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QCD in the Standard ModelTransverse Momentum Distributions (TMDs)
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QCD in the Standard ModelStructure of a TMD: matching onto PDFs

<latexit sha1_base64="uXJOChkFh6Jx0Z3YPt4EamiHMfE="></latexit>

!i,j(x,k→) =

∫
db↑dbT
(2ω)3

→P |ε̄j(0)U(0, b)εi(b)|P ↑
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b+=0

TMDs at the operator level
Collins, “Foundation of Perturbative QCD”
Echevarria, Scimemi, et al., JHEP 09 (2016)

<latexit sha1_base64="hMsHjjGJrV607Jf5iQEnYtIKaRs=">AAACJXicbVDLSgMxFM34rPVVdekmWARBWmZEqgsXRTcuK/QFnXbIZG41NDMZkoxYhvkZN/6KGxcWEVz5K6aPhbUeCDmccy/33uPHnClt21/W0vLK6tp6biO/ubW9s1vY228qkUgKDSq4kG2fKOAsgoZmmkM7lkBCn0PLH9yM/dYjSMVEVNfDGLohuY9Yn1GijeQVrqCXlp7woHeK/V4Jn2LXFzxQw9B86SDz3BhkjF0aCD1n+ZlXz7xC0S7bE+BF4sxIEc1Q8wojNxA0CSHSlBOlOo4d625KpGaUQ5Z3EwUxoQNyDx1DIxKC6qaTKzN8bJQA94U0L9J4ov7uSEmoxtuZypDoB/XXG4v/eZ1E9y+7KYviRENEp4P6Ccda4HFkOGASqOZDQwiVzOyK6QORhGoTbN6E4Pw9eZE0z8pOpVy5Oy9Wr2dx5NAhOkInyEEXqIpuUQ01EEXP6BW9o5H1Yr1ZH9bntHTJmvUcoDlY3z9Z06VI</latexit>
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Collinear operator

short-displacement limit
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Collinear operator

short-displacement limit

bT ≪ 1/ΛQCDMatching onto collinear PDFs
<latexit sha1_base64="kg8++RlFSzsZXap4uZ1RydyiXlk="></latexit>

f̂q
1 (x, bT , µ, ω) =

∑

i=q→,q̄→,g

∫ 1

x

dy

y
Cq/i(y, bT , µ, ω)f

i
1

(
x

y
, µ

)
+O(b2T!

2
QCD)
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Collins and Soper, Nucl. Phys. B193 (1981)
J. Collins, “Foundation of Perturbative QCD”

Evolution in 2 dimensions

QCD in the Standard ModelStructure of a TMD: evolution
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Collins and Soper, Nucl. Phys. B193 (1981)
J. Collins, “Foundation of Perturbative QCD”

Evolution in 2 dimensions

QCD in the Standard ModelStructure of a TMD: evolution

Sudakov form factor = solution of evolution equations
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QCD in the Standard ModelThe emergence of nonperturbative physics
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µb =
2e→ωE

bT
Initial scale:
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ωs(µb) → ↑



6

QCD in the Standard ModelThe emergence of nonperturbative physics
<latexit sha1_base64="m7pYREOvBamVzh64a+bhHTl4/6o=">AAACDHicbVDLSgMxFM34rPVVdekmWAQ3lpki1Y1QFMFlhb6gMw6ZNNOGJpkhyQhlmA9w46+4caGIWz/AnX9j2s5CWw8EDuecy809Qcyo0rb9bS0tr6yurRc2iptb2zu7pb39tooSiUkLRyyS3QApwqggLU01I91YEsQDRjrB6Hridx6IVDQSTT2OicfRQNCQYqSN5JfKLk/8AF5CN5QIp1VI7tNTd4A4R/5NlqWB38xMyq7YU8BF4uSkDHI0/NKX249wwonQmCGleo4day9FUlPMSFZ0E0VihEdoQHqGCsSJ8tLpMRk8NkofhpE0T2g4VX9PpIgrNeaBSXKkh2rem4j/eb1EhxdeSkWcaCLwbFGYMKgjOGkG9qkkWLOxIQhLav4K8RCZVrTpr2hKcOZPXiTtasWpVWp3Z+X6VV5HARyCI3ACHHAO6uAWNEALYPAInsEreLOerBfr3fqYRZesfOYA/IH1+QOsW5rK</latexit>

µb =
2e→ωE

bT
Initial scale:

<latexit sha1_base64="C5RW14eS04mUW6KyoCXEp/B0R3k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquSPVY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7Qsmh5sMREK3VY9+teFVvDrxK/JxUUI5G3/3qDRRNYyaBCmJM1/cSCDKigVPBpqVealhC6JgMWddSSWJmgmx++BSfWmWAI6VtScBz9fdERmJjJnFoO2MCI7PszcT/vG4K0VWQcZmkwCRdLIpSgUHhWQp4wDWjICaWEKq5vRXTEdGEgs2qZEPwl19eJa3zql+r1u4uKvXrPI4iOkYn6Az56BLV0S1qoCaiKEXP6BW9OU/Oi/PufCxaC04+c4T+wPn8AXXKk6E=</latexit>→↑
<latexit sha1_base64="XRN4DawBZjfCbgu5A3GIi7eVd5c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXis0C9pl5JNs9vQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4WNza3tneJuaW//4PCofHzS0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3M397hNVmsWyZaYJ9QWOJAsZwcZKj8GwhQZRhLxhueJW3QXQOvFyUoEczWH5azCKSSqoNIRjrfuemxg/w8owwumsNEg1TTCZ4Ij2LZVYUO1ni4Nn6MIqIxTGypY0aKH+nsiw0HoqAtspsBnrVW8u/uf1UxPe+BmTSWqoJMtFYcqRidH8ezRiihLDp5Zgopi9FZExVpgYm1HJhuCtvrxOOldVr1atPVxXGrd5HEU4g3O4BA/q0IB7aEIbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/eiKPjw==</latexit>

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

0
<latexit sha1_base64="0JGykmHSi3wWf1UtNKxZ7P7gz5c=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEJuyKRMugjWUE84BsCHcns8mQ2dll5q4SQj7Axl+xsVDE1g+w82+cPApNPDBwOOdc7twTJFIYdN1vJ7Oyura+kd3MbW3v7O7l9w/qJk414zUWy1g3AzBcCsVrKFDyZqI5RIHkjWBwPfEb91wbEas7HCa8HUFPiVAwQCt18gUfZNKHjqFFP0o7wSn1tej1EbSOH6gvVIhDm3JL7hR0mXhzUiBzVDv5L78bszTiCpkEY1qem2B7BBoFk3yc81PDE2AD6PGWpQoibtqj6TFjemKVLg1jbZ9COlV/T4wgMmYYBTYZAfbNojcR//NaKYaX7ZFQSYpcsdmiMJUUYzpphnaF5gzl0BJgWti/UtYHDQxtfzlbgrd48jKpn5W8cql8e16oXM3ryJIjckyKxCMXpEJuSJXUCCOP5Jm8kjfnyXlx3p2PWTTjzGcOyR84nz88o5sj</latexit>

ωs(µb) → ↑

Collins, Soper,and Sterman, Nucl.Phys. B250,199 (1985) 

Bacchetta, Echevarria, Mulders, et al., JHEP 11, 076 (2015)

Collins, Gamberg, et al., Phys.Rev.D 94 (2016) 

MC and A. Simonelli, EPJ C 86 (2026)

<latexit sha1_base64="QlOfyXx6xK8jwOUAOuvCVY6j4Y4="></latexit>

b→(bT ) = bmax

(1→ exp
(
→ b4T

b4max

)

1→ exp
(
→ b4T

b4min

)
) 1

4

<latexit sha1_base64="wH4jMgmpznGUPx0p34KsMxUcUgA="></latexit>

bmin =
2e→ωE

µ

<latexit sha1_base64="epQIPVaEApLKkBHsYXuUrCUSigE="></latexit>

bmax =
2e→ωE

1 GeV
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<latexit sha1_base64="m7pYREOvBamVzh64a+bhHTl4/6o=">AAACDHicbVDLSgMxFM34rPVVdekmWAQ3lpki1Y1QFMFlhb6gMw6ZNNOGJpkhyQhlmA9w46+4caGIWz/AnX9j2s5CWw8EDuecy809Qcyo0rb9bS0tr6yurRc2iptb2zu7pb39tooSiUkLRyyS3QApwqggLU01I91YEsQDRjrB6Hridx6IVDQSTT2OicfRQNCQYqSN5JfKLk/8AF5CN5QIp1VI7tNTd4A4R/5NlqWB38xMyq7YU8BF4uSkDHI0/NKX249wwonQmCGleo4day9FUlPMSFZ0E0VihEdoQHqGCsSJ8tLpMRk8NkofhpE0T2g4VX9PpIgrNeaBSXKkh2rem4j/eb1EhxdeSkWcaCLwbFGYMKgjOGkG9qkkWLOxIQhLav4K8RCZVrTpr2hKcOZPXiTtasWpVWp3Z+X6VV5HARyCI3ACHHAO6uAWNEALYPAInsEreLOerBfr3fqYRZesfOYA/IH1+QOsW5rK</latexit>

µb =
2e→ωE

bT
Initial scale:

<latexit sha1_base64="C5RW14eS04mUW6KyoCXEp/B0R3k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquSPVY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7Qsmh5sMREK3VY9+teFVvDrxK/JxUUI5G3/3qDRRNYyaBCmJM1/cSCDKigVPBpqVealhC6JgMWddSSWJmgmx++BSfWmWAI6VtScBz9fdERmJjJnFoO2MCI7PszcT/vG4K0VWQcZmkwCRdLIpSgUHhWQp4wDWjICaWEKq5vRXTEdGEgs2qZEPwl19eJa3zql+r1u4uKvXrPI4iOkYn6Az56BLV0S1qoCaiKEXP6BW9OU/Oi/PufCxaC04+c4T+wPn8AXXKk6E=</latexit>→↑
<latexit sha1_base64="XRN4DawBZjfCbgu5A3GIi7eVd5c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXis0C9pl5JNs9vQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4WNza3tneJuaW//4PCofHzS0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3M397hNVmsWyZaYJ9QWOJAsZwcZKj8GwhQZRhLxhueJW3QXQOvFyUoEczWH5azCKSSqoNIRjrfuemxg/w8owwumsNEg1TTCZ4Ij2LZVYUO1ni4Nn6MIqIxTGypY0aKH+nsiw0HoqAtspsBnrVW8u/uf1UxPe+BmTSWqoJMtFYcqRidH8ezRiihLDp5Zgopi9FZExVpgYm1HJhuCtvrxOOldVr1atPVxXGrd5HEU4g3O4BA/q0IB7aEIbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/eiKPjw==</latexit>
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<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0
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ωs(µb) → ↑

Collins, Soper,and Sterman, Nucl.Phys. B250,199 (1985) 

Bacchetta, Echevarria, Mulders, et al., JHEP 11, 076 (2015)

Collins, Gamberg, et al., Phys.Rev.D 94 (2016) 

MC and A. Simonelli, EPJ C 86 (2026)

<latexit sha1_base64="QlOfyXx6xK8jwOUAOuvCVY6j4Y4="></latexit>

b→(bT ) = bmax

(1→ exp
(
→ b4T

b4max

)

1→ exp
(
→ b4T

b4min

)
) 1

4
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bmin =
2e→ωE

µ

<latexit sha1_base64="epQIPVaEApLKkBHsYXuUrCUSigE="></latexit>

bmax =
2e→ωE

1 GeV
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Cross section differential in transverse momentum

<latexit sha1_base64="8jhI3B1lbJX49wemAiRT77WRGc8=">AAACGHicbZC7TsMwFIadcivlFmBksaiQGKAkCBXGCgYYi9Sb1ITKcZ3Wqp0E20GqojwGC6/CwgBCrN14G5w2A7T8kqVP/zlHx+f3Ikalsqxvo7C0vLK6VlwvbWxube+Yu3stGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXujm6zefiJC0jBoqHFEXI4GAfUpRkpbPfPM8QXCSR86kg44SjU99hopdE5g1xE8ibwMb0krfUhO7dTtmWWrYk0FF8HOoQxy1XvmxOmHOOYkUJghKbu2FSk3QUJRzEhacmJJIoRHaEC6GgPEiXST6WEpPNJOH/qh0C9QcOr+nkgQl3LMPd3JkRrK+Vpm/lfrxsq/chMaRLEiAZ4t8mMGVQizlGCfCoIVG2tAWFD9V4iHSCeldJYlHYI9f/IitM4rdrVSvb8o167zOIrgAByCY2CDS1ADd6AOmgCDZ/AK3sGH8WK8GZ/G16y1YOQz++CPjMkP7BGfEA==</latexit>

dω dq
T
[p
b
G
eV

→
1
]

<latexit sha1_base64="X4Lu9TFMczLf+3j9PCWsYonGdgI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkoiUl0WXeiyQl/QhDCZTtqhM5M4M1FK7Ke4caGIW7/EnX/jtM1CWw9cOJxzL/feEyaMKu0431ZhZXVtfaO4Wdra3tnds8v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXU7zwQqWgsmnqcEJ+jgaARxUgbKbDL90ETeqew50me3ZD2xA/silN1ZoDLxM1JBeRoBPaX149xyonQmCGleq6TaD9DUlPMyKTkpYokCI/QgPQMFYgT5Wez0yfw2Ch9GMXSlNBwpv6eyBBXasxD08mRHqpFbyr+5/VSHV36GRVJqonA80VRyqCO4TQH2KeSYM3GhiAsqbkV4iGSCGuTVsmE4C6+vEzaZ1W3Vq3dnVfqV3kcRXAIjsAJcMEFqINb0AAtgMEjeAav4M16sl6sd+tj3lqw8pkD8AfW5w8EjZM5</latexit>

qT [GeV]

TMD factorisation:
<latexit sha1_base64="l76XTgzX+B0SsQPSXknQFmKPKZU=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FL16EFuwHpGnZbDfp0s0m7G6EEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKG5tb2zvF3dLe/sHhUfn4pKPiVBLaJjGPZc/HinImaFszzWkvkRRHPqddf3I397tPVCoWi0c9TagX4VCwgBGsjeS2BjXUD0P0MKgNyxW7ai+A1omTkwrkaA7LX/1RTNKICk04Vsp17ER7GZaaEU5npX6qaILJBIfUNVTgiCovW5w8QxdGGaEglqaERgv190SGI6WmkW86I6zHatWbi/95bqqDGy9jIkk1FWS5KEg50jGa/49GTFKi+dQQTCQztyIyxhITbVIqmRCc1ZfXSadWderVeuuq0rjN4yjCGZzDJThwDQ24hya0gUAMz/AKb5a2Xqx362PZWrDymVP4A+vzB34ukBs=</latexit>

Q2 → M2
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Cross section differential in transverse momentum
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G
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→
1
]
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qT [GeV]

TMD factorisation:
<latexit sha1_base64="l76XTgzX+B0SsQPSXknQFmKPKZU=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FL16EFuwHpGnZbDfp0s0m7G6EEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKG5tb2zvF3dLe/sHhUfn4pKPiVBLaJjGPZc/HinImaFszzWkvkRRHPqddf3I397tPVCoWi0c9TagX4VCwgBGsjeS2BjXUD0P0MKgNyxW7ai+A1omTkwrkaA7LX/1RTNKICk04Vsp17ER7GZaaEU5npX6qaILJBIfUNVTgiCovW5w8QxdGGaEglqaERgv190SGI6WmkW86I6zHatWbi/95bqqDGy9jIkk1FWS5KEg50jGa/49GTFKi+dQQTCQztyIyxhITbVIqmRCc1ZfXSadWderVeuuq0rjN4yjCGZzDJThwDQ24hya0gUAMz/AKb5a2Xqx362PZWrDymVP4A+vzB34ukBs=</latexit>

Q2 → M2

<latexit sha1_base64="1IAhCIfN+Rgw2Y6I27ZPviQ8Hjo=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibTEgEeiF4+Q8JVAIdtlCxu227K7JSENv8OLB43x6o/x5r9xgR4UfMkkL+/NZGaeF3GmtG1/W5md3b39g+xh7uj45PQsf37RUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3eVz67RmVioWioecRdQM8EsxnBGsjudNBo19CPc5RvV8a5At20V4BbRMnJQVIURvkv3rDkMQBFZpwrFTXsSPtJlhqRjhd5HqxohEmEzyiXUMFDqhyk9XRC3RjlCHyQ2lKaLRSf08kOFBqHnimM8B6rDa9pfif1421f+8mTESxpoKsF/kxRzpEywTQkElKNJ8bgolk5lZExlhiok1OOROCs/nyNmmVik65WK7fFaoPaRxZuIJruAUHKlCFJ6hBEwhM4Rle4c2aWS/Wu/Wxbs1Y6cwl/IH1+QMm9pEQ</latexit>

q2T → Q2
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QCD in the Standard ModelHow to get information on TMDs



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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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



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

TMD FFsTMD PDFs
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QCD in the Standard ModelExtracted TMDs

Many extractions are present in the literature

Incompatibilities can be ascribed to different phenomenological setup 
(fitted dataset, parametrization bias, collinear distributions)
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physically required constraints
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QCD in the Standard ModelToday: the Collins-Soper kernel
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d ln f(x, bT , µ, ω)

d ln ω
= K(bT , µ)

CSK: anomalous dimension of rapidity RGE
A. Vladimirov, PRL 125 (2020)
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d ln f(x, bT , µ, ω)

d ln ω
= K(bT , µ)

CSK: anomalous dimension of rapidity RGE

At the operator level, it is the expectation value of a Wilson loop 
running along the light-front direction and with transverse 
displacement bT

A. Vladimirov, PRL 125 (2020)
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<latexit sha1_base64="Ilg+luDYzFohEkrsKscgk/yqBnI=">AAACJ3icbVDLSgMxFM34rPVVdekmWIQWSpkRqW6UohvBTYW+oDMMmTTThmYyQ5IR69C/ceOvuBFURJf+iWk7grZeSDg551xu7vEiRqUyzU9jYXFpeWU1s5Zd39jc2s7t7DZlGAtMGjhkoWh7SBJGOWkoqhhpR4KgwGOk5Q0ux3rrlghJQ15Xw4g4Aepx6lOMlKbc3LntC4STLrQZh37hrgQ9t16CdhDr654oVByl4uQ1gmfwuvBjKUI3lzfL5qTgPLBSkAdp1dzci90NcRwQrjBDUnYsM1JOgoSimJFR1o4liRAeoB7paMhRQKSTTPYcwUPNdKEfCn24ghP2d0eCAimHgaedAVJ9OauNyf+0Tqz8UyehPIoV4Xg6yI8ZVCEchwa7VBCs2FADhAXVf4W4j3RwSkeb1SFYsyvPg+ZR2aqUKzfH+epFGkcG7IMDUAAWOAFVcAVqoAEweABP4BW8GY/Gs/FufEytC0baswf+lPH1DUlJoxw=</latexit>

d ln f(x, bT , µ, ω)

d ln ω
= K(bT , µ)

CSK: anomalous dimension of rapidity RGE

It encodes info on QCD vacuum 
rather than on the actual structure 
of hadrons

At the operator level, it is the expectation value of a Wilson loop 
running along the light-front direction and with transverse 
displacement bT

A. Vladimirov, PRL 125 (2020)
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QCD in the Standard ModelCS kernel: TMD extractions

CSK in phenomenological analyses
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K(bT , µ) = K(b→, µb→)→
∫ µ

µb→

dµ↑

µ↑ ωK(εs(µ
↑))→ gK(bT )

Perturbative Nonperturbative
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dµ↑

µ↑ ωK(εs(µ
↑))→ gK(bT )

Perturbative Nonperturbative

There are no experimental data providing direct information on it

Limited range in Q of current experimental measurements (~10-100 GeV)

It is parametrised by very simple functions (1-2 parameters)
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CSK in phenomenological analyses
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K(bT , µ) = K(b→, µb→)→
∫ µ

µb→

dµ↑

µ↑ ωK(εs(µ
↑))→ gK(bT )

Perturbative Nonperturbative

There are no experimental data providing direct information on it

Limited range in Q of current experimental measurements (~10-100 GeV)

It is parametrised by very simple functions (1-2 parameters)
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CSK in phenomenological analyses

QCD in the Standard ModelCS kernel: TMD extractions

Many determinations with different formalisms

Discrepancies are a consequence of limited constraining power by exp. data

NN fit provides much larger error bands 
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K(b, µ = 2GeV)
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2
K(b, µ = 2GeV)

Moos, Scimemi, et al., JHEP 11 (2025)
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QCD in the Standard ModelCS kernel: lattice QCD

A “clean” TMD-related quantity 
that can be meaningfully 
calculated on the lattice
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QCD in the Standard ModelCS kernel: lattice QCD

A “clean” TMD-related quantity 
that can be meaningfully 
calculated on the lattice

For the first time, control has been 
achieved for quark mass, operator 
renormalization and discretization 
effects!!

Avkhadiev, Shanahan, Wagman, Zhao, PRL 132 (2024)

Continuum-limit extrapolation

Finite-lattice-spacing effects
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QCD in the Standard ModelCombining lattice QCD and exp. data
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Avkhadiev, Shanahan, Wagman, Zhao, PRL 132 (2024)
MAP Collaboration, PRL 135 (2025)

2- Global fit experimental data + lattice QCD

1- Reweighting

Two strategies to combine the information:
Avkhadiev, Bertone, Bissolotti, MC, et al., PRL 136 (2026)
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Continuum-Extrapolated data Finite-lattice-spacing data
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QCD in the Standard ModelCombining lattice QCD and exp. data
Avkhadiev, Bertone, Bissolotti, MC, et al., PRL 136 (2026)

2- Global fit experimental data + lattice

The combined fit 
is stable

Improved 
agreement with 

lattice data
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QCD in the Standard ModelCombining lattice QCD and exp. data
Avkhadiev, Bertone, Bissolotti, MC, et al., PRL 136 (2026)
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➤Conclusions

✹

✹

✹

✹

CSK is a fundamental quantity in QCD

We performed the first extraction of the CSK combining exp. 
data and lattice calculation in the same framework

It can be extracted by TMD fits, but exp. data provide limited constraints

It can be calculated on the lattice, but systematics must be under control

We found a significantly consistent improvement using two 
different methodologies

This shows the potential of lattice QCD inputs in TMD fits

➤

➤
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QCD in the Standard ModelTheory/data agreement

uncorrelated correlated
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Decomposition of the χ2
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QCD in the Standard ModelIncluded data sets

Drell-Yan data
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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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QCD in the Standard ModelResults of the analysis
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NN provide better quality than MAP22
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Significant improvement for ATLAS data

NN provide better quality than MAP22
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MAP22 relies more on systematic shifts  large error bands⇒

Significant improvement for ATLAS data

NN provide better quality than MAP22


