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Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k1)

ET = intrinsic (non-perturbative) transverse momentum of the quark
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Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k)

Quark Polarisation
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kr = intrinsic (non-perturbative) transverse momentum of the quark
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Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k)
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Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k)
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Transverse Momentum Distribution PDFs

Fraction of TMDs map the distribution of partons inside the
longitudinal momentum

o / nucleon in 3D in momentum space.
X

They can be extracted through global fits
There are attempts to calculate them in lattice QCD
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A. Bacchetta, F. Delcarro, C. Pisano and M. Radici, Phys. Lett. B 827 (2022) 136961



Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k)
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Transverse Momentum Distribution PDFs

3-dimensional map of the .
internal structure of the nucleon f(x, k)

Unpolarized TMD
Quark Polarisation
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TMD factorization — Drell-Yan process

Arnold, Metz and Schlegel, Phys.Rev.D 79 (2009)
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TMD factorization — Drell-Yan process

Pp

Proton

In q% < 0% and M?> Q? region:

Arnold, Metz and Schlegel, Phys.Rev.D 79 (2009)
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TMD factorization — Drell-Yan process

In q% < 0% and M?> Q? region:
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TMD factorization — Drell-Yan process

Py phakn TMD PDFs
.............................................. qT
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antiquark
Proton
Py
0 2 2 2 S .
In g7 < Q° and M~ > Q- region: ~—

Fip(za,zp,qr, Q) = xACL’BHDY(Q;M)ZCa(QQ)/d\bT\\bT|J0(|QTHbT\)ff($A7b?r;ua Ca)f} (xB,b7; 11, ()

a

Arnold, Metz and Schlegel, Phys.Rev.D 79 (2009)



https://inspirehep.net/literature/796530

TMD factorization — Drell-Yan process

Py phekan TMD PDF's

In q% < 0% and M?> Q? region:

Fip(za,zp,ar, Q) = an;BHDY(Q;M)an(Qz)/d\bT\\bT|JO(|qT\\bT\)ff(xA,’b%;u, () f2 (2, b3 11, )
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TMD Factorization - SIDIS process
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TMD Factorization - SIDIS process

hadron
XL

photon

TMD PDF ki

Fyyr(x. 2 pup, Py, Q°) = x Z Hijyy 1(Q% 1) ,[deldzPlf 1 (x, K3; u D0z, P ut5P(zk, — Py + P))
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TMD FF S
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TMD PDF ki

I UU,T(X - s Hps P]%T, 0 2) = X Z H ?/U,T(Q ?, /42) szdeZPJ_f f (ki; ﬂz)Df %h(Z, Pi; /42)5(2)(Zkl —Pyr+P))

+ Yy (0% Pr) + O(M*/Q%)
o The dominates in the region where

O The Y term has been excluded in the analysis |
Bacchetta, Diehl, et al., JHEP 02 (2007) S



TMD factorization — Structure of TMDs

A e diy’
f?(xBa bT; Ui CF) = [C ®f1](x39 baéﬂb*’ ﬂg*)ﬁXp{ J /f’ }/(,u’, Z:F)}

b,

y ( é )K<b*,ub*>/2l Qio ] —gK<bT>/2f{VP(x, bosC. 0

*

- “Foundations of Perturbative QCD”



TMD factorization — Structure of TMDs

) ‘- HE dlu/
fi](XBa bz up, Cp) = [C R f11(xp, b*;’ub*”ug*)eXp{ J I i CF)}

b,

y ( é )K<b*,ub*>/2l Qio ] —gK<bT>/2f{VP(x, bosC. 0

*

- “Foundations of Perturbative QCD”



TMD factorization — Structure of TMDs

A e diy’
f?(xBa bT; Ui CF) = [C ®f1](x39 baéﬂb*’ ﬂg*)ﬁXp{ J /f’ }/(,u’, Z:F)}

b,

y ( é )K<b*,ub*>/2l Qio ] —gK<bT>/2f{VP(x, bosC. 0

*

- “Foundations of Perturbative QCD”



TMD factorization — Structur of TMDs
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~ Collinear PDFs |
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs

r HE d//t/
it brise &) = 1€ @ il by i exp{ | Lortu )}
b,
L E Kb )2k ¢ 18
x (_2) {VP(X, b, 0p)
a2

Kernel of rapidity evolution equation
Collins-Soper pidity g

kernel

alnfl(vaT§,ua g)
0ln+/C

= K(br, i1

NP part of
Collins-Soper Kernel _}

- — — — — — =

“Foundations of Perturbative QCD”



TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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TMD factorization — Structure of TMDs
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httos.://qithub.com/MapCollaboration/NangaParbat

README.md

T e

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD

distributions.

Download

You can obtain NangaParbat directly from the github repository:
https://github.com/MapCollaboration/NangaParbat

For the last development branch you can clone the master code:

git clone git@github.com:MapCollaboration/NangaParbat.git

Available codes

https.//teorica.fis.ucm.es/artemide/

arTeMiDe

News

23 Feb 2019: Version 1.4 released (+manual update).

21 Jan 2019: Artemide now has a repository.

Archive of older links/news.

Download

Recent version/release can be found in repository

12 Dec 2019: Version 2.02 released (+manual update).

Articles, presentations & supplementary materials

Extra pictures for the paper arXiv:1902.08474

Seminar of A.Vladimirov in Pavia 2018 on TMD evolution.

Link to the text in Inspire.

Archive of older links/news.

About us & Contacts

If you have found mistakes, or have suggestions/questions,
please, contact us.

Some extra materials can be found on Alexey's web-page

Alexey Vladimirov Alexey.Vladimirov@physik.uni-regensburg.de

Ignazio Scimemi ignhazios@fis.ucm.es




Global Fits

Accuracy SIDIS DY Z production N of points X2/Ndata
JHEl:I):’a(;/EiSa(220317)7 081 NLL ‘/ t/ 8059 1.55
e ?2%12%) 137 NLL v V4 v 1039 1.06
MAPTMD22 NGl |- v v V/ o o

JHEP 10 (2022) 127



http://arxiv.org/abs/arXiv:1703.10157

Global Fits

Accuracy SIDIS DY Z production N of points X2/Ndata
JHEl:;acg/eisa(zzo?17)7 081 NLL ‘/ t/ 8059 1.55
e ?2(2)12%) 137 NLL v V4 v 1039 1.06
MAPTMD22 NGl |- v v W, o o

JHEP 10 (2022) 127



http://arxiv.org/abs/arXiv:1703.10157

A new extraction of proton quark unpolarized TMDs

MAP Collaboration, JHEP 10 (2022)



A new extraction of proton quark unpolarized TMDs

- Global analysis of Drell-Yan and Semi-Inclusive DIS data sets: 2031 data points

MAP Collaboration, JHEP 10 (2022)
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A new extraction of proton quark unpolarized TMDs

- Global analysis of Drell-Yan and Semi-Inclusive DIS data sets: 2031 data points

¢ Perturbative accuracy: N 3LL_

® Number of fitted parameters: 217

® Extremely good description: )(2/ Ndata — 1 . 06

MAP Collaboration, JHEP 10 (2022)
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Main differences with SV19

Different implementation of TMD evolution

Collins-Soper-Sterman vs zeta-prescription
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Main differences with SV19

Different implementation of TMD evolution

Collins-Soper-Sterman vs zeta-prescription

Different choice of non-perturbative functional form

21 parameters vs 11 parameters

Different criteria of data selection
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Comparison included datasets

MAPTMD22 SV19

1055 S o T ] A ™ 1501 150
I —_’/_' —'/7 /7 il
N3
> 10 3 E 60 - 160
¢ L E605 : =
O, | —— E772 é j g CDF, DO
10° F— sTAR -
C E —— PHENIX : 30 130
. —— CDF 3 HERMES
. ——— DO = j E288
1L LHCb ’
10 . —— CMS § . )
i ATLAS : i |
: oA : Total:
COMPASS 457 DY points
10 e T E— 582 SIDIS points
107? 10— 103 102 101 109

-4 -3 -2 -1
T 10 10 10 10 1

484(DY) + 1547(SIDIS) = 2031 fitted data 457(DY) + 582(SIDIS) = 1039 fitted data
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Visualization of TMD PDFs

m‘f]'f"’(m’ ki, Q’ Qz)
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Visualization of TMD PDFs

mf}l’(m’ ki’ Q’ Qz)
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ki| [GeV]
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Eur.Phys.J.C 81 (2021) 8, 752

Comparison of TMD PDFs
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e Home
e TMDplotter

Comparison of TMD PDFs

TMDIib is hosted by Hepforge, IPPP Durham

TMDIib

e Source Code Download

e PDF sets (names)

TMDIib2 and TMDplotter: a platform for 3D hadron structure studies

e PDF sets Download (New)

e Updates/News

NEW manual released 2103.09741

e Source Code Download (Old)

e TMD-Project

e TMDplotter
e Download source from TMDIib 2.X

e CCFM uPDF evolution code

e Contact

Eur.Phys.J.C 81 (2021) 8, 752

e Download source from TMDIib 1.X
e Any questions or comments should be directed to tmdlib @projects.hepforge.org.
e TMDIib1 Doxygen Documentation
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Comparison of TMD PDFs
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Comparison of TMD PDFs
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Comparison of TMD PDFs
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Comparison of TMD PDFs
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Available fits of Pion TMDs

Accuracy DY N of points %2/Naata
ﬂ%ggog t(2ao|,1 3)011377 NLL v 96 1.61
JHI;/ PP1ic())n(220(1);)9 090 N’LL’ i/ 80 1.44
PRIII)\/l 1A05T‘2|\(/)|53F))i1o.r2)21§o1 4 N°LL" V 133 1.54
ar)garzgozz(.)g 1% 92 N°LL v 93 1.37
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http://arxiv.org/abs/arXiv:2302.01192

Available fits of Pion TMDs
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Pion-induced Drell-Yan process
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MAPTMDPion22: Included datasets

Pion-induced Drell-Yan process

T +W-ou +u_+X

Experiment | /s [GeV] Q [GeV] Npin o TF
E615 (Q-diff) 218 | 4.05<Q<1305| 10@®) | 0<azp <1
E537 (Q-diff) 15.3 4.0 < Q < 9.0 10 0l<zp <1

W. J. Stirling et al. 1993

E. Anassontzis et al. 1988
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MAPTMDPion22: Included datasets

Pion-induced Drell-Yan process

T +W-ou +u_+X

Experiment | /s [GeV] Q [GeV] Npin o TF
E615 (Q-diff) 21.8 4.05 < Q < 13.05 | 10 (8) 0 <xp <1 |wuJ stringetal 1993
ES537 (Q-Cm) 15.3 4.0 < Q <9.0 10 -0.1 < xr < 1 |E. Anassontzis et al. 1988

]:]YTP (x7 C? bT)

3 fitting parameters

15



Visualization of pion TMD PDFs



Visualization of pion TMD PDFs

mff(w, k3 , Q, Qz)
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B Refinement of Pion TMDs
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Backup slides

WRREER) o< FT. of (¢ 7% + Apkle 7 + Ace™7 )
r? , i
0

11 parameters for TMD PDF
+ 1 for NP evolution + 9 for TMD FF
= 21 free parameters




Backup slides

MAPTMDZ22 S

3 fitting parameters



Backup slides

SIDIS multiplicities beyond NLL High-Energy Drell-Yan beyond NLL

Q) ~ 2 GeV Q) ~ 100 GeV

HERMES

- r 1t 1 [ T Tt Tt 1 T 1 1 -
s NP predictions NLL 0-06 —_ ATLA.S 8 TeV, 1.6 < |y | < 2 NLL, _-
e NP predictions NNLL

NP predictions N3LL : NNLL :
2 4 l —e

. , | NNLL/ -
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I { Data

(X, Z, |Pnrl, Q%)

h
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Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, arXiv:1912.07550

The description considerably worsens at higher orders!!



