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Tomography
    (TMD, GPD)



Parton distribution function 

Number distribution of up quarks 
   with momentum fraction      inside the proton

QCD factorization

Universality of PDF—the same function can be used for different processes.
                                      Fundamental to the predictive power of pQCD



Multi-dimensional tomography

The nucleon is much more complicated!
Partons also have transverse momentum 
and are spread in impact parameter space

Transverse momentum dependent distribution (TMD)

Generalized parton distribution (GPD)

Wigner distribution

3D tomography

3D tomography

5D tomography



Semi-inclusive DIS

Tag one hadron species 
with fixed transverse momentum
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When         is small, TMD factorization 

Collins, Soper, Sterman; Ji, Ma, Yuan;…

TMD PDF                   TMD FF            

Open up a new class of observables where pQCD is applicable.

Provides a vivid picture of hadron structure in momentum space 

Variety of novel phenomena due to intrinsic transverse momentum 



TMD becoming precision science

Duhr, Mistlberger, Vita (2022)

Hadronic tensor, fully factorized form

hard part

matching to collinear PDF/FF

QCD evolution



TMD global analysis

Available phase space still limited. Fully blossoms in the EIC era!

TMD

PDFTalk by Granger



Universality up to a sign

Sivers function for the transversely polarized nucleon

The same function, but with 
opposite signs in DIS and Drell-Yan. 
(Collins, 2002)

EIC will probe gluon Sivers function for the first time.
                 (connection to QCD odderon)

→ Single spin asymmetry



Generalized parton distributions
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Ji sum rule for the nucleon spin

Non-forward                                 generalization of PDF

Fourier transform 
→ parton distribution in impact parameter space

First moment → electromagnetic form factors



Quark GPD within reach. 
Gluon GPD challenging even at EIC

Deeply Virtual Compton Scattering (DVCS)

GPD

EIC offers an unprecedented kinematical coverage of DVCS

Curse of dimensionality: More variables, more severe 
inverse problem. 

Yet, significant theory progress  

QCD factorization of Compton amplitudes

3-loop evolution Braun, Manashov, Moch, Strohmeier (2019)

2-loop coefficient functions Braun, Ji, Schoenleber (2022)

Talks by Kriesten, Choudhary

Talks by Jevons, Lee



Study of hadron masses 
          Study of energy momentum tensor

Second moment of GPDs 

Gravitational form factors

Form factors of the QCD energy momentum tensor

Talks by Tanaka, Gao, Freese, Yang, Liu



Experimental study of GFFs?

Elemag form factors: 70+ years of history, still highly active, several future experiments

But theorists are bad losers…

Direct measurement impossible:
Graviton exchange enormously suppressed below the Planck energy

Gravitational form factors: Just the beginning, we can make history!

GFF



Accessing GFFs at JLab and EIC

gluon GPD

1 graviton       2 photons or 2 gluons

quark GPD

DVCS Heavy vector meson production 
                 near threshold

1+1=2 ??
Duran et al. 2207.05212

Talks by Mamo, Singh



Proton spin



The proton spin problem
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The proton has spin ½.

The proton is not an elementary particle.

Jaffe-Manohar sum rule

Ji sum rule

reasonably well constrained from polarized DIS



from polarized pp

Huge uncertainty from the small-x region → EIC
Renewed interest in the small-x resummation for helicity PDFs
Kovchegov, Sievert, Pitonyak (2015) + many works

A major achievement of the RHIC spin program! 

Dark spin

DSSV

NNPDF

JAM



Helicity pQCD precision frontier
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4-loop evolution of  
De Florian, Vogelsang (2019)

NNLO jet production in polarized DIS
Borsa, de Florian, Pedron (2020)

NNLO longitudinal spin asymmetry of W at RHIC
Boughezal, Li, Petriello (2021)
 
3-loop Wilson coefficients for                       
Blumlein, Marquard, Schneider, Schonwald (2022)

4-loop small-x anomalous dimension 
Borden, Kovchegov (2023)

NNLO polarized SIDIS
Bonino, Gehrmann, Lockner, Schonwald (2024,2025)
Goyal, Lee, Moch, Pathak, Rana, Ravindran (2024,2025)

NNNLO polarized SIDIS
Dong, Fan, Gao, Li, Shao, Zhou, Zhu (2026)



NNLO global analysis for helicity PDF
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Bertone, Chiefa, Nocera (2024)
Borsa, de Florian, Sassot, Stratmann, Vogelsang (2024)



An elephant in the room: Orbital angular momentum

No experimental measurement of OAM so far 
Spin sum rule cannot be complete 
without understanding OAM

Helicity is not a conserved quantity. 
Even if OAM is zero at one scale, 
it is nonzero at other scales. 

Can EIC access OAM information? 

de Florian, Vogensang (2019)



Longitudinal double spin asymmetry in exclusive dijet production
Bhattacharya, Boussarie, YH (2022,2024); 
Kovchegov, Manley (2024)
Zardo Becker, et al. 2608.25120

                                              

2404.04209

Sensitive to the gluon OAM at small-x

Talk by Manley



Transverse Single Spin Asymmetry (SSA)

Production of hadrons is left-right asymmetric

40+ years puzzle in QCD
Many explanations. 
Which mechanism dominates and why?

Talks by Zurek, Kelleher, Schnell, Surrow



Global analysis of SSA
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At the moment, the only viable way to generate 
O(10%) asymmetry seems to be twist-3 FFs 
convoluted with the transversity distribution.

 Constraints on the nucleon tensor charge.
      connection to nucleon Electric Dipole Moment

Cammarota, Gamberg, Kang, Miller, Pitonyak, 
Prokudin, Rogers, Sato (2020)

e+e- (BELLE, BaBar, BESIII)
SIDIS (COMPASS, HERMES, Jlab)   input from EIC in future 
Drell-Yan (COMPASS, STAR)
pp (STAR, PHENIX, BRAHMS)

Simultaneous fit of 



Electron               and EDM from 
with flavor-changing axion-like particle (ALP)

BSM physics from spin asymmetries at the EIC

Boughezal, de Florian, Petriello, Vogelsang 2301.02304

Beam/target spin asymmetries
 Constraints on SMEFT parameters relevant to EDMs

Yu, Dawson 2609.38535

Weinberg operator contribution to proton EDM from polarized DIS

YH, 2012.01865

Davoudiasl, Marcarelli, Neil, 2402.17821



Gluon saturation



Rapid rise of the gluon distribution at 

Gluon saturation

Gluon density eventually saturates due to unitarity.
Gribov, Levin, Ryskin (1980); Mueller, Qiu (1986) 

The ultimate state of matter at high energy
 → Color Glass Condensate (CGC). 

High density, weakly coupled gluon matter which allows 
perturbative QCD approaches    McLerran, Venugopalan (1993)



Has saturation been observed at HERA, RHIC, LHC?



EIC: Dream machine for gluon saturation
CGC characterized by one hard momentum scale, the saturation momentum

Enhanced in a large nucleus

EIC energy lower than HERA, yet the saturation momentum larger
Electron scattering : less initial state effects 



Towards NLO global analysis at small-x

Unambiguous discovery of gluon saturation likely 
requires NLO global analysis of many observables

NLO computations, NLL BK-JIMWLK evolution, 
initial state, event generators,…  

Salazar, talk at DNP2026

Talks by Mehtar-Tani, Tiwari, Yao, Lempert, Chu



Quantum tomography



Quantum entanglement at the LHC



Entanglement is ubiquitous

Ps

Elementary particles with spin (photon, electron, quark, proton,…) are qubits/qutrits​
When produced in pairs, they can be entangled in quantum mechanical sense.​

Complete characterization of two-qubit states: spin density matrix 

Positronium decay into two photons Top-antitop pair production at the LHC

Entanglement, Bell's inequality, etc., encoded in the density matrix.    



Spin-spin entanglement at the EIC

Compute the spin density matrix of quark-antiquark pairs 
produced in electron-proton scattering. 

2506.12889, Qi, Guo, Xiao
2509.05267, Fucilla, YH
2510.23773, Cheng, Han, Trifinopoulos
2511.04537, YH, Schoenleber
2604.11697, Fucilla, YH, Xiao

Density matrix depends on TMDs and GPDs. 
Initial state nucleon structure affects final state entanglement



Quantum tomography at the EIC
Fucilla, Guo, YH, 2609.​32800

Quantum tomography: Experimental reconstruction of the complete density matrix
Possible with the help of Collins and dihadron fragmentation functions

Maximal entanglement of heavy quarks 
modifies Collins asymmetry 



3-qubit entanglement in Bethe-Heitler
Cao, Guo, YH, Schoenleber, 2608.18030

Nuisance in DVCS turned into a factory of genuine tripartite entanglement

EIC will produce GHZ and W-states by the thousands!
'Borromean ring'



Conclusions
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•EIC opens the era of precision QCD study of nucleon and nuclear structures
in the next >30 years

•Significant challenges ahead for both theorists, including lattice QCD, and 
experimentalist 

• Interdisciplinary connections: BSM, QIS, low energy hadron/nuclear,…

•Many more talks during the meeting!
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