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Hadrons in the Constituent Quark Model

O In 1964, Gell-Mann and Zweig proposed the legendary Constituent Quark Model and
successfully classified all strongly interacting particles into gqg mesons and qqq baryons
(hadrons)

00 o

baryons mesons

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL- MANN
California Institute of Technology, Pasadena, California

4798 citationsgeceived 4 January 1964

INTERACTION SYMMETRY AND IT

CERN LIBRARIES, GENEVA

974 citations

O The constituent QM works extremely well up to circa 2003
> 07(1540), LEPS, 0301020, 1219 citations
> D%,(2317), BaBar, 0304021, 1071 citations
> X(3872), Belle, 0309032, 2948 citation




Many more so-called exotic hadrons discovered since then
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Many (if not all) of them close to thresholds—molecules
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How to check the picture?




How to verify the molecular picture

Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*, Phys.Rept. 1108 (2025) 1-108

O Symmetries in the two-hadron interactions imply the existence of
multiplets of hadronic molecules
» Heavy-quark spin/flavor symmetry: there are seven Pc states
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How to verify the molecular picture

Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*, Phys.Rept. 1108 (2025) 1-108

O Three hadrons experience pairwise two-body attractions can form
three-body molecules

> Treating D},(2317) as a DK state, one can expect a D;DK state
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T.W. Wu and LSG, Sci.Bull. 67 (2022) 1735-1738 T.W Wu, M.Z Liu, and LSG, PRL(2025) 031902



How to verify the molecular picture

Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*,

Phys.Rept. 1108 (2025) 1-108

O Direct measurement of the two-hadron interactions
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Femtoscopic correlation functions (CFs)
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Basic philosophyies

The interaction is known

from, e.g., experiments,
lattice QCD, or effective
field theories
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correlation functions
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Classification of hadron-hadron interactions
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CFs for interactions capable of generating bound states
- Zhi-Wei Liu, Jun-Xu Lu and LSG* PRD 107, 074019 (2023)

Spherical potential well—physically intuitive
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CFs for interactions capable of generating bound states

Zhi-Wer Liu, Jun-Xu Lu and LSG* PRD 107, 074019 (2023)
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CFs for interactions capable of generating resonant/virtual states
Zhi-Wer Liu, Ming-zhu Liu, Jun-Xu Lu and LSG* — Sci.Bull. 70 (2025) 3515-3521

EFT potential—model independent:
capable of generating bound, virtual, and resonant states

V=a+b- -k’



CFs for interactions capable of generating resonant/virtual states
Zhi-Wer Liu, Ming-zhu Liu, Jun-Xu Lu and LSG#,
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Mysterious exotic hadron D;,(2317)
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> 160 MeV lower than the quark model
predictions - difficult to understand as a
conventional charm-strange meson

> It could be a DK bound state
v E. E. Kolomeitsev 2004
v F. K. Guo 2006
v'D. Gamermann 2007
v' Altenbuchinger, LSG*, Weise, 2014




DK CFs and its source size dependence
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Tetraquark states Z,.(3900) & Z_.,(3985)
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Z.(3900) & Z.,(3985): Resonant VS Virtual states

Particle Data Group, PTEP 2022 (2022) 083C01

M.-L. Du, M. Albaladejo, F.-K. Guo and J. Nieves, PRD 105 (2022) 074018

I. Ji, X.-K. Dong, M. Albaladejo, M.-L. Du, F.-K. Guo and J. Nieves, PRD106 (2022) 094002
L.-W. Yan, Z.-H. Guo, F.-K. Guo, D.-L. Yao and Z.-Y. Zhou, PRD109 (2024) 014026



Invariant mass distributions fail to distinguish vir. or res.

.
Virtual state scenario Resonant state scenario
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M.-L. Du, M. Albaladejo, F.-K. Guo, and J. Nieves, PRD105(2022)074018

Data are compatible with either a resonant or virtual state.

How to tell which is reality?



D°D*~ CFs for Z.(3900)

Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#, Sci.Bull. 70 (2025) 3515-3521
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D°D:~ CFs Z_,(3985)

Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#, Sci.Bull. 70 (2025) 3515-3521
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Tcc(3875)—the longest-lived exotic matter yet
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Tcc(3875)—the longest-lived exotic matter yet

Distinguishing the compact versus molecular nature of 7,..(3875)*
Shota Ampuku, Yasuhiro Yamaguchi, Masayasu Harada, PRD113(2026)L031505
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Tcc(3875)—the longest-lived exotic matter yet

D D* correlation functions in deciphering the nature of 7,..(3875)"
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Summary and outlook

O Femtoscopy offers high-precision tests of the strong interaction
between pairs of (un)stable particles and can be valuable to
decipher the nature of the many exotic hadrons discovered so far.

v Dy (2317), Z.(3900)/Z.,(3985), T..(3875)

V' Pc(4440)/Pc(4457), Pcs(4338), X (3960), X(6200), K1(1270), ]/psi-N

O With more data from LHC Run3, the future is very promising:

Pp data taking: event count increase: ~3000 x
Pb-pb data taking: event count increase: ~70x
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Thanks a lot for your attention!
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(Image: CERN)



