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Pion

Nambu–Goldstone Boson of 
broken chiral symmetry of QCD The lightest QCD bound state
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Pion’s PDFs are much less determined than proton’s.

1.27 GeVQ 



How to Access Pion

• Drell-Yan: 𝜋±𝑝 → 𝜇+𝜇−𝑋 (LO: sensitive to valence 
quarks)
• LO: 𝒒ഥ𝒒 → 𝝁+𝝁−

• NLO: 𝑞ത𝑞 → 𝜇+𝜇−𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞 (large 𝑝𝑇)
• NNLO: 𝑞ത𝑞 → 𝜇+𝜇−𝐺𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞𝐺, 𝐺𝐺 → 𝜇+𝜇−𝑞ത𝑞

• Direct photon: 𝜋±𝑝 → 𝛾𝑋 (LO: sensitive to gluons) 
• LO: 𝒒ഥ𝒒 → 𝜸𝑮, 𝒒𝑮 → 𝜸𝒒

• Jpsi: 𝜋±𝑝 → 𝐽/𝜓𝑋 (LO: sensitive to gluons) 
• LO: 𝒒ഥ𝒒 → 𝒄ത𝒄 → 𝑱/𝝍𝑿, 𝑮𝑮 → 𝒄ത𝒄 → 𝑱/𝝍𝑿
• NLO: 𝑞ത𝑞 → 𝑐 ҧ𝑐𝐺 → 𝐽/𝜓𝑋, 𝐺𝐺 → 𝑐 ҧ𝑐𝐺 → 𝐽/𝜓𝑋, 𝑞𝐺 → 𝑐 ҧ𝑐𝑞 →
𝐽/𝜓𝑋

• Leading neutron (LN) electroproduction: 
Sullivan processes from a nucleon’s pion cloud
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Pion PDFs (2021)
PDF DY (xF, pT) Direct 𝜸 J/𝝍 LN Refs.

OW * * PRD 1984

ABFKW * * PLB 1989

SMRS * * PRD 1992

GRV * * ZPC 1992

GRS * EPJC 1999

JAM18 * * PRL 2018

BS * NPA 2019
PLB 2021

xFitter * * PRD 2020

JAM21 * * PRD 2021
2108.05822
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Pion PDFs
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2 29.6 GeVQ 

Large discrepancy of valence quark and gluon densities at x>0.1 is seen



GRV vs. JAM

GRV JAM
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The hierarchy of <x> of valence quark and gluon is opposite in GRV and JAM.



Lattice QCD [2109.10692]
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2 24.0 GeVQ 

JAM xFitter



Pion-induced J/psi Production
- Fixed-target Experiments

9



Model Dependence of
𝑐 ҧ𝑐 pair Hadronizing
• Color singlet model (CSM): only pairs with matched 

quantum number of the charmonium.
• Color evaporation model (CEM): all pairs with mass 

less than 𝐷ഥ𝐷 threshold. One hadronization parameter 
for each type of charmonium.

• Non-relativistic QCD model (NRQCD): all pairs of 
different color and spin sates fragmenting with 
different probabilities – long-distance matrix elements 
(LDMEs).
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Color evaporation model (CEM)
Phys. Rev. D 102, 054024 (2020); arXiv: 2006.06947
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Data vs. NLO CEM
: Energy dependence
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GG dominates at high energies, while 𝑞ത𝑞 is important near threshold.



Data vs. NLO CEM
: Energy dependence
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GG dominates at high energies, while 𝑞ത𝑞 is important near threshold.



Data vs. CEM LO/NLO
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV]
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The GG contribution dominates except at very forward or backward directions.
The weighting of GG contribution is enhanced in the NLO calculations.

Data from PRD 53, 4723 (1996)

𝑚𝑐=1.5 GeV, 𝜇𝐹=2𝑚𝑐, 𝜇𝑅=𝑚𝑐, 
Hadronization parameter F determined by the fit. 



Data vs. CEM LO/NLO
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV]
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Data vs. NLO CEM
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV]
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Calculations of all four PDFs describe the data well.

Data from PLB 98, 220 (1981) 

𝑚𝑐=1.5 GeV, 𝜇𝐹=2𝑚𝑐, 𝜇𝑅=𝑚𝑐, 
Hadronization parameter F determined by the fit. 



Data vs. NLO CEM
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV]
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Data from PLB 98, 220 (1981) 

Calculations of all four PDFs describe the data well.



Data vs. CEM Calculations
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• The hadronization F factor is stable across energy.
• High-energy J/ψ data have a large sensitivity to the large-x gluon density of pions.
• The valence-quark distributions plays a minor role if away from the threshold.
• CEM NLO calculations favor SMRS and GRV PDFs whose gluon densities at x > 0.1 are 

higher, compared with xFitter and JAM PDFs.

Are these observations model dependent?



Non-relativistic QCD model 
(NRQCD) Chin. J. Phys. 73 (2021) 13 ; arXiv: 2103.11660
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(LO) NRQCD Framework 
PRD 54, 2005 (1996)
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Long-Distance Matrix Elements (LDMEs) 
PRD 54, 2005 (1996)
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Determined by fit of proton-induced data

color-singlet (CS) LDMEs color-octet (CO) LDMEs



Jpsi and psi’: Data vs. NRQCD
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Best-fitted CO [3S1] and [1S0] LDMEs by p+N Jpsi/psi’ and 𝜋−+N Jpsi/psi’ data.



𝜋−+NJpsi+X: pion PDFs
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𝜋−+NJpsi+X: pion PDFs
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Under-estimated

GGGG
𝑞ത𝑞 𝑞ത𝑞

Under-estimated

The dependence of best-fit LDMEs to the pion PDFs is mild.
The deficiency of JAM and xFitter in the GG contributions generates 
a relatively larger 𝜒2 in the description of total cross section data.



Data vs. NRQCD
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV]
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SMRS & GRV provide a better description of data than JAM and xFitter.

Data from PRD 53, 4723 (1996)

xFitterSMRS GRV JAM



Summary

• The pion PDFs were determined by the Drell-Yan, direct 
photon, J/psi and recently leading-neutron data. 
Nevertheless discrepancy of valence quark and gluon 
densities at x>0.1 is seen.

• Within CEM and NRQCD, the high-energy J/psi data are 
shown to be sensitive to the pion gluon distribution. 
The current data favor the SMRS and GRV pion PDFs, 
containing relatively stronger gluon strengths at large x.

• Despite the uncertainty of charmonium fragmentation, 
it is important to include J/psi data in new global 
analyses of pions, for better determining the gluons.

26


