New Perspectives on Precision Nucleon Tomography
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Nucleon tomograph

Black hole imaging will deepen our

understanding of gravity | Ruv- 19 R 419 = T,
- | '
- ;/?/(//f
L%///”

| y=000 , Nucleon imaging will deepen our _%wa,a[A] + Y, (iD[AW* - my) vy
understanding of the strong interaction

f
1,2 Ha ,a B.d
) B
p p' Vb e vh [V
7R 7 AN

see X.D. Ji's talk




New methods



One of the most fundamental measurements in SIDIS related to quark transverse momentum
distributions (TMDs) is the study of the unpolarized P,; differential cross section
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Hadron + jets @ NNLO
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A key challenge is handling infrared (IR) divergences, which
must cancel between real and virtual configurations.

ete” — qq ete™ — qqg

Otot =

FMNLO framework for hadron production at NLO Liu, Shen, Zhou,
Gao 23
Transverse momentum (qT) subtraction for SIDIS at NNLO Gao,
Li, Zhu, Zhu 26
qT subtraction works well for colorless or colored (but massive)
system

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

* N3LO di-Higgs Chen, Dai, Li, Li, Shao, Wang ‘26

* N3LO di-photon Czakon, Eschment, Generet, Poncelet 26
For processes with jets, qT is unsuitable because qT=0 for
radiation emitted inside jets. 5




Winner-take-all qT subtraction for jets

» Winner-take-all recombination scheme Bertolini, Chan, Thaler ‘13
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» Factorization theorem is significantly simplified Chien, Rahn, DYS, Waalewijn & Wu ’22 JHEP + ) ‘ 0¢
Schrignder '21 PLB |

> NNLL resummation for 6¢p @ ep & eA Fang(7 ¥), Ke, DYS, Terry ’24 JHEP
> N3LL + NNLO resummation for ¢ @ ep Fang(7 ¥), Gao( = 44 £%), Li, DYS '25 JHEP
» WTA qT subtraction Fu( 4+ 7 *4), Rahn, DYS, Waalewijn, Wu ‘25 PRL




Winner-take-all qT subtraction for jets

Fu(# %*4), Rahn, DYS, Waalewijn, Wu PRL135 (2025) 171903

» We propose two WTA (T subtraction methods to jets 2518 Jul 16, 2026, 5:28 PM 541

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

» Azimuthal decorrelation: 6¢ or q,
> Suitable for processes that are planar at LO: pp = 2 jets, y'p — jj, etc.;

» Standard TMD PDFs and soft functions: known at N3LO Luo, Yang, Zhu, Zhu, ’19; Ebert, Mistlberger,
Vita ’20 ...

» TMD jet functions: partially known at NNLO; Reyes, Scimemi, Waalewijn, Zoppi ’19; Bell, Brune, Das,
Wald ’23; Fang, Gao, Li, DYS 24
» Total transverse momentum gy
» Suitable for LO non-planar process, such as pp = V/H + 2 jets, pp = 3 jets, etc.

> Soft function is new: Outside the jet (b;), Inside the jet (b,)




NNLO new soft functions

Fu(%4 %44), Rahn, DYS, Waalewijn, Wu 26 JHEP

» In small R limit, soft function refactorizes into simpler global and (ultra)-collinear-soft contributions
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» We present the first calculation of hadron production in DIS at finite transverse momentum to
NNLO Dong(% %), Fang(# %), Gao, DYS, Li, Zhu (*k f¥x) 2602.22972
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New probes



)/ 3D imaging and polarized TMDs

TMDs encode the quantum WithOUt EVOIUtion With EVOIUtion
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Evolution reduces the asymmetry
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Nucleon tomography with zero-jettiness

» Sivers function can be probed via Drell-Yan process in polarized
pp collision

J3ER i3k 1-10

. . . g . s . . do (37T) . sin(¢s —dq
> At high energies, initial state radiation acts as noise, reducing s = Fuu +sin(d, — 8,)Fgp » 7%
the asymmetry significantly. l l
» We introduce O-jettiness T = 2 Y, min{p, - I; ,p, - [;}/Q* as a f 1 0B rlar
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Accessing Nucleon Transversity via One-Point Energy Correlators

Gao(= 4 4x), Kang, Li(Z%¢ /&), DYS PRL 136 (2026) 151902
> Transversity distribution h{ is a fundamental parton distribution. =i Jul 15, 2026, 516 PM 521
> Its chiral-odd nature prevents access via inclusive DIS
» Nucleon tensor charge 8¢ is essential for BSM search, Lattice QCD benchmarks
» We introduce the one-point energy correlator (OPEC) to probe the nucleon transversity
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New insights



Without evolution With evolution
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Quantum information interpretation

» Soft and collinear radiation
destroy superposition

» Soft radiation decohere the
directions of the momenta and
the gauge representations of
the particles

» Collinear radiation decohere
the energies and the spin

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

S.J. Lin, M.J. Liu, DYS, S.Y. Wei ‘25

JY. Gu, S.J. Lin, DYS, S.X. Yang, L.T Wang ’25
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Consider a bipartite system (assume no entanglement initially)

U(tl’ to) Kraus representation theorem

pa(to) ® pa(to) > pap(th)
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uantum map or quantum channel
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Effective field theory for decoherence

Lin, Liu, DYS, Wei 25 JHEP; Gu, Lin, DYS, Yang, Wang 25
» A systematic framework calculating decoherence in high energy collisions by combing SCET with
the formalism of open quantum systems.

» The renormalization group evolution constitutes a quantum channel, where the RG flow
parameter, rather than time, drives a Markovian loss of quantum coherence.
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Beam energy scan for spin decoherence of hyperon pair
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New paradigms
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Nested-GPT for variable-multiplicity parton showers

» NGL resummation is governed by the non-linear BMS equation,
physically interpreted as a dipole shower. Dasgupta, Salam '01,

Balsiger, Becher, DYS ‘18
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» We introduce Nested-GPT, a hierarchical autoregressive

Transformer architecture for simulating the variable-multiplicity

parton shower histories. Li, DYS, Shi, Sun ’'26
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)/ Summary and outlooks

» Precision frontier (new methods): new infrared subtraction schemes

» obtained the first NNLO prediction for finite-Pt hadron production in DIS and the first
NNNLO results for SIDIS

» Spin frontier (new probes): jets and jet substructure as powerful probes of nucleon structure

» introduce O-jettines to enhance signal of spin asymmetry
» show that one-point energy correlators can access nucleon transversity and tensor charge

» Quantum frontier (new insights): decoherence is calculable, measurable and driven by RG
evolution

» unified SCET/RGE (HEP) + Open quantum systems (QIS)
» RG flow = Quantum channel

» Al frontier (new paradigms): Applying generative Al to simulate RG evolution & parton shower
» Fast fitting: BK equation

» Fast simulation: BMS equation s




Decoherence
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Spin physics, hadron Jet physics,
structure fragmentation
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Generative Al 25
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