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Are TMDs universal?
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ā
1 (xB , b

2
T ;µ, ⇣B)

<latexit sha1_base64="kwz7YHDXfaQLBeFt9SXZTB8xq3c="></latexit>

PB

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PA

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

kA

kB

k⊥A

k⊥B
quark

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

quark
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

photon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qTq
PB

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PA

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

kA

kB

k⊥A

k⊥B
quark

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

quark
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

photon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qTq

antiquark

lepton

antilepton

PB

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PA

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

kA

kB

k⊥A

k⊥B
quark

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

quark
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

photon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qTq

PB

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PA

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

kA

kB

k⊥A

k⊥B
quark

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

quark
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

photon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qTq

Drell-Yan

If q2
T ≪ Q2



Same functions

4

QCD in the Standard ModelTMD factorization: Universality

GLOBAL FITs

FUU,T

�
x, z, |qT |, Q

�
⇠

Z +1

0
d|bT ||bT |J0

�
|bT ||qT |

�
f̂a
1 (x, b

2
T ;µ, ⇣A)D̂

a!h
1 (z, b2T ;µ, ⇣B)

<latexit sha1_base64="8rtxISfDNiQvR52e0AIovRdeZKQ="></latexit>

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

lepton

lepton

SIDIS

F 1
UU

�
xA, xB , |qT |, Q

�
⇠

Z +1

0
d|bT ||bT |J0

�
|bT ||qT |

�
f̂a
1 (xA, b

2
T ;µ, ⇣A)f̂

ā
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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 ✔

-

-
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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
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QCD in the Standard ModelMotivation

GOAL:

Reduce the parameterization bias

⇒ fit for the first time TMDs with Neural Networks

Is this approach applicable to this complex task?

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

Is the approach scalable?

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

Current extractions of TMDs show incompatibilities✹
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QCD in the Standard ModelTMD fitting framework

https://github.com/MapCollaboration/NangaParbatNangaParbat
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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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E772
E288
STAR
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D0
LHCb
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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
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QCD in the Standard ModelParameterization: NN
MAP Collaboration, PRL 135 (2025)

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

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}
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QCD in the Standard ModelParameterization: NN
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 flavor dependence (yet)

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

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�
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�
x, 0, {pi}
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"
� g22 b

2
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✓
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QCD in the Standard ModelParameterization: NN
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 flavor dependence (yet)

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

fNP(x, bT ; ⇣) =
NN
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x, bT , {pi}
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✓
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◆
with activation function
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QCD in the Standard ModelParameterization: NN
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 flavor 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 ModelParameterization: NN
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 flavor dependence (yet)

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

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�
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�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

<latexit sha1_base64="uDecnnZocXRV/YPkMUHnKpgRnRk="></latexit>
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QCD in the Standard ModelParameterization: MAP22
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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

– 10 –

gK(b2T ) = �g22
b2T
4
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Bacchetta, Conti, Radici, PRD 78 (2008)
Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)

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

Gaussians and weighted-Gaussians: are they enough flexible?
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QCD in the Standard ModelFitting procedure

Splitting the dataset into training/validation subsets
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QCD in the Standard ModelFitting procedure

Error propagation: generation of Monte Carlo replicas

0 50 100 150 200 250 300
Replica Number

0.0

0.5

1.0

1.5

2.0

2.5

3.0

T
o
ta

l
¬

2

136

65

271

14

242

230101 145
52

11628
288184 25613115

278141

95
79 97 29336 58

16268 29589 269156 292285281
270

296

274263
267
265

275
268252254152 253 273 291277

259 282
264

103 260
251

272

128

250
262144 257266198

276 29429029929816 255
41 300

151

289

236
284286280

258

90
75 105

138

133

35 246
123

70 93

16714256
38 115

241139149107 178

66

143102
21

179106 18711746
53 73 108

297148
1869699

137
158113 12612 168

15037

54

84
61 245

214

164118 21047
33

244

88
34 48

135
4531 119

98

9482

5

1308317 262932
104

64 1407

206

146
153

25 44

201

199 247

169

124
8

223
19439

8567
23

100
5730

12749
190

63

4
8127

0
42 7219

233

220

192
166

87 195

18377
18

228

209
224 240226

17212213 161
50 1657123 204

15969
22786

155
43

24
188 218

185
125 24855 181

197
171173

225
205212

234
215

76 200
20

19119359 175 222
74

157
229

219

9
202

1106
121

182
11

238170
231

23920792 211177

232
180174

216

213
203

208 221
235217 237 249

from replicas in BestParameters.yaml (271 replicas)

Total ¬2per replica

a fit runs in ~15 mins



17

QCD in the Standard ModelResults of the analysis
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MAP22 relies more on systematic shifts  large error bands⇒

Significant improvement for ATLAS data

NN provide better quality than MAP22
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QCD in the Standard ModelResults of the analysis

Extracted TMDs

0.0

0.5

1.0

1.5

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

x = 0.001
Q = 2 GeV

NN

MAP22

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

|k?| [GeV]

0.5
1.0
1.5

R
a
ti
o

0.0

0.5

1.0

1.5

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

x = 0.01
Q = 2 GeV

NN

MAP22

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

|k?| [GeV]

0.5
1.0
1.5

R
a
ti
o

NN fit has larger bands

more reliable estimation 
of uncertainties 



19

QCD in the Standard ModelResults of the analysis

Extracted nonperturbative evolution (Collins-Soper kernel)

more reliable estimation 
of uncertainties 

Bollweg, Gao, He, Mukherjee, Zhao 
arXiv:2504.04625 

Is it possible to apply information from 
lattice to the extraction of the CS kernel?

https://arxiv.org/abs/2504.04625
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