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Outline

• Recent results of pion PDFs

• Data related to the kaon PDFs

• Simple phenomenology studies about kaon PDFs

• Recent theoretical results of kaon PDFs

• Future experimental programs related to kaon PDFs
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Experimental Approaches 
of  Accessing Pion Structure
• 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: 𝑞ത𝑞𝐺 → 𝜇+𝜇−𝐺, 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

3



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, BBP * NPA 2019
PLB 2021

xFitter * * PRD 2020

JAM21 * * PRD 2021
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


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.



JAM21: finite qT
[Cao et al., PRD 103, 114014 (2021)]
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JAM21: Threshold Resummation
[Barry et al., PRL 127, 232001 (2021)]
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Large systematics of threshold resummation prescriptions!

(1 )
eff
vx






JAM21: Momentum Fractions
[Barry et al., PRL 127, 232001 (2021)]

8
the double Mellin resummation favors a larger gluon at higher x



LQCD: Pion Momentum Fractions
[Alexandrou et al., PRL 127, 252001 (2021)]

9

JAMRQCD xFitter

The gluon momentum fraction from LQCD is larger than those of JAM and xFitter.



Pion PDFs
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2 29.6 GeVQ 

The gluon distributions of SMRS and GRV are significantly larger than JAM and xFitter for x>0.1.



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



𝜋−+NJpsi+X: pion PDFs
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𝑞ത𝑞 𝑞ത𝑞

GGGG

𝑞𝐺 𝑞𝐺

GG dominates at high energies while qqbar is important near threshold.

C.Y. Hsieh et al., Chinese Journal of Physics 73 (2021) 13; arXiv 2103.11660



Kaon/Pion Jpsi Ratios
NA3: Z. Phys. C 20, 101 (1983)
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Kaon/Pion Jpsi Ratios
Phys. Lett. B 96, 411 (1980)
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CEM K/pi Ratios: SMRS
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CEM NLO results agree with the data.Kaon PDF: Pion PDF with d->s

Color Evaporation Model (CEM)
W.C. Chang et al., Phys. Rev. D 102, 054024 (2020); arXiv: 2006.06947



CEM K/pi Ratios: GRV
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CEM NLO results agree with the data.Kaon PDF: Pion PDF with d->s



CEM K/pi Ratios: JAM
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Kaon PDF: Pion PDF with d->s Data are under-estimated, due to weak gluon.



CEM K/pi Ratios: xFitter

18

Kaon PDF: Pion PDF with d->s Data are under-estimated, due to weak gluon.



(LO) NRQCD LDMEs

LDMEs 0_8(3S1) Jpsi 0_8(1S0) Jpsi 0_8(3S1) psi’ 0_8(1S0) psi’

Beneke (0) 6.6E-3 3.75E-3 4.60E-3 6.50E-4

SMRS (1) 6.3E-2 3.63E-3 2.02E-2 2.01E-4

GRV (2) 8.9E-2 3.11E-3 2.56E-2 1.15E-4

JAM (3) 9.3E-2 9.75E-4 2.28E-2 1.15E-8

xFitter (4) 7.3E-2 2.83E-3 2.37E-2 1.67E-4
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qqbar GG qqbar GG

NRQCD
C.Y. Hsieh et al., Chinese Journal of Physics 73 (2021) 13; arXiv 2103.11660



NRQCD K/pi Ratios: SMRS
Kaon PDF: Pion PDF with d->s Gluon strength in kaon is not large enough.
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NRQCD K/pi Ratios: GRV
Kaon PDF: Pion PDF with d->s Gluon strength in kaon is not large enough.
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NRQCD K/pi Ratios: JAM
Kaon PDF: Pion PDF with d->s Gluon strength in kaon is not large enough.
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NRQCD K/pi Ratios: xFitter
Kaon PDF: Pion PDF with d->s Gluon strength in kaon is not large enough.
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Observations

• The large-x gluon strength of kaons might be equal 
(CEM) or slightly stronger (NRQCD) than that of 
pions.

• The large-x gluon strengths of xFitter and JAM pion 
PDFs seem too weak to describe both data sets of 
pion- and kaon-induced Jpsi production.  
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Kaon PDFs: chiral constituent quark model

PRD 97, 074015 (2018)

25A small SU(3) flavor symmetry breaking effect

Q2 = 27 GeV2



Kaon PDFs: Dyson-Schwinger Equation (DSE)

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

Ku
u

Ks g

u

K

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



Kaon PDFs: Dyson-Schwinger Equation (DSE)

PRL 124, 042002 (2020)
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Kaon PDFs: Light-Front Quantization
PRD 101, 034024 (2020)
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Kaon PDFs: Maximum Entropy Input
Eur. Phys. J. C (2021) 81:302
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Kaon Gluon PDFs: Maximum Entropy Input

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

30
The gluon distributions of the pion and the kaon are quite similar



Kaon PDFs: LQCD(quasi-PDF)
PRD 103, 014516 (2021)
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Q2 = 27 GeV2

Valence (s)



Kaon PDFs: LQCD (Mellin moments)
PRD 104, 054504 (2021)

32Reconstructed by the lattice data up to <x3>.



Kaon Gluon PDFs: LQCD(pseudo-PDF)

arXiv:2112.03124

33(Reduced) Ioffe-time distributions, only the shape xg/<x> is predicted.



Gluon: Kaon vs. Pion
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A slightly smaller kaon gluon distribution at large x, compared to the pion.



CERN: COMPASS++/AMBER
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Year >2026

https://indico.bnl.gov/event/8315/contributions/36995/attachments/28501/43930/Andrieux_EIC20200602.pdf

https://indico.bnl.gov/event/8315/contributions/36995/attachments/28501/43930/Andrieux_EIC20200602.pdf


CERN: COMPASS++/AMBER
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Year >2026

https://indico.bnl.gov/event/8315/contributions/36995/attachments/28501/43930/Andrieux_EIC20200602.pdf

https://indico.bnl.gov/event/8315/contributions/36995/attachments/28501/43930/Andrieux_EIC20200602.pdf


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

Year >2030

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


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

Year >2030

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


Summary

• Comparison of kaon and pion PDFs is important to 
explore the SU(3) symmetry breaking effect.

• Data of kaon-induced Drell-Yan and Jpsi productions 
can be used to constrain the valence and gluon 
distributions. Nevertheless the data are scarce.

• Recent theoretical results of kaon PDFs show visible 
SU(3) breaking effect in the valence distributions and 
the strength of gluon is slightly less, compared to pion.

• Data from the coming CERN AMBER and BNL EIC 
experiments will provide more data of constraining 
kaon PDFs.
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