q2) = Ri

A(x; Q2) f i
p(x; Q2)

“Why QGP aficionados  should care:”

Parton distribution functions for bound nucleons  are 
different than that of a free proton, they are 
connected as (EPPS16, EPJ C77(2017)163):

Nuclear PDF effects are critical to properly map 
QGP properties → inclusive DIS in eA collisions

eA: Nuclear PDF effects

12

𝑓𝑓 ⁄𝑒𝑒 𝐴𝐴
𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 = 𝑅𝑅𝐴𝐴𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2 𝑓𝑓𝑒𝑒𝑖𝑖 𝑥𝑥𝑖𝑖 ,𝑄𝑄2

Measurements of the structure functions and their evolution at EIC will allow precise
extraction of nPDFs together with extending F2 and FL into low-x regime relevant for
gluon saturation

Eskola et al., E.P.J. C77 (16) 163 

- provides input on initial state for heavy-ion collisions
- complementary to LHC and RHIC p-A collisions
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EPPS16nlo

160 7.3. THE NUCLEUS: A LABORATORY FOR QCD

at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or p decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (s) and the charm
cross-section (scharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates s pseudo-
data and the orange one adds also scharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC s (green) and EPPS16*+EIC scharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC scharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for

importance of F2charm 

for high x gluons

The EIC performance :  nuclear PDF
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dramatic rise of gluon density @ low x 

QS: Matter of Definition and Frame (II)

7

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

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?
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ty

QskT

~ 1/kT

kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

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

gluon self-interaction 

→ proliferation of # gluonsQS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

unitarity → gluons must recombine to

                   balance splitting (saturation) =

QS: Matter of Definition and Frame (II)

7

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

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
si
ty

QskT

~ 1/kT

kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

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

effect not clearly seen at HERA



The EIC performance :  saturation

dramatic rise of gluon density @ low x 

QS: Matter of Definition and Frame (II)

7

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

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
si
ty

QskT

~ 1/kT

kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

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

gluon self-interaction 

→ proliferation of # gluonsQS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

unitarity → gluons must recombine to

                   balance splitting (saturation) =

QS: Matter of Definition and Frame (II)

7

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

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
si
ty

QskT

~ 1/kT

kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

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

Iancu et al., P.L. B510 (01) 133

- EIC: reach same saturation scale Qs at larger x  smaller 

- nucleus acts as Qs amplifier 

→ s

• Advantage of eA over ep collisions: Q2
s ⇠ A

1/3

(arXiv:1708.01527)

• Key observable 1: di-hadron correlations in eA collisions

(arXiv:1708.01527)

– saturation leads to suppression of back-to-back di-hadron correlations

– di-hadron correlations in ep vs eA (relative e↵ect increases as
p
s increases)

• Key observable 2: di↵ractive scattering

– cross sections depend on square of gluon distribution

EIC eA: Gluon Saturation

• Di-hadron correlations are sensitive to the
transverse momentum dependence of the gluon
distribution and gluon correlations

• EIC allows to study the evolution of Qs with x

• Could the gluon density G(x, Q2) 
continuously grow?

• New idea: Non-Linear Evolution

• Recombination compensates gluon 
splitting 

• New evolution equations

• Saturation of gluon densities 
characterized by scale 𝑄𝑄𝑠𝑠(𝑥𝑥)

• Saturation → Color-Glass-Condensate 
(CGC)

• Experimentally, nucleus serves as 𝑄𝑄𝑠𝑠
amplifier

Olga Evdokimov (UIC) SPIN 2021 10/21/2021 17

2→2  vs. 2→many

γ*

[Qs(x,A)]2 ⇠
✓
A

x

◆ 1
3

implications for astrophysics

of neutron stars

the Color Glass 
Condensate model 

effect not clearly seen at HERA



The EIC performance :  saturation
Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press

Aschenauer et al., Rept.Prog.Phys. 82 (19) 024301

• Advantage of eA over ep collisions: Q2
s ⇠ A

1/3

(arXiv:1708.01527)

• Key observable 1: di-hadron correlations in eA collisions

(arXiv:1708.01527)

– saturation leads to suppression of back-to-back di-hadron correlations

– di-hadron correlations in ep vs eA (relative e↵ect increases as
p
s increases)

• Key observable 2: di↵ractive scattering

– cross sections depend on square of gluon distribution

1- key observable:  

di-hadron correlations in e-A vs. e-p

2- key observable:  

diffractive scatt. σdiff ~ [ gluon(x,Q2) ]2

complementary to vector-meson 

photo-production in UPC @CERN

69

transverse area) in a heavy nucleus. This enhancement is often parametrized in terms of the nuclear “oomph” of
the saturation scale Q2

s / A1/3/x� with � ⇠ 0.2 . . . 0.3. Processes with a resolution Q2 . Q2
s are most sensitive to

saturation e↵ects. Thus, with the nuclear enhancement of Q2
s they are accessible at lower collision energies and higher

resolution scales, i.e., are more reliably calculable in the weak coupling regime. A second major advantage of the
EIC in comparison to earlier experiments is the access to the transverse and longitudinal structure functions FT and
FL separately, obtained by combining measurements at di↵erent collision energies. In the collinear framework this
provides additional constraints that enable a better disentangling of gluon and sea quark PDFs. In the dipole picture
that is appropriate for the saturation regime, the longitudinal structure function is a more reliably weak coupling
quantity than the transverse one.
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FIG. 55. Left: Ratio of di↵ractive to total cross sections in a specific leading twist (collinear factorization) and saturation
model. Right: ratio of exclusive vector meson production cross sections in a nucleus divided by the proton (scaled with A4/3)
with an without saturation, using the bSat/bNonSat models [548]. Figure obtained from [94].

Di↵ractive and exclusive cross sections are, quite generically, more sensitive to the e↵ects of gluon saturation than
inclusive cross sections. This is due to the fact that the total cross section is, by the optical theorem, proportional
to the elastic amplitude, whereas exclusive cross sections are quadratic in the same amplitude. The EIC will provide
the first ever measurements of nuclear di↵ractive DIS at small x. The enhancement of the di↵ractive to total cross
section ratio �D/�tot has long been considered as one of the clearest signs of saturation physics playing a role in
DIS [94], see Fig. 55. The significantly higher luminosity of the EIC compared to HERA will be a major advantage
for studies of di↵ractive scattering, as will the fact that the interaction region design takes the requirements of these
processes into account better. The high statistics will enable measurements that are di↵erential in the kinematical
variables. Measurements of the total di↵ractive DIS cross section allow for extraction of the di↵ractive structure
functions FD,(4)

T,L
(�, xP, Q2, t) as functions of the size of the rapidity gap between the target and the di↵ractive system

ln 1/xP, the mass of the di↵ractive system M2
X

⇠ Q2/� and the momentum transfer t. Of particular interest for
several reasons is di↵ractive dijet production [344, 358, 549–551], which has been argued to be sensitive to saturation
physics even at high values of Q2 [377].

Exclusive production of vector mesons [547, 552], deeply virtual Compton scattering (DVCS) [553, 554], and timelike
Compton scattering (TCS) are a particularly important subset of di↵ractive reactions in high-energy DIS. The clear
experimental signature of these fully exclusive reactions provides access, in addition to the overall gluon density, to the
distribution of gluon fields in the transverse coordinate plane of the proton or nucleus, and to the fluctuations in this
spatial distribution [93, 555, 556]. Here the momentum transfer t is the Fourier conjugate to the impact parameter,
i.e., the transverse coordinate inside the proton or nucleus. The e↵ects of gluon saturation have been claimed to be
visible directly in the t-dependence of the cross sections (see e.g. [557]). More importantly, the spatial structure of
the gluon fields is interesting in itself as a fundamental property of QCD bound states, and useful for understanding
and modeling the initial stages of heavy ion collisions [558]. In the Good-Walker paradigm [93, 559] of high-energy
scattering, the elastic scattering (in this case elastic qq̄-dipole-target scattering, corresponding to di↵ractive DIS) the
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Recap

• the EIC addresses fundamental (open) questions about visible matter: 

    -  spin and flavor partonic structure of nucleons and nuclei

    -  3D-imaging (tomography) in momentum and position space

    -  matter at extreme parton densities  onset of saturation→

• As high-luminosity, high-polarization collider with wide range in 
energy and ion species, the EIC is unique in the panorama of next 
two decades

• The EIC offers unprecedented opportunities to advance our 
knowledge of the confined partonic structure of hadrons, with 
scientific outcomes that are complementary to the LHC and other 
colliders
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• Simultaneous fit of HERA data and EIC pseudo data for DVCS
(Aschenauer, Fazio, Kumerički, Müller, 2013)

– focus on sea quarks (including transverse target polarization, Eq) and gluons

– study suggests remarkable prospects

– model-independent extraction of impact parameter distributions challenging

– HEMP will provide further constraints
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Figure 7.44: Extraction of the GPD H for sea quarks (left) and gluons (center), and the GPD
E for sea quarks (right), at a particular x and Q2. The violet band is the uncertainty obtained
excluding the EIC pseudodata from the global fit procedure [23].

nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and p0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 � t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN ! g⇤(Q02)N0 or PN ! MN0, with
P a hard Pomeron and M a meson) is triggered by a diffractive g⇤(Q2) ! rP pro-
cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the r from the g⇤N0 or MN0 final state, and a small momentum
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nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and p0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 � t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN ! g⇤(Q02)N0 or PN ! MN0, with
P a hard Pomeron and M a meson) is triggered by a diffractive g⇤(Q2) ! rP pro-
cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the r from the g⇤N0 or MN0 final state, and a small momentum
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An on-going theoretical e↵ort now provides wide families of GPD models which consistently address polynomiality
and positivity properties. This allows robust predictions of new processes in as yet unexplored kinematic domains,
like, e.g., DVCS o↵ a pion target at the EIC [275, 276].

Approach 3, commonly referred to as global fits, has been achieved by the KM and PARTONS groups [256, 277–
279], however only for CFFs. As a representation of typical results, the tomography of the nucleon for up quarks,
obtained with a specific choice of CFF parameterization and constrained in a global fit to world data, is shown in
Fig. 22. The issue of the potential parameterization bias was addressed by both groups utilising artificial neural-
network techniques [280, 281]. These parameterizations are flexible enough to reproduce the existing DVCS data with
�2/ndf ' 1. As for today, there are no global fits of GPDs including gluons, sea and valence quarks. Only the KM
model performed fits of gluon and sea quark GPDs in the small-xB region. The extension to the case of GPDs of the
artificial neural-network techniques involved in CFF fitting was recently considered [282] and it is hoped that neural
network-based GPD fits will be obtained in the next few years.
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FIG. 22. Transverse position of up quarks in an unpolarized proton as a function of the longitudinal momentum fraction x
[279].

3.4.2. Hard exclusive processes and multi-channel analysis

Multi-channel analyses are necessary because they constitute universality checks of GPDs, provide di↵erent handles
on the partonic content of the nucleon, and may avoid the aforementioned uniqueness issue of the DVCS deconvolution
problem [283]. Most of the existing data come either from DVCS or DVMP. Since these two (families of) processes
have di↵erent coe�cient functions, a study at the GPD-level is mandatory. On the contrary, TCS occupies a special
place in multi-channel analyses. Its intimate relation to DVCS makes possible a joint study of DVCS and TCS at the
CFF-level, see e.g., Ref. [284]. The first TCS measurements were made by CLAS [285].

However, most of the multi-channel studies made so far for DVCS, DVMP, or TCS and in various kinematic domains
were produced using models of approach 2 above. There are fewer studies with the flexible fit parameterizations of
approach 3 (KM and PARTONS). The feasibility of a simultaneous global GPD fit to collider measurements (H1 and
ZEUS) to DVMP (⇢0 and � mesons) and DVCS was shown in Ref. [286]. Nevertheless the fit, performed at LO,
achieved a �2/ndf ' 2 and an extension of this study to NLO was advocated. The theoretical description of DVMP
at NLO was introduced in Ref. [287] and applied in a pioneering unpublished study [288] for DIS, DVCS, and ⇢0 and
� electroproduction, but still for H1 and ZEUS data.

In that respect, the future EIC represents a challenge for modern GPD phenomenology. Indeed, a large amount
of precise data is expected, for DVCS, TCS, and DVMP over a wide kinematic range. Such a situation remains
uncharted for GPD physics, and phenomenological software such as partons [289] and gepard [290] will need to be
upgraded to fully exploit the vast amount of forthcoming data. But the situation also carries the promise of potential
breakthroughs in exclusive physics. It is expected to o↵er a unique opportunity to shed light on the properties of the
nucleon, from its 3D structure up to its mechanical properties through the connection with the energy-momentum
tensor.

3.4.3. Energy-momentum tensor form factors

For a spin-1/2 hadron, the matrix elements of a general asymmetric energy-momentum tensor (EMT) can be
parametrized in terms of five form factors [291, 292]
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Figure 7.44: Extraction of the GPD H for sea quarks (left) and gluons (center), and the GPD
E for sea quarks (right), at a particular x and Q2. The violet band is the uncertainty obtained
excluding the EIC pseudodata from the global fit procedure [23].

nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and p0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 � t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN ! g⇤(Q02)N0 or PN ! MN0, with
P a hard Pomeron and M a meson) is triggered by a diffractive g⇤(Q2) ! rP pro-
cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the r from the g⇤N0 or MN0 final state, and a small momentum
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like, e.g., DVCS o↵ a pion target at the EIC [275, 276].
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279], however only for CFFs. As a representation of typical results, the tomography of the nucleon for up quarks,
obtained with a specific choice of CFF parameterization and constrained in a global fit to world data, is shown in
Fig. 22. The issue of the potential parameterization bias was addressed by both groups utilising artificial neural-
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FIG. 22. Transverse position of up quarks in an unpolarized proton as a function of the longitudinal momentum fraction x
[279].

3.4.2. Hard exclusive processes and multi-channel analysis

Multi-channel analyses are necessary because they constitute universality checks of GPDs, provide di↵erent handles
on the partonic content of the nucleon, and may avoid the aforementioned uniqueness issue of the DVCS deconvolution
problem [283]. Most of the existing data come either from DVCS or DVMP. Since these two (families of) processes
have di↵erent coe�cient functions, a study at the GPD-level is mandatory. On the contrary, TCS occupies a special
place in multi-channel analyses. Its intimate relation to DVCS makes possible a joint study of DVCS and TCS at the
CFF-level, see e.g., Ref. [284]. The first TCS measurements were made by CLAS [285].

However, most of the multi-channel studies made so far for DVCS, DVMP, or TCS and in various kinematic domains
were produced using models of approach 2 above. There are fewer studies with the flexible fit parameterizations of
approach 3 (KM and PARTONS). The feasibility of a simultaneous global GPD fit to collider measurements (H1 and
ZEUS) to DVMP (⇢0 and � mesons) and DVCS was shown in Ref. [286]. Nevertheless the fit, performed at LO,
achieved a �2/ndf ' 2 and an extension of this study to NLO was advocated. The theoretical description of DVMP
at NLO was introduced in Ref. [287] and applied in a pioneering unpublished study [288] for DIS, DVCS, and ⇢0 and
� electroproduction, but still for H1 and ZEUS data.

In that respect, the future EIC represents a challenge for modern GPD phenomenology. Indeed, a large amount
of precise data is expected, for DVCS, TCS, and DVMP over a wide kinematic range. Such a situation remains
uncharted for GPD physics, and phenomenological software such as partons [289] and gepard [290] will need to be
upgraded to fully exploit the vast amount of forthcoming data. But the situation also carries the promise of potential
breakthroughs in exclusive physics. It is expected to o↵er a unique opportunity to shed light on the properties of the
nucleon, from its 3D structure up to its mechanical properties through the connection with the energy-momentum
tensor.

3.4.3. Energy-momentum tensor form factors

For a spin-1/2 hadron, the matrix elements of a general asymmetric energy-momentum tensor (EMT) can be
parametrized in terms of five form factors [291, 292]
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nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and p0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 � t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN ! g⇤(Q02)N0 or PN ! MN0, with
P a hard Pomeron and M a meson) is triggered by a diffractive g⇤(Q2) ! rP pro-
cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the r from the g⇤N0 or MN0 final state, and a small momentum



The EIC performance :  origin of N mass 

Decomposition of 
Nucleon mass



The EIC performance :  origin of N mass 
Community Effort to Define EIC Detector

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

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419, 

N.P.A in press Nucleon mass decomposition with QCD EMT Tμν

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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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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