
NRQCD analysis of  
pion-induced charmonium production 

in fixed-target experiments

Wen-Chen Chang

Institute of Physics, Academia Sinica, Taiwan

In collaboration with 
Chia-Yu Hsieh, Yu-Shiang Lian, Jen-Chieh Peng, 

Stephane Platchkov and Takahiro Sawada

TQCD Meeting 13/1/2021 @ NCTU



2

Light hadron spectrum

Science 21 November 2008: Vol. 322. no. 5905, pp. 1224 - 1227
DOI: 10.1126/science.1163233 , http://arxiv.org/pdf/0906.3599v1.pdf

http://arxiv.org/pdf/0906.3599v1.pdf


Experimental Approach for 
Pion PDFs
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No rest targets of pions!



Pion-induced Reactions

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

• NLO: 𝑞ത𝑞 → 𝜇+𝜇−𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞
• NNLO: 𝑞ത𝑞𝐺 → 𝜇+𝜇−𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞𝐺, 𝐺𝐺 → 𝜇+𝜇−𝑞ത𝑞

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

• Jpsi: 𝜋±𝑝 → 𝐽/𝜓𝑋 (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

4



OW pion PDF
[J.F. Owens, PRD 30, 943 (1984)]

5Fits to data of J/psi and DY production.

xF’

𝜋±𝑝 → 𝐽/𝜓𝑋 𝜋±𝑝 → 𝜇+𝜇−𝑋



SMRS
[Sutton et al., PRD 45, 2349 (1992)]

6Fits to data of direct-𝛾 and DY production.

𝜋±𝑝 → 𝜇+𝜇−𝑋𝜋±𝑝 → 𝛾𝑋



Pion PDFs (before 2018)
PDF DY Direct 𝜸 J/𝝍 LN Refs.

OW * * PRD 1984

ABFKW * * PLB 1989

SMRS * * PRD 1992

GRV * * ZPC 1992

GRS * EPJC 1999
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• Valence quarks are well constrained by Drell-Yan data.

• Sea and gluons are constrained by the number of valence quarks 
and the momentum sum rule.

• Direct photon and J/psi data help to better constrain the gluons 
and thus sea quarks.

• GRS: relating sea quarks and gluons by a constituent quark model.

https://link.aps.org/doi/10.1103/PhysRevD.30.943
https://www.sciencedirect.com/science/article/abs/pii/0370269389913518
https://link.aps.org/doi/10.1103/PhysRevD.45.2349
https://link.springer.com/article/10.1007/BF01559743
https://link.springer.com/article/10.1007/s100529900124


Pion PDFs (before 2018)
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SMRS

GRV

• PDFs were mainly 
determined by Drell-Yan, 
single 𝛾, J/psi data.

• 20% difference of valence 
quarks at x = 0.5 !

EPJC 10 (1999) 313



JAM18: Include leading neutron (LN) electroproduction from HERA 

[Barry et al., PRL 121, 152001 (2018)]
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• Uncertainties are much reduced 
using DY+LN, as compared to DY 
alone.



Leading neutron (LN) 
electroproduction from HERA
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Sullivan processes 
from a nucleon’s pion cloud

Experimentally 
tagged

Off-shell persistence of composite pions and kaons
S.X. Qin et al., PRC 97, 015203 (2018)



Statistical approach
[Bourrely and Soffer, NPA 981, 118 (2019)]
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ҧ𝑥=0.09: a universal temperature



xFitter: 
[Novikov et al., PRD 102, 014040 (2020), arXiv:2002.02902]

12xFitter is consistent with JAM but disagrees with GRV.



Pion PDFs (2020)
PDF DY Direct 𝜸 J/𝝍 LN Refs.

OW * * PRD 1984

ABFKW * * PLB 1989

SMRS * * PRD 1992

GRV * * ZPC 1992

GRS * EPJC 1999

JAM * * PRL 2018

BS * NPA 2019
PLB 2021

xFitter * * PRD 2020
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https://link.aps.org/doi/10.1103/PhysRevD.30.943
https://www.sciencedirect.com/science/article/abs/pii/0370269389913518
https://link.aps.org/doi/10.1103/PhysRevD.45.2349
https://link.springer.com/article/10.1007/BF01559743
https://link.springer.com/article/10.1007/s100529900124
https://link.aps.org/doi/10.1103/PhysRevLett.121.152001
https://www.sciencedirect.com/science/article/abs/pii/S0375947418301209
https://www.sciencedirect.com/science/article/pii/S0370269320308248
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.014040


Pion PDFs
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2 29.6 GeVQ 



Pion PDFs from Theoretical 
Models
• Chiral-quark model (Nam 2012, Watanabe 2016, 

Watanabe 2017)

• Nambu-Jona-Lasinio model (Hutauruk 2016)

• Light-front Hamiltonian (Lan 2019)

• Holographic QCD (deTeramond 2018, Watanabe 
2019, Lan 2020)

• Maximum entropy method (Han 2018, 2020)

• Dyson-Schwinger equations (Chang 2014, Chang 
2014,  Chen 2016, Shi 2018, Bednar 2018, Ding 
2019, Cui 2020)
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Pion PDFs from Lattice QCD
Z.H. Zhang et al., PRD 100, 034505 (2019)

16H.W. Lin, JLAB pieic2018 workshop

https://wiki.jlab.org/cuawiki/images/2/25/Hwlin-PIEIC18.pdf


Dimuon Invariant-mass Spectrum 
(COMPASS Pion-Induced 2015 Drell-Yan Run)
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COMPASS, PRL 119 (2017) 112002

Large 𝐽/𝜓 cross sections!

Drell-Yan



Pion-induced J/psi Production
- Fixed-target Experiments
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Goals of  Our Studies

• Pion PDFs: SMRS, GRV, 
xFitter and JAM with 
different gluon strength 
at large-x.

• Gluon fusion process is 
the LO Jpsi production 
mechanism.

• Can we differentiate 
them by the pion-
induced 𝝈( 𝒔, 𝒙𝑭) of Jpsi
production over a wide 
range of beam energy –
[40, 515] GeV?

19

GRV
JAM xFitter

2 29.6 GeVQ 

SMRS



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 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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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.054024
https://arxiv.org/abs/2006.06947
https://arxiv.org/abs/2006.06947


Color Evaporation Model
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LO/NLO calculations of :  

• P.Nason, S. Dawson and R.K. Ellis, Nucl. Phys. B303 1988 607

• M.L. Mangano, P. Nason and G. Ridolfi,  Nucl. Phys. B405 1993 07
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LO & NLO Diagrams
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qതq

GG

𝑞G



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



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



Data of  𝑑𝜎/𝑑𝑥𝐹
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Data vs. CEM LO/NLO
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV, PRD 53, 4723 (1996)]
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Total

qതq

GG Total

qതq

GG

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

• The GG contribution dominates except at very forward or backward directions.
• The weighting of GG contribution is enhanced in the NLO calculations.



Data vs. CEM LO/NLO
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV, PRD 53, 4723 (1996)]
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Total

qതq

GG Total

qതq

GG

• The GG contribution dominates except at very forward or backward directions.
• The weighting of GG contribution is enhanced in the NLO calculations.

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



Data vs. CEM NLO
[𝜋− + 𝑃𝑡 → 𝐽𝑝𝑠𝑖 + 𝑋 at 200 GeV, Z. Phys. C20,101(1983)]
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• To well describe the data for xF>0.2, an appropriate weighting of GG and qതq contributions is necessary.



Data vs. CEM NLO
[𝜋− + 𝑃𝑡 → 𝐽𝑝𝑠𝑖 + 𝑋 at 200 GeV, Z. Phys. C20,101(1983)]
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• To well describe the data for xF>0.2, an appropriate weighting of GG and qതq contributions is necessary.



Data vs. CEM NLO
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV, PLB 98, 220 (1981)]
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• Calculations of all four PDFs describe the data well.



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



NRQCD

34

https://agenda.infn.it/event/20446/contributions/124767/attachments/76906/99037/PietroFaccioli_Trieste2020.pdf

https://agenda.infn.it/event/20446/contributions/124767/attachments/76906/99037/PietroFaccioli_Trieste2020.pdf


NRQCD
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https://agenda.infn.it/event/20446/contributions/124767/attachments/76906/99037/PietroFaccioli_Trieste2020.pdf

https://agenda.infn.it/event/20446/contributions/124767/attachments/76906/99037/PietroFaccioli_Trieste2020.pdf


Beneke and Krämer
PRD 55, R5269(R) (1997)
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Color octet >> color singlet



NRQCD: partial NLO
PRD 54 (1996) 2005
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Beneke & Roshstein, 
PRD 54 (1996) 2005

Direct/octet contribution dominates (75-80%)! 38



Maltoni, et al., 
PLB 638 (2006) 202
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Long-Distance Matrix 
Elements
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Beneke, Routhstein
PRD 54, 2005 (1996)

Maltoni et al.,
PLB638, 202 (2006)

LDME1

LDME2



Data vs. NRQCD
: Energy dependence
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GG dominates at high energies while qqbar is important near threshold.

LDME1 LDME2



Data vs. NRQCD
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV, PRD 53, 4723 (1996)]
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Total

qതq

GG Total

qതq

GG

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

• The GG contribution dominates except at very forward or backward directions.



Data vs. NRQCD
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV, PRD 53, 4723 (1996)]
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Total

qതq

GG Total

qതq

GG

• The GG contribution dominates except at very forward or backward directions.

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



Data vs. NRQCD
[𝜋− + 𝑃𝑡 → 𝐽𝑝𝑠𝑖 + 𝑋 at 200 GeV, Z. Phys. C20,101(1983)]
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• To well describe the data for xF>0.2, an appropriate weighting of GG and qതq contributions is necessary.



Data vs. NRQCD
[𝜋− + 𝑃𝑡 → 𝐽𝑝𝑠𝑖 + 𝑋 at 200 GeV, Z. Phys. C20,101(1983)]
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• To well describe the data for xF>0.2, an appropriate weighting of GG and qതq contributions is necessary.



Data vs. NRQCD
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV, PLB 98, 220 (1981)]
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• Calculations of all four PDFs describe the data well.



Data vs. NRQCD
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV, PLB 98, 220 (1981)]
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• Calculations of all four PDFs describe the data well.



Data vs. NRQCD
[𝜋− + 𝐵𝑒 → 𝐽𝑝𝑠𝑖 + 𝑋 at 515 GeV, PRD 53, 4723 (1996)]
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Total

qതq

GG Total

qതq

GG

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



Data vs. NRQCD
[𝜋− + 𝑝 → 𝐽𝑝𝑠𝑖 + 𝑋 at 39.5 GeV, PLB 98, 220 (1981)]
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𝑚𝑐=1.5 GeV, 𝜇𝐹=2𝑚𝑐, 𝜇𝑅=2𝑚𝑐, 
Normalization parameter F determined by the fit. 
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LDME1

LDME2



Summary

• Pion PDFs have been 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, the high-energy large-xF J/psi data are 
shown to be sensitive to the pion gluon distribution at 
x>0.1. The current data favor the SMRS and GRV pion 
PDFs, containing relatively larger gluon content at 
large x.

• The same conclusions about pion PDFs are also 
supported in a similar study in the context of NRQCD.
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