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Why are Pions and Kaons 
Important?
• Pions are the force carrier within the nucleus 

(Yukawa, 1935). Similarly kaons are responsible for 
the interaction between Λ𝑁.

• Nambu-Goldstone bosons of spontaneous 
symmetry breaking of chiral symmetry 𝑆𝑈 3 𝐿 ∗
𝑆𝑈 3 𝑅.

• Meson cloud picture of nucleons is important in 
understanding the flavor asymmetry of sea quarks 
of nucleons.

• …  

2



Experimental Approach for 
Proton PDFs
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Experimental Approach for 
Pion and Kaon PDFs
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No rest targets of pions and kaons!



Pion PDFs (before 2018)
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SMRS

GRV

• No rest target of pions
(kaons)! DIS approach is 
difficult.

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

• 20% difference at x = 0.5 !

EPJC 10 (1999) 313



9J.C. Peng, ANL pieic2017 workshop

Almost more than 30 years old!

http://www.phy.anl.gov/theory/pieic2017/peng.pdf


10J.C. Peng, ANL pieic2017 workshop

http://www.phy.anl.gov/theory/pieic2017/peng.pdf


11J.C. Peng, ANL pieic2017 workshop

http://www.phy.anl.gov/theory/pieic2017/peng.pdf


Dimuon Invariant-mass 
Spectrum (COMPASS Pion-Induced 2015 Run)

12COMPASS, PRL 119 (2017) 112002



E615 𝜎𝐷𝑌(𝜋− + 𝑝 → 𝛾∗𝑋)
[PRD 39, 92 (1989)]
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Pion structure functionDifferential cross sections



𝜎𝐷𝑌(𝜋+𝐶)/𝜎𝐷𝑌(𝜋−𝐶)
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𝜎𝐷𝑌 ҧ𝑝𝑊 𝑣𝑠. 𝜎𝐷𝑌(𝜋−𝑊)
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E537, PRD 38 (1988) 1377
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The valence quarks 
of pions are harder 
than those of 
protons. 

1 2, ( )( ) Np V xV x 



𝜎𝐷𝑌(𝐾−𝑃𝑡)/𝜎𝐷𝑌(𝜋−𝑃𝑡)
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NA3, PLB 93 (1980) 354
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Valence ത𝑢-quarks are softer 
than valence s-quarks in the 
kaon.

Valence ത𝑢-quarks in the 
kaon are softer than those 
in the pion.



Accessing Valence and Sea 
Quarks of  Pions and Kaons
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Londergan et al., PLB 361 (1995) 110

Londergan et al., PLB 380 (1996) 393



𝜎𝐽/ 𝜓(𝐾+𝐷)/𝜎𝐽/𝜓(𝜋+𝐷)
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Pion PDFs in LHAPDF

• LHAPDF5:
• OW-P LO: LO; D-Y and J/psi data [PRD 30, 943 (1984)]

• ABFKW-P /NLO: NLO; D-Y and direct 𝛾 [PLB 233, 517 (1989)]

• SMRS-P NLO: NLO; D-Y, J/psi and direct 𝛾 [PRD 45, 2349 
(1992)]

• GRV-P LO: LO; D-Y and direct 𝛾 [ZPC 53, 651 (1992)]

• GRV-P NLO: NLO; D-Y and direct 𝛾 [ZPC 53, 651 (1992)]

• LHAPDF6:
• GRVPI0: LO; D-Y and direct 𝛾 [ZPC 53, 651 (1992)]

• GRVPI1: LO; D-Y and direct 𝛾 [ZPC 53, 651 (1992)]

• JAM18 : NLO, D-Y and DIS-n-tagged [PRL 121, 152001 (2018)]
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https://lhapdf.hepforge.org/lhapdf5/pdfsets
https://lhapdf.hepforge.org/pdfsets.html
https://github.com/JeffersonLab/JAM18Pion


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)
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𝜈<45, pion pole dominates:
off-shell pion ≈ on-shell pion

𝜈 =



JAM18: Include leading neutron (LN) electroproduction from HERA 

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

• Large-x behavior: ~ (1-x)1, 
instead of (1-x)2 as expected by 
QCD or DSE. 



JAM18: Include leading neutron (LN) electroproduction from HERA 

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

JAM18 0.24, 
0.21

0.027, 
0.029

0.35,
0.39

GRVPI1
(GRS)

0.19,
0.17

0.018,
0.021

0.51,
0.52

SMRS1 0.23,
0.21

0.017,
0.020

0.51,
0.45

SMRS2 0.23,
0.21

0.025,
0.027

0.38,
0.41

SMRS3 0.23,
0.21

0.033,
0.034

0.34,
0.37

Q2=5 GeV2 Q2=20 GeV2

𝒙𝒇(𝒙) : JAM18 closer to SMRS3 (valence 48%, sea 17% and gluon 35%)



Pion PDFs (2018)
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Gluon distribution of JAM18 is significantly reduced in the valence-x region.



Pion PDFs from Statistical 
approach
[Bourrely and Soffer, NPA 981, 118 (2019)]
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NLL Soft-Gluon Resummation
at large-x
[Aicher, Schafer and Vogelsang, PRL 105, 252003 (2010)]
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DSE

Softer valence quarks at large x.

Q=4 GeV



Kaon PDFs from Gauge-Invariant Nonlocal 
Chiral Constituent Quark Model
[S. Nam, PRD 86, 074005 (2012)]

28

Large SU(3) symmetry-breaking effect.



Kaon PDFs from Chiral 
Constituent Quark Model
[Watanabe, Sawada and Kao, PRD 97, 074015 (2018)]
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𝑄2 = 𝑄0
2 𝑄2 = 27 𝐺𝑒𝑉2

Very small SU(3) symmetry-breaking effect.



Pion and Kaon PDFs from NJL 
Model
[Hutauruk et al., PRC 94, 035201 (2016)]
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Large SU(3) symmetry-breaking effect.
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Pion and Kaon PDFs from Dyson-
Schwinger equations
[Chen et al., PRD 93, 074021 (2016)]

31

5%Kxg 

At Q=0.51 GeV, 𝑥𝑔𝐾 = 5% but 
𝑥𝑔𝜋 = 35% . Gluons in kaons 

is softer in pions.

Large SU(3) symmetry-
breaking effect.



Pion and Kaon PDFs from 
Dyson-Schwinger equations
[Shi et al., Phys. Rev. D 93, 054029 (2018)]
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u
Ku Ks

Large SU(3) symmetry-breaking effect.

DSE: PRD 93, 074021 (2016)

NJL: PRC 94, 035201 (2016)

No gluon effect.

“Nevertheless in the DSE-BSE framework, a 
conclusive verification of this problem calls 
for a nonperturbative study on the pion and 
kaon bound state equations incorporating
qqg component.”



Phenomenology Study of  NA3 Drell-Yan and 
J/psi Data
[Peng, Chang, Platchkov and Sawada, arXiv:1711.00839]
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LO (NLO)

a=0.203

Color-Evaporation Model +SMRS

Color-Evaporation Model could 
describe the rapidity distributions well.

NA3

NA3SMRS



Phenomenology Study of  NA3 Drell-Yan and 
J/psi Data
[Peng, Chang, Platchkov and Sawada, arXiv:1711.00839]
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a=0.203

Color-Evaporation Model
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Pion PDFs from Lattice QCD
[J.W. Chen et al., 1804.01483]

35H.W. Lin, JLAB pieic2018 workshop

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


New Measurements at 
CERN

36S. Platchkov, ANL pieic2017 workshop

https://nqf-m2.web.cern.ch/

http://www.phy.anl.gov/theory/pieic2017/platchkov.pdf
https://nqf-m2.web.cern.ch/


New Measurements at JLAB

37R.A. Montgomery, JLAB pieic2018 workshop

https://wiki.jlab.org/cuawiki/images/9/9f/Montgomery_TDIS_PIEIC_240518ss.pdf


New Measurements at JLAB

38
R.A. Montgomery, JLAB pieic2018 workshop

https://wiki.jlab.org/cuawiki/images/9/9f/Montgomery_TDIS_PIEIC_240518ss.pdf


New Measurements at JLAB

39R.A. Montgomery, JLAB pieic2018 workshop

https://wiki.jlab.org/cuawiki/images/9/9f/Montgomery_TDIS_PIEIC_240518ss.pdf


New Measurements at EIC, 
U.S.

40R. Ent, DIS 2018

https://indico.cern.ch/event/656250/contributions/2909136/attachments/1634161/2606532/3_Ent-pion-kaon-EIC-DIS2018.pdf


New Measurements at EIC, 
U.S.

41R. Ent, DIS 2018

https://indico.cern.ch/event/656250/contributions/2909136/attachments/1634161/2606532/3_Ent-pion-kaon-EIC-DIS2018.pdf


Summary

• Determination of pion and kaon PDFs is relatively 
preliminary and mainly through the dimuon production 
via Drell-Yan and J/psi.

• There is recent interesting progress in accessing pion 
and kaon PDFs by tagged-SIDIS process. New results of 
pion-induced Drell-Yan and J/psi production from 
COMPASS will be available soon.

• Continuing global analyses for pion PDFs with improved 
theoretical studies and new data sets are called for.

• The future RF-separated meson beams at CERN and 
TDIS in JLAB and U.S. EIC will constrain the meson PDFs 
at large-x and small-x regions further.
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