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Light Hadron Mass Spectrum
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Mass Decomposition of  
Proton and Pion from Lattice

Proton

PRL 121, 212001 (2018)

Pion

PRD 91, 074516 (2015)
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Quark mass 

Quark energy 

Gluon energy 

Trace Anomaly (gluon condensate)

36%
32%
23%
9%

Chiral limit

Craig Robertsôs Talk



Form Factors of  Pion
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PLB 581 (2004) 75

pQCD

PDG2023 0.659 0.004 fmrp = °

https://arxiv.org/abs/1602.04016

Tanja Hornôs Talk

https://arxiv.org/abs/1602.04016


Pion/Kaon PDFs

ÅDrell-Yan: “ȟὑ ὴO ‘‘ὢ(LO: sensitive to valence 
quarks)
ÅLO: ▲▲ᴼⱧⱧ
ÅNLO: ήήO ‘‘Ὃ, ήὋᴼ‘‘ή(large ὴ)
ÅNNLO: ήήὋᴼ‘‘Ὃ, ήὋO ‘‘ήὋ, ὋὋO ‘‘ήή

ÅDirect photon: “ȟὑ ὴO ‎ὢ(LO: sensitive to gluons) 
ÅLO: ▲▲ᴼ♬╖, ▲╖O ♬▲

ÅJpsi: “ȟὑ ὴO ὐȾ‪ὢ(LO: sensitive to gluons) 
ÅLO: ▲▲ᴼ╬╬O ╙Ⱦⱶ╧, ╖╖ᴼ╬╬O ╙Ⱦⱶ╧
ÅNLO: ήήO ὧӶὧὋᴼὐȾ‪ὢ, ὋὋO ὧӶὧὋᴼὐȾ‪ὢ, ήὋᴼὧӶὧήᴼ
ὐȾ‪ὢ

ÅLeading neutron (LN) electroproduction: 
Sullivan processes from a nucleon’s pion cloud
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Pion PDFs
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Pion -induced Drell -Yan
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GRS, EPJC 1998 JAM,  PRL 2018

NA10 (194 GeV), ZPC 1985

NA10 (286 GeV), IMPA 1990

E615 (252 GeV), PRD 1989

https://link.springer.com/article/10.1007/s100520050130
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.152001
https://doi.org/10.1007/BF01550243
https://doi.org/10.1142/S0217751X90001586
http://link.aps.org/doi/10.1103/PhysRevD.39.92


Pion PDFs (2021)
PDF DY (xF, pT) Direct ♬ J/ⱶ LN Refs.

OW * * PRD1984

ABFKW * * PLB 1989

SMRS * * PRD 1992

GRV * * ZPC 1992

GRS * EPJC 1999

JAM18 * * PRL 2018

BS, BBP * NPA 2019
PLB 2021

xFitter * * PRD 2020

JAM21 * * PRD2021
PRL 2021
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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
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.114014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.232001


Pion PDFs

9

2 29.6 GeVQ =

A large discrepancy of pion PDFs!



Theoretical Models of  
Pion/Kaon PDFs
ÅNambuςJona-Lasinio(NJL) model: PRC 94, 035201 

(2016); PRD 105, 034021, (2022)

ÅChiral constituent quark model:PRD 86, 074005 (2012); 
PRD 97, 074015 (2018); 2302.05566 (many were contributed by Seung-il 
Nam)

ÅDyson-Schwinger Equations (DSE): PRD 93, 074021 
(2016); PRD 93, 054029 (2018); PRL 124, 042002 (2020); EPJC (2020) 
80:1064 

ÅLight-front & Holographic QCD: PRD 101, 034024 (2020); 
PRD 106, 034003 (2022); 2303.01789

ÅMaximum EntropyInput: EPJC (2021) 81:302
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Parton -distribution functions for the pion and kaon 
in the gauge -invariant nonlocal chiral -quark model
[Seung -il Nam, PRD 86, 074005 (2012)]
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0Model constructed at an intial scale Q

DGLAP QCD evolution



LQCD: Valence & Gluon
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PRD 100, 034505 (2019) PRD 103, 014516 (2021)

PRD 106, 094510 (2022)PLB 823, 136778 (2021)

p K
Huey-Wen Linôs Talk



Pion -induced J/psi Production
- Fixed -target Experiments
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LO & NLO Diagrams of  ὧӶὧ
Production
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Color Evaporation Model
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( )

( )

LO/NLO calculations of :  

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

Å M.L. Mangano, P. Nason and G. Ridolfi,  Nucl. Phys. B405 1993 07

]
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Color evaporation model (CEM)
Phys. Rev. D 102, 054024 (2020); arXiv: 2006.06947

16

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


Data vs. CEM NLO: „ ί
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Data vs. CEM NLO
[“ ὄὩO ὐὴίὭὢat 515 GeV, PRD 53, 4723 (1996)]

18Data favor SMRS and GRV PDFs with largergluon densities at x > 0.1.



Data vs. CEM Calculations

19

Å The hadronization factor F is stable across energy.
Å High-energy J/ψ data have a large sensitivity to the large-x gluon density of pions.
Å The valence-quark distributions plays a minor role if away from the threshold.
Å 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
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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


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- and pion-indcueddata

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



Jpsi and Psi(2S) 
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Non-relativistic QCD model (NRQCD) 
Chin.J.Phys. 73 (2021) 13; arXiv: 2103.11660 
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https://doi.org/10.1016/j.cjph.2021.06.001
https://arxiv.org/abs/2103.11660


Non-relativistic QCD model (NRQCD) 
Phys. Rev. D 107, 056008 (2023); arXiv: 2209.04072
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.056008
https://arxiv.org/abs/2209.04072


“ +NĄJpsi+X : pion PDFs
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Data favor SMRS and GRV PDFs with largergluon densities at x > 0.1.



Data ( Jpsi, psiõ) vs. NRQCD

27
We can achieve a reasonable description of the charmonium data with the proton and pion 
beams by NRQCD calculations with similar LDMEs obtained in Chin. J. Phys. 73 (2021) 13.

A common fit to 
both pion and 
proton induced data



Data vs. NRQCD
[“ ὄὩO ὐὴίὭὢat 515 GeV, PRD 53, 4723 (1996) ]

28Data favor SMRS and GRV PDFs with largergluon densities at x > 0.1.



Data vs. NRQCD
[“ ὡᴼὐὴίὭȾὴίὭᴂὢat 252 GeV, PRD 44, 1909 (1991) ]

29Data favor SMRS and GRV PDFs with largergluon densities at x > 0.1.



Data vs. NRQCD Calculations
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NRQCD calculations favor SMRS and GRV PDFs whose gluon densities at x > 0.1 
are higher, compared with xFitter and JAM PDFs.



Kaon PDFs
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Kaon/Pion Drell -Yan Ratios
NA10: J. Badier et al., Phys. Lett. B 93, 354 (1980)
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The όdistribution of kaon is softer than pion’s.



Kaon PDFs: Dyson -Schwinger Equation (DSE)

Eur. Phys. J. C (2020) 80:1064

Ku
up

Ks g

u

K

pQ=3.1 GeV
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A slightly smaller kaon gluon distribution at large x, 
compared to the pion.

This paper contains comprehensive numerical 
information of determined kaon/pion PDFs.

https://doi.org/10.1140/epjc/s10052-020-08578-4


Kaon PDFs: Maximum Entropy Input
Eur. Phys. J. C (2021) 81:302
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https://link.springer.com/article/10.1140/epjc/s10052-021-09087-8


Kaon/Pion Jpsi Ratios
NA3: Z. Phys. C 20, 101 (1983)
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Kaon/Pion Jpsi Ratios
WA39: Phys. Lett. B 96, 411 (1980)
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Kaon PDFs
arXiv: 2402.02860
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https://arxiv.org/abs/2402.02860


Kaon PDFs:
GRV, JAM, DSE, MEM
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DSE: Eur. Phys. J. C (2020) 80:1064

MEM: Eur. Phys. J. C (2021) 81:302

GRV, JAM: GRS ansatz
0.17

v v( ) ( )(1 )K

uu x N u x xp= -

v v v( ) 2 ( ) ( )K Ks x u x u xp= -



K/pi Drell -Yan Ratios

39

GRV, JAM: GRS ansatz
0.17

v v( ) ( )(1 )K

uu x N u x xp= -

v v v( ) 2 ( ) ( )K Ks x u x u xp= -

DSE: Eur. Phys. J. C (2020) 80:1064

MEM: Eur. Phys. J. C (2021) 81:302



K/pi Jpsi Ratios: CEM

40Data favor GRV PDFs with largergluon densities at x > 0.1.



K/pi Jpsi Ratios: NRQCD

41Data favor GRV PDFs with largergluon densities at x > 0.1.



We need more data!

Outlook

42



DY

J/psi

COMPASS
: “ -induced DY/ Jpsi
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Å Beam  : 190 GeV “
Å Target :  

Polarized ammonia targets(PT), Al, W
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Catarina Quintansôs Talk



AMBER
:“ /ὑ -induced DY/ Jpsi
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Kun Liuôs Talk

https://indico.lip.pt/event/1183/contributions/4269/attachments/3462/5360/CQuintans_Jornadas2022.pdf

https://indico.lip.pt/event/1183/contributions/4269/attachments/3462/5360/CQuintans_Jornadas2022.pdf


AMBER
: “ /ὑ -induced DY/ Jpsi
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Kun Liuôs Talk

https://indico.lip.pt/event/1183/contributions/4269/attachments/3462/5360/CQuintans_Jornadas2022.pdf

https://indico.lip.pt/event/1183/contributions/4269/attachments/3462/5360/CQuintans_Jornadas2022.pdf


EIC: Tagged processes of  DIS
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https://indico.bnl.gov/event/8315/contributions/36990/attachments/28487/43882/CFNS-Pion-Kaon-Structure-Horn-nbk.pdf

https://arxiv.org/abs/1907.08218

,Kp

,N L

Tanja Hornôs Talk

https://indico.bnl.gov/event/8315/contributions/36990/attachments/28487/43882/CFNS-Pion-Kaon-Structure-Horn-nbk.pdf
https://arxiv.org/abs/1907.08218


Summary

ÅPion/kaon PDFs are the first step of their mass 
decomposition.

ÅBeside Drell-Yan, charmonium production provides 
valuable constraints for the pion/kaon PDFs.

ÅNew COMPASS results of pion-induced DY/Jpsi

ÅFuture AMBER results of “±/ὑ±-induced DY/Jpsi

ÅFuture measurements of Sullivan process in U.S. 
and China EIC
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