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 The most efficient building blocks of NATURE

at different scales

 How they interact with one another — interaction

One central question in physics

The Thinker by Auguste Rodin
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Hadrons in the Constituent Quark Model

 1964, Gell-Mann and Zweig proposed the legendary constituent Quark Model and 

successfully classified all strongly interacting particles into mesons and baryons (hadrons)

 In the QM, the building blocks are constituent quarks, which are bound into hadrons by 

quark-(anti)quark potentials. QM proved highly successful up to around 2003 with few 

exceptions, such as 𝚲(𝟏𝟒𝟎𝟓)

➢ Cornell model ➢ Goldfrey-Isgur model
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Many more exotic hadrons discovered since then 
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Exotic hadrons discovered since 2003 challenged the CQM 
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Feng-Kun Guo, Christoph Hanhart, 
Ulf-G. Meißner, Qian Wang,
Qiang Zhao, Bing-Song Zou.

Rev.Mod.Phys. 90 (2018) 015004

Hua-Xing Chen, Wei Chen, Xiang Liu 
Shi-Lin Zhu,
Phys. Rept.639 (2016) 1

Most of them close to thresholds— hadronic molecules

Richard F. Lebed, Ryan E. Mitchell, 
Eric S. Swanson, 
Prog.Part.Nucl.Phys. 93 (2017) 143

Atsushi Hosaka, Toru Iijima, Kenkichi
Miyabayashi, Yoshihide Sakai , Shigehiro
Yasui,
PTEP 2016 (2016) 062C01

……



How to check the molecular picture?
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𝐼(𝐽𝑃) = 0(1/2−), 𝑆 = −1

𝑀 = 1405.1
−1.0

+1.3
MeV, Γ = 50.5 ± 2.0 MeV

𝚲 𝟏𝟒𝟎𝟓 : why is it special

In the constituent quark model, 𝜦 𝟏𝟒𝟎𝟓
is the first P-wave orbital excitation of 
the ground-state baryon 𝜦 𝟏𝟏𝟏𝟓

Two puzzles

Low mass vs. N*(1535)
large spin splitting vs. 𝚲(𝟏𝟓𝟐𝟎)

PDG
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𝚲 𝟏𝟒𝟎𝟓 as a dynamically generated state

➢ LO&NLO, Kaiser, Siegel, Weise, NPA594, 325(1995), 782 citations
➢ LO, Oset and Ramos, NPA635, 99(1998), 923 citations
➢ NLO, Oller and Meissner, PLB500, 263(2001), 996 citations

 Modern picture for 𝜦 𝟏𝟒𝟎𝟓 : a ഥ𝑲𝑵 bound state dynamically generated by 

coupled-channel chiral dynamics implemented in the so-called chiral 

unitary approaches

Bethe-Salpeter Equation

Weinberg-Tomozawa（WT） potential

as of 2025.09.28

11



Two poles: 𝑾𝑯 = 𝟏𝟒𝟐𝟒. 𝟑 − 𝟏𝟕. 𝟏𝒊, 𝑾𝑳 = 𝟏𝟑𝟖𝟗. 𝟏 − 𝟔𝟒. 𝟏

Unexpected two-pole structure! 

Oller and Meissner, PLB500, 263(2001), 996 citations

Jido, Oller, Oset, Ramos, and Meissner, NPA725, 181 (2003), 772 citations 

Hyodo and Jido, PPNP67, 55 (2012), 388 citations

Meissner, Symmetry 12 (2020) 981, 96 citations
12

Isopin 0, four coupled channels: 𝝅𝜮 𝟏𝟑𝟑𝟎 , ഥ𝑲𝑵(𝟏𝟒𝟑𝟑), 𝜂Λ(1662), 

𝐾Ξ 1813 (renormalization scale 𝜇 = 630 MeV, with four different 𝑎𝑖(𝜇))



The two-pole structure persists at N2LO

𝜦(1405)

𝜦(1380)

Meson-baryon scattering up to N2LO, Jun-Xu Lu, LSG*, M. Doering and M. Mai, PRL130, 071902(2023)
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𝑆 = 0 𝑆 = 1

𝑆 = −1



Two-pole structures are not simply two states! 

① Two-pole structures refer to the fact that two dynamically generated states, 
one resonant and one bound, are located close to each other between 
two coupled channels and with a mass difference smaller than the sum of 
their widths. 

② Two poles overlap, which creates the impression that there is only one 
state in the invariant mass distribution of their decay products. 

LSG, Oset, Roca, and Oller, PRD75, 014017 (2007)Hyodo and Jido, PPNP67, 55 (2012)

𝚲(𝟏𝟒𝟎𝟓) 𝑲𝟏(𝟏𝟐𝟕𝟎)
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Two prominent examples: 𝚲(𝟏𝟒𝟎𝟓) and 𝑲𝟏(𝟏𝟐𝟕𝟎)
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We contrast this fact with the recent BESIII measurement of the 𝐾−Λ mass 
distribution in the 𝜓(3686) decay to 𝐾−ΛΞ̄ +, which demands a width much larger than 
the average of the PDG, and show how the consideration of the two Ξ(1820) states 
provides a natural explanation to the experimental data

Experimental evidence?



More can be asked
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1. Why are there two?

2. Why can they be mistaken for one state?

3. Why are they located between the two channels?

4. What kind of interactions can generate such two poles?

5. ……

One possible answer
—study the light-quark mass evolution of the two poles

Two-pole structures as a universal phenomenon 
dictated by coupled-channel chiral dynamics
Jia-Ming Xie, Jun-Xu Lu, LSG*, Bing-Song Zou, 
Phys.RevD.108 (2023) L111502
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Evolution of the higher pole with mπ：simple

Note that the two thresholds                                                
also increase as 𝒎𝝅 increases.

As 𝒎𝝅 increases, both the real 
and the imaginary parts of the 
higher pole decrease, which 
indicates that the effective ഥ𝑲𝑵
attraction becomes weaker and
the coupling to 𝜋Σ decreases as
well.
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For m𝜋 ≈ 200 MeV, it 
becomes a virtual resonance 
from a resonant state.

Evolution of the lower pole with mπ: complicated

The evolution of the lower pole clearly demonstrates the chiral dynamics 
underlying the two-pole structure of 𝜦(𝟏𝟒𝟎𝟓).

For a pion mass of about 
300 MeV, it becomes a 
bound state and remains so 
up to the pion mass of 500 
MeV.
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Latest lattice QCD study

𝒎𝝅 ≈ 𝟐𝟎𝟎 MeV,
a virtual bound state below 𝝅𝜮 and a

resonant（bound) state just below ഥ𝑲𝑵, 
support the two-pole structure suggested
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Can be described by UChPT and consistent with exp.
Zejian Zhuang,  R. Molina∗, Jun-Xu Lu, and LSG, Sci.Bull. 70 (2025) 1953-1961

Fits

predictions



22

Identifying flavor-content of the two poles of  Λ(1405)

 𝒀 is a charmonium or bottomonium, such as Τ𝑱 𝝍, 𝝍𝟐𝒔, 𝝌𝒄𝟎, but an SU(3) singlet

 ഥ𝜦 is an SU(3) octet, then the 𝝅𝚺 pair must be an SU(3) octet—higher pole

 ഥ𝜦(1520) is an SU(3) singlet, then the 𝝅𝚺 pair must be an SU(3) singlet—lower pole

Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*, 2407.13486
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Identifying flavor-content of the two poles of  Λ(1405)

Τ𝑱 𝝍 → ഥ𝜦𝜮𝝅

Τ𝑱 𝝍 → ഥ𝜦(𝟏𝟓𝟐𝟎)𝜮𝝅

[NLO1] Y. Ikeda, T. Hyodo, and W. Weise,

NPA881(2012)98

[NLO2] F.-K. Guo, Y. Kamiya, M. Mai,

and U.-G. Meißner, PLB846(2023)13826

Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*, 2407.13486
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What is special about 𝑫𝒔𝟎
∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎)

 160/70 lower than the GI quark 
model predictions—difficult to be 
understood as conventional csbar 
states.

“Dynamically generated” from 
strong DK interaction                
➢ E. E. Kolomeitsev 2004, 
➢ F. K. Guo 2006,
➢ D. Gamermann 2007 
➢ …

827 citations (20180911)

BaBar

25Feng-Kun Guo, EPJ Web of Conferences 202, 02001 (2019) 



Analogy between 𝑲𝑫 and ന𝑲𝑵

• 𝑲𝑫 bound state

• Dynamically 

generated--Unitary 

heavy hadron  chiral 

perturbation theory

• ന𝑲𝑵 bound state

• Dynamically 

generated--Unitary 

baryon chiral 

perturbation theory

The interaction between a kaon and a heavy particle seems to play
an important role, described by the same WT at the leading order 

𝜦(𝟏𝟒𝟎𝟓)
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UChPT in Bethe-Salpeter equation

Model independent DK interaction from ChPT

 Resumed in the Bethe-Salpeter equation (two-body elastic unitarity)

27

Weinberg-Tomazawa

Altenbuchinger, Geng, Weise, PRD89 (2014)014026



Fixing the LECs using latest LQCD* data

• NLO ChPT kernel: 5 LECs

• A quite good description of the 20
Lattice scattering lengths of
pseudoscalar mesons and D mesons
（I=0 DK excluded） can be
achieved.

28

Altenbuchinger, LSG*, Weise, PRD89 (2014)014026



Ds0 and Ds1 dynamically generated

 Charm sector

 Bottom Sector

“Post-diction”

29

Altenbuchinger, LSG*, Weise, PRD89 (2014)014026



Predicted Bs0 and Bs1 states

In agreement with lQCD

30

Altenbuchinger, LSG*, Weise, PRD89 (2014)014026

https://inspirehep.net/authors/2572045
https://inspirehep.net/authors/983852


More support from following lQCD studies

• G.K.C. Cheung et al., arXiv:2008.06432[hep-lat].

• G. S. Bali et al., arXiv:1706.01247 [hep-lat].

31

“DK components substantial”

See as well Miguel Albaladejo et al. arXiv:1805.07104

C. B. Lang et al., arXiv:1403.8103 [hep-lat].
D. Mohler et al., arXiv:1308.3175 [hep-lat].



Many re-analyses of the lattice finite volume data

32

Torres, Oset, Prelovsekc, and Ramos，JHEP 05 (2015) 153



Support from LQCD+unquenched QM

33
𝑫𝑲 about 70%

𝑴 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) −𝑴 𝑫𝒔𝟎(𝟐𝟑𝟏𝟕) = 𝟏𝟐𝟎‼!

Yang, Wang, Wu, Oka, Zhu, 
Phys. Rev. Lett. 128, 112001 (2022)



Further tests of the DK interaction

Experiments, theory, and lattice QCD all show that 𝐷𝐾 or 𝐷∗𝐾

interaction is strong enough to form 𝑫𝒔𝟎
∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎

A natural question is: if we add one more 𝑫(ഥ𝑫) or 𝑫∗(𝑫∗), can they 

form molecules of three hadrons?

This seems to be a rather straightforward and naive question, but 

remains unexplored until quite recently

34



Three-body molecules built from the 𝑲𝑫 interaction 

35

R(4140)Kc(4180) K*(4307)

Tian-Wei Wu, Ming-Zhu Liu, and LSG*, Phys.Rev.D 103 (2021) L031501

[28] L. Ma, Q. Wang, and U.-G. Meißner, Chin. Phys. C 43, 014102 (2019). 
[29] X.-L. Ren, B.B. Malabarba, L.-S. Geng, K.P. Khemchandani, and A. Martínez Torres, Phys. Lett. B 785, 112 (2018). 
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 It is a three-body system involving C-parity interaction

 It does not mix with conventional hadrons— 𝟎−− exotic quantum numbers 

 The two-body system can not bind—suppressed by the OBE model or the OZI 

rule

 It can be produced in both 𝒆+𝒆−and pp collisions—hidden charm/strange state 

easier to observe

Why the ഥ𝑫𝒔𝑫𝑲 three-body system is different



Wave function of ഥ𝐃𝐬𝐃𝐊 with good C parity

37

Two-body 
interaction

C-parity 
interaction



Two-body interactions

38

 DK interaction parameterized by 𝑪𝒂-- in the contact-range EFT

 𝑫𝑲−𝑫𝒔𝜼 coupled channel interaction in matrix form

 𝑉𝐷𝐾 in a Gaussian form in coordinate space

 With SU(3) flavor symmetry and experimental fitting



DK interaction determined by  fitting 𝑫𝒔𝟎
∗ (𝟐𝟑𝟏𝟕)

39

 Considering 𝑫𝒔𝟎
∗ (𝟐𝟑𝟏𝟕) as a 𝑫𝑲−𝑫𝒔𝜼 molecule +cഥ𝒔 state 

Momentum 
space

Coordinate
space

𝑫𝑲−𝑫𝒔𝜼 > cഥ𝒔 𝑩𝑫𝑲 < 45 MeV

100% molecule 70 % molecule+30 % 𝒄ഥ𝒔



C-parity dependent interaction

40

η exchange potential

ഥ𝐷𝑠

𝐷

𝐾

ഥ𝐷

𝐾

𝐷𝑠

?



Binding energies, relative weights, and spatial structure

41

0−− ഥ𝐷𝑠𝐷𝐾 molecule: X(4310)

Cutoff



Comparion with the 0−+ state

42

0−+ ഥ𝐷𝑠𝐷𝐾 molecule:    4304 MeV

 0−+ ഥ𝐷𝑠𝐷𝐾: coupling with 𝑐ഥ𝑐 𝑎𝑛𝑑 ഥ𝐷𝑠𝐷𝑠0
∗

 0−− ഥ𝐷𝑠𝐷𝐾: no coupling with  𝑐ഥ𝑐 𝑎𝑛𝑑 ഥ𝐷𝑠𝐷𝑠0
∗



Strong decays of the 0−− ഥ𝐷𝑠𝐷𝐾 molecule X(4310)

43

Triangle diagrams of the strong decays: three modes
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Partial decay widths 

Dominant decay mode:



Productions of the 0−− ഥ𝐷𝑠𝐷𝐾 molecule

45

0−− ഥ𝐷𝑠𝐷𝐾 molecule:

Production rate:



Possibility at the LHCb

46

LHCb, Phys. Rev. Lett. 133,131902(2024) 



Number of events at the LHC 

47
LHC integrated luminosity:   50 fb-1 Events:  10   

350 fb-1 100

LHCb, Phys. Rev. Lett. 133,131902(2024)  9fb-1BaBar, Phys. Rev. D 83, 032004(2011)

A factor of 1000 
smaller

The state of our interests



Summary and outlook

𝛬(1405) and Ds0
∗ 2317 do not easily fit into the naïve CQM, but can 

be understood as ഥ𝐾𝑁 and 𝐷𝐾 hadronic molecules

We proposed two novel ways to validate their molecular nature

➢The light quark mass evolution of the 𝛬(1405) serves as a nontrivial way to test 

its ഥ𝐾𝑁 molecular and two-pole nature.

➢The nature of the Ds0
∗ (2317) as a 𝐷𝐾 molecule can be checked by the existence 

of a unique three-body bound state ഥDsDK . 

 These ideas can be extended to study other exotic hadrons

48



49Science Bulletin 67 (2022) 1735–1738 
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