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 Pion plays a fundamental role in QCD

 Lightest quark-antiquark bound state

 Goldstone boson associated with dynamical chiral symmetry breaking

 Explains the flavor asymmetry in the nucleon quark sea

 Its parton structure mainly from Drell-Yan data on 𝜋𝑁 scattering

 Soft gluon resummation renders

𝑞𝑣
𝜋 softer at large x, ∼ (1 − 𝑥)2 [Aicher,

Schäfer and Vogelsang, PRL 10’]

 Consistent with perturbative QCD [

 Farrar and Jackson, PRL 79’, Berger and 

 Brodsky, PRL 79’] and Dyson-Schwinger 

 Equation [Hecht, Roberts and Schmidt, 

 PRC 01’]
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 Soft gluon resummation renders

𝑞𝑣
𝜋 softer at large x, ∼ (1 − 𝑥)2 [Aicher,

Schäfer and Vogelsang, PRL 10’]

 Consistent with perturbative QCD [

 Farrar and Jackson, PRL 79’, Berger and 

 Brodsky, PRL 79’] and Dyson-Schwinger 

 Equation [Hecht, Roberts and Schmidt, 

 PRC 01’]

 Quark models favor a linear 

dependence (1 − 𝑥) at large x
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 Explains the flavor asymmetry in the nucleon quark sea

 Its parton structure mainly from Drell-Yan data on 𝜋𝑁 scattering

 Lattice QCD is only able to access 

the first few moments of pion PDF

[Detmold, Melnitchouk, Thomas, PRD 03’]

 It can shed more light on pion 

parton structure if its computa-

tional potential can be extended 

beyond that

 This becomes possible due to large 

momentum effective theory [Ji, PRL 13’, Sci. China Phys. Mech. Astron. 14’]
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[Dirac]

 light-cone coordinates 𝜉± = (𝑡 ± 𝑧)/ 2

 Example: [Collins and Soper, NPB 82’]

 However, it was originally introduced by Feynman as the infinite 
momentum limit of frame-dependent quantities

𝑞 𝑥 = lim
𝑃𝑧→∞

 𝑞(𝑥, 𝑃𝑧)

 Large momentum effective theory [Ji, PRL 13’, Sci. China Phys. Mech. Astron. 14’]

 Appropriately chosen  𝑞(𝑥, 𝑃𝑧) can be calculated on the Euclidean lattice

 A finite but large 𝑃𝑧 already offers a good approximation, where (leading) 
frame-dependence can be removed through a factorization procedure

Large momentum effective theory (LaMET)



 Pion PDF

 𝑃𝜇 = 𝑃0, 0,0, 𝑃𝑧 , 𝑛𝜇 = (1,0,0, −1)/√2

 Pion quasi-PDF [Ji, PRL 13’]

  𝑛𝜇 = 0,0,0, −1 , can also be replaced by 

 Nonperturbative renormalization of quasi-PDF [Ji, JHZ and Zhao, PRL 18’, 
Ishikawa, Ma, Qiu and Yoshida, PRD 17’, Green, Jansen and Steffens, 17’]

 𝛿𝑚 can be calculated from Wilson loop corresponding to static quark-
antiquark potential

Pion PDF from LaMET
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 Pion PDF

 𝑃𝜇 = 𝑃0, 0,0, 𝑃𝑧 , 𝑛𝜇 = (1,0,0, −1)/√2

 Pion quasi-PDF [Ji, PRL 13’]

  𝑛𝜇 = 0,0,0, −1 , can also be replaced by 

 Factorization [Ji, PRL 13’, Xiong, Ji, JHZ and Zhao, PRD 14’, Stewart and Zhao, PRD 
18’, Ma and Qiu, 14’ & PRL 18’]

 𝑞𝑢,𝑣
𝜋 𝑥 = 𝑞𝑢

𝜋 𝑥 − 𝑞 𝑢
𝜋 𝑥 = 𝑞𝑢

𝜋 𝑥 − 𝑞𝑑
𝜋 𝑥 due to isospin symmetry

Pion PDF from LaMET



 They all share the same property of computing correlations at 
spacelike separations

 Current-current correlation functions
 [Liu and Dong, PRL 94’]

 [Detmold and Lin, PRD 06’]

 [Braun and Müller, EPJC 08’]

 [Davoudi and Savage, PRD 12’]

 [Chambers et al., PRL 17’]

 Lattice cross sections
 [Ma and Qiu, 14’ & PRL 17’]

 Ioffe-time /pseudo-distribution
 [Radyushkin, PRD 17’]

Other proposals



LP3, 1804.01483, 
𝑚𝜋 ≈ 310 𝑀𝑒𝑉, 𝑎 =
0.12 𝑓𝑚, 𝐿 ≈ 3𝑓𝑚

 Renormalized matrix element

Results on pion valence quark PDF



 One-loop matching effect

 Matching has a sizeable effect, and cannot be ignored, as was done in [Xu, 

Chang, Roberts and Zong, PRD 18’], where they observed that for 𝑃𝑧 ≥ 2 GeV, 
by further increasing pion momentum the quasi-PDF shrinks to the 
physical region very slowly

Results on pion valence quark PDF
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 Large momentum effective theory opens a new door for ab initio 
studies of hadron structure

 It has been applied to computing dynamical properties of hadrons,  
like nucleon PDFs, meson PDFs & DAs, and yields encouraging 
results

 Systematic studies of uncertainties or artifacts are required:

 Physical pion mass

 Continuum extrapolation

 Finite volume effects

 Discretization effects

 Higher-order matching

Summary and outlook
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