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QCD in the Standard ModelTransverse Momentum Distributions (TMDs)
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QCD in the Standard ModelTMD factorisation: universality
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Madrid group

MAP Collaboration, PRL 135 (2025)

Moos, Scimemi, et al., JHEP 11 (2025)

JAM Collab.

UCLA group
Others…

Barry, Prokudin, et al, arXiv:2510.13771
Zaccheddu, Gamberg, et al, arXiv:2605.06606
Kang, Zhang, et al, arXiv:2604.14133
Fernando, Keller, PRD 113 (2026)
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QCD in the Standard ModelTMD frameworks

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

Available TMD frameworks

MAP Collab.

Madrid group

MAP Collaboration, PRL 135 (2025)

Moos, Scimemi, et al., JHEP 11 (2025)

JAM Collab.

UCLA group
Others…

Barry, Prokudin, et al, arXiv:2510.13771
Zaccheddu, Gamberg, et al, arXiv:2605.06606
Kang, Zhang, et al, arXiv:2604.14133
Fernando, Keller, PRD 113 (2026)

new optimised, general-purpose 
framework is under development 
and will be publicly available soon

Bertone, Bissolotti, Cerutti, Rodini, in preparation

TMDs

GPDs

Form Factors

PDFs/FFs



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 ✔

-

-
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., 
JHEP 11 (2025)
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QCD in the Standard ModelAvailable global fits



Moos, Scimemi, et al., JHEP 11 (2025)

TMD FFs

Extracted TMDs from different analyses show incompatibilities

TMD PDFs

8

QCD in the Standard ModelComparison of different extractions
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9

QCD in the Standard ModelWhy Neural Networks?

GOAL:

Reduce the parametrisation bias

⇒ fit for the first time TMDs with Neural Networks

Is this approach applicable to this complexity?

Do they offer advantages in the description of the exp. data?

They are based on parametrisations of  that can differ a lotfNP✹

Current extractions of TMDs show incompatibilities✹
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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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<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{ <latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1
<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="7OQAQh+N7NBLUZrLnDaSUr9uGN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjhdYW2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48etRxqhi2WCxi1QmoRsEltgw3AjuJQhoFAtvB+G7mt59QaR7Lppkk6Ed0KHnIGTVWagf9Jrkhbr9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY7GXCFzIiJJZQpbm8lbEQVZcYmVLIheMsvr5LHi6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQAsYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBwgeOjQ==</latexit>

bT = 0
<latexit sha1_base64="zyeckedyeRIXhlccsjfXD9FBGZI=">AAACAHicbVDLSgNBEJyNrxhfqx48eBkMgiCEXZHoMejFY4S8IAnL7GQ2GTI7s8z0KmHJxV/x4kERr36GN//GyeOgiQUNRVU33V1hIrgBz/t2ciura+sb+c3C1vbO7p67f9AwKtWU1akSSrdCYpjgktWBg2CtRDMSh4I1w+HtxG8+MG24kjUYJawbk77kEacErBS4R2FQwx3N+wMgWqtHfN7hMoJR4Ba9kjcFXib+nBTRHNXA/er0FE1jJoEKYkzb9xLoZkQDp4KNC53UsITQIemztqWSxMx0s+kDY3xqlR6OlLYlAU/V3xMZiY0ZxaHtjAkMzKI3Ef/z2ilE192MyyQFJulsUZQKDApP0sA9rhkFMbKEUM3trZgOiCYUbGYFG4K/+PIyaVyU/HKpfH9ZrNzM48ijY3SCzpCPrlAF3aEqqiOKxugZvaI358l5cd6dj1lrzpnPHKI/cD5/AFrolkc=</latexit>

bT → +↑

Try to reduce the parametrisation bias!
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QCD in the Standard ModelThe parameterisation bias

How do we choose the parametrisation of ?fNP

then “by experience”<latexit sha1_base64="y1zAKPiyKYSIE1QwqVXYNLkQIYs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqW6EohtXUqEvaEOYTCft0JlJmJmIJeRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wliRpV2nG+rsLa+sblV3C7t7O7tH9iH5Y6KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weR25ncfiVQ0Ei09jYnH0UjQkGKkjeTb5dBPB5LD+2YGq4HfOoPXvl1xas4ccJW4OamAHE3f/hoMI5xwIjRmSKm+68TaS5HUFDOSlQaJIjHCEzQifUMF4kR56fz2DJ4aZQjDSJoSGs7V3xMp4kpNeWA6OdJjtezNxP+8fqLDKy+lIk40EXixKEwY1BGcBQGHVBKs2dQQhCU1t0I8RhJhbeIqmRDc5ZdXSee85tZr9YeLSuMmj6MIjsEJqAIXXIIGuANN0AYYPIFn8ArerMx6sd6tj0VrwcpnjsAfWJ8/0luTAw==</latexit>

fNP(bT ) =

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{ <latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1
<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="7OQAQh+N7NBLUZrLnDaSUr9uGN4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjhdYW2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48etRxqhi2WCxi1QmoRsEltgw3AjuJQhoFAtvB+G7mt59QaR7Lppkk6Ed0KHnIGTVWagf9Jrkhbr9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY7GXCFzIiJJZQpbm8lbEQVZcYmVLIheMsvr5LHi6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQAsYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBwgeOjQ==</latexit>

bT = 0
<latexit sha1_base64="zyeckedyeRIXhlccsjfXD9FBGZI=">AAACAHicbVDLSgNBEJyNrxhfqx48eBkMgiCEXZHoMejFY4S8IAnL7GQ2GTI7s8z0KmHJxV/x4kERr36GN//GyeOgiQUNRVU33V1hIrgBz/t2ciura+sb+c3C1vbO7p67f9AwKtWU1akSSrdCYpjgktWBg2CtRDMSh4I1w+HtxG8+MG24kjUYJawbk77kEacErBS4R2FQwx3N+wMgWqtHfN7hMoJR4Ba9kjcFXib+nBTRHNXA/er0FE1jJoEKYkzb9xLoZkQDp4KNC53UsITQIemztqWSxMx0s+kDY3xqlR6OlLYlAU/V3xMZiY0ZxaHtjAkMzKI3Ef/z2ilE192MyyQFJulsUZQKDApP0sA9rhkFMbKEUM3trZgOiCYUbGYFG4K/+PIyaVyU/HKpfH9ZrNzM48ijY3SCzpCPrlAF3aEqqiOKxugZvaI358l5cd6dj1lrzpnPHKI/cD5/AFrolkc=</latexit>

bT → +↑

Try to reduce the parametrisation bias!
<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

<latexit sha1_base64="zeFEVBLiB0YSs+1Oa0UeI2dUv8U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1FjpIeg3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wciyo24</latexit>

bT

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x

MAP Collaboration, PRL 135 (2025)
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QCD in the Standard ModelNN-based model
MAP Collaboration, PRL 135 (2025)

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#
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QCD in the Standard ModelNN-based model
MAP Collaboration, PRL 135 (2025)

<latexit sha1_base64="zeFEVBLiB0YSs+1Oa0UeI2dUv8U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1FjpIeg3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wciyo24</latexit>

bT

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x

<latexit sha1_base64="B1ThFg4aag++YcHGJ9K7VmIGn38=">AAACCHicbZDLSgMxFIYz9VbH26hLFwaLUEHKjEh1WXTjqlToDTrDkKSZNjRzIcmIZejSja/ixoUibn0Ed76NmbYLrf4Q+PjPOeScHyecSWXbX0ZhaXllda24bm5sbm3vWLt7bRmngtAWiXksuhhJyllEW4opTruJoCjEnHbw6Dqvd+6okCyOmmqcUC9Eg4gFjCClLd86dEOkhhhn9frExWzAy/enEPvNnMWJCX2rZFfsqeBfcOZQAnM1fOvT7cckDWmkCEdS9hw7UV6GhGKE04npppImiIzQgPY0Riik0sumh0zgsXb6MIiFfpGCU/fnRIZCKcch1p352nKxlpv/1XqpCi69jEVJqmhEZh8FKYcqhnkqsM8EJYqPNSAimN4VkiESiCidnalDcBZP/gvts4pTrVRvz0u1q3kcRXAAjkAZOOAC1MANaIAWIOABPIEX8Go8Gs/Gm/E+ay0Y85l98EvGxzff8piY</latexit>

NN
�
x, bT

�

only one output node because  
there is no flavour dependence (yet)

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#
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QCD in the Standard ModelNN-based model
MAP Collaboration, PRL 135 (2025)

<latexit sha1_base64="zeFEVBLiB0YSs+1Oa0UeI2dUv8U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1FjpIeg3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wciyo24</latexit>

bT

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x

<latexit sha1_base64="B1ThFg4aag++YcHGJ9K7VmIGn38=">AAACCHicbZDLSgMxFIYz9VbH26hLFwaLUEHKjEh1WXTjqlToDTrDkKSZNjRzIcmIZejSja/ixoUibn0Ed76NmbYLrf4Q+PjPOeScHyecSWXbX0ZhaXllda24bm5sbm3vWLt7bRmngtAWiXksuhhJyllEW4opTruJoCjEnHbw6Dqvd+6okCyOmmqcUC9Eg4gFjCClLd86dEOkhhhn9frExWzAy/enEPvNnMWJCX2rZFfsqeBfcOZQAnM1fOvT7cckDWmkCEdS9hw7UV6GhGKE04npppImiIzQgPY0Riik0sumh0zgsXb6MIiFfpGCU/fnRIZCKcch1p352nKxlpv/1XqpCi69jEVJqmhEZh8FKYcqhnkqsM8EJYqPNSAimN4VkiESiCidnalDcBZP/gvts4pTrVRvz0u1q3kcRXAAjkAZOOAC1MANaIAWIOABPIEX8Go8Gs/Gm/E+ay0Y85l98EvGxzff8piY</latexit>

NN
�
x, bT

�

only one output node because  
there is no flavour dependence (yet)

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

<latexit sha1_base64="uDecnnZocXRV/YPkMUHnKpgRnRk="></latexit>

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
with activation function
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QCD in the Standard ModelNN-based model
MAP Collaboration, PRL 135 (2025)

<latexit sha1_base64="zeFEVBLiB0YSs+1Oa0UeI2dUv8U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1FjpIeg3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wciyo24</latexit>

bT

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x

<latexit sha1_base64="B1ThFg4aag++YcHGJ9K7VmIGn38=">AAACCHicbZDLSgMxFIYz9VbH26hLFwaLUEHKjEh1WXTjqlToDTrDkKSZNjRzIcmIZejSja/ixoUibn0Ed76NmbYLrf4Q+PjPOeScHyecSWXbX0ZhaXllda24bm5sbm3vWLt7bRmngtAWiXksuhhJyllEW4opTruJoCjEnHbw6Dqvd+6okCyOmmqcUC9Eg4gFjCClLd86dEOkhhhn9frExWzAy/enEPvNnMWJCX2rZFfsqeBfcOZQAnM1fOvT7cckDWmkCEdS9hw7UV6GhGKE04npppImiIzQgPY0Riik0sumh0zgsXb6MIiFfpGCU/fnRIZCKcch1p352nKxlpv/1XqpCi69jEVJqmhEZh8FKYcqhnkqsM8EJYqPNSAimN4VkiESiCidnalDcBZP/gvts4pTrVRvz0u1q3kcRXAAjkAZOOAC1MANaIAWIOABPIEX8Go8Gs/Gm/E+ay0Y85l98EvGxzff8piY</latexit>

NN
�
x, bT

�

only one output node because  
there is no flavour dependence (yet)

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

<latexit sha1_base64="uDecnnZocXRV/YPkMUHnKpgRnRk="></latexit>

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
with activation function

for
<latexit sha1_base64="NCp7f/LWqeMJmHq3c2WwXl6UfCw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEpLosunElFewDmlAm00k7dB5hZqKUUDf+ihsXirj1L9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftFJaWV1bXiuuljc2t7R13d6+pZaowaWDJpGpHSBNGBWkYahhpJ4ogHjHSioZXE791T5SmUtyZUUJCjvqCxhQjY6WuexB3s0BxeFMfw0DR/sAgpeQD9Ltu2at4U8BF4uekDHLUu+5X0JM45UQYzJDWHd9LTJghZShmZFwKUk0ShIeoTzqWCsSJDrPpB2N4bJUejKWyJQycqr8nMsS1HvHIdnJkBnrem4j/eZ3UxBdhRkWSGiLwbFGcMmgknMQBe1QRbNjIEoQVtbdCPEAKYWNDK9kQ/PmXF0nztOJXK9Xbs3LtMo+jCA7BETgBPjgHNXAN6qABMHgEz+AVvDlPzovz7nzMWgtOPrMP/sD5/AG8O5Zy</latexit>

fNP ! 1
<latexit sha1_base64="5bPa0gJCWtW0Ok1/clcDrH2DIs0=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBKR6rHoxWOFfkEbwma7aZduNmF3o4RQ/4oXD4p49Yd489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1tr6xubWdmmnvLu3f3BoHx13VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMbmd+94FKxWLR0llCvQiPBAsZwdpIvl0J/Lw1RQPJRmONpYwfkePbVafmzIFWiVuQKhRo+vbXYBiTNKJCE46V6rtOor0cS80Ip9PyIFU0wWSCR7RvqMARVV4+P36KzowyRGEsTQmN5urviRxHSmVRYDojrMdq2ZuJ/3n9VIfXXs5EkmoqyGJRmHKkYzRLAg2ZpETzzBBMJDO3IjLGEhNt8iqbENzll1dJ56Lm1mv1+8tq46aIowQncArn4MIVNOAOmtAGAhk8wyu8WU/Wi/VufSxa16xipgJ/YH3+AFfzlJY=</latexit>

bT ! 0

physically required constraints
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QCD in the Standard ModelNN-based model
MAP Collaboration, PRL 135 (2025)

41+1 parameters 

<latexit sha1_base64="zeFEVBLiB0YSs+1Oa0UeI2dUv8U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1FjpIeg3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wciyo24</latexit>

bT

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x

<latexit sha1_base64="B1ThFg4aag++YcHGJ9K7VmIGn38=">AAACCHicbZDLSgMxFIYz9VbH26hLFwaLUEHKjEh1WXTjqlToDTrDkKSZNjRzIcmIZejSja/ixoUibn0Ed76NmbYLrf4Q+PjPOeScHyecSWXbX0ZhaXllda24bm5sbm3vWLt7bRmngtAWiXksuhhJyllEW4opTruJoCjEnHbw6Dqvd+6okCyOmmqcUC9Eg4gFjCClLd86dEOkhhhn9frExWzAy/enEPvNnMWJCX2rZFfsqeBfcOZQAnM1fOvT7cckDWmkCEdS9hw7UV6GhGKE04npppImiIzQgPY0Riik0sumh0zgsXb6MIiFfpGCU/fnRIZCKcch1p352nKxlpv/1XqpCi69jEVJqmhEZh8FKYcqhnkqsM8EJYqPNSAimN4VkiESiCidnalDcBZP/gvts4pTrVRvz0u1q3kcRXAAjkAZOOAC1MANaIAWIOABPIEX8Go8Gs/Gm/E+ay0Y85l98EvGxzff8piY</latexit>

NN
�
x, bT

�

only one output node because  
there is no flavour dependence (yet)

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

<latexit sha1_base64="uDecnnZocXRV/YPkMUHnKpgRnRk="></latexit>

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
with activation function

for
<latexit sha1_base64="NCp7f/LWqeMJmHq3c2WwXl6UfCw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEpLosunElFewDmlAm00k7dB5hZqKUUDf+ihsXirj1L9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftFJaWV1bXiuuljc2t7R13d6+pZaowaWDJpGpHSBNGBWkYahhpJ4ogHjHSioZXE791T5SmUtyZUUJCjvqCxhQjY6WuexB3s0BxeFMfw0DR/sAgpeQD9Ltu2at4U8BF4uekDHLUu+5X0JM45UQYzJDWHd9LTJghZShmZFwKUk0ShIeoTzqWCsSJDrPpB2N4bJUejKWyJQycqr8nMsS1HvHIdnJkBnrem4j/eZ3UxBdhRkWSGiLwbFGcMmgknMQBe1QRbNjIEoQVtbdCPEAKYWNDK9kQ/PmXF0nztOJXK9Xbs3LtMo+jCA7BETgBPjgHNXAN6qABMHgEz+AVvDlPzovz7nzMWgtOPrMP/sD5/AG8O5Zy</latexit>

fNP ! 1
<latexit sha1_base64="5bPa0gJCWtW0Ok1/clcDrH2DIs0=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBKR6rHoxWOFfkEbwma7aZduNmF3o4RQ/4oXD4p49Yd489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1tr6xubWdmmnvLu3f3BoHx13VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMbmd+94FKxWLR0llCvQiPBAsZwdpIvl0J/Lw1RQPJRmONpYwfkePbVafmzIFWiVuQKhRo+vbXYBiTNKJCE46V6rtOor0cS80Ip9PyIFU0wWSCR7RvqMARVV4+P36KzowyRGEsTQmN5urviRxHSmVRYDojrMdq2ZuJ/3n9VIfXXs5EkmoqyGJRmHKkYzRLAg2ZpETzzBBMJDO3IjLGEhNt8iqbENzll1dJ56Lm1mv1+8tq46aIowQncArn4MIVNOAOmtAGAhk8wyu8WU/Wi/VufSxa16xipgJ/YH3+AFfzlJY=</latexit>

bT ! 0

physically required constraints
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QCD in the Standard ModelIncluded data sets

Drell-Yan data

Fixed-target:
E288, E605, E772

Collider mode:
RHIC, Tevatron, LHC
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QCD in the Standard ModelIncluded data sets

Drell-Yan data

Fixed-target:
E288, E605, E772

Collider mode:
RHIC, Tevatron, LHC
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Theory cut
<latexit sha1_base64="8nT+nv+RdjLa3WvDxSml09oHCFE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4ikmR6sFD0YvHFvoFbSib7aZdutmku5tCCf0dXjwo4tUf481/47bNQVsfDDzem2Fmnh9zprTjfFsbm1vbO7u5vfz+weHRceHktKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf/Q491sTKhWLRF1PY+qFeCBYwAjWRvLGvbQ+u66he+TYpV6h6NjOAmiduBkpQoZqr/DV7UckCanQhGOlOq4Tay/FUjPC6SzfTRSNMRnhAe0YKnBIlZcujp6hS6P0URBJU0Kjhfp7IsWhUtPQN50h1kO16s3F/7xOooM7L2UiTjQVZLkoSDjSEZongPpMUqL51BBMJDO3IjLEEhNtcsqbENzVl9dJs2S7ZbtcuylWHrI4cnAOF3AFLtxCBZ6gCg0gMIZneIU3a2K9WO/Wx7J1w8pmzuAPrM8flOCQrw==</latexit>

qT /Q < 0.2
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QCD in the Standard ModelIncluded data sets

Total number of data: 482 

Drell-Yan data

Fixed-target:
E288, E605, E772

Collider mode:
RHIC, Tevatron, LHC
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Theory cut
<latexit sha1_base64="8nT+nv+RdjLa3WvDxSml09oHCFE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4ikmR6sFD0YvHFvoFbSib7aZdutmku5tCCf0dXjwo4tUf481/47bNQVsfDDzem2Fmnh9zprTjfFsbm1vbO7u5vfz+weHRceHktKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf/Q491sTKhWLRF1PY+qFeCBYwAjWRvLGvbQ+u66he+TYpV6h6NjOAmiduBkpQoZqr/DV7UckCanQhGOlOq4Tay/FUjPC6SzfTRSNMRnhAe0YKnBIlZcujp6hS6P0URBJU0Kjhfp7IsWhUtPQN50h1kO16s3F/7xOooM7L2UiTjQVZLkoSDjSEZongPpMUqL51BBMJDO3IjLEEhNtcsqbENzVl9dJs2S7ZbtcuylWHrI4cnAOF3AFLtxCBZ6gCg0gMIZneIU3a2K9WO/Wx7J1w8pmzuAPrM8flOCQrw==</latexit>

qT /Q < 0.2



Closure Tests - level 0

Generation of pseudo data from a known model
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Closure Tests - level 0

Generation of pseudo data from a known model

<latexit sha1_base64="SgLXa2ZAnFTHwwOSEvBNxRFELhQ="></latexit>

fDWS
NP (bT , ⇣) = exp


�1

2

✓
g1 + g2 ln

✓
⇣

2Q2
0

◆◆
b2T

� <latexit sha1_base64="YB2fWGfbQBBq7+aj+f1Wwt/poAo=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4Gm0c8xdhKEXjxPcJqylpFm6haVpSVJhlN28+FW8eFDEq1/Bm9/GtOtBNx8I/PK870vyPn7MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCejRGDSxRGLxL2PJGGUk66iipH7WBAU+oz0/cl1Vu8/ECFpxO/UNCZuiEacBhQjpS3PPIYjz4aX0KqdWw3oOFDf6zA3rHqr4plVDbngMtgFVEGhjmd+OcMIJyHhCjMk5cC2YuWmSCiKGZlVnESSGOEJGpGBRo5CIt0032MGT7UzhEEk9OEK5u7viRSFUk5DX3eGSI3lYi0z/6sNEhW03JTyOFGE4/lDQcKgimAWChxSQbBiUw0IC6r/CvEYCYSVji4LwV5ceRl69ZrdrDVvG9X2VRFHGRyBE3AGbHAB2uAGdEAXYPAInsEreDOejBfj3fiYt5aMYuYQ/JHx+QOruJQa</latexit>

g1 = 0.304

g2 = 0.028

central value compute with DWS model

Bacchetta, Bertone, et al., JHEP  07 (2020)

1.
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Closure Tests - level 0

Generation of pseudo data from a known model

<latexit sha1_base64="SgLXa2ZAnFTHwwOSEvBNxRFELhQ="></latexit>

fDWS
NP (bT , ⇣) = exp


�1

2

✓
g1 + g2 ln

✓
⇣

2Q2
0

◆◆
b2T

� <latexit sha1_base64="YB2fWGfbQBBq7+aj+f1Wwt/poAo=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4Gm0c8xdhKEXjxPcJqylpFm6haVpSVJhlN28+FW8eFDEq1/Bm9/GtOtBNx8I/PK870vyPn7MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCejRGDSxRGLxL2PJGGUk66iipH7WBAU+oz0/cl1Vu8/ECFpxO/UNCZuiEacBhQjpS3PPIYjz4aX0KqdWw3oOFDf6zA3rHqr4plVDbngMtgFVEGhjmd+OcMIJyHhCjMk5cC2YuWmSCiKGZlVnESSGOEJGpGBRo5CIt0032MGT7UzhEEk9OEK5u7viRSFUk5DX3eGSI3lYi0z/6sNEhW03JTyOFGE4/lDQcKgimAWChxSQbBiUw0IC6r/CvEYCYSVji4LwV5ceRl69ZrdrDVvG9X2VRFHGRyBE3AGbHAB2uAGdEAXYPAInsEreDOejBfj3fiYt5aMYuYQ/JHx+QOruJQa</latexit>

g1 = 0.304

g2 = 0.028

central value compute with DWS model

Bacchetta, Bertone, et al., JHEP  07 (2020)

1.

pseudodata errors from real DY data2.
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fit with NN

can we recover the 
DWS result?

Closure Tests - level 0

Generation of pseudo data from a known model

<latexit sha1_base64="SgLXa2ZAnFTHwwOSEvBNxRFELhQ="></latexit>

fDWS
NP (bT , ⇣) = exp


�1

2

✓
g1 + g2 ln

✓
⇣

2Q2
0

◆◆
b2T

� <latexit sha1_base64="YB2fWGfbQBBq7+aj+f1Wwt/poAo=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4Gm0c8xdhKEXjxPcJqylpFm6haVpSVJhlN28+FW8eFDEq1/Bm9/GtOtBNx8I/PK870vyPn7MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCejRGDSxRGLxL2PJGGUk66iipH7WBAU+oz0/cl1Vu8/ECFpxO/UNCZuiEacBhQjpS3PPIYjz4aX0KqdWw3oOFDf6zA3rHqr4plVDbngMtgFVEGhjmd+OcMIJyHhCjMk5cC2YuWmSCiKGZlVnESSGOEJGpGBRo5CIt0032MGT7UzhEEk9OEK5u7viRSFUk5DX3eGSI3lYi0z/6sNEhW03JTyOFGE4/lDQcKgimAWChxSQbBiUw0IC6r/CvEYCYSVji4LwV5ceRl69ZrdrDVvG9X2VRFHGRyBE3AGbHAB2uAGdEAXYPAInsEreDOejBfj3fiYt5aMYuYQ/JHx+QOruJQa</latexit>

g1 = 0.304

g2 = 0.028

central value compute with DWS model

Bacchetta, Bertone, et al., JHEP  07 (2020)

1.

pseudodata errors from real DY data2.
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<latexit sha1_base64="SgLXa2ZAnFTHwwOSEvBNxRFELhQ="></latexit>

fDWS
NP (bT , ⇣) = exp


�1

2

✓
g1 + g2 ln

✓
⇣

2Q2
0

◆◆
b2T

�
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χ2 <latexit sha1_base64="UxZ62b6n4gQVZGJ0liNqPkiSf3E=">AAAB9XicbVBNSwMxEJ31s65fVY9egkXwYtkVqR6LXjxWsB/Qbks2zbahSXZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtb7vbO7t5+8eCwoeNUEVonMY9VK8SaciZp3TDDaStRFIuQ02Y4up36zUeqNIvlgxknNBB4IFnECDZW6nY0E8j3utl5ZeK6vWLJK3szoGXi56QEOWq94lenH5NUUGkIx1q3fS8xQYaVYYTTidtJNU0wGeEBbVsqsaA6yGZXT9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzPa6cmug4yJpPUUEnmi6KUIxOjaQSozxQlho8twUQxeysiQ6wwMTaoaQj+4svLpHFR9ivlyv1lqXqTx1GAYziBM/DhCqpwBzWoAwEFz/AKb86T8+K8Ox/z1hUnnzmCP3A+fwAuoZEE</latexit>

⇠ 10�6

Closure Tests - level 0

Closure test successful!
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MAP22 fit
MAP Collaboration, JHEP 08 (2024)

16

QCD in the Standard ModelComparison to a traditional fit



MAP22 fit
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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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(ẑβ + δ) (1− ẑ)γ
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the data sets considered for each process and the applied kinematic cuts.
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presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
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Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.
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sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
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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
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where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have
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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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Uncertainty bands are smaller than NN DY-only constraints from SIDIS

Preliminary

NN Global is broader than NN DY-only effect of the tensions?

But still larger than MAP22 more faithful representation of errors
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QCD in the Standard ModelOther applications of AI to TMD fits

Nonparametric pixel-based framework (generative AI - normalizing flow)
Zaccheddu, Gamberg, et al, arXiv:2605.06606

AI-driven procedure to explore functional forms (AI-agent-driven workflow)
Kang, Zhang, et al, arXiv:2604.14133

First application of Symbolic Regression (PySR)
Granger, Bacchetta, et al., arXiv:2607.24710

Fit with 4 NNs (~100 params)

9-param. functional form
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 N3LL+ perturbative accuracy✓
 More than 1k data from Drell-Yan and SIDIS processes ✓

Moos, Scimemi, et al., JHEP 05 (2024)
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Extraction of unpol TMDs has reached a high degree of sophistication 

 N3LL+ perturbative accuracy✓
 More than 1k data from Drell-Yan and SIDIS processes ✓

Moos, Scimemi, et al., JHEP 05 (2024)

Comparison of different extraction are unsatisfactory

Different fit setups (collinear set, evolution path,  prescription…)b*
Parametrisation bias
Power-suppressed corrections

Moos, Scimemi, et al., JHEP 05 (2024) Cerutti, Simonelli, EPJ C 86 (2026)

In progress

MAP Collaboration, PRL 135 (2025)

 The approach has been successfully tested on Drell-Yan data✓
First application of Neural Networks in unpol. TMD fits

 NN provides more reliable uncertainty bands✓
 The approach has been extended to global fits✓

✓

Robust methodology validation tests are in progress
Cerutti, arXiv:2606.28218

In progress
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QCD in the Standard ModelParameterization: NN
MAP Collaboration, PRL 135 (2025)

41+1 parameters 
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QCD in the Standard ModelFitting procedure

Splitting the dataset into training/validation subsets
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Add new experimental data

 LHC (low-mass DY data)→
 Jefferson Lab and EIC SIDIS future measurements→
 electron-positron annihilation (Belle? ALEPH? Key for TMD FFs)→

We have studied the impact of pseudodata on current global analyses! 

Cerutti, Chen, et al., accepted on PRC (2026)
Cerutti, D’Alesio, Gao, et al, PAC approved Jefferson Lab Run-group Experiment with E12-10-006 and E12-11-007 (2025)

Improve phenomenological framework

 increase theoretical accuracy (need N3LO)→
 improve control of theoretical uncertainties→
- model uncertainties (Neural Networks)
- fit setup (dependence on collinear set,  prescription)b*
- scale variations, power corrections, … 

MAP Collaboration, PRL 135 (2025)

Cerutti, Simonelli, EPJ C 86 (2026)

In progress

Moos, Scimemi, et al., JHEP 05 (2024)
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QCD in the Standard ModelHow can we improve global analyses


