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Pion/Kaon: 
Goldstone Bosons of  Strong Interaction

2

Science, 322, 1224 (2008)

Hideki Yukawa, 1935

https://arxiv.org/pdf/0704.1992

Spontaneous symmetry break

https://arxiv.org/pdf/0704.1992


Mass Decomposition

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

Hm



Pion/Kaon PDFs

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

• LO: 𝒒ഥ𝒒 → 𝝁+𝝁−

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

• Direct photon: 𝜋,𝐾± 𝑝 → 𝛾𝑋 (LO: sensitive to gluons) 

• LO: 𝒒ഥ𝒒 → 𝜸𝑮, 𝒒𝑮 → 𝜸𝒒

• Jpsi: 𝜋, 𝐾± 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 (Global Analysis)
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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, BBP * NPA 2019
PLB 2021

xFitter * * PRD 2020

JAM21 * * PRD 2021
PRL 2021

Fanto * * * PRD 2024

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
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.074027


Pion PDFs

6

2 29.6 GeVQ =

A large discrepancy of pion PDFs!

valence sea gluon



Theoretical Models of  
Pion/Kaon PDFs
• Nambu–Jona-Lasinio (NJL) Model: PRC 94, 035201 

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

• Chiral Constituent Quark Model: PRD 86, 074005 (2012); 
PRD 97, 074015 (2018); PRD 109, 054040 (2024)

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

• Light-front & Holographic QCD: PRD 101, 034024 (2020); 
PRD 106, 034003 (2022); PRD 107, 114023 (2023) 

• Maximum Entropy Input: PLB 800, 135066 (2020); EPJC 81, 
302 (2021) 

• Instanton Model: PRD 102, 014039 (2020)
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Light-Front & DSE
[Z.F. Cui, …, C. D. Roberts et al., Eur. Phys. J. C (2020) 80:1064]
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Modeling the distribution amplitude (valence quark distributions) 

QCD evolution





K

K

Hadronic scale =0.331 GeVH
2

( , ) ( , )M u

H M Hu x x  

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


Lattice QCD: Momentum Fractions 
ETM Collaboration, PRL 134, 131902 (2025)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.131902


Lattice QCD: Momentum Fractions 
ETM Collaboration, PRL 134, 131902 (2025)
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The gluon part is about the same for π, K and p!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.131902


Lattice QCD: Mellin Moments
ETM Collaboration, PRD 104, 054504 (2021)
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Reconstructed by the lattice data up to <x3>.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.054504


Lattice QCD: Mellin Moments
Gao et al., PRD 106, 114510 (2022)

12
Reconstructed by the lattice data up to <x6>.



Large Momentum Effective Theory 
(LaMET) 

13

PRD 100, 034505 (2019) PRD 103, 014516 (2021)

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

 K

valence

valence

gluon gluon

MSULat



Pion/Kaon PDFs

• Drell-Yan: 𝜋, 𝐾± 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: 𝑞ത𝑞𝐺 → 𝜇+𝜇−𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞𝐺, 𝐺𝐺 → 𝜇+𝜇−𝑞ത𝑞

• Direct photon: 𝜋,𝐾± 𝑝 → 𝛾𝑋 (LO: sensitive to gluons) 

• LO: 𝒒ഥ𝒒 → 𝜸𝑮, 𝒒𝑮 → 𝜸𝒒

• Jpsi: 𝜋, 𝐾± 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-induced J/psi Production
- Fixed-target Experiments
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LO & NLO Diagrams of  𝑐 ҧ𝑐 Production
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Color Evaporation Model (CEM)
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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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Non-relativistic QCD (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


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

19

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


Non-relativistic QCD model (NRQCD) 
Chin.J.Phys. 73 (2021) 13; arXiv: 2103.11660 

20

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


Pion PDFs (Global Analysis)
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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, BBP * NPA 2019
PLB 2021

xFitter * * PRD 2020

JAM21 * * PRD 2021
PRL 2021

Fanto * * * PRD 2024

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
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.074027


Fixed-Target Charmonium 
Production

23
Phys. Rev. D 107, 056008 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.056008


Fixed-Target Charmonium 
Production

24
Phys. Rev. D 107, 056008 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.056008


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

25Data favor SMRS and GRV PDFs with larger gluon densities at x > 0.1.

*

2 /
LFx p s=



Data vs. NRQCD
[𝜋− +𝑊 → 𝐽𝑝𝑠𝑖/𝑝𝑠𝑖′ + 𝑋 at 252 GeV, PRD 44, 1909 (1991)]

26Data favor SMRS and GRV PDFs with larger gluon densities at x > 0.1.

*

2 /
LFx p s=



Kaon PDFs
PLB 855,138820, (2024); arXiv: 2402.02860
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https://doi.org/10.1016/j.physletb.2024.138820
https://arxiv.org/abs/2402.02860


K/𝜋 Drell-Yan Ratios
NA10: J. Badier et al., Phys. Lett. B 93, 354 (1980)
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Kaon PDFs: Dyson-Schwinger Equation (DSE)

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

Ku
u

Ks g

u

Q=3.1 GeV

29

A slightly smaller kaon gluon distribution at large x, 
compared to the pion.

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

𝐊/𝝅 Drell-Yan Ratios

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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𝐊/𝝅 Drell-Yan Ratios

https://link.springer.com/article/10.1140/epjc/s10052-021-09087-8


K/𝜋 Jpsi Ratios
NA3: Z. Phys. C 20, 101 (1983)
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K/𝜋 Jpsi Ratios
WA39: Phys. Lett. B 96, 411 (1980)
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Kaon PDFs:
GRV, JAM, DSE, MEM

33

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

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

K (GRV, JAM): GRS ansatz
0.17

v v( ) ( )(1 )K

uu x N u x x= −

v v v( ) 2 ( ) ( )K Ks x u x u x= −



K/𝜋 Drell-Yan Ratios

34

GRV, JAM: GRS ansatz
0.17

v v( ) ( )(1 )K

uu x N u x x= −

v v v( ) 2 ( ) ( )K Ks x u x u x= −

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

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

(d )K s= →



K/𝜋 Jpsi Ratios: CEM

35Data favor GRV PDFs with larger gluon densities at x > 0.1.

W.C. Chang et al., PLB 855, 138820 (2024); arXiv: 2402.02860

https://doi.org/10.1016/j.physletb.2024.138820
https://arxiv.org/abs/2402.02860


K/𝜋 Jpsi Ratios: NRQCD

36Data favor GRV PDFs with larger gluon densities at x > 0.1.

W.C. Chang et al., PLB 855, 138820 (2024); arXiv: 2402.02860

https://doi.org/10.1016/j.physletb.2024.138820
https://arxiv.org/abs/2402.02860


Pion PDFs with J/psi data: 
Statistic Model

37

C. Bourrely, W.C. Chang, J.C. Peng, PRD 105, 076018 (2022), arXiv:2202.12547

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.076018
https://arxiv.org/abs/2202.12547


Kaon PDFs with J/psi data: 
Statistic Model

38

C. Bourrely, F. Buccella, W.C. Chang, J.C. Peng, PLB 848, 138395 (2024); arXiv:2305.18117 

https://www.sciencedirect.com/science/article/pii/S0370269323007281
https://arxiv.org/abs/2305.18117


DY

J/psi

COMPASS at CERN
:190 GeV 𝜋−-induced DY/Jpsi

39

• Beam  : 190 GeV 𝜋−

• Target :  

Polarized ammonia targets(PT), Al, W

𝜋− + 𝑝 → 𝜇 + 𝜇− + 𝑋

𝜋−

beam
𝑁𝐻3, Al,W
targets

𝐷𝑖𝑚𝑢𝑜𝑛
𝑒𝑣𝑒𝑛𝑡𝑠

𝐻𝑎𝑑𝑟𝑜𝑛
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟

DY

<5% BG



Outlook
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COMPASS at CERN
:190 GeV 𝜋−-induced DY

41

Important information to construct 
the unpolarized PDFs and TMDs of pions

SPIN2023 https://indico.jlab.org/event/663/contributions/13272/

F

d

dx



T

d

dq



https://indico.jlab.org/event/663/contributions/13272/


AMBER at CERN
:𝜋±/ 𝐾± -induced DY/Jpsi

42https://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 at CERN
: 𝜋±/ 𝐾± -induced DY/Jpsi

43https://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


Pion/Kaon PDFs

• Drell-Yan: 𝜋, 𝐾± 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: 𝑞ത𝑞𝐺 → 𝜇+𝜇−𝐺, 𝑞𝐺 → 𝜇+𝜇−𝑞𝐺, 𝐺𝐺 → 𝜇+𝜇−𝑞ത𝑞

• Direct photon: 𝜋,𝐾± 𝑝 → 𝛾𝑋 (LO: sensitive to gluons) 

• LO: 𝒒ഥ𝒒 → 𝜸𝑮, 𝒒𝑮 → 𝜸𝒒

• Jpsi: 𝜋, 𝐾± 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

44
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JAM18: Include leading neutron (LN) electroproduction from HERA 

[Barry et al., PRL 121, 152001 (2018)]

45

• Uncertainties are much reduced 
using DY+LN, as compared to DY 
alone.



Sullivan Process: H1 (DESY)

46

DIS target fragmentation One-pion exchange (Sullivan process)

ep e Xn→

Splitting function 𝑓𝜋𝑁

Pion structure function 𝐹2
𝜋

n
L

p

E
x

E
=
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Satyajit Puhan

H1
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ZEUS

Satyajit Puhan



U.S. Electron-Ion Collider 
ePIC Collaboration

49

NTU AS

NCU NTHU

Physics Goals

• Precision 3D imaging of protons and 

nuclei

• Solving the proton spin puzzle

• Search for saturation

• Quark and gluon confinement

• Quarks and gluons in nuclei

https://www.bnl.gov/eic/
https://wiki.bnl.gov/EPIC/index.php?title=Main_Page
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https://indico.cern.ch/event/1479384/contributions/6594156/attachments/3134260/5560767/IS2025.pdf

https://indico.cern.ch/event/1479384/contributions/6594156/attachments/3134260/5560767/IS2025.pdf


Far-Forward detectors:
Zero-degree calorimeter (ZDC)

51

Zero-degree calorimeter



ZDC-ECAL Prototype:
LYSO Crystals

LYSO calorimeter prototype

8x8 LYSO

crystal array

8x8 SiPM array

One crystal: 7.12 mm x 7.12 mm x 88.3 mm

8x8 array: 56.96 mm x 56.96 mm 52



2nd beam test @ RARIS

• Scheduled for February 2025

• Test two proptypes: LYSO+APD and PbWO4+SiPM

Calorimeter: LYSO crystals + APDs

Calorimeter:

PbWO4 crystals + SiPMs

Beam telescope:

Plastic scintillators + SiPMs

53



Beam test @ Tohoku, Japan 2025/2 
[Teams of  Japan, Korea and Taiwan]

54



Summary

• Pion/kaon PDFs are poorly known. DY process is 
mostly sensitive to the valence quarks. Existing 
fixed-target charmonium data could provide 
valuable constraints on the gluons.

• Theoretical efforts are required to extract 
pion/kaon PDFs from charmonium production and 
Sullivan process reliably.

• Outlook
• Coming COMPASS results of pion-induced DY/Jpsi
• Future AMBER measurements of 𝜋±/𝐾±-induced DY/Jpsi
• Future measurements of Sullivan process in U.S. EIC.
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