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Experiment at EIC: Deep Inelastic Scattering (DIS)
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Proton, deuteron, helium, gold…any nucleus of your choice!

Electron, proton and light nuclei can be polarized.

Two most important kinematic variables

photon virtuality
(resolution)

Bjorken variable
(inverse energy)

(5-18GeV)

(41-275GeV)



Nucleon Tomography
arXiv:1212.1701



Exploring terra incognita

Unprecedented coverage in kinematics. 
Tremendous physics opportunities.

EIC, polarized DIS

EIC, nuclear DIS

FCC-eh, LHeC, VHEeP



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



Polarized parton distributions

Quarks’ helicity Gluons’ helicity

Orbital angular 
Momentum (OAM)

Nucleon spin sum rule

twist-3 PDF

YH, Yoshida (2013)

Relatively well-constrained

Huge uncertainty at small-x

WW part related  to 



If                       , then 

Helicity and OAM at small-x

All-order result Boussarie, YH, Yuan (2019)

Significant cancellation between helicity 
and OAM at small-x from 1-loop DGLAP            
YH, Yang (2018)

Huge uncertainties in          at small-x → spin at small-x will be an important topic at EICΔ𝐺



Nucleon EDM and spin physics

CP-violating Weinberg operator→
important source of nucleon electric dipole moment (EDM)

Matrix element related to part of twist-4 corrections
in polarized DIS        YH (2020)

New connection between QCD spin and BSM physics



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



PDF family tree

PDF
Form factor

charge

TMD GPD

Wigner distribution—the `mother’ distribution Belitsky, Ji, Yuan (2003)



Semi-inclusive DIS

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

Open up a new class of observables where perturbative QCD is applicable!

TMD PDF              TMD FF

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



TMD is becoming precision physics

RG equation

Collins-Soper equation

Define Fourier transform

Known to three loops

Recently computed to three loops          Li, Zhu (2017); Vladimirov (2017)

Computable from lattice QCD at large             Ebert, Stewart, Zhao (2018)

Related to DGLAP splitting function



TMD global analysis

Still in its infancy. Fully blossoms in the EIC era!

TMD PDF

Uncertainties in W-boson mass partly coming from TMD

Bacchetta, et al. (2018)



Sivers function 

Spin-momentum correlation in a transversely polarized proton

EIC will pin down the origin(s) of SSA.
Gluon Sivers can also be studied at EIC  → SSA of open charm,         , dijet,…

Zheng, Aschenauer, Lee, Xiao, Yin (2018) 

Classic example of TMD.
One of the origins of observed large single spin asymmetry (SSA)



Sivers function: a different look

More properly,
use the nucleon spinor

non-forward generalization (GTMD)

Reduces to Sivers in the 
forward limit

This spinor product is also nonvanishing if longitudinally polarized 
and if helicity flips 



Exclusive      production at EIC

Unpolarized cross section at small-x,

Proton elastic

Cross section in the forward limit is dominated by gluon Sivers at small-x!

Boussarie, YH, Szymanowski, Wallon (2020)



Odderon = gluon Sivers at small-x

photon C-odd
pion C-even

odderon, C-odd →

Odderon: Predicted in the 70s as a C-odd counterpart of Pomeron

Experimentally elusive for decades. Finally found at the LHC? (TOTEM collaboration)

Zhou 1308.5912

Exclusive        production…classic discovery 
channel for Odderon.

Null result at HERA (H1 collaboration), but 
observable not optimal.

New measurement at EIC armed with  
improved theory.



Gluon Sivers=Odderon in pp at the LHC

Hagiwara, YH, Pasechnik, Zhou (2020)
Elastic pp scattering, unpolarized

rho-parameter (spin non-flip)

Double helicity-flip from 
gluon Sivers=Odderon



Non-forward                          generalization of PDF

Generalized parton distributions (GPD)

Fourier transform

Distribution of partons in impact parameter space

Dupre, Guidal,
Vanderhaeghen
(2017)

First moment → elemag form factors



Deeply Virtual Compton Scattering (DVCS)

3-loop evolution of GPD (non-singlet) 
2-loop coefficient functions in DVCS

Braun, Manashov, Moch, Strohmaier (2017~)

Global analysis  Moutarde, Sznajder, Wagner; Kumericki, …

Experimentally probe GPDs. 
HERA, JLab, Compass, EIC,…

Extraction challenging due to 
multiple variables and complicated 
convolution

Compton form factor



Connection to proton spin

Second moment of GPD = gravitational form factor

Ji sum rule

graviton

Alexandrou et al. (2017)
22



Need a significant lever-arm in        to disentangle different moments          

u,d-quark D-term from DVCS, related to the subtraction constant 
in the dispersion relation for the Compton form factor  

is a conserved charge 
of the nucleon, just like mass and spin!

D-term: the last global unknown
Burkert, Elouadrhiri, Girod (2018)

Related to the radial force (`pressure’) distribution 
inside a nucleon

→ EIC

Teryaev (2005)

Polyakov, Schweitzer,…



Gluon D-term from near-threshold         -production

YH, Yang (2018);     Boussarie, YH (2020)
Low-energy, near-threshold 
quarkonium production sensitive to 
gluon gravitational from factors

Ongoing experiment at JLab,  future 
measurement at EIC, RHIC

Sensitive also to the
gluon condensate
→ Proton mass problem



Conclusion

• In 10-15 years from now, DIS experiments 
will  be running in the US, China and maybe 
also in Europe. 

• Spin/TMD/GPD main physics topics. Theory 
rapidly evolving. 


