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They can be extracted through global fits
There are attempts to calculate them in lattice QCD

Transverse momentum

Fraction of  
longitudinal momentum

Are TMDs universal?
Do they depend on x?

on the quark flavor?
Do they depend
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Accuracy SIDIS DY N of points χ2/Ndata
Flavor 

Dependence

Pavia 2017
 NLL ✔ ✔ 8059 1.55 ❌

SV 2019
 N3LL ✔ ✔ 1039 1.06 ❌

MAPTMD22
 N3LL ✔ ✔ 2031 1.06 ❌

MAPTMD24 N3LL ✔ ✔ 2031 1.08 ✔

ART25 N3LL ✔ ✔ 1209 1.05 ✔

-

-

6

QCD in the Standard ModelAvailable Global Fits

Bacchetta, Bertone, et al., 
JHEP 10 (2022)

Scimemi, Vladimirov, 
JHEP 06 (2020)

Bacchetta, Delcarro, et al., 
JHEP 06 (2017)

+

Bacchetta, Bertone, et al., 
JHEP 08 (2024)

Moos, Scimemi, et al., 
arXiv:2503.11201



End-of-Year 
Seminar

MAPTMD24:  
3D structure of the proton with


flavor dependence
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QCD in the Standard ModelTMD fitting framework

https://github.com/MapCollaboration/NangaParbatNangaParbat
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QCD in the Standard ModelMAPTMD24: included data sets
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E605
E772
E288
STAR
PHENIX
CDF
D0
LHCb
CMS
ATLAS
HERMES
COMPASS

Total number of data: 2031 

HERMES, COMPASS

Drell-Yan data 484

SIDIS data 1547

Fixed-target:
E288, E605, E772

Collider mode:
RHIC, Tevatron, LHC
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Collinear distributions
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Collinear distributions

NNPDF Collaboration, Ball, et al., EPJ C 77 (2017)

Input for PDFs: NNPDF3.1
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)
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3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
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3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to
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functions we have
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can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the

– 10 –

gK(b2T ) = �g22
b2T
4
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<latexit sha1_base64="AtAbSut3BJcgQsvpab5wrckWSxI=">AAACCnicbVDLSgMxFM34rPU16tJNtIiCWGakosuiG5cV7AM6tWTSO21oZiYkGaUMXbvxV9y4UMStX+DOvzFtZ6GtBy73cM69JPf4gjOlHefbmptfWFxazq3kV9fWNzbtre2aihNJoUpjHsuGTxRwFkFVM82hISSQ0OdQ9/tXI79+D1KxOLrVAwGtkHQjFjBKtJHa9h7gYyywJ1m3p4mU8QOGQyN5gt2dmN7AbbvgFJ0x8CxxM1JAGSpt+8vrxDQJIdKUE6WariN0KyVSM8phmPcSBYLQPulC09CIhKBa6fiUIT4wSgcHsTQVaTxWf2+kJFRqEPpmMiS6p6a9kfif10x0cNFKWSQSDRGdPBQkHOsYj3LBHSaBaj4whFDJzF8x7RFJqDbp5U0I7vTJs6R2WnRLxbObUqF8mcWRQ7toHx0hF52jMrpGFVRFFD2iZ/SK3qwn68V6tz4mo3NWtrOD/sD6/AG5zZe8</latexit>

e+ p ! e0 +K� +X

<latexit sha1_base64="bBQkuOHPl5pV43qlfTWSX2BLefY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZREMuMVHRZdCO4qWAf0I4lk962oZnMkGSUMnTpxl9x40IRt36CO//GtJ2Fth64l8M595Lc40ecKe0431Zmbn5hcSm7nFtZXVvfsDe3qiqMJYUKDXko6z5RwJmAimaaQz2SQAKfQ83vX4782j1IxUJxqwcReAHpCtZhlGgjtexdwEc4wk3Juj1NpAwfMBwY6fru2PQ6btl5p+CMgWeJm5I8SlFu2V/NdkjjAISmnCjVcJ1IewmRmlEOw1wzVhAR2iddaBgqSADKS8aHDPG+Udq4E0pTQuOx+nsjIYFSg8A3kwHRPTXtjcT/vEasO+dewkQUaxB08lAn5liHeJQKbjMJVPOBIYRKZv6KaY9IQrXJLmdCcKdPniXVk4JbLJzeFPOlizSOLNpBe+gQuegMldAVKqMKougRPaNX9GY9WS/Wu/UxGc1Y6c42+gPr8wf2wZa+</latexit>

e+ p ! e0 +K+ +X

<latexit sha1_base64="llcVngaRU5JMIoLrE5AQcIUdVhw=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZRKJQZqeiy6EZwU8E+oB1LJr1tQzOTIckoZejSjb/ixoUibv0Ed/6NaTsLbT1wL4dz7iW5x484U9pxvq3MwuLS8kp2Nbe2vrG5ZW/v1JSIJYUqFVzIhk8UcBZCVTPNoRFJIIHPoe4PLsd+/R6kYiK81cMIvID0QtZllGgjte19wAUc4ZZkvb4mUooHDEdGur4rmN7AbTvvFJ0J8DxxU5JHKSpt+6vVETQOINSUE6WarhNpLyFSM8phlGvFCiJCB6QHTUNDEoDykskhI3xolA7uCmkq1Hii/t5ISKDUMPDNZEB0X816Y/E/rxnr7rmXsDCKNYR0+lA35lgLPE4Fd5gEqvnQEEIlM3/FtE8kodpklzMhuLMnz5PaSdEtFU9vSvnyRRpHFu2hA3SMXHSGyugKVVAVUfSIntErerOerBfr3fqYjmasdGcX/YH1+QPzr5a8</latexit>

e+ d ! e0 + h+ +X

<latexit sha1_base64="kocVJRtA1qyPkiqM/nkzvpgSFeI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBGFQkmkosuiG5cV7APaWCaTm2bo5MHMRCmhOzf+ihsXirj1F9z5N07bLLT1wL0czrmXmXvchDOpLOvbWFhcWl5ZLawV1zc2t7bNnd2mjFNBoUFjHou2SyRwFkFDMcWhnQggocuh5Q6uxn7rHoRkcXSrhgk4IelHzGeUKC31zAPAZezhrmD9QBEh4gcMx1oK7sq6t3tmyapYE+B5YuekhHLUe+ZX14tpGkKkKCdSdmwrUU5GhGKUw6jYTSUkhA5IHzqaRiQE6WSTO0b4SCse9mOhK1J4ov7eyEgo5TB09WRIVCBnvbH4n9dJlX/hZCxKUgURnT7kpxyrGI9DwR4TQBUfakKoYPqvmAZEEKp0dEUdgj178jxpnlbsauXsplqqXeZxFNA+OkQnyEbnqIauUR01EEWP6Bm9ojfjyXgx3o2P6eiCke/soT8wPn8AroWWow==</latexit>

e+ d ! e0 + h� +X

<latexit sha1_base64="5YrO8V6FeZ/RC49R8Q4bujX6cGM=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEFsSRS0WXRjcsK9gFtLJPJTTN08mBmopTQnRt/xY0LRdz6C+78G6dtFtp64F4O59zLzD1uwplUlvVtzM0vLC4tF1aKq2vrG5vm1nZDxqmgUKcxj0XLJRI4i6CumOLQSgSQ0OXQdPtXI795D0KyOLpVgwSckPQi5jNKlJa65h7gY+zhjmC9QBEh4gcMh1oK7k50b3XNklW2xsCzxM5JCeWodc2vjhfTNIRIUU6kbNtWopyMCMUoh2Gxk0pICO2THrQ1jUgI0snGdwzxgVY87MdCV6TwWP29kZFQykHo6smQqEBOeyPxP6+dKv/CyViUpAoiOnnITzlWMR6Fgj0mgCo+0IRQwfRfMQ2IIFTp6Io6BHv65FnSOC3blfLZTaVUvczjKKBdtI+OkI3OURVdoxqqI4oe0TN6RW/Gk/FivBsfk9E5I9/ZQX9gfP4AsZWWpQ==</latexit>

p+ p ! �⇤/Z ! l+ + l�

<latexit sha1_base64="fvfD7Plpj7ABLNxNYcQdNcKoIb0=">AAACHXicbVDLTgIxFO34RHyNunTTSEyMRJwxGF0S3bjERB6RAXKnFGhoZyZtR0MIP+LGX3HjQmNcuDH+jQVmIeBJmpycc25u7/EjzpR2nB9rYXFpeWU1tZZe39jc2rZ3dssqjCWhJRLyUFZ9UJSzgJY005xWI0lB+JxW/N71yK88UKlYGNzpfkTrAjoBazMC2khNOx/hLI6wJ1mnq0HK8BF7HRACGsf4FN9PGbyRNWHeOGnaGSfnjIHniZuQDEpQbNpfXisksaCBJhyUqrlOpOsDkJoRTodpL1Y0AtKDDq0ZGoCgqj4YXzfEh0Zp4XYozQs0Hqt/JwYglOoL3yQF6K6a9Ubif14t1u3L+oAFUaxpQCaL2jHHOsSjqnCLSUo07xsCRDLzV0y6IIFoU2jalODOnjxPymc5N587v81nCldJHSm0jw7QEXLRBSqgG1REJUTQE3pBb+jderZerQ/rcxJdsJKZPTQF6/sXwKKf1w==</latexit>

 in the initial stateqq̄
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QCD in the Standard ModelMAPTMD24: results
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QCD in the Standard ModelMAPTMD24: results

The agreement between 
theory and HERMES data 
has increased a lot!
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QCD in the Standard ModelMAPTMD24: results

Flavor-dependent TMD PDFs

Evidence of different behaviors for different flavors
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ū

d̄

s̄

FI

0.1

0.2

0.3

0.4

0.5

0.6

0.7

hP
2 ?
i r

Q = 5 GeV
z = 0.5
x = 0.1

0.2 0.4 0.6 0.8 1.0 1.2

hk2
?ir

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

hP
2 ?
i r

Q = 1 GeV
z = 0.5
x = 0.001

0.1 0.2 0.3 0.4 0.5 0.6 0.7

hk2
?ir

Q = 1 GeV
z = 0.5
x = 0.1

20

QCD in the Standard ModelMAPTMD24: results

TMD’s “effective width”

Evidence of different behaviors for different flavors

Evidence of different behaviors for different measured hadrons



End-of-Year 
Seminar

Longitudinal polarization vs transverse momentum
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<latexit sha1_base64="ZF80L+LQwuTY7T259ECZL2kH4Kk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1R2M9w==</latexit>

Q

<latexit sha1_base64="yE+iQjrlZcV8CEFaNEB6+KVdXbw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frbWM3Q==</latexit>

Energy scale
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QCD in the Standard ModelTransverse-Momentum Distributions (TMDs)

~k?

<latexit sha1_base64="smtfWbnnublvpsYXhR+J+4+TW44=">AAACA3icbVBNS8NAEN3Ur1q/ot70EiyCp5JIRY9FLx4r2FpoQthsJu3SzSbsbgolFLz4V7x4UMSrf8Kb/8ZNm4O2Plj28d4MM/OClFGpbPvbqKysrq1vVDdrW9s7u3vm/kFXJpkg0CEJS0QvwBIY5dBRVDHopQJwHDB4CEY3hf8wBiFpwu/VJAUvxgNOI0qw0pJvHrljILkbJCyUk1h/+Wg69d0UROqbdbthz2AtE6ckdVSi7ZtfbpiQLAauCMNS9h07VV6OhaKEwbTmZhJSTEZ4AH1NOY5Bevnshql1qpXQihKhH1fWTP3dkeNYFhvqyhiroVz0CvE/r5+p6MrLKU8zBZzMB0UZs1RiFYFYIRVAFJtogomgeleLDLHAROnYajoEZ/HkZdI9bzjNxsVds966LuOoomN0gs6Qgy5RC92iNuoggh7RM3pFb8aT8WK8Gx/z0opR9hyiPzA+fwB0dpix</latexit>

3-dimensional map of the 
internal structure of the nucleon 

f1

<latexit sha1_base64="ke71FYNDdn/Emo9JVXVz0fQcrkY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Dv9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqlerXt7XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDyzY2W</latexit>

g1

<latexit sha1_base64="b/7Sht49yzeQ2ThzKVcuouZsHeM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tenlfq9Rv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH0U42X</latexit>

h1

<latexit sha1_base64="PhPhUBmZf4mysfrvPFsxlILUh3c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9WvbyvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH12Y2Y</latexit>

h?
1T

<latexit sha1_base64="lFkUIWQC3qpZAaalgpK2i5ai2JE="></latexit>

h?
1L

<latexit sha1_base64="FW985L6aFi8KIPR38rPidkhSdPI=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4Kkmptt0V3bhwUcE+oB1LJk3b0ExmTDKFMsx3uHGhiFs/xp1/Y6atoKIHLhzOuZd77/FCwbVB6MPJrKyurW9kN3Nb2zu7e/n9g5YOIkVZkwYiUB2PaCa4ZE3DjWCdUDHie4K1vcll6renTGkeyFszC5nrk5HkQ06JsZI77sf4OrmLe15gkn6+gIoIIYwxTAmunCNLarVqCVchTi2LAlii0c+/9wYBjXwmDRVE6y5GoXFjogyngiW5XqRZSOiEjFjXUkl8pt14fnQCT6wygMNA2ZIGztXvEzHxtZ75nu30iRnr314q/uV1IzOsujGXYWSYpItFw0hAE8A0ATjgilEjZpYQqri9FdIxUYQam1POhvD1KfyftEpFXC6e3ZQL9YtlHFlwBI7BKcCgAurgCjRAE1BwDx7AE3h2ps6j8+K8LlozznLmEPyA8/YJOseSbQ==</latexit>

g1T

<latexit sha1_base64="SuKDYjDmfywiQF4IUy1jeYg+jfc=">AAACGHicdVBLSwMxGMzWV62vVY9egkXwIHVTqm1vRS8eK/QF22XJpmkbmn2QZIWy7M/w4l/x4kERr735b8z2ASo6EBhm5ku+jBdxJpVlfRq5tfWNza38dmFnd2//wDw86sgwFoS2SchD0fOwpJwFtK2Y4rQXCYp9j9OuN7nN/O4DFZKFQUtNI+r4eBSwISNYack1L5P+/BJbjDwnsUqWZSGELjKCqteWJvV6rYxq6chNUCtNXbO4CsFVCK5CEGWWRhEs0XTNWX8QktingSIcS2kjK1JOgoVihNO00I8ljTCZ4BG1NQ2wT6WTzHdK4ZlWBnAYCn0CBefq94kE+1JOfU8nfazG8reXiX95dqyGNSdhQRQrGpDFQ8OYQxXCrCU4YIISxaeaYCKY3hWSMRaYKN1lQZew+in8n3TKJVQpXd1Xio2bZR15cAJOwTlAoAoa4A40QRsQ8AiewSt4M56MF+Pd+FhEc8Zy5hj8gDH7AqMinGg=</latexit>

f?
1T

<latexit sha1_base64="Y4wn2mnjlimBp2kKU5zQzSSo3Hs=">AAACHXicbVA7T8MwGHR4lvIKMLJEVEgMqIpDaMtWwcJYpL6kNlSO67RWnYdsB6mK8kdY+CssDCDEwIL4NzhtBmg5ydLp7j7787kRo0Ka5re2srq2vrFZ2Cpu7+zu7esHh20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScSc3md95IFzQMGjKaUQcH40C6lGMpJIGup30Z5f0+Mh1ErN8VatYduXcLJtmFVowI1bVvrBTb5DAZnrfd0OZDvRSFshgLBOYkxLI0Rjon/1hiGOfBBIzJEQPmpF0EsQlxYykxX4sSITwBI1IT9EA+UQ4yWyx1DhVytDwQq5OII2Z+nsiQb4QU99VSR/JsVj0MvE/rxdLr+YkNIhiSQI8f8iLmSFDI6vKGFJOsGRTRRDmVO1q4DHiCEtVaFGVABe/vEzaVhna5cs7u1S/zusogGNwAs4ABFVQB7egAVoAg0fwDF7Bm/akvWjv2sc8uqLlM0fgD7SvH3Lvnm4=</latexit>

h?
1

<latexit sha1_base64="265I+FR3Hbc2jya0zu/9JcUi5hk="></latexit>

N
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Quark Polarization

Non-collinear framework

TMD PDFs 

F (x,k2
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<latexit sha1_base64="+nxC5DrsAcjw1Kc+2N4OmPOMRck=">AAACEXicbVDLSgMxFM34rPU16tJNsAgVpMyUii6LgrisYB/QjiWTudOGZh4kGbEO/QU3/oobF4q4defOvzHTdqGtB5IczrmX3HvcmDOpLOvbWFhcWl5Zza3l1zc2t7bNnd2GjBJBoU4jHomWSyRwFkJdMcWhFQsggcuh6Q4uMr95B0KyKLxRwxicgPRC5jNKlJa6ZvGyeH+MO27EPTkM9JMORt1ODCK+LWs9SPT1AIocdc2CVbLGwPPEnpICmqLWNb86XkSTAEJFOZGybVuxclIiFKMcRvlOIiEmdEB60NY0JAFIJx1vNMKHWvGwHwl9QoXH6u+OlAQym1dXBkT15ayXif957UT5Z07KwjhRENLJR37CsYpwFg/2mACq+FATQgXTs2LaJ4JQpUPM6xDs2ZXnSaNcsiulk+tKoXo+jSOH9tEBKiIbnaIqukI1VEcUPaJn9IrejCfjxXg3PialC8a0Zw/9gfH5A/pInHw=</latexit>

Time-reversal evenTime-reversal odd
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<latexit sha1_base64="ZF80L+LQwuTY7T259ECZL2kH4Kk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1R2M9w==</latexit>

Q

<latexit sha1_base64="yE+iQjrlZcV8CEFaNEB6+KVdXbw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frbWM3Q==</latexit>

Energy scale
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QCD in the Standard ModelTransverse-Momentum Distributions (TMDs)
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QCD in the Standard ModelTransverse-Momentum Distributions (TMDs)

gq
1 (x, k⊥) = q+ − q−

⦿
kx

ky

⊗

⊗

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 

have smaller transverse momentum?



Analysis of longitudinally polarized process

DOUBLE SPIN ASYMMETRY 

A1 =
dσ→← − dσ→→ + dσ←→ − dσ←←

dσ→← + dσ→→ + dσ←→ + dσ←←

M. Diehl and S. Sapeta, Eur. Phys. J. C 41, 515 (2005) 

SIDIS
ℓ⇄(l) + N⇆(P) → ℓ(l′￼) + h(Ph) + X

A. Bacchetta et al., Phys.Rev.D 70 (2004), 117504
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QCD in the Standard ModelHelicity distribution



Accuracy SIDIS DY N of points χ2/Ndata
Flavor 

Dependence

YLSZM fit NNLL ✔ ❌ 253 0.74 ❌

MAP22pol NNLL ✔ ❌ 291 1.09 ❌

25

QCD in the Standard ModelAvailable Fits of the Helicity TMD

MAP Collaboration      
PRL 134 (2025)

Transverse Nucleon 
Tomography Collaboration  

PRL 134 (2025)



A1(x, z, Q, |PhT | ) =
∑

a=q,q̄

e2
a ∫
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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 ∫
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0
d |bT |2 J0 ( |bT | |PhT |

z ) ̂fa
1(x, |bT |2 , Q) D̂a→h

1 (z, |bT |2 , Q)

Longitudinal-Spin Asymmetry - TMD factorization

✦ Large energy scale  

✦ Small transverse momentum 

Q2 ≫ M2

q2
T ≪ Q2
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QCD in the Standard ModelTMD factorization: Universality
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Longitudinal-Spin Asymmetry - TMD factorization

✦ Large energy scale  

✦ Small transverse momentum 

Q2 ≫ M2

q2
T ≪ Q2

Experimental observables in terms of universal objects⇒
26

QCD in the Standard ModelTMD factorization: Universality

MAP Collaboration, Bacchetta et al., JHEP 10 (2022)
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QCD in the Standard ModelMAP22pol: fit setup

Collinear distributions NNPDFpol1.1
Unpolarized from MAP22

Highest possible 

Gutiérrez-Reyes et al., Phys. Lett. B (2017)

Perturbative Accuracy NNLL
since  known up to NLO Cg

 Airapetian et al. (HERMES), Phys. Rev. D (2019)

Experimental data

Consistent MAP22 kinematic cuts 
are applied

Total number of data: 291

CLAS6 and COMPASS datasets 
excluded due to the cut
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e− k2
⊥

ω1(x)

knorm(x)
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➤ x-dependent

f MAP22
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Compatible with recent 
(preliminary) results 

on the lattice!!
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QCD in the Standard ModelConclusions

✹ 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

Detailed study on extracted TMD FFs from global fits

with A. Simonelli

Stress test of CSS formalism in TMD extractions

with MAP Collaboration

with MAP Collaboration
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Fourier Transform of:

pQCD

Input (extraction from collinear cross section)

Non-perturbative functions to extract from data.

(TMD region)

15

(TMD region)

Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 

Normalization issue 
confirmed also in other 
analyses  from different 
collaborations

QCD in the Standard Model

Gonzalez-Hernandez, PoS DIS2019 (2019)

Normalization of SIDIS calculation
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Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 

Normalization issue 
confirmed also in other 
analyses  from different 
collaborations

QCD in the Standard Model

Gonzalez-Hernandez, PoS DIS2019 (2019)

Gonzalez-Hernandez, PoS DIS2019 (2019)

Sun, Isaacson, Yuan, Yuan,  IJNP A (2014)

Normalization of SIDIS calculation
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Error propagation
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QCD in the Standard ModelMAPTMD24

 Configuration DY SIDIS Total
 MMHT+DSS (MAP22) 1.66 0.87 1.06
 NNPDF+MAPFF (MAP24 FI) 1.58 1.34 1.40

χ2/Ndata
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QCD in the Standard ModelMAPTMD24

 Configuration DY SIDIS Total
 MMHT+DSS (MAP22) 1.66 0.87 1.06
 NNPDF+MAPFF (MAP24 FI) 1.58 1.34 1.40

χ2/Ndata

MAPFF1.0nnlo

approx NNLO

NN approach

New behaviors

Smaller uncertainties
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QCD in the Standard ModelMAPTMD24: results

Flavor-dependent TMD FFs
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QCD in the Standard ModelMAPTMD24: results

Flavor-dependent TMD FFs

Small evidence of different behaviors for different flavors
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QCD in the Standard ModelMAPTMD24: results

Flavor-dependent TMD FFs

Small evidence of different behaviors for different flavors
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QCD in the Standard ModelMAPTMD24: results

Flavor-dependent TMD FFs

Small evidence of different behaviors for different flavors

Some evidence of different behaviors for different measured hadrons

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|P?|[GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

D
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

D
!

º
+

1
(z

,0
,Q

,Q
2
)

Q = 2 GeV

z = 0.4
u

d

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|P?|[GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2 Q = 2 GeV

z = 0.6

u

d

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|P?|[GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

z
D

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 2 GeV
z = 0.6

u ! º+

u ! K+

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|P?|[GeV]

0.0

0.2

0.4

0.6

0.8

1.0

D
1
(z

,P
2 ?
,Q

,Q
2
)

D
1
(z

,0
,Q

,Q
2
)

Q = 2 GeV

z = 0.6

u ! º+

u ! K+


