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Proton spin 3D nucleon tomography Gluon saturation Hadronization in the nucleus

Abdul et al. ’22Abdul et al. ’22

Electron-ion collider (EIC)
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Nucleon tomography: a fundamental quest

Proton structure: encoded in PDFs
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TMDs: 3D tomography of nucleon structure

• TMD PDF:

• Drell-Yan:

• small 𝒒𝑻: N4LL
• large 𝒒𝑻: N2LO V+jet Gehrmann-De Ridder et al. ’16, 18; Boughezal et al. ’15, 16;

Campbell, Ellis, Williams ’17

Camarda, Cieri, Ferrera ’23; Moos, Scimemi, Vladimirov, Zurita ’23; 
Billis, Michel, Tackmann 24’

• SIDIS:
Moos, Scimemi, Vladimirov, Zurita ’25

Dong, SF, Gao, Li, Shao, Zhu ’26

• small 𝒒𝑻: N4LL
• large 𝒒𝑻: N2LO h+jet
• matched 𝒒𝑻: N4LL+ 𝓞(𝜶𝒔𝟐) Gao, Li, Zhu, Zhu ’26

• TMD FF:
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Quark TMDs in e-p collisions
One of the most fundamental measurements in SIDIS related to TMDs is the study of the 
unpolarized 𝑃ℎ𝑇  differential cross section <latexit sha1_base64="p2eN+owVDReX1XAOceQDUiUrtcE="></latexit>

!QCD → PhT ↑ Q
<latexit sha1_base64="74yRzYGavXua4CTEXqtUruans/Y="></latexit>

!QCD → PhT → Q
<latexit sha1_base64="tnaLqeEbMt1jXTg9giN5roiubtY="></latexit>

!QCD → PhT ↑ Q

Gao, Li, Zhu, Zhu ’26COMPASS ’17 5



NNLO QCD corrections for 𝑃ℎ𝑇 distribution
Hadron + jets @ NNLO

𝛾*

Ph

• A key challenge is handling infrared (IR) divergences, which 
must cancel between real and virtual configurations. 

• FMNLO for hadron production at NLO Liu, Shen, Zhou, Gao ’23
• Transverse momentum (𝒒𝑻) subtraction for hadron production

at NNLO Gao, Li, Zhu, Zhu ’26
• 𝒒𝑻 subtraction works well for colorless or colored (but massive) 

system
• N3LO Higgs Cieri, Chen, Gehrmann, Glover, Huss ’18; Billis 

Dehnadi, Ebert, Michel, Tackmann ’21
• N3LO Drell-Yan Chen, Gehrmann, Glover, Huss, Yang, Zhu ’23
• N3LO di-photon Czakon, Eschment, Generet, Poncelet ’26

• For processes with standard inclusive jets, 𝒒𝑻 is unsuitable 
because 𝒒𝑻 = 𝟎 for radiation emitted inside jets.

PJ

6



Winner-take-all 𝒒𝑻 subtraction for jets

• Winner-take-all recombination scheme Bertolini, Chan, Thaler ’13

• Factorization theorem is significantly simplified  Chien, Rahn, Shao, Waalewijn & Wu  ’22 + Schrignder ’21

• NNLL resummation for 𝜹𝝓 @ ep & eA  SF, Ke, Shao, Terry ’24

• N3LL + 𝓞(𝜶𝒔𝟐) resummation for 𝜹𝝓	@ ep  SF, Gao, Li, Shao ’25

Fu, Rahn, Shao, Waalewijn, Wu ’25: see Rong-Jun’s talk

7



Winner-take-all 𝒒𝑻 subtraction for jets

• We propose two ways of extending 𝒒𝑻 subtraction to processes with jets

• The key ingredient is the use of a recoil-free WTA jet axis!

• Azimuthal decorrelation: 𝜹𝝓 or 𝒒𝒙
• Suitable for processes that are planar at LO: 𝒑𝒑 → 2 jets, 𝜸∗𝒑 → 2 jets, 𝒆(𝒆) → 3 jets, etc.

• Standard TMD PDFs, FFs and soft functions: known at N3LO Luo, Yang, Zhu, Zhu ’19; Ebert, 

Mistlberger, Vita ’20; Zhu ’26; Li, Zhu ’17…

• TMD jet functions: partially known at NNLO Reyes, Scimemi, Waalewijn, Zoppi ’19; Bell, Brune, Das, 

Wald ’23; SF, Gao, Li, Shao ’24

• Total transverse momentum 𝒒𝑻 

• Suitable for LO non-planar processes, such as 𝒑𝒑 → 𝑽/𝑯 + 2 jets, 𝒑𝒑 → 3 jets, etc. 

• Soft function is new: Outside the jet (𝒃𝑻 ), Inside the jet (𝒃𝒙 )

Fu, Rahn, Shao, Waalewijn, Wu ’25: see Rong-Jun’s talk
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NNLO QCD corrections for 𝑃ℎ𝑇 distribution
Dong, SF, Gao, Shao, Li, Zhu ’26

• We present the first complete calculation of hadron production in DIS at finite transverse 
momentum to NNLO

• First N3LO SIDIS Dong, SF, Gao, Shao, Li, Zhu, Zhu 2603.29673,  see Hai-Tao’s talk 

• subtraction method:

• unresolved part:

• resolved part:

• factorization formula:
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• back-to-back limit:



Numerical results
Dong, SF, Gao, Shao, Li, Zhu ’26

• Both NLO and NNLO results converge to a constant platform. 10



Numerical results
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Dong, SF, Gao, Shao, Li, Zhu ’26

• The NNLO K factor rises noticeably at large z.
• The scale uncertainty is largely reduced at NNLO compared to the lower orders.
• The NNLO correction is much closer to the experimental points compared to LO and its 

uncertainty is much narrower compared to NLO. 11



• We developed a systematic routine of subtraction/slicing 
methods for identified hadron production, and presented the 
first complete NNLO QCD corrections to single inclusive 
hadron production in DIS at finite transverse momentum.

• With the advancements on ingredients of both non-
perturbative and perturbative QCD, we are on the way of 
building a precision framework for fully differential N3LO and 
N4LL+ 𝓞(𝜶𝒔𝟑) predictions of SIDIS at the future EIC.

Summary

Thank you!
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