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TMDs: 3D maps
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in momentum space

↑

k+ = xP+

�kT

x: momentum fraction  
carried by quark

Transverse Momentum 
Distributions

TMDs
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Leading quark TMDs
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the distribution of quarks sharply depends on the orientation of their spins
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from the TMD handbook, 
arXiv:2304.03302

https://arxiv.org/abs/2304.03302


What’s new

4

some recent works about TMDs

Flavor dependence of unpolarized quark Transverse Momentum Distributions from a global fit 
    MAP Collaboration – DOI: 10.1007/JHEP08(2024)232 - arXiv:2405.13833 

Extraction of unpolarized transverse momentum distributions from fit of Drell–Yan data at N⁴LL 
    Valentin Moos, Ignazio Scimemi, Alexey Vladimirov, Pia Zurita – DOI: 10.1007/JHEP05(2024)036 -  arXiv:2305.07473 

A Neural-Network Extraction of Unpolarized Transverse-Momentum-Dependent Distributions 
     MAP Collaboration - arXiv:2502.04166 

Phenomenology of TMD parton distributions in Drell-Yan and Z0 boson production in a hadron 
structure oriented approach 

    F. Aslan, M. Boglione, J. O. Gonzalez-Hernandez, T. Rainaldi, T. Rogers and A. Simonelli 
    arXiv: 2401.14266 -  DOI: 10.1103/PhysRevD.110.074016 

Unpolarized TMDs 

ART23

MAP24

HSO

NN25

https://doi.org/10.1007/JHEP08(2024)232
https://arxiv.org/abs/2405.13833#:~:text=Title:Flavor%20dependence%20of%20unpolarized%20quark,Distributions%20from%20a%20global%20fit
https://doi.org/10.1007/JHEP05(2024)036
https://arxiv.org/abs/2305.07473#:~:text=Title:Extraction%20of%20unpolarized%20transverse%20momentum,Yan%20data%20at%20N$%5E4$LL
https://arxiv.org/pdf/2502.04166
https://arxiv.org/abs/2401.14266
https://doi.org/10.1103/PhysRevD.110.074016


What’s new
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some recent works about TMDs

 First simultaneous global QCD analysis of dihadron fragmentation functions and transversity  
    parton distribution functions 

  JAM Collaboration -  DOI: 10.1103/PhysRevD.109.034024 -  arXiv: 2308.14857 

Exploring the three-dimensional momentum distribution of longitudinally polarized quarks in the proton  
      MAP Collaboration 
      A. Bacchetta, A. Bongallino, M. Cerutti, M. Radici and L. Rossi - arXiv:2409.18078. 

Helicity & Transversity

Extraction of the Sivers function with deep neural networks  
    I. P. Fernando, D. Keller –  DOI: 10.1103/PhysRevD.108.054007 -  arXiv:2304.14328 

Global analysis of Sivers and Collins asymmetries within the TMD factorization 
    Chunhua Zeng, Hongxin Dong, Tianbo Liu, Peng Sun, Yuxiang Zhao – arXiv:2412.18324 

Sivers

https://doi.org/10.1103/PhysRevD.109.034024
https://arxiv.org/pdf/2308.14857
https://arxiv.org/abs/2409.18078
https://doi.org/10.1103/PhysRevD.108.054007
https://arxiv.org/abs/2304.14328#:~:text=Title:Extraction%20of%20the%20Sivers%20function,with%20deep%20neural%20networks
https://arxiv.org/abs/2412.18324#:~:text=Title:Global%20analysis%20of%20Sivers%20and,asymmetries%20within%20the%20TMD%20factorization


TMD PDFs
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every TMD has the same general structure

perturbative  
evolution

collinear PDFsmatching to the 
collinear region

<latexit sha1_base64="PkEE5bd3jUiWbAo22wSgpunv4Ps="></latexit>
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<latexit sha1_base64="rQ3lgX7woildTF4W64ybnyaXx5Q="></latexit>

non perturbative  
transverse content

parametrized  
and fitted to data

many subtleties involved in TMD analyses

double scale dependence

b* prescription,  
ζ-prescription, hadron structure oriented 



b* prescription
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 not directly comparable between fits,  
it depends on the choice of b* prescription
fNPimportant

F (x, b;µ, ⇣) =
h

F (x,b;µ,⇣)
F (x,b⇤(b);µ,⇣)

i
F (x, b⇤(b);µ, ⇣)

<latexit sha1_base64="L6htXopYi3hR/JsVzsLzxQ6ZfAw="></latexit>

⌘ fNP(x, b, ⇣)F (x, b⇤(b);µ, ⇣)
<latexit sha1_base64="B+TI0u+q8iJKnUBkPG1U0gkY6pU="></latexit> fit to data

bT → ∞ αs(μb) = α ( 2e−γE

b ) ≫ 1 invalidates perturbative  
calculations ⇒ bmax

perturbative



Hadron Structure Oriented approach
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TMD PDF HSO parametrization at input scale 
F. Aslan, M. Boglione, J. O. Gonzalez-Hernandez, T. Rainaldi, T. Rogers and A. Simonelli  
DOI: 10.1103/PhysRevD.110.074016 

no need to divide space  
into two parts with bmax

kT ⇡ Q
<latexit sha1_base64="pB6m1FSQ5h89jiW3cv+LJWJRWKI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy20C9ol5JNs21oNhuTbLEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeIDnTxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThRhDZJzGPVCbCmnAnaNMxw2pGK4ijgtB2M7+d+e0KVZrFomKmkfoSHgoWMYGMlf9xvoB6WUsVPqN4vltyyuwBaJ15GSpCh1i9+9QYxSSIqDOFY667nSuOnWBlGOJ0VeommEpMxHtKupQJHVPvp4ugZurDKAIWxsiUMWqi/J1IcaT2NAtsZYTPSq95c/M/rJia89VMmZGKoIMtFYcKRidE8ATRgihLDp5Zgopi9FZERVpgYm1PBhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETCDzCM7zCmzNxXpx352PZmnOymVP4A+fzBxNzkaU=</latexit>

NP transverse momentum parameters needed
<latexit sha1_base64="9aPajV+japaJDi5aRmdXL+XX2rc=">AAACGHicbVBNSwMxEM3Wr1q/qh69BIvgqe5WQY9FL56kgtVCW0o2O7WhSXZJZsWy9Gd48a948aCIV2/+G7O1B60OBB7vvZnJvDCRwqLvf3qFufmFxaXicmlldW19o7y5dW3j1HBo8ljGphUyC1JoaKJACa3EAFOhhJtweJbrN3dgrIj1FY4S6Cp2q0VfcIaO6pUPOgj3mF00KBqmbW4FqmIFGlNFE2aYAnQk1QARRONeueJX/UnRvyCYggqZVqNX/uhEMU/zgVwya9uBn2A3YwYFlzAudVILCeNDdgttB7XbZ7vZ5LAx3XNMRPuxcU8jnbA/OzKmrB2p0DkVw4Gd1XLyP62dYv+kmwmdpAiafy/qp5JiTPOUaCQMcJQjBxg3wv2V8oELg+dZlFwIwezJf8F1rRocVmuXR5X66TSOItkhu2SfBOSY1Mk5aZAm4eSBPJEX8uo9es/em/f+bS14055t8qu8jy8kD6EU</latexit>

Calculated with perturbation theory
<latexit sha1_base64="sPOyCVOy7vOjRFFFFoeMtvqfJhk=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXajoGUwjWUE84AkhNnJTTJk9sHMXTUs+Qcbf8XGQhFbGzv/xslmC008MHA451zu3ONFUmh0nG9raXlldW09t5Hf3Nre2bX39us6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6HhjSpTv3EHSoswuMVxBB2fDQLRF5yhkbr2aRvhAZMKkzyWDKFH7wUOaQQKY+WlIYpDCNV40rULTtFJQReJm5ECyVDt2l/tXshjHwLkkmndcp0IOwlTKLiESb4da4gYH7EBtAwNmA+6k6Q3TeixUXq0HyrzAqSp+nsiYb7WY98zSZ/hUM97U/E/rxVj/7KTiCCKEQI+W9SPJcWQTguiPaGAoxwbwrgS5q+UD5liHE2NeVOCO3/yIqmXiu5ZsXRzXihfZXXkyCE5IifEJRekTK5JldQIJ4/kmbySN+vJerHerY9ZdMnKZg7IH1ifP4ognzQ=</latexit>

preserve the integral normalizations that 
connect TMD and collinear PDFs

<latexit sha1_base64="nnczMmSJeHARA0cJcGdLGjIY83I="></latexit>
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<latexit sha1_base64="ZsqVkSGxZriX1qMEykrcGXnwdX0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBZBUGoiUj0We/FYwX5Am5bNdtMu3WzC7kYpof/DiwdFvPpfvPlv3KY5aOuDgcd7M8zM8yLOlLbtbyu3srq2vpHfLGxt7+zuFfcPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryxrWZ33qkUrFQPOhJRN0ADwXzGcHaSL2z7jmqoZ7fT9hFNO0XS3bZToGWiZOREmSo94tf3UFI4oAKTThWquPYkXYTLDUjnE4L3VjRCJMxHtKOoQIHVLlJevUUnRhlgPxQmhIaperviQQHSk0Cz3QGWI/UojcT//M6sfZv3ISJKNZUkPkiP+ZIh2gWARowSYnmE0MwkczcisgIS0y0CapgQnAWX14mzcuyUylX7q9K1dssjjwcwTGcggPXUIU7qEMDCEh4hld4s56sF+vd+pi35qxs5hD+wPr8AcM7kWo=</latexit>

+Cf
i/p

the relative contributions  
cannot be adjusted independently from one another

pQCD and collinear factorization

NP model

coefficient such that the  
integral relations/OPE expansion is satisfied

+ power suppressed.

https://doi.org/10.1103/PhysRevD.110.074016


Drell-Yan and SIDIS
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N(PA) +N(PB) ! �⇤/Z ! l+l�
<latexit sha1_base64="tp82LPk+VsegZMCIaI54IDb8zYU="></latexit>
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Data kinematical coverage
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SIDIS & Drell-Yan

MAP Collaboration ART23 - arXiv: 2305.07473 
 DOI: 10.1007/JHEP05(2024)036 
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darker color means higher density of data

https://arxiv.org/pdf/2305.07473#:~:text=,Bootstrapping%20Rapidity%20Anomalous%20Dimensions%20for
https://doi.org/10.1007/JHEP05(2024)036


Extractions of unpolarized TMDs
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Reference Accuracy HERMES COMPASS DY n. of points χ²/n

PV 2017  
[arXiv:1703.10157]

NLL ✅ ✅ ✅ 8059 1.5

SV 2017  
[arXiv:1706.01473] NNLL′ ❌ ❌ ✅ 309 1.23

SV19  
[arXiv:1912.06532] N³LL(-) ✅ ✅ ✅ 1039 1.06

PV19  
[arXiv:1912.07550] N³LL ❌ ❌ ✅ 353 1.07

SV19 + flavor dep. 
[arXiv:2201.07114] N³LL ❌ ❌ ✅ 309 <1.08>

MAP22  
[arXiv:2206.07598] N³LL(-) ✅ ✅ ✅ 2031 1.06

ART23  
[arXiv:2305.07473] N⁴LL ❌ ❌ ✅ 627 0.96

MAP24  
[arXiv:2405.13833] N³LL ✅ ✅ ✅ 2031 1.08



PDF bias
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ζ-prescription

M. Bury, F. Hautmann, S. Leal-Gomez, I. Scimemi,  
A. Vladimirov, P. Zurita  - arXiv:  2201.0714 -  DOI: 10.1007/JHEP10(2022)118

N3LL

<latexit sha1_base64="8CU+p7jYg2BLKczp84dgBxxLeLg="></latexit>

ff
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"
�

⇥
(1� x)�f

1 + x�f
2

⇤
b2

q
1 + �f

0 x
2 b2

#

11 parameters comparison of uncertainty band for unpolarized  
TMDPDFs extracted with different PDFs.

distinguish {u, d, ubar, dbar}  
and sea = {s, sbar, c, cbar, bbar, b}

https://arxiv.org/abs/2201.07114
https://doi.org/10.1007/JHEP10(2022)118


ART23
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V. Moos, I. Scimemi, A. Vladimirov, P. Zurita 
DOI: 10.1007/JHEP05(2024)036 -  arXiv: 2305.07473

explicit flavor dependence

extraction minimizes the PDF bias

N4LL 
up down

<latexit sha1_base64="jpXKzkpj+wBaiUtoeuSNfjwWNRk="></latexit>

ff
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�f
1 (1� x) + �f

2 x
⇤
b
⌘ 10 + 3 parameters 

full uncertainty bands  
in comparison to  

the extraction at the central PDF replica 

https://doi.org/10.1007/JHEP05(2024)036
https://arxiv.org/pdf/2305.07473#:~:text=,Bootstrapping%20Rapidity%20Anomalous%20Dimensions%20for


MAP24
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b*-prescription  
N3LL

96 parameters 

same as in MAP22
<latexit sha1_base64="m+8bbCmU0Z9iwIhxSxTzF4DvnU4=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lEqseiF09SwX5AE8pmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtPG8b6e0tr6xuVXednd29/YPKodHbZ1kitAWSXiiuhHWlDNJW4YZTrupolhEnHai8e3M7zxRpVkiH80kpaHAQ8liRrCxUhD380AJdN+cuqhfqXo1bw60SvyCVKFAs1/5CgYJyQSVhnCsdc/3UhPmWBlGOJ26QaZpiskYD2nPUokF1WE+v3mKzqwyQHGibEmD5urviRwLrScisp0Cm5Fe9mbif14vM/F1mDOZZoZKslgUZxyZBM0CQAOmKDF8YgkmitlbERlhhYmxMbk2BH/55VXSvqj59Vr94bLauCniKMMJnMI5+HAFDbiDJrSAQArP8ApvTua8OO/Ox6K15BQzx/AHzucPwtGQ3Q==</latexit>

fNP

1 + (5 flavors × 10 parameters) for TMD PDFs, and 
 45 (5 channels × 9 parameters) for TMD FFs.

TMD PDFs
global fit: DY & SIDIS

-

each TMD replica is matched onto a  
di!erent replica of the collinear PDFs

uncertainties  
are larger

vs
MAP22 only central replica  

of collinear PDFs
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extraction of  from DY dataf1(x, kT)
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MAP Collaboration 
arXiv:2502.04166

(more) reliable uncertainties

https://arxiv.org/pdf/2502.04166
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“strong” universality

A. Avkhadiev, P. E. Shanahan,  
M. L. Wagman, and Y. Zhao - arXiv: 2402.06725 
DOI: 10.1103/PhysRevLett.132.231901 

ART23

MAP Collaboration

good agreement between 
 the extractions

process independent,  
insensitive to the types of external hadrons involved,  
not dependent on polarization, on the flavors of the quarks, and on the scale Q

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.231901#:~:text=extrapolated%20lattice%20QCD%20results%20are,enough%20to%20disfavor%20other%20parametrizations
https://doi.org/10.1103/PhysRevLett.132.231901
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proposed new approach to TMD phenomenology
within ‘the usual’ TMD factorization

proof of principle

low Q fit results

4 parameters 
F. Aslan, M. Boglione, J. O. Gonzalez-Hernandez, T. Rainaldi, T. Rogers and A. Simonelli 
DOI: 10.1103/PhysRevD.110.074016 

HSO approach guarantees that the TMD pdf asymptotes  
to the perturbative tail

https://doi.org/10.1103/PhysRevD.110.074016


Sivers function
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with Deep Neural Networks

I. P. Fernando, D. Keller 
DOI: 10.1103/PhysRevD.108.054007 
arXiv:2304.14328

using HERMES and COMPASS data

exploratory analysis

in a nucleon polarized in the +y direction, 
the distribution of quarks can be distorted in the x direction
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good agreement between 
 the extractions

https://doi.org/10.1103/PhysRevD.108.054007
https://arxiv.org/abs/2304.14328#:~:text=Title:Extraction%20of%20the%20Sivers%20function,with%20deep%20neural%20networks
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first simultaneous global analysis of the  DiFFs  
and transversity PDFs

π+π−

JAM Collaboration - arXiv: 2308.14857 
DOI: 10.1103/PhysRevD.109.034024 

, SIDIS, and         data
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        quantifies the degree of transverse polarization of quarks within 
a transversely polarized nucleon.
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tensor charges

3σ

tensions!

Phys. Rev. Lett. 132, 091901 (2024) 
 arXiv: 2306.12998inclusion of LQCD data on  

tensor charges in the fit

LQCD data reduces uncertainties in the large-x region

https://arxiv.org/pdf/2308.14857
https://doi.org/10.1103/PhysRevD.109.034024
https://arxiv.org/pdf/2306.12998
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longitudinally polarized quarks
A. Bacchetta, A. Bongallino, M. Cerutti, M. Radici and L. Rossi 
MAP Collaboration -  arXiv:2409.18078 

A1(x, z, Q, |PhT | ) =
∑

a=q,q̄
e2

a ∫
+∞

0
d |bT |2 J0 ( |bT | |PhT |

z ) ̂ga
1(x, |bT |2 , Q) D̂a→h

1 (z, |bT |2 , Q)

∑
a=q,q̄

e2
a ∫

+∞

0
d |bT |2 J0 ( |bT | |PhT |

z ) ̂fa
1(x, |bT |2 , Q) D̂a→h

1 (z, |bT |2 , Q)double spin asymmetry 

0.0 0.5 1.0 1.5 2.0
|k?| [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

g
u 1
(x

,k
2 ?
,Q

,Q
2
)

NLL

Q = 2 GeV

x = 0.05

x = 0.1

x = 0.3

0.0 0.5 1.0 1.5 2.0
|k?| [GeV]

0.0

0.1

0.2

0.3

0.4
N2LL

Q = 2 GeV

x = 0.05

x = 0.1

x = 0.3

0.00 0.25 0.50 0.75
|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

g
u 1
(x

,k
2 ?
,Q

)
f

u 1
(x

,k
2 ?
,Q

)

Q = 1 GeV

x = 0.05

0.00 0.25 0.50 0.75
|k?| [GeV]

Q = 1 GeV

x = 0.1

0.00 0.25 0.50 0.75
|k?| [GeV]

Q = 1 GeV

x = 0.3

almost flat  
at low x

sharper 
at high x 

0.0 0.5 1.0 1.5 2.0
|k?| [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

g
u 1
(x

,k
2 ?
,Q

,Q
2
)

NLL

Q = 2 GeV

x = 0.05

x = 0.1

x = 0.3

0.0 0.5 1.0 1.5 2.0
|k?| [GeV]

0.0

0.1

0.2

0.3

0.4
N2LL

Q = 2 GeV

x = 0.05

x = 0.1

x = 0.3

SIDIS data

3 parameters

but poorly constrained due  
to lack of data
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Status and Future Directions

Unpolarized Quark TMDs Polarized Quark TMDs
 we are entering the precision era:  

    TMDs extracted from fits of large  
    datasets with high perturbative accuracy.  
     

 flavor dependence, reduction of PDF bias

 great progress in extracting polarized  
    TMDs

new techniques

First Extraction of TMD Helicity Distributions 
      Ke Yang, Tianbo Liu, Peng Sun, Yuxiang Zhao, Bo-Qiang Ma 

      arXiv: 2409.08110

Global analysis of polarized DIS and SIDIS data  
    with improved small-x helicity evolution 

      D. Adamiak, N. Baldonado, Y. V. Kovchegov, W. Melnitchouk, D. Pitonyak, N. Sato,  
      M. D. Sievert, A. Tarasov, Y. Tawabutr (JAM Collaboration)  

      Phys. Rev. D 108, 114007 (2023) - arXiv; 2308.07461 

Extraction of the Sivers function from SIDIS, Drell-Yan,  
    and W / Z boson production data with TMD evolution 

      M. Bury, A. Prokudin, A. Vladimirov –   
      DOI: 10.1007/JHEP05(2021)151, arXiv:2103.03270

 Neural networks fits

… and many others

https://arxiv.org/search/hep-ph?searchtype=author&query=Yang,+K
https://arxiv.org/search/hep-ph?searchtype=author&query=Liu,+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Sun,+P
https://arxiv.org/search/hep-ph?searchtype=author&query=Zhao,+Y
https://arxiv.org/search/hep-ph?searchtype=author&query=Ma,+B
https://arxiv.org/abs/2409.08110
https://inspirehep.net/literature/2688257
https://arxiv.org/abs/2308.07461
https://doi.org/10.1007/JHEP05(2021)151
https://arxiv.org/abs/2103.03270
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bT ≪ 1/ΛQCD

CS and RGE  
evolution

non perturbative  
transverse content

matching to the 
collinear region

factorizes as hard  
and longitudinal non-perturbative

parametrized  
and fitted to data

unpolarized quark
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96 parameters 

same as in MAP22
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fNP

1 + (5 flavors × 10 parameters) for TMD PDFs, and 
 45 (5 channels × 9 parameters) for TMD FFs.

b*-prescription  
with b_min

global fit: DY & SIDIS

TMD FFs



Global analysis of Sivers and Collins asymmetries
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Chunhua Zeng, Hongxin Dong, Tianbo Liu, Peng Sun, Yuxiang Zhao  
(Transverse Nucleon Tomography Collaboration) 
 arXiv:2412.18324 

cuts because of TMD formalism

Q = 2 GeV

Q = 2 GeV

# $  studies slightly different

directly extracted as  
collinear functions

latest COMPASS data significantly improve the determination of transversity

https://arxiv.org/abs/2412.18324#:~:text=Title:Global%20analysis%20of%20Sivers%20and,asymmetries%20within%20the%20TMD%20factorization
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