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T™MD factorization: Universality
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T™MD factorization: Universality
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T™MD factorization: Universality
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Structure of a TMD

TMD in Fourier space

R d’k
B, b, C) = / G

See talks of the morning

e TP (2, k5 p, €)

J. Collins, “Foundation of Perturbative QCD” 5



Structure of a TMD

TMD in Fourier space
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Available Global Fits

Moos, Scimemi, et al.,
arXiv:2503.11201

Accuracy SIDIS DY N of points X2/Nyata De;gi‘cljoe,;wce
Baczz:alliefagj Zal NLL V V 8059 1 55 x
JHEP 06 2017)
Scife\r:i %lgd-ilm?'ov NBLL ) V V 1 039 1 06 x
JHEP 06 (2020)
MAPTMD22 | N | v | v | 2081 | 106 X
JHEP 10 (2022)
MAPTMD24
Bacchetta, Bertone, et al N3LL V V 2031 1 . 08 V
JHEP 08 (2024)
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TMD fitting framework

Nan g aParbat https://github.com/MapCollaboration/NangaParbat

README.md V4

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



MAPTMD24: included data sets

Drell-Yan data 484
Fixed-target:

E288, E605, E/72
Collider mode:

RHIC, Tevatron, LHC
SIDIS data 1547
HERMES, COMPASS

Total number of data: 2031
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Structure of a TMD

TMD in Fourier space
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MAP22: Collinear input
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MAP22: Collinear input

Perturbative TMD at the initial scale
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Perturbative accuracy

exp{K(b*;,ub*)lnﬂ—F/M di[’YF—W’KIHL,Z]} : B
u H

Hb.

b x

Resummation of large logs ~ Spert (46, ) = 1 + Z
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n 2n
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Perturbative accuracy
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Perturbative accuracy
Eodyy)
exp{K(b*;ub*)lnﬂ—l—/ i,[’YF_'YKln\/—,Z]} : B
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Resummation of large logs ~ Spert (16, 4t) = 1+ Ry

n 2n
S =143 3 () S s oo (4)
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\V]
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Accuracy Hand C Kand yr Yk PDF/FF and as evol.
LL 0 - 1

NLL 0 1 2 LO

NLL’ 1 1 2 NLO

NNLL 1 2 3 NLO

NNLL’ 2 2 3 NNLO

N3LL™ 2 3 4 NNLO/NLO
N3LL 2 3 4 NNLO

N3LL’ 3 3 4 N3LO

Bacchetta, Bertone, Bissolotti, et al., JHEP 07 (2020)
TMD handbook, Boussarie, et al., 2023
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NP parametrization

fvp (@, B2) exp gK<b%>1n%

Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)
Bacchetta, Conti, Radici, PRD 78 (2008)

Pasquini, Cazzaniga, Boffi, PRD 78 (2008)
Matevosyan, Bentz, Cloet, Thomas, PRD 85 (2012)
Burkardt, Pasquini, EPJA (2016)

Grewal, Kang, Qiu, Signori, PRD 101 (2020)
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NP parametrization
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MAPTMD24

x*IN, data
Configuration DY SIDIS Total
MMHT+DSS (MAP22) 1.66 0.87 1.06
NNPDF+MAPFF (MAP24 FI) 1.58 1.34




MAPTMD?24

x*IN, data
Configuration DY SIDIS Total
MMHT+DSS (MAP22) 1.66 0.87 1.06
NNPDF+MAPFF (MAP24 FI) 1.58 1.34

Data set Naat | X&/Naat Data set Ngat | X&/Ngas
DY collider total 251 2.06 DY collider total 251 2.14
Dy fixed target total | 233 1.24 Dy fixed target total | 233 0.68
HERMES total 344 0.71 HERMES total 344 2.72
COMPASS total 1203 0.92 COMPASS total 1203 0.99
SIDIS total 1547 0.87 SIDIS total 1547 1.38
Total 2031 1.06 Total 2031 1.39
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MAPTMD24: new approach

Solution: we need flavor dependence to obtain a good

agreement between theory and experiments
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MAPTMD24: new approach

Solution: we need flavor dependence to obtain a good

agreement between theory and experiments
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charge conjugation



MAPTMD24: new approach

high sensitivity to flavor dependence

low sensitivity to flavor dependence
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MAPTMD?24: results

N°LL

Data set Naat | XB | X3 | X6
DY collider total 251 |1.37(0.28 | 1.65
DY fixed-target total| 233 |0.63 | 0.31 | 0.94

HERMES total 344 |1 0.81|0.24 | 1.05
COMPASS total 1203 | 0.67 | 0.27 | 0.94
SIDIS total 15471 0.70 | 0.26 | 0.96

Total 2031|0.810.27(1.08
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MAPTMD?24: results

N°LL
Data set Naat | XB | X3 | X6
DY collider total 251 |1.37(0.28 | 1.65
DY fixed-target total| 233 | 0.63 | 0.31 | 0.94
HERMES total 344 [ 0.81(0.24|1.05
COMPASS total 1203 | 0.67 | 0.27 | 0.94
SIDIS total 1547 [ 0.70 | 0.26 | 0.96
Total 2031(0.81|0.27|1.08
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MAPTMD24: results

Flavor-dependent TMD PDFs
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Evidence of different behaviors for different flavors
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MAPTMD24: results

TMD’s “effective width”
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Evidence of different behaviors for different measured hadrons
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Nucleon Pol.

Transverse-Momentum Distributions (1'MDs)

3-dimensional map of the
internal structure of the nucleon

Non-collinear framework

Quark Polarization

U L T
vl fi hi
L 91 hir,

Time-reversal odd

Time-reversal even

TMD PDFs

F(z, k7, 1, ¢)
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3-dimensional map of the
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Non-collinear framework

Quark Polarization

U L T
ul fi hy
1
1
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Time-reversal odd
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TMD PDFs

F(z, k7, 1, ¢)
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Transverse-Momentum Distributions (1'MDs)
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Transverse-Momentum Distributions (1'MDs)

y How the proton polarization

?

reflects on its 3D structure
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Transverse-Momentum Distributions (1TMDs)

y How the proton polarization

7

reflects on its 3D structure

How the quark polarization distorts

their transverse momentum?
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Transverse-Momentum Distributions (1TMDs)

y How the proton polarization

?

reflects on its 3D structure

How the quark polarization distorts

their transverse momentum?

Do quarks with spin parallel to the proton
7

have smaller transverse momentum ¢
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Helicity distribution

Analysis of longitudinally polarized process

SIDIS

£=()+ N=(P) - () + h(P,) + X
DOUBLE SPIN ASYMMETRY

do”" —do” 7 +do” 7 —do™ "

A, =
Y do~< + do~— + do—— + do—~

A. Bacchetta et al., Phys.Rev.D 70 (2004), 117504 M. Diehl and S. Sapeta, Eur. Phys. J. C 41, 515 (2005)
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Available Fits of the Helicity TMD

Flavor
1 2
Accuracy SIDIS DY N of points X?/Ndata Dependence
YLSZM fit NNLL v x 553 0.74 X
Transverse Nucleon
Tomography Collaboration
PRL 134 (2025)
el NNLL v X 291 1.09 X

MAP Collaboration
PRL 134 (2025)
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T™MD factorization: Universality

Longitudinal-Spin Asymmetry - TMD factorization

r+00

b7 1Pyl \ .
Y e d|bT|210< LM ) 8%x, |by 12, Q) DSz, |by|*, Q)

_., = J0 Z
a=q.q
A](X’ZaQalpth): ~ 400

b7 || Pyl \ .
2 e; d|bT|2JO( 2 Z = >f‘f(xa|bT|2,Q)D?_’h(Z,|bT|2,Q)

a=qqg Y

+ Large energy scale O > M?

+ Small transverse momentum q% < 0?
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T™MD factorization: Universality

Longitudinal-Spin Asymmetry - TMD factorization

r+00

b7 1 Pyrl
2 e d|bT|2~]o< : Z - &i(x. 1b71%. 0)
veai  J0
Aj(x, 2,0, | Pyr|) = = oo |br| | Pyl
Y e d|bT|2Jo( —
Z

a=qqg Y

DNz, |br|?, Q)

fax, |br ), ONDo~"(z, | b7 |, Q)

MAP Collaboration, Bacchetta et al., JHEP 10 (2022)

+ Large energy scale O > M?

+ Small transverse momentum gz < Q*

—> Experimental observables in terms of universal objects
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Collinear distributions NNPDFpoll.1
Unpolarized from MAP22
Perturbative Accuracy NNLL Highest possible

since C¢ known up to NLO
Gutiérrez-Reyes et al., Phys. Lett. B (2017)



MAP22pol: fit setup

Collinear distributions

Perturbative Accuracy

Experimental data

Q? [GeV?]

N > =} o
T T T T

L — HERMES A,

12

0.0 0.1 0.2 0.3 0.4 0.5 0.6
X
Airapetian et al. (HERMES), Phys. Rev. D (2019)

NNPDFpoll.1
Unpolarized from MAP22

NNLL Highest possible

since C¢ known up to NLO
Gutiérrez-Reyes et al., Phys. Lett. B (2017)

Consistent MAP22 kinematic cuts
are applied

CLAS6 and COMPASS datasets
excluded due to the cut

Total number of data: 291
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NP parametrization
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NP parametrization

_4 : MAP22
e D™ > Proportional to fyp

ng(X, k2, QO) fN AP22( X, J_a QO)

Ky rm(X) » x-dependent
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NP parametrization

it : MAP22
e D™ > Proportional to fyp

k2, MAP22 X, ,
8np(x. k1, Qp) = (x l Qo) Ko rm(X) » x-dependent

knorm®) — szki gyp =1

@(x) = crucial to satisfy |g;| £ f;

K1
g1 kT, Q) gi(x,Qp) e 7

At Oy = 1 GeV, the ratio g,/f, reads:
fl(xa k2, QO) fl(x QO) norm( )
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NP parametrization

_4 : MAP22
e D™ > Proportional to fyp

gNP(x’ k2, QO) fN APZZ( X, _]_9 QO)

Ky rm(X) » x-dependent

knorm®) — szkl gyp =1

@(x) = crucial to satisfy |g;| £ f;

gl(xa ka_, QO) _ 81(35, QO)
fi(xa k2, QO) ]Cl(-x’ QO)

At Oy = 1 GeV, the ratio g,/f, reads:

g1(x, Qp) 1 <1
fl(x QO) norm( )
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NP parametrization

_4 : MAP22
e D™ > Proportional to fyp

x, k2, — fMAP22(\ 2
gnpl Qo) =fyp (6 ki,Qp) Ky () » x-dependent

knorm®) — szkl gyp =1

@(x) = crucial to satisfy |g;| £ f;

gl(xa ka_, QO) _ 81(35, QO)
fi(xa k2’ QO) fi(-x’ QO)

At Oy = 1 GeV, the ratio g,/f, reads:

8 l(x, Q()) 1 (1- x)“lzg xClg
<1 — | om=r, @+
106 00) ko () D) = Jpos (X
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NP parametrization

it : MAP22
e D™ > Proportional to fyp

x, k2, — fMAP22(\ 2
gnpl Qo) =fyp (6 ki,Qp) K, () » x-dependent

knorm®) — szkl gyp =1

@(x) = crucial to satisfy |g;| £ f;

gl(xa ka_, QO) _ 81(35, QO)
fi(xa k2, QO) ]Cl(-x’ QO)

At Oy = 1 GeV, the ratio g,/f, reads:

8 l(x, Qo) 1 (1- x)“lzg xClg
<1 — | om=r, @+
106 00) ko () D) = Jpos (X

J parameters

28



MAP22pol: results
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MAP22pol: results
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MAP22pol: results

Extracted helicity
TMDs

1.5 2.0 0.0 0.5 1.0 1.5 2.0
k1| [GeV]

Q =1GeV Q =1GeV
x = 0.05 x = 0.1

almost flat
at low x

Helicity
ratio

g%(wakiaQ)
ff(ka?LvQ)

0.9 sharper at
high x

P00 025 050 075 000 0.25 050 0.75 0.00 025 0.0 0.75
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MAP22pol: results

|z =0.05
= .-os | Extracted helicity
TMDs
Compatible with recent
| (preliminary) results
0.5 1.0 - 1.5 2.0 I "
ey on the lattice !!
Q =1GeV Q =1GeV
x = 0.05 xz = 0.1

almost flat
at low x

Helicity
ratio
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0.2 sharper at
high x
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Conclusions

* The knowledge of unpolarized TMDs has reached a very
high level of sophistication
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Conclusions

* The knowledge of unpolarized TMDs has reached a very
high level of sophistication

Global fit of unpolarized TMDs with flavor dependence at NNNLL
Consistent fit of helicity TMD PDFs

Fit of unpolarized TMD PDFs with Neural Networks!!  See Chiara’s talk

Hints of compatibility with lattice calculations

New advanced computational framework for QCD global fits
with MAP Collaboration
> 'IJI Detailed study on extracted TMD FFs from global fits
ﬁ with MAP Collaboration

Stress test of CSS formalism in TMD extractions

with A. Simonelli
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Structure of a TMD: NP content

K

fyp(x,b%) exp {gx(b%) In

br <1 9o —VE br > 1
Mb>M] o0 e Uy = by — 0 as(pp) — +00
T
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b — 26_7E 1.0 |
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T 08
2e” E %
_ 0
bmin — = 06 bumin
H =
Collins, Soper, Sterman, Nucl. Phys. B250 (1985) 04
Collins, Gamberg, et al., PRD (2016)
Bacchetta, Echevarria, Mulders, et al., JHEP 11 (2015) 0-2 — b,(b2)
— bz
0
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A fi(z, 0% 1, €)
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Normahlization of SIDIS calculation

Normalization issue
confirmed also in other
analyses from different
collaborations

Vladimirov, JHEP 12 (2023)
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Normahlization of SIDIS calculation

MAP22 work solution

Good agreement for almost all bins

MAP Collaboration. JHEP 10 (2022)
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Normahlization of SIDIS calculation

MAP22 work solution

do do
SIDIS multiplicity M(z, 2, Pur, Q) = dxdQdzd Py, / dxdQ

Good agreement for almost all bins

MAP Collaboration. JHEP 10 (2022)



Normahlization of SIDIS calculation

MAP22 work solution

. .« . = do- do_
SIDIS multiplicity M(z, 2, Pyr, Q) = dzxdQdzd Py, / dxdQ
do
Collinear SIDIS cross section drdQd>

Good agreement for almost all bins

MAP Collaboration. JHEP 10 (2022)



Normahlization of SIDIS calculation

MAP22 work solution

do do
SIDIS multiplicity M(z, 2, Pur, Q) = dxdQdzd Py, / dxdQ

do
Collinear SIDIS cross section dzdQdz

Good agreement theory/data
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Good agreement for almost all bins

MAP Collaboration. JHEP 10 (2022)
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Normahlization of SIDIS calculation

MAP22 work solution

d d
SIDIS multiplicity M(z, z, Pur, Q) = dg;deZdPhT / dng
do

Collinear SIDIS cross section

Normalization of prediction such that

do
drdQdz

Piacenza, PhD thesis (2020)

/ AP W (z, 2,Q, Por) =

Good agreement for almost all bins

MAP Collaboration. JHEP 10 (2022)
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Normahlization of SIDIS calculation

MAP22 work solution

do do
SIDIS multiplicit M(x, z, Py, Q) =
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Normahlization of SIDIS calculation
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Normahlization of SIDIS calculation

MAP22 work solution
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MAPTMD24 — Error analysis
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MAPTMD24

x*IN, data
Configuration SIDIS Total
MMHT+DSS (MAP22) 0.87 1.06
NNPDF+MAPFF (MAP24 FI) 1.34 1.40
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MAPTMD24

x*IN, data
Configuration SIDIS Total
MMHT+DSS (MAP22) 0.87 1.06
NNPDF+MAPFF (MAP24 FI) 1.34 1.40
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New behaviors

Smaller uncertainties




MAPTMD24: results

Flavor-dependent TMD FFs
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MAPTMD24: results
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MAPTMD24: results

Flavor-dependent TMD FFs
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Small evidence of different behaviors for different flavors

Some evidence of different behaviors for different measured hadrons
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