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Nucleon tomograph and TMDs

Ø Transverse momentum distribu0ons (TMDs) encode the quantum correla0ons between 
hadron polariza0on and the mo0on and polariza0on of partons



TMDs in e-p collisions
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One of the most fundamental measurements 
in SIDIS related to TMDs is the study of the 
𝑃ℎ𝑇  differen0al cross sec0on
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Gao, Li, Zhu, Zhu ‘26



• One key challenge is handling infrared (IR) divergences

• Two main approaches for the cancella<on of IR divergences

• Slicing (two-cutoff, qT & N-je1ness subtrac7on …)

• Subtrac<on (Catani–Seymour dipole, FKS …)

• qT slicing (Catani & Grazzini ‘07) works well for colorless or 
colored (but massive) system

• N3LO Drell-Yan Chen, Gehrmann, Glover, Huss, Yang, Zhu ’23

• For processes with jets, conven<onal qT is unsuitable 
because qT=0 for radia<on emiLed inside jets.

• kT-ness slicing Buonocore, Grazzini, Haag, RoUoli, Savoini ’22

• Winner-take-all qT slicing Fu, Rahn, DYS, Waalewijn, Wu ‘24

NNLO QCD corrections for 𝑃ℎ𝑇 distribution

𝛾*

Ph
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Hadron + jets @ NNLO



Winner-take-all qT slicing for jets
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Ø Winner-take-all recombina<on scheme Salam 𝐸!"-scheme; Bertolini, Chan, Thaler ‘13

Ø Factoriza<on theorem is significantly simplified  Gu7errez-Reyes, Scimemi, Waalewijn, Zoppi ‘18, Chien, 
Rahn, DYS, Waalewijn & Wu  ’22 + Schrignder ’21 
Ø NNNLL +	𝑶(𝜶𝒔") resumma<on of 𝜹𝝓 in 𝒆𝒑 → 𝒆𝑱𝑿 Fang, Ke, DYS, Terry ’24, Fang, Gao, Li, DYS ’25
Ø Power correc<ons Cas7llo, Jaarsma, Scimemi, Waalewijn ’24, Jaarsma, Rio, Scimemi, Waalewijn ‘25

WTA recombiniation scheme



Winner-take-all qT slicing for jets
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Ø We propose two WTA based qT slicing methods to jets

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

Ø Azimuthal decorrela<on: 𝜹𝝓 or 𝒒𝒚

Ø Suitable for processes that are planar at LO: pp → 2 jets, etc.;

Ø Standard TMD PDFs and so[ func<ons (dipole): known at N3LO Li, Zhu ‘16; Luo, Yang, Zhu, Zhu, ’19; 

Ebert, Mistlberger, Vita ’20 …

Ø TMD jet func<ons: par<ally known at NNLO; Reyes, Scimemi, Waalewijn, Zoppi ’19; Bell, Brune, Das, 

Wald ’23; Fang, Gao, Li, DYS ’24, Dong, Fang, Gao, DYS, Li, Zhu ‘26

Ø Total transverse momentum 𝒒𝑻 

Ø Suitable for LO non-planar process, such as pp → 3 jets, etc. 

Ø So[ func<on is new: Outside the jet (qT), Inside the jet (𝒒%)

R. Fu, Rahn, DYS, Waalewijn, B. Wu  PRL135(2025)17; JHEP08(2026)105



Ø We present the calcula<on of hadron produc<on in DIS at finite transverse momentum to NNLO

NNLO QCD for 𝑃ℎ𝑇 distribution
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Chien, Rahn, DYS, Waalewijn & Wu  ’22 + 
Schrignder ’21 

L. Dong, S. Fang, J. Gao, DYS, H. Li, Y. Zhu PRL137(2026)8 + B. Zhou 2609.13743
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e+ ωp → e+ h+ J +X
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QCD evolution and spin asymmetry

Without evolu8on With evolu8on

Kang & Qiu ‘09 Echevarria, Idilbi, Kang, Vitev ’14

Evolution reduces the asymmetry

Spin dependent cross sec8on

𝒑 + 𝒑↑ → 𝑽+𝑿	



Ø At high energies, QCD radia<on acts as “noise”, reducing the spin asymmetry significantly.
Ø Joint TMD and veto resumma<on (Monni, RoUoli, Torrielli ‘19) 
Ø We apply N-jeaness 𝝉 = 𝟐∑𝒊𝐦𝐢𝐧 𝒑𝒂 ⋅ 𝒍𝒊	, 𝒑𝒃 ⋅ 𝒍𝒊 /𝑸𝟐 (Stewart, Tackmann, & Waalewijn ’10) as a tunable 

resolu<on scale
Ø Joint qT and jeaness veto resumma<on for the polarized cross sec<on

Ø We demonstrate enhancement  of the asymmetry (e.g., by 83% for Z SSA at qT=5 GeV)
Ø Recently, we propose the similar veto idea in 𝒑𝑨 → 𝑽𝑿 to enhance the signal of gluon satura<on Li, 

DYS, Wei, Zhou 2609.02356

Nucleon tomography with a je4ness veto
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Modified 
Sudakov factor

S. Fang, S. Lin, DYS, J. Zhou PRL136(2026)2

Joint resummation formula in Drell-Yan
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Spin asymmetry, evolution and decoherence

Without evolu8on With evolu8on

Kang & Qiu ‘09 Echevarria, Idilbi, Kang, Vitev ’14

Evolu8on reduces the asymmetry

Ø Soft and collinear radiation suppress 
observable quantum interference

Ø At leading power, soft radiation 
suppresses interference between 
states with different momentum 
directions

Ø Collinear radiation suppresses 
interference between states with 
different energies or spins

Carney, Chaurette, Neuenfeld, Semenof ’17
Neill, Waalewijn ’19

Aoude, Barr, Maltoni, Satrioni ‘25
S.J. Lin, M.J. Liu, DYS, S.Y. Wei ‘25

J.Y. Gu, S.J. Lin, DYS, S.X. Yang, L.T Wang ’25
… …

Quantum informa<on interpreta<on



Decoherence and quantum channel
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Consider a bipar<te system

qquantum map or quantum channel

Kraus representa0on theorem

𝑲𝒊: Kraus operators

Completeness Relation



Effective field theory for decoherence
Ø A framework calcula<ng spin decoherence in high energy collisions by 

combing SCET and open-quantum-system methods
Ø The renormaliza<on group evolu<on cons<tutes a quantum channel, 

where the RG flow parameter, rather than <me, drives a Markovian loss 
of quantum coherence. 

Ø E.g. Applica<ons in QED processes
Ø The Kraus operators in QED
Ø For the phase-flip channel with probability

Ø Decay of all off-diagonal terms

IR states
unresovled

RGE drives decoherence
anomalous dimensions determine 

decoherence rate

Gu, Lin, DYS, Wang, Yang 2510.13951 



Ø Hyperon-pair spin correla0ons probe how spin informa0on is transmiKed from 
quark to hadron

Ø We develop a quantum channel descrip0on, and Kraus operators are determined 
by polarized fragmenta0on func0ons

Spin decoherence of hyperon pair in 𝒆!𝒆"
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Lin, Liu, DYS, Wei JHEP11(2025)082; Dai, Lin, DYS, Wei in progress

Varying energy fracDon and 
beam energy changes final state 
radiaDon, and thus changes the 
unobserved environment 
coupled to the measured 
hyperon spins



Summary
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ØPrecision QCD with WTA qT slicing
ØWe developed WTA qT slicing for processes involving jets
Ø This enables NNLO predic@ons for hadron produc@on in DIS at finite transverse 

momentum

ØNew probes of nucleon spin structure
ØA 0-jeHness veto restricts QCD radia@on and enhances single-spin asymmetries

ØUnresolved collinear radia@on induces spin decoherence
ØWe combine SCET and open-quantum-system methods to describe spin 

decoherence
ØRGE drives decoherence; anomalous dimensions determine decoherence rate



Thank You
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Projected sensitivity with a jettiness veto
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Ø Bands show projected sta<s<cal uncertain<es (68% CL)
Ø The veto enhances the asymmetry but reduces the event yield
Ø The asymmetry gain outweighs the sta<s<cal cost in these projec<ons

Ø RHIC:  115% larger asymmetry versus 80% larger sta<s<cal uncertainty at qT≃ 5 GeV



Numerical stability under slicing-parameter variation
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Hadron + jets @ NNLO

𝛾*

Ph

PJ



Numerical stability under slicing-parameter variation
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N3LO QCD corrections for SIDIS
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Dong, Fang, Gao, DYS, Li, Zhu, Zhu PRL137(2026)15 + Zhou 2609.13743


