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Pion/Kaon: Goldstone Bosons 
of  Strong Interaction
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Science, 322, 1224 (2008)

Hideki Yukawa, 1935

https://arxiv.org/pdf/0704.1992

https://arxiv.org/pdf/0704.1992


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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Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Dimuon Invariant Mass
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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
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2 29.6 GeVQ =

A large discrepancy of pion PDFs!



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) 

8



Maximum Entropy Input
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0Model constructed at an intial scale Q

DGLAP + parton–parton recombination

C. Han, H. Xing, X. Wang, F. Qiang, R. Wang, X. Chen, PLB 800, 135066 (2020)

C. Han, G. Xie, R. Wang, X. Chen,  Eur. Phys. J. C 81:302 (2021)

https://www.sciencedirect.com/science/article/pii/S0370269319307889
https://link.springer.com/article/10.1140/epjc/s10052-021-09087-8


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
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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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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


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


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


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

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



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

Ku
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Ksg
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Z.-F. Cui, M. Ding, F. Gao, K. Raya, D. Binosi, L. Chang, C. D. Roberts, 
J. Rodríguez-Quintero & S. M. Schmidt, Eur. Phys. J. C (2020) 80:1064

https://link.springer.com/article/10.1140/epjc/s10052-020-08578-4


Kaon PDFs: 
Maximum Entropy Input

21

C. Han, G. Xie, R. Wang, X. Chen,  Eur. Phys. J. C 81:302 (2021)

K



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


Kaon PDFs
PLB 855,138820, (2024); arXiv: 2402.02860
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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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K/pion Drell-Yan Ratios
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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





K/pion Jpsi Ratios: CEM

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



K/pion Jpsi Ratios: NRQCD

27Data favor GRV PDFs with larger gluon densities at x > 0.1.



DY

J/psi

COMPASS
: 𝜋−-induced DY/Jpsi

28

• 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



COMPASS at CERN : 
Drell-Yan Cross Sections by 190-GeV pions

29

Important information to construct the PDFs and 
transverse-momentum distributions of pions

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

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


AMBER
:𝜋±/ 𝐾± -induced DY/Jpsi

30https://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
: 𝜋±/ 𝐾± -induced DY/Jpsi

31https://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

32

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

https://arxiv.org/abs/1907.08218

,K

,N 

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


Sullivan Process: H1 (DESY)

33
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Sullivan Process at EicC
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G. Xie, M. Li, C. Han, R. Wang, X. Chen, Chin. Phys. C 45 5, 053002 (2021) 

G. Xie, C. Han, R. Wang, X. Chen, Chin. Phys. C 46 064107 (2022) 

20 GeV, 0.01 1s x=  

https://iopscience.iop.org/article/10.1088/1674-1137/abe8cf
https://iopscience.iop.org/article/10.1088/1674-1137/ac5b0e


Summary

• Pion/kaon PDFs are poorly known. Existing fixed-
target Jpsi data could provide valuable constraints 
on the gluon distributions.

• More theoretical efforts are required to extract 
pion/kaon PDFs from charmonium production and 
Sullivan process in a reliable way.

• Outlook
• New COMPASS results of pion-induced DY/Jpsi
• Future AMBER results of 𝜋±/𝐾±-induced DY/Jpsi
• Future measurements of Sullivan process in EicC and 

U.S. EIC.
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Brief  update of  
activities of  Taiwan 
nuclear physics 
community

36



Experimental Programs

• Hadron Physics: LEPS,LEPS2@SPring8, 
SeaQuest@FNAL, COMPASS@CERN, E16, E50@J-
PARC, NPS@Jlab [W.C. Chang , AS; P.J. Lin, NCU] 

• Neutrino Physics: TEXONO@KSNL & Dark Matter 
Search: CDEX@CJPL [H.T. Wong, AS]

• Heavy Ion Physics: STAR@BNL [Y. Yang, AS], 
CMS@CERN [C.M. Kuo, NCU], sPHENIX@BNL [R.S. 
Lu, NTU; C.M. Kuo, P.J. Lin, NCU]

• EIC: AS, NTU, NCU, NTHU
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NPS Experiment @ JLab Hall C

Neutral 

Particle 

Spectrometer 

→ PbWO4

➢ Beam energies 6.6-11 GeV, luminosity ~1038
𝐻𝑧

𝑐𝑚2

➢ The first round of data taking has finised
• DVCS, Exclusive 𝜋0 → extend to higher 𝑄2 and 

smaller 𝑥𝐵 than previous Hall A coverage with 
high precision.

➢ On-going data analysis



NPS Experiment @ JLab Hall C

➢ The mass peak of the missing proton can be 
identified in the very preliminary study.

NPS Calorimeter

LH2



sPHENIX Run-24

A long and challenging and fun sPHENIX Run-24

take part in the INTT operation, detector performance 
study, Vernier scan, and physics analysis 40



U.S. Electron-Ion Collider and 

ePIC Collaboration

41

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


EIC Meetings in Taiwan

42



The 3rd EIC-ASIA Workshop
(NCKU, Jan. 29-31, 2024)

43

https://indico.phys.sinica.edu.tw/event/88/


Far-Forward detectors

44

Zero-degree calorimeter



ZDC 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 45



Beam test @ RARIS, Japan 2024/2 
[Teams of  Japan, Korea and Taiwan]

Data analysis is on-going
46



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

47



Theoretical Programs

• Integrated well with theory program on particle physics, 
astrophysics  & cosmology

• Esp. aspects of nucleon/hadron physics with 
• QCD effective theories & Lattice QCD

• parton distribution functions & transverse momentum distributions

• aspects of atomic/nuclear physics in particle-matter interactions

• heavy element nucleosynthesis; collective neutrino oscillations

• Practitioners: H.N. Li, M.R. Wu, D.L. Yang (AS) ; J.W. Chen 
(NTU) ; A. Francis, D. Lin (NYCU) ; C.W. Kao (CYCU) ; C.P. Liu 
(NDHU)

48



Excited Glueball States
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(Founder)

NYCU Lattice QCD Efforts
Gauge fields, hot photons and exotic hadrons

• Hunt for doubly heavy tetraquarks continues: 

Milestones, challenged and opportunities reviewed, improved results published

• OpenLat continues to push the envelope 

for gauge ensembles:
30.000 configurations available in 16 ensembles, 

3 at 200MeV pion mass, 1 at the physical point with 2 

more in preparation.

• Tackling the inverse problem:
Calculation of  thermal photon production 

rate in QGP from first principles.

50



Neutrino interaction, oscillations, 
and nucleosynthesis of  elements

51



Initial Stages 2025

2025/9/8 － 2025/9/12

Please mark your calendar!
52



ANPhA 2025 
@ Institute of Physics, Academia Sinica, Taipei

53


