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How do partons move and orbit inside hadrons?   
⊥ plane↑

partons

k+=xP+

P+

k⊥

proton  
momentum 

from 1D to 3D mapping  
in momentum space 

How wide is the distribution ?   

How does it change with x ?   

How does it change with flavor ?   

What if the hadron is polarized ?   

TMDs:  Transverse Momentum Dependent PDFs (and FFs)
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small kT  matching  large kT← →
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small kT  matching  large kT← →

hard part TMDPDF

q2
T ≪ Q2

k⊥
large bT (small parton )k⊥

non perturbative

OPE expansion on PDF
calculable

small bT (large parton )k⊥
perturbative

parametrized  
and fitted to data

matching  
prescription 
(arbitrary)

TMD factorization

ℋDY(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q̄

1(xA, b2
T; Q2) f̃ q

1(xB, b2
T; Q2)

dσ
dqTdydQ

∼ +𝒪(q2
T /Q2, M2/Q2)

TMDPDF

bT

(GeV-1)

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

perturbative non 
perturbative

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

bmax

b*

μf =2 GeV

μf =5 GeV

μf =20 GeV

bT

bmin
μb*

= 2e−γE

b*
≥ 1Q ≥



small kT  matching  large kT← →

hard part TMDPDF

q2
T ≪ Q2

k⊥
large bT (small parton )k⊥

non perturbative

OPE expansion on PDF
calculable

small bT (large parton )k⊥
perturbative

parametrized  
and fitted to data

matching  
prescription 
(arbitrary)

TMD factorization

ℋDY(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q̄

1(xA, b2
T; Q2) f̃ q

1(xB, b2
T; Q2)

dσ
dqTdydQ

∼ +𝒪(q2
T /Q2, M2/Q2)

TMDPDF

bT

(GeV-1)

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

perturbative non 
perturbative

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

bmax

b*

μf =2 GeV

μf =5 GeV

μf =20 GeV

bT

bmin
μb*

= 2e−γE

b*
≥ 1Q ≥

Quality of TMD extraction: 
- perturbative accuracy         - size of data set and best χ2              



Most recent global fits of quark TMDs in Nucleon 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ 8059 1.5 ✘

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔  (LHC) 1039 1.06 ✘

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔  (LHC) 2031 1.06 ✘

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔  (LHC) 2031 1.08 ✔

ART25 
arXiv:2503.11201 N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

MAPNN 2025 
arXiv:2502.13833 N3LL ✘ ✔  (LHC) 482 0.97 ✘

JAM25PDF+TMD 
arXiv:2510.13771 NNLL ✘ ✔  (LHC) 436  

(+4279 DIS)
1.10 ✔

Increasing level of perturbative accuracy and quality of fit
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MAPTMD 2024:  first global fit with flavor sensitivity of intrinsic quark k⊥

Increasing level of perturbative accuracy and quality of fit

5 channels:      + (un)favored q = u , ū , d , d̄ , sea → π, K



Most recent global fits of quark TMDs in Nucleon 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ 8059 1.5 ✘

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔  (LHC) 1039 1.06 ✘

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔  (LHC) 2031 1.06 ✘

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔  (LHC) 2031 1.08 ✔

ART25 
arXiv:2503.11201 N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

MAPNN 2025 
arXiv:2502.13833 N3LL ✘ ✔  (LHC) 482 0.97 ✘

JAM25PDF+TMD 
arXiv:2510.13771 NNLL ✘ ✔  (LHC) 436  

(+4279 DIS)
1.10 ✔

MAPTMD 2024:  first global fit with flavor sensitivity of intrinsic quark k⊥

Increasing level of perturbative accuracy and quality of fit

MAPNN 2025:  not a global fit but first based on Neural Network

5 channels:      + (un)favored q = u , ū , d , d̄ , sea → π, KParametrization
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of the non-perturbative part of  f1(x, kT)
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JAM25PDF+TMD:  not a global fit but first combining PDF & TMD



Typical phase space coverage

10°5 10°4 10°3 10°2 10°1 100

x

100

101

102

103

104

105

Q
2
[G

eV
2
]

E605
E772
E288
STAR
PHENIX
CDF
D0
LHCb
CMS
ATLAS
HERMES
COMPASSSIDIS       {

fixed target       {

collider{Drell 
Yan

collider

fixed  
target    

SIDIS



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

4

5

6

7

Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.

– 46 –

u → π+

TMDFF z=0.3

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

-5

0

5

10

Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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d → π+

- significant differences in nonperturbative models at large b

- different approach to collinear limit b 0→
b(bT)

bmax

freezing 
parameter

bmin

PDF(x, μ) = ∫
μ

0
dkTTMD(x, kT)

prescription 

vs. cutoff

Moss et al. , JHEP 11 (25), 2503.11201

μ ∼ 1
b*(bT)

ΛQCD

Q
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

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

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

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

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

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

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

p
⇣ = Q = 2 GeV and z = 0.4

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

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

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

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

f1(x, kT; Q)

f1(x, 0; Q)

better appreciate the very different kT behavior 
that changes with x 

Bacchetta et al. (MAP),  
JHEP 08 (24), 2405.13833MAPTMD 2024

b(bT)

bmax

freezing 
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bmin

PDF(x, μ) = ∫
μ

0
dkTTMD(x, kT)

- different approach to collinear limit b 0→ prescription 

vs. cutoff

μ ∼ 1
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TMD evolution: the Collins-Soper kernel  

K universal: same for TMDPDF and TMDFF, it does not depend on  
               process, hadron type , x , and flavor !

K(bT) + gK(bT)
perturbative, calculable fitted to data;  calculable on lattice

f̃ q
1(x, b2

T; μ2, ζ)In general, 
RGE evolution in factorization scale μ 

evolution in rapidity scale ζ  CS kernel K→
must be ζμ2 = Q4

std choice ζ=μ2 = Q2



TMD evolution: the Collins-Soper kernel  

Bollweg et al., arXiv:2504.04625

IFY23 (ResBos) Isaacson et al., arXiv:2311.09916

ASWZ24 Avkhadiev et al., arXiv:2402.06725

N3LL Vladimirov, arXiv:1610.05791

Li&Zhu, arXiv:1604.01404

Pheno 
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Collins-Soper kernel 
[2504.04625]

N3LO 

EEC24 Kang et al., arXiv:2410.21435

PB24 Martinez et al., arXiv:2412.21116

LPC23 Chu et al. (LPC), arXiv:2306.06488

DWF24 Bollweg et al., arXiv:2403.00664

Lattice

pQCD
MAP-22

ART-23

“This work” 

MAP Collaboration
arXiv:2206.07598  -24 arXiv:2405.13833

 -NN arXiv:2502.04166

Artemide Collaboration
arXiv:2305.07473  -25 arXiv:2503.11201

T

K universal: same for TMDPDF and TMDFF, it does not depend on  
               process, hadron type , x , and flavor !

K(bT) + gK(bT)
perturbative, calculable fitted to data;  calculable on lattice

f̃ q
1(x, b2

T; μ2, ζ)In general, 
RGE evolution in factorization scale μ 

evolution in rapidity scale ζ  CS kernel K→
must be ζμ2 = Q4

std choice ζ=μ2 = Q2



Potential impact on W mass

- template fit with varying MW on pseudodata based on sets of flavor-dep. non-perturb.  
  parameters of TMDs that reproduce same qT-distribution of Z0

q′ 

q̄ W±
lepton

neutrino

intrinsic k  + resummation  ⊥ → qTW → pTℓ

  main channelsuū , dd̄ → Z0

  main channelud̄ → W+ but all analyses assume  
flavor-independent  

intrinsic k  distribution⊥
Procedure

−6 ≤ ΔMW+ ≤ 9
−4 ≤ ΔMW− ≤ 3

Finding: 

ΔMW+ ≠ ΔMW−MeV   and Bacchetta et al., P.L. B788 (19),  
arXiv:1807.02101

In progress:  repeat the analysis with MAPTMD24 at N3LL



EIC science and collider specifications

530/03/2023 - CD P. Antonioli - The Electron-Ion Collider

EIC Luminosity curve

+ + +

+

 GeV    10 (e-) x 130 (p) GeVs ∼ 72 →



Phase space of EIC @10x130
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including EIC pseudodata in the fit:  

MAPTMD24  
2031 pts 

+ EIC
+ ~1700 pts per kin.      π
+ ~3400 pts per kin.      π+Κ

EIC



lumi = 10 fb-1 , proton target, SIDIS  π + K

78

For each (x,Q2) bin: 

from MAPTMD24,  
max. uncertainty of  

 over  
all kT and all flavors q
f q
1 (x, k2

T; Q)

including EIC pseudodata,  
color code indicates the  
flavor with max. reduction  
in uncertainty over all kT

u          d       sea 

increased reduction ~60% for down at large x and several Q2
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TMDq - <TMDq>
<TMDq>

x=0.16,  Q=4.2 GeV

(early Science conditions, all π + K production)

~60% reduction at medium Q2

down

EIC impact:  10x130 lumi=10 fb-1
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TMDq - <TMDq>
<TMDq>

x=0.0025,  Q=4.2 GeV

(early Science conditions, all π + K production)

slightly more than ~30% reduction at medium-large Q2

sea

EIC impact:  10x130 lumi=10 fb-1



MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
10x100          1611       51.3
(simulation campaign of May 2024)
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L. Rossi, Ph.D. Thesis



MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
10x100          1611       51.3
(simulation campaign of May 2024)
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L. Rossi, Ph.D. Thesis

EIC impact: 10x100 lumi~50 fb-1 (5 years)



Actions to meet the $ 3B cap 

reduce costs and scope by deferring ultimate performance capabilities: 
- Electron Storage Ring:  reduce to 2 SRF systems, 10nC/bunch  E= 9 GeV 
- Defer IR Crab system       - Defer low-energy cooling (reduce lumi by 2x to 3x) 
- Hadron Storage Ring: defer bypass line at 41 GeV (increase min s = (45 GeV)2 )

10 x 130 GeV

talk by A. Deshpande
on Friday



Early Science Conditions 

New matrix:  o Early Science -> the new Matrix
• Assumptions:

• Running 30 weeks/year  
• 2.5 hour turn around time 
• 80% facility availability

• Other Config’s also possible:
• ep 5x100:  0.5 fb-1/year
• eAu 5x110: 2 fb-1/year
• eAg 5x110: 2 fb-1/year

5

o Updated Roadmap to ESR
○ May 29 – v2.0 draft handed over to the referees
○ June 10 - feedback from referees
○ June 16 – circulation to Collaboration. Request feedback by June 23
○ July 1 – hand over to ALDs prior to Collab meeting in Glasgow

Remember: we are not making a run plan 

o Simulations:
• ESR: Use April campaign, just 

rescale the lumi
• NIM-A: July,  new energies!   

EIC Early Running Conditions

BNL & JLab Associate Lab Directors charged ePIC to summarize the science 
achievable with early data according to above matrix, before full machine capabilities  

Early Science Report (ESR) due by July 1st; v2 document circulated to community



EIC impact:  10x130 lumi=1 fb-1
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New opportunity:   hadron-in-jet

- hard collision of proton pA and proton pB

- a parton p fragments into the jet J with radius r

- hard scale = PT of jet J w.r.t. collision axis

- hadron Ph inside jet J with  w.r.t. jet axisj⊥

zJ = J−

p− zh = P−
h

J−
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New opportunity:   hadron-in-jet

- hard collision of proton pA and proton pB

- a parton p fragments into the jet J with radius r

- hard scale = PT of jet J w.r.t. collision axis

- hadron Ph inside jet J with  w.r.t. jet axisj⊥

zJ = J−

p− zh = P−
h

J−  Λ2
QCD ≃ j2

⊥ ≪ (PTr)2 hybrid factorization theorem

dσ
dη d |PT | dzh dj⊥

= 2π |PT |
s ∑

a,b,c,d
∫

dxAdxBdzJ

xAxB
δ(zJ − z̄J) f a

1(xA) f b
1(xB) Hab→cd

× 𝒟h
c(zJ, zh, j⊥; |PT | , |PT |r)

= ∑
i

δ(1 − zJ) δqi Di
1(zh, j2

⊥; |PT | )

𝒟h
q(zJ, zh, j⊥; |PT | , |PT |r) = ∑

i
Cq i(zJ, |PT | , |PT |r)∫

dbT

(2π)2 ei j⊥⋅bT /zh D̃i→h
1 (zh, bT; |PT |r)

LO
access to TMD FF

JTMDFF

Kang et al., JHEP 11 (2017) 
arXiv:1705.08443

Similarly for hadron-in-jet SIDIS at the EIC

z̄J = |PT |

s
xAe−η + xBeη

xAxB

collinear

TMD



New opportunity: Energy-Energy Correlator in e+e-

Kang et al., arXiv:2410.21435

Energy-Energy Correlators

(e+e� collisions)

EEC(�) =
d�

d cos�
=

X

i ,j

Z
d�e+e�!ij+X

EiEj

Q2
�(cos ✓ij � cos�)

� ! z =
1� cos(�)

2

e+

e-
EEC(ζ) = dσe+e−

dζ
= ∑

ij
∫ dσe+e−→ij+X

EiEj

Q2 δ (ζ −
1 − cos χij

2 )
energy-weighted  e+e-  cross section 
measures correlation of two energy flows along specific directions 
IR-safe, well measured, known up to NNLO

for ζ 1 (χ π) 
factorized formula: 

→ → dσ
dζ

= σ0
8 ∑

qq̄
Hqq̄ ∫ dbT J0(bTQ 1 − ζ) Jetq(bT) Jetq̄(bT)

Born Hard

Jetq(bT) = ∑
hadrons

∫
1

0
dz z3 TMDFFq→h(z, bT) = Jetqpert + JetqNP fitted to data

sensitivity only to CS kernel

Bris et al., arXiv:2507.17478
Ferrera et al., arXiv:2603.19162



New opportunity: Energy-Energy Correlator in e+e-

Kang et al., arXiv:2410.21435

Energy-Energy Correlators

(e+e� collisions)
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= ∑

ij
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Q2 δ (ζ −
1 − cos χij

2 )
energy-weighted  e+e-  cross section 
measures correlation of two energy flows along specific directions 
IR-safe, well measured, known up to NNLO

for ζ 1 (χ π) 
factorized formula: 

→ → dσ
dζ

= σ0
8 ∑

qq̄
Hqq̄ ∫ dbT J0(bTQ 1 − ζ) Jetq(bT) Jetq̄(bT)

Born Hard

Jetq(bT) = ∑
hadrons

∫
1

0
dz z3 TMDFFq→h(z, bT) = Jetqpert + JetqNP fitted to data

sensitivity only to CS kernel

use OPAL, DELPHI, L3, SLD, ALEPH, TOPAZ, TASSO,… data to constrain CS kernel

Bris et al., arXiv:2507.17478
Ferrera et al., arXiv:2603.19162

agreement with latest pheno results for CS kernel



quark TMDs in Pion 

Accuracy Drell-
Yan

N of points χ2/Npoints Flavor dep.

Wang et al., 2017 
JHEP 08 (17) 137 NLL ✔ 96 1.61 ✘

Vladimirov 2019 
JHEP 10 (19) 090 NNLL’ ✔ 80 1.44 ✘

MAPTMDPion22 
PRD 107 (23) 

014014

N3LL(-) ✔  138 1.55 ✘

JAM23 
PRD 108 (23) 

L091504

NNLL ✔  93 1.37 ✘

MAPTMDPion25 
2509.25098 N3LL ✔ 101 1.22 ✔

MAPTMDPion25  First fit sensitive to flavor dep. of kT distributions: valence - sea,  6 parameters 

data set:  E615, E537  -N Drell-Yan,  Nucleon TMDs from MAPTMD24 with same CS kernelπ−

simultaneous extraction of 
pion PDF & TMD 
proton TMD
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gluon TMDs

two types depending on complicated color structure of Wilson lines: 
3
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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(Warning: factorization under 
investigation for most processes)

often use models as guidance 

spectator model for all  
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T-odd 

Bacchetta et al., arXiv:2005.02288

Bacchetta et al., arXiv:2402.17556{ 
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simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†
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†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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which is illustrated in Fig. 1e.
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The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
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FIG. 3: Left panel: The TMD PDF of the gluon in a proton at µ =
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⇣ = 125 GeV as a function of the partonic transverse

momentum |k?| for x = 0.001, 0.01, 0.1. Right panel: gluon TMD PDF at x = 0.01 for µ =
p
⇣ = 6, 125, 350 GeV. Uncertainty
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NNLL, and NNLL’ [6], and compare the results with the baseline N3LL fit. We do not consider LL and NLL accura-
cies because in both cases the data/theory agreement is very poor. For these additional fits, we use the baseline cut
qT /MH < 0.3.

In Fig. 4, we show the behaviour of the global �2 as the perturbative accuracy increases. Note that we didn’t divide
for the number Ndat of data points in order to better appreciate the size of the di↵erences.
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FIG. 4: Values of the global �
2
of the fits at NLL’, NNLL, NNLL’ and N

3
LL perturbative accuracies.

We observe that the agreement between data and theory improves significantly moving from NLL’ to NNLL’, while it
remains essentially unchanged taking a further step to N3LL. This indicates that the perturbative series is converging
and that the inclusion of higher-order perturbative corrections is important to achieve an accurate description of data.
We conclude that, given the current experimental uncertainties, NNLL’ accuracy or higher is appropriate to reliably
extract gluon TMDs.

In order to better visualise the impact of higher-order correction, in Fig. 5 we compare fitted theoretical predictions
for all of the available perturbative orders to the ATLAS Run II (H ! ��) dataset. We see that the agreement
between data and theory improves as the perturbative accuracy increases, with the NNLL’ and N3LL predictions
being able to reproduce at best both shape and normalisation of the dataset. In particular, the inclusion of higher-
order corrections helps describe the peak and the tail of the distribution at relatively large values of qT , which is the
region where most of the tension between data and theory is observed at lower perturbative orders.

TMD factorization cut:  qT /MH < 0.3
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FIG. 6: Comparison between experimental data for the ATLAS Run II (left panel) and CMS Run II combined (right panel)

measurements at 13 TeV and the theoretical predictions obtained from the fits with di↵erent cuts on qT /MH . The layout of

the plot is the same as in Fig. 2.

uncertainties, the values of g1 obtained with di↵erent cuts are compatible within one-sigma error. This is yet another
indication that the choice of the baseline cut is not significantly a↵ecting the fit results.

In order to better visualise the e↵ect of the di↵erent cuts, in Fig. 7 we compare the gluon TMD at µ =
p
⇣ = MH

and x = 0.01 obtained from the fits with di↵erent cuts on qT . As expected, distributions obtained with di↵erent cuts
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FIG. 7: The TMD PDF of the gluon in a proton at µ =
p
⇣ = MH and x = 0.01 as a function of the partonic transverse

momentum |k?| obtained from the fits with di↵erent cuts on qT /MH . Uncertainty bands correspond to one-sigma error.

are compatible within one-sigma error. We also see that the TMD obtained with the most conservative cut is slightly
less broad than the one obtained with the baseline cut, which is consequence of the decrease of the g1. This is an
indication that the data points in the region of relatively large qT are driving the fit towards smaller TMDs at low
|k?|. However, given the current experimental uncertainties, this e↵ect is not statistically significant.

V. CONCLUSION

In this work, we have presented the first extraction of the unpolarised gluon TMD f
g

1 from LHC measurements of
the Higgs-boson transverse-momentum distribution. The analysis is based on the complete set of available ATLAS and
CMS data at

p
s = 8 and 13 TeV in the diphoton and four-lepton decay channels, and is carried out within the TMD

factorisation framework at N3LL accuracy, including the linearly polarised gluon TMD h
?g

1 with its NNLO matching
coe�cient. The fit is implemented in the NangaParbat framework of the MAP Collaboration, and fiducial selections
are consistently incorporated through a phase-space reduction factor computed for the relevant decay topologies.

The baseline fit, performed with the cut qT /MH < 0.3, reproduces both the shape and the normalisation of the ex-
perimental data with a global �2

/Ndat = 1.49, and yields an intrinsic nonperturbative parameter g1 = 14.4±5.1GeV2.
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FIG. 5: Comparison between experimental data for the ATLAS Run II measurements at 13 TeV and the theoretical predictions

obtained from the fits at NLL’, NNLL, NNLL’, and N
3
LL. The layout of the plot is the same as in Fig. 2.

D. Dependence on the qT cut

Finally, in this section we discuss the dependence on the cut on the measured transverse momentum qT . This is
a key ingredient of any TMD fit since it restricts the analysis to the region where TMD factorisation is valid. In
our baseline analysis, we include all data points with qT /MH < 0.3. Given the scarcity of Higgs data, this choice
has the scope of retaining as much experimental information as possible while staying in the applicability region of
TMD factorisation. Nonetheless, it is instructive to explore the e↵ect of imposing more conservative cuts. In Tab. V,
we report the values of the global �2

/Ndat of the N3LL fit with the corresponding extracted value of the parameter
g1 for three di↵erent choice of the cut, namely qT /MH < 0.2, 0.25, and the baseline cut 0.3. We observe that the

Cut Ndat �
2
/Ndat g1

⇥
GeV

2
⇤

qT /MH < 0.2 20 1.08 7.1± 4.3

qT /MH < 0.25 28 1.35 12.6± 4.7

qT /MH < 0.3 30 1.49 14.4± 5.1

TABLE V: Values of the global �
2
/Ndat and extracted g1 parameter of the fits at N

3
LL for di↵erent choices of the cut on

qT /MH . The number of data points Ndat included in each fit is also reported.

data/theory agreement increases for more conservative cuts. In particular, the global �2
/Ndat decreases from 1.49

for the baseline cut to 1.08 for the most conservative cut. This is an indication that some of the tension observed in
the fit with the baseline cut can be attributed to data points in the region of relatively large qT . However, the price
to pay is a significant reduction of the number of data points, from 30 to 20, which also hampers a sound statistical
interpretation of the results.

In order to better understand the origin of this tension, in Fig. 6 we compare the fitted theoretical predictions for
the three di↵erent cuts to the ATLAS Run II (H ! ��) and CMS Run II combined datasets. We observe that the
tension between data and theory is mostly driven by statistical fluctuations in the tail of the distribution at relatively
large qT . The tension is particularly evident for the CMS Run II combined dataset, which is the one with the largest
�
2
/Ndat in Tab. IV. Indeed, the �

2
/Ndat for this dataset decreases from 4.46 for the baseline cut to 0.76 for the most

conservative cut. For the data points included in all three cases, the agreement between data and theory is similar,
which indicates that our choice of the baseline cut is not significantly biasing the TMD.

In the last column of Tab. V, we report the value of the extracted g1 parameter for the three di↵erent cuts. We
observe that the value of g1 decreases for more conservative cuts, which is an indication that the data points in the
region of relatively large qT are driving the fit towards larger values of g1. However, given the current experimental

effect of cut  tensions from large qT data→
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FIG. 1: Higgs production in pp collisions through gluon fusion at leading order.

which sets the Higgs on the mass shell, producing
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2
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(4)

where x1,2 = (MH/
p
s)e±y are the light-cone momentum fractions. P is the phase-space reduction factor associated

with the kinematic cuts on the final state which will be discussed in section III. The perturbative hard function HggH

embodies hard and virtual contributions to the cross section and its perturbative coe�cients up to O(↵2
s
) can be found

in Ref. [27]. The unpolarised and linearly polarised (Boer-Mulders) TMDs fg

1 and h
?g

1 , respectively, are expressed in
bT space (with bT ⌘ |bT |) Fourier-conjugate to qT . Finally, the renormalisation scale µ and the two rapidity scales
⇣1 and ⇣2 are set as follows: µ2 = ⇣1 = ⇣2 = M

2
H
.

As is well known, for small values of bT both TMDs fg

1 and h
?g

1 can be matched on the unpolarised collinear PDFs.
Specifically, one has:
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where µb = 2e��E/bT , with �E the Euler-Mascheroni constant, and fi correspond to the unpolarised collinear PDFs,
which are taken from the NNPDF3.1 set [34] with perturbative charm at the appropriate perturbative order [6] and
accessed through the LHAPDF library [35]. Also the running of the strong coupling ↵s is taken from the PDF set. The
matching functions Cgi and Ggi admit the following perturbative expansions:

Cgi(y,↵s) = �(1� y) +
1X
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(6)

which we truncate at O(↵s) for NLL’ and NNLL, and at O(↵2
s
) for NNLL’ and N3LL. Moreover, TMDs obey evolution

equations that govern their dependence on µ and ⇣. The solution to these evolution equations is encoded in the so-
called Sudakov form factor, which is the same for both unpolarised and linearly-polarised gluon TMDs and reads

R
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process:  gluon-gluon fusion to Higgs  WW-type gluon TMD→
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quark TMD PDFs at leading twist  
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Each entry:   - has a probabilistic interpretation;     = forbidden by parity invariance 
                    - is connected to deformations induced by spin-momentum correlations  
  
                   - can be extracted from a specific measurable spin asymmetry

✘

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 
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how the quark kT distribution is  
distorted by the nucleon T polarization

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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naïve T-odd: non universal, but in a predictable way..
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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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Many extractions:

TMD framework
PV 2020 

arXiv:2004.14278
EKT 2020 

arXiv:2009.10710
BPV 2020 

arXiv:2012.05135
arXiv:2103.03270

TNT 2024 
arXiv:2412.18324

generalized Parton Model JAM 2020 
arXiv:2002.08384

TO-CA 2021 
arXiv:2101.03955

JAM 2022 
arXiv:2205.00999

Fernando-Keller 
arXiv:2304.14328

all parametrizations are in fair agreement for x-dep. of      for valence flavors 
kT-dependence is still much unconstrained

f⊥(1)
1T (x)

naïve T-odd: non universal, but in a predictable way..
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Figure 1: Estimates of the Collins azimuthal asymmetry for p
"

p ! jet ⇡ X,
based on the extractions of Ref. [55], as a function of z, integrated over ⌘j in
the forward region, at

p
s = 200 GeV and hpjT i = 13.3 GeV (upper panel) andp

s = 510 GeV and hpjT i = 32.3 GeV (lower panel). Uncertainty bands at 2�
CL are also shown. STAR data are from Refs. [47, 49].

Our results are based on the latest extractions performed in
Ref. [55], where, with the final aim to include also a new set
of data within a simultaneous reweighting procedure, we rean-
alyzed SIDIS and e

+
e
� azimuthal asymmetries. More precisely,

we adopt the updated extraction of h
q

1 and H
?q

1 from Ref. [55],
that was used as a prior for the Bayesian reweighting. The pre-
dictions from the reweighted TMDs, including the information
from SSA data in inclusive processes, will be presented sepa-
rately in Section 3.1.

In what follows, we always adopt the median of the Monte
Carlo sets (generated to estimate the uncertainty on the extrac-
tion) as central value, and the uncertainties are computed at a
2� confidence level (CL).

It is worth stressing that, as already discussed in Ref. [44],
these are genuine predictions based on extractions from pro-
cesses for which TMD factorization has been rigorously
proven. In this respect the present study can be considered a
further indication of the possible and somehow expected exten-
sion of TMD factorization also for pion-in-jet production in pp

collisions.
In Fig. 1 we show our estimates for the Collins azimuthal

asymmetry for charged pions at
p

s = 200 GeV and hpjT i =
13.3 GeV (upper panel) and at

p
s = 510 GeV and hpjT i =

32.3 GeV (lower panel) as a function of z, while in Fig. 2 we
present the corresponding ones as a function of xT = 2 pjT /

p
s,

integrated over z in the range [0.1 : 0.8]. Data from STAR at
200 GeV [47] and 510 GeV [49] are also displayed. Moreover,
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Figure 2: Estimates of the Collins azimuthal asymmetry for p
"

p ! jet ⇡ X,
based on the extractions of Ref. [55], as a function of xT at

p
s = 200 GeV

(upper panel) and
p

s = 510 GeV (lower panel), integrated over z and over ⌘j
in the forward region. Uncertainty bands at 2� CL are also shown. STAR data
are from Refs. [47, 49].

to provide a more detailed picture, in Fig. 3 we give our predic-
tions for A

sin(�S��H

⇡ )
N

as a function of z at
p

s = 200 GeV [47]
(upper panels) and 510 GeV [48] (lower panels) for di↵erent
pjT bins.

The overall agreement with STAR data is definitely good and
no significant energy dependence appears. This supports once
again the conjectured validity of TMD factorization for these
nonstandard TMD processes showing, at the same time, that
any evolution e↵ect is milder in such observables (see below).

Only some discrepancy, mostly for ⇡� data at moderate and
large z, is observed in Fig. 1 and Fig. 3. This can be traced
back to the relatively simple parametrization adopted for the
Collins functions that, for the unfavored one, assumes the same
z dependence as the unpolarized TMD FF (see Eq. (9)). More
flexible parametrizations are highly desirable and deserve extra
analyses beyond the scope of this work. We have also to remark
that the extraction of the Collins function from e

+
e
� data is lim-

ited to the region z > 0.2. This means that we are entering an
unexplored region. For these reasons in Fig. 1 we have suitably
indicated this by shadowing the region below z = 0.2.

A word of caution is nevertheless mandatory. Indeed, one
cannot exclude that, within this simplified LO approach, a sort
of cancellation between higher-order corrections and potential
factorization-breaking contributions might occur. On the other
hand, the general agreement between data and LO predictions
is quite encouraging. Further improved studies along this direc-
tion, as well as more experimental analyses, will certainly help
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based on the extractions of Ref. [55], as a function of xT at

p
s = 200 GeV

(upper panel) and
p

s = 510 GeV (lower panel), integrated over z and over ⌘j
in the forward region. Uncertainty bands at 2� CL are also shown. STAR data
are from Refs. [47, 49].
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no significant energy dependence appears. This supports once
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any evolution e↵ect is milder in such observables (see below).

Only some discrepancy, mostly for ⇡� data at moderate and
large z, is observed in Fig. 1 and Fig. 3. This can be traced
back to the relatively simple parametrization adopted for the
Collins functions that, for the unfavored one, assumes the same
z dependence as the unpolarized TMD FF (see Eq. (9)). More
flexible parametrizations are highly desirable and deserve extra
analyses beyond the scope of this work. We have also to remark
that the extraction of the Collins function from e

+
e
� data is lim-

ited to the region z > 0.2. This means that we are entering an
unexplored region. For these reasons in Fig. 1 we have suitably
indicated this by shadowing the region below z = 0.2.

A word of caution is nevertheless mandatory. Indeed, one
cannot exclude that, within this simplified LO approach, a sort
of cancellation between higher-order corrections and potential
factorization-breaking contributions might occur. On the other
hand, the general agreement between data and LO predictions
is quite encouraging. Further improved studies along this direc-
tion, as well as more experimental analyses, will certainly help
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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
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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Conclusions 
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quark TMD in the proton
significant impact of EIC, already in early years, 
for both spin-averaged and transversely polarized 
observables 
quark TMD in pion &  gluon TMD
phenomenology just started

interesting new opportunities from new collider observables (hadron-in-jet, EEC)

guidance from models where phenomenology is missing (particularly, for gluons)
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ū

N
2
ū
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Potential impact on W mass

- take the DYTURBO code, introduce sets of flavor dep. parameters in nonpert. part  
  and generate pTZ spectra compatible with exp. spectrum including ATLAS and CMS  
  errors (χ2/d.o.f. < 1.3)
- with these “Z-equivalent” sets, generate pseudodata for lepton pT distribution at MW0 
- with flavor-indep. nonpert. part, generate 30 template lepton pT distributions with  
   MW in MW0 ± 0.015 GeV
- perform template fits for each pseudodata 

q′ 

q̄ W±
lepton

neutrino

intrinsic k  + resummation  ⊥ → qTW → pTℓ

  main channelsuū , dd̄ → Z0

  main channelud̄ → W+ but all analyses assume  
flavor-independent  

intrinsic k  distribution⊥Procedure

−6 ≤ ΔMW+ ≤ 9 −4 ≤ ΔMW− ≤ 3Finding: ΔMW+ ≠ ΔMW−MeV   and

Bacchetta et al., P.L. B788 (19),  
arXiv:1807.02101

In progress:  repeat the analysis with MAPTMD24 at N3LL



Snapshot of the EIC and ePIC

41 countries    
310 Institutions 
1557 members

EIC Users Group

ePIC Collaboration Status and 
Plans for New Members

John Lajoie and Silvia Dalla Torre

Electron-Ion Collider (EIC) Resource Review Board (RRB) Meeting
EIC RRB meeting, April 3-4, 2023

Collaboration

25 countries    
183 Institutions  
1158 members

as of June 1st, 2026

5

THE PATH TO THE EIC AND TO ePIC

Among the main 
Achievements:
The Yellow Report

(2020)

Formed in 2016 –

• 1557 members
• 41 countries
• 6 world regions 
• 310 institutions
 
As of Jun2 1st, 2026

Institutions 

Europe

North 
America

Asia
Africa
South 
   America 
Oceania

Nucl. Phys. A 1026 
(2022) 122447

EIC Asia Workshop, Tokyo, June 11-13, 2026                                                                 Silvia DALLA TORRE

2024 Lehigh U., PA
2025 JLab., VA
2026 Glasgow, UK

Africa
S.America

Oceania

as of June 1st, 2026

9

The ePIC Collaboration
ePIC Institutions ePIC countries  ePIC World Regions
         183                                          25                                           4

EIC Asia Workshop, Tokyo, June 11-13, 2026                                                                 Silvia DALLA TORRE

ePIC  initiated 
in July 2022

Currently:

1158 collaborators

(as June 1st, 2026)

Members Europe

North 
America

AsiaAfrica
Africa

The NAS Science Pillars

6

The NAS Science Pillars

Identified in the 2018 National Academy of Sciences assessment of the EIC science case

Every early running measurement presented in ESR maps to one or more of these pillars

Origin of nucleon mass

How does the mass of the 
nucleon arise?

Gluon dynamics, gravitational form 
factors, and the QCD mechanisms 

behind visible mass

Origin of nucleon spin

How does the spin of the 
nucleon arise?

Quark & gluon helicity, transversity, 
and orbital angular momentum via 

polarized beams

Dense gluonic matter
What are the emergent 

properties of dense gluon 
systems?

Nuclear gluon densities, nuclear 
structure, and the search for gluon 

saturation

origin of N mass
9

Unraveling the Mystery of the Origin of the Nucleon Spin

Quark spins Gluon spins Quark orbital 
angular momentum

Gluon orbital 
angular momentum

Spin – one of the fundamental proper%es of par%cles
How does the spin of the nucleon originate from its quark, an%-quark, and gluon cons"tuents and their dynamics?

● Proton spin doesn’t originate only from its 3 
valence-quark spins

● AHer decades of experiments: quark spins 
contribute ~30% to the proton spin

Proton Spin Puzzle
EMC Experiment (1987)

origin of N spin

6

The NAS Science Pillars

Identified in the 2018 National Academy of Sciences assessment of the EIC science case

Every early running measurement presented in ESR maps to one or more of these pillars

Origin of nucleon mass

How does the mass of the 
nucleon arise?

Gluon dynamics, gravitational form 
factors, and the QCD mechanisms 

behind visible mass

Origin of nucleon spin

How does the spin of the 
nucleon arise?

Quark & gluon helicity, transversity, 
and orbital angular momentum via 

polarized beams

Dense gluonic matter
What are the emergent 

properties of dense gluon 
systems?

Nuclear gluon densities, nuclear 
structure, and the search for gluon 

saturation

dense gluonic matter 
saturation?



The current EIC Project timeline 

Mission 
need

CD-1
07/2021

Conceptual
design

CD-3A
03/2024

First
LLP

02/2026

RHIC 
shutdown

CD-3B
02/2026

LLP

CD-4
2034-3509/2026

DOE
review

CD-3C
late 2026?

LLP
parts of
Detector

Current design maturity > 75%

~07/2027

Final
design
reviews

completed

~10/2027

DOE 
review

CD-2/3
Q1-2028

Performance
baseline
Start of

constructions

9-12 Mar 2026:  EIC Project Director’s Review (summary): 
•The EIC Project has made strong technical progress and demonstrates the capability to deliver the facility.
•The primary challenge is no longer technical feasibility, but:
•Establishing a credible, fully integrated baseline and aligning scope, cost, schedule, and risk management to meet 
the $3B cap while preserving mission need.
•Current estimates exceed the $3B cap; systematic cost reductions tied to a defensible baseline are required.



spectator model of gluon TMDs

- Nucleon = gluon + spectator on-shell  
   spin-1/2 particle; vertex contains a  
   Gordon-like propagator with parametric  
   dipolar couplings 

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange; WW-type , dipole  
- Spectator mass takes continuous range of values through a parametric spectral function 
- Parameters (9) fixed by reproducing collinear gluon PDFs f1 and g1 from NNPDF3.0
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h⊥ g
1L

eikonal approx.

same structure as 
    but with f-type  
and d-type color  
structures 
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gluon TMDsProduction of J/ψ in NRQCD

J/ψ is a bound state of charm quark and anti-quark (" #")

Long distance matrix elements (LDMEs) : Describes 
hadronization of  of ! "![$] states into final quarkonium 

state

NRQCD factorization

Perturbative short distance coefficient

Subprocess cross section  for formation of heavy quark 
pair in  particular color, angular momentum and spin 
state “n” : !"#$&%, calculated by perturbative QCD

G. T. Bodwin et al, PRD51 (1995), 
Lepage 95

Production of J/ψ in NRQCD

J/ψ is a bound state of charm quark and anti-quark (" #")

Long distance matrix elements (LDMEs) : Describes 
hadronization of  of ! "![$] states into final quarkonium 

state

NRQCD factorization

Perturbative short distance coefficient

Subprocess cross section  for formation of heavy quark 
pair in  particular color, angular momentum and spin 
state “n” : !"#$&%, calculated by perturbative QCD

G. T. Bodwin et al, PRD51 (1995), 
Lepage 95

J/ψ, Υ production

g-g fusion

  TMD factorizationqQQ̄
T ≪ MQQ̄

WW-type  
gluon TMD

dσ ∼ ∑
n

(αs)nHn [gTMD ⊗ gTMD ⊗ TMDShF]

spectator model predictions
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Bacchetta et al., E.P.J.C 80 (20) 733, arXiv:2005.02288 
                          E.P.J.C 84 (24) 576, arXiv:2402.17556

- generate T-odd with 1gluon - exchange 
- spectral mass function for spectator 
- parameters fixed to collinear gluon PDF
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†
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gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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†],

which is illustrated in Fig. 1e.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†
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gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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which is illustrated in Fig. 1e.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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we apply the cut to evaluate the kT integral and vary kmax
T

from 1 to 2 GeV as part of the uncertainties. The
kT-integrated polarization distributions are shown in Fig. 3,
in comparison with those from collinear analysis [39,94].
Within the data covered region, up to x ∼ 0.3, the TMD and
collinear results roughly agree with each other, while there
are deviations when extrapolating to a higher x region.

Polarized SIDIS experiments at Jefferson Lab can make
measurements at larger x values [85], which will improve
the determination in the extrapolated region.
Summary and outlook—We report the first global analy-

sis of TMD helicity distributions. The analysis is performed
within the TMD factorization at NLO and NNLL accuracy
by fitting the longitudinal DSA measurements in the SIDIS
process. The results show nonzero signals of u quark and d
quark TMD helicity distributions, and their kT-integrated
polarization distributions are compatible with collinear
PDF extractions across the range of x values covered by
the data.
In addition to the x dependence, the TMD helicity

distributions reveal the kT dependence of parton polariza-
tion induced by the nucleon polarization, providing infor-
mation that is not captured in collinear distributions. Our
results indicate that both u-quark and d-quark polarization
decreases with kT in the valence component dominant
region. This behavior qualitatively matches the feature
predicted by the Wigner rotation effect. On the other hand,
in the relative low-x region, where QCD dynamics plays an
essential role, increasing polarization in dependence on kT
is observed. In either case, the kT-dependent polarization is
highly nontrivial, and will deepen our understanding of
nucleon spin structures and shed light on the dynamics of
strong interaction. So more scrutiny is desired for TMD
helicity distributions.

Note added—There is another analysis [101] appeared
during the reviewing process of this work.
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FIG. 3. Transverse momentum integrated polarization distri-
butions of u quark (red) and d quark (blue) and the comparison
with those from collinear distributions [39,94].

FIG. 2. Transverse momentum dependence of the polarization
of u quark (red) and d quark (blue). The bands represent 68% CL.
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The Sivers TMD is not universal

SIDIS
e

h

P

final 
state

in SIDIS, the color structure describes the 
residual final-state interactions between the 
struck parton and the residual spectators

Drell-Yan
p

p l+

l­
initial 
state

in Drell-Yan, the color structure describes the 
initial-state interactions between the 
annihilating parton and the residual spectators

Prediction of QCD based on general principles: 

 f⊥
1T |SIDIS = − f⊥

1T |Drell−Yan0.88 1.00

Bury et al.,  
arXiv:2012.05135 
         2103.03270

current statistical precision of exp. data 
is not enough to confirm the sign change



Sivers effect at the EIC

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
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Figure 9: Left: Expected uncertainties of the u- and d-quark Sivers function as a function of the b
parameter for x = 0.1, based on [118]. The light shaded uncertainties represent the current uncertainties
while the dark shaded uncertainties represent the impact including the early EIC data. Right: Expected
uncertainties on the up and down quark tensor charges when including the early EIC data based on
[121, 122]. The pink shaded area represents the current uncertainties while the purple region represents
the uncertainty when including the early EIC data from e+p and e+3He collisions.

tensor interaction [124].623

The ePIC early science program will deliver unprecedented multi-dimensionality in these measurements.624

By simultaneously binning in z, Ph?, x, and Q2, it becomes possible to disentangle contributions from625

the initial-state TMD PDFs and the final-state fragmentation, and to map their interplay across a wide626

kinematic range. Collins asymmetries are also discussed in the context of fragmentation within jets in627

Section 7.628

The availability of transversely polarized beams will enable ePIC to begin this three-dimensional imaging629

program. Even with the luminosities achieved in the early running period, the statistical precision for pion630

and kaon asymmetries will be sufficient to significantly reduce existing uncertainties in global TMD PDF631

fits. An impact study has been prepared using the e+p 10⇥130 GeV2 and 10⇥250 GeV2 data sets, as well632

as tagged 10x166 GeV2 e +3 He data sets, scaled to 1.25, 0.5 and 0.75 fb�1, respectively. A conservative633

systematic uncertainty, taken as the bin-dependent difference between the generated and reconstructed634

asymmetries, and a 1.5% scale uncertainty from the polarization determination are considered. The635

resulting pseudo-data, which achieves sub-percent-level precision over a large fraction of the available636

phase space, was then analyzed following the methodology of previous impact studies [125, 126]. Figure 9637

shows the expected precision that the Sivers functions and tensor charges can be extracted with at ePIC638

already during the early running period. As can be seen, these early data are expected to advance639

studies beyond the one-dimensional longitudinal picture of nucleon structure, contributing to a more640

comprehensive dynamical understanding of how mass, spin, and confinement emerge from QCD.641

Helicity measurements While parton helicities and their contributions to the nucleon spin have been642

discussed in the section on inclusive measurements, the flavor sensitivity of SIDIS is particularly valuable643

for extracting the helicities of sea quark flavors. Measurements of the W-boson production at RHIC have644

established that the light quark sea is polarized and asymmetric between anti-up and anti-down flavors645

[127–129]. These investigations need to be extended to lower momentum fractions to evaluate their total646

contributions to the spin sum rule through their integrals. A special role in these measurements falls to the647

strange quark helicities. As of now, HERMES[130] and COMPASS [131] have not seen any indication of648
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FIG. 10. 1� uncertainty bands of huv
1 and hdv

1 : results based on JAMDiFF-x (cyan) and after including the ePIC proton and
3He pseudo-data in the fit (red). The So↵er bound is indicated by the blue dotted lines. The lower panels show the ratio of
the uncertainties for the transversity PDFs (with/without ePIC pseudo-data).

FIG. 11. 1� confidence ellipses for the tensor charges �u and �d: results based JAMDiFF-x without LQCD (cyan) and with
LQCD (blue), and after including the ePIC pseudo-data in the fit without LQCD (red) and with LQCD (green). Also shown
are the two LQCD tensor charge calculations by ETMC [20] and PNDME [14].

charges but results in �
2
red = 3.38 for the ePIC proton dataset (Z = 4.67). Overall, this shows that future ePIC

data can definitively establish or rule out the compatibility of phenomenological extractions with LQCD predictions
of the tensor charges. This conclusion holds without the use of the low-x theoretical constraint, relying entirely on
the constraining power of the data.
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Figure 9: Left: Expected uncertainties of the u- and d-quark Sivers function as a function of the b
parameter for x = 0.1, based on [118]. The light shaded uncertainties represent the current uncertainties
while the dark shaded uncertainties represent the impact including the early EIC data. Right: Expected
uncertainties on the up and down quark tensor charges when including the early EIC data based on
[121, 122]. The pink shaded area represents the current uncertainties while the purple region represents
the uncertainty when including the early EIC data from e+p and e+3He collisions.

tensor interaction [124].623

The ePIC early science program will deliver unprecedented multi-dimensionality in these measurements.624

By simultaneously binning in z, Ph?, x, and Q2, it becomes possible to disentangle contributions from625

the initial-state TMD PDFs and the final-state fragmentation, and to map their interplay across a wide626

kinematic range. Collins asymmetries are also discussed in the context of fragmentation within jets in627

Section 7.628

The availability of transversely polarized beams will enable ePIC to begin this three-dimensional imaging629

program. Even with the luminosities achieved in the early running period, the statistical precision for pion630

and kaon asymmetries will be sufficient to significantly reduce existing uncertainties in global TMD PDF631

fits. An impact study has been prepared using the e+p 10⇥130 GeV2 and 10⇥250 GeV2 data sets, as well632

as tagged 10x166 GeV2 e +3 He data sets, scaled to 1.25, 0.5 and 0.75 fb�1, respectively. A conservative633

systematic uncertainty, taken as the bin-dependent difference between the generated and reconstructed634

asymmetries, and a 1.5% scale uncertainty from the polarization determination are considered. The635

resulting pseudo-data, which achieves sub-percent-level precision over a large fraction of the available636

phase space, was then analyzed following the methodology of previous impact studies [125, 126]. Figure 9637

shows the expected precision that the Sivers functions and tensor charges can be extracted with at ePIC638

already during the early running period. As can be seen, these early data are expected to advance639

studies beyond the one-dimensional longitudinal picture of nucleon structure, contributing to a more640

comprehensive dynamical understanding of how mass, spin, and confinement emerge from QCD.641

Helicity measurements While parton helicities and their contributions to the nucleon spin have been642

discussed in the section on inclusive measurements, the flavor sensitivity of SIDIS is particularly valuable643

for extracting the helicities of sea quark flavors. Measurements of the W-boson production at RHIC have644

established that the light quark sea is polarized and asymmetric between anti-up and anti-down flavors645

[127–129]. These investigations need to be extended to lower momentum fractions to evaluate their total646

contributions to the spin sum rule through their integrals. A special role in these measurements falls to the647

strange quark helicities. As of now, HERMES[130] and COMPASS [131] have not seen any indication of648
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