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New Energy

New Material
New Matter



K

D

D D

Build new forms of bosonic matter from D & K mesons



Nucleons are the essential
building blocks of Matter!
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Very preliminary!What are D & K  mesons?



Schroedinger equation &
Hadrogen spectrum



Strong interaction is much harder

F= 
G𝑚1𝑚2

𝑟2F= 
𝑘𝑞1𝑞2

𝑟2

F=q Ԧ𝑣 × 𝐵

F=GF

F=……………   
….



Scientific American, September 1953

What Holds

the Nucleus Together?

by Hans A. Bethe

In the past quarter century physicists have devoted a 

huge amount of experimentation and mental labor to this 

problem – probably more man-hours than have been 

given to any other scientific question in the history of 

mankind.

Hans Bethe
Nobel Prize in Physics 
1967

One of the most difficult problems

in the history of mankind

高精度协变手征核力—北航



Why spectroscopy—Atomic

Rydberg
formula

Fine structure

Hyperfine
structure

Niels Henrik David Bohr
Arnold 
Sommerfeld

Albert Abraham
Michelson

Wolfgang Pauli

Edward W. 
Morley

Johannes 
Rydberg
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Eugene Paul Wigner Maria Goeppert Mayer  J. Hans D. Jensen Aage Niels Bohr, Ben Roy Mottelson  Leo James Rainwater

Single
particle
motion

Collective
motion
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Why spectroscopy—Nuclear



Murray Gell-Mann

Yuval Ne'eman.

V. E. Barnes et al., Phys. 
Rev. Lett. 12, 204 (1964)

Eightfold
way-1961

Quark
model-
1964

QCD/SM
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Hadron spectroscopy—QM—QCD

Put an end to the then chaotic situation



15

Beyond QM

In the naïve quark model

In principle,
QCD allows
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Highlights of the year the research covered in Physics 

that really made waves in and 

beyond the physics community. 

Four-Quark Matter/BESIII

Particle High Five/LHCb
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Most of them close to thresholds

Feng-Kun Guo, Christoph Hanhart, Ulf-G. Meißner, Qian Wang, Qiang Zhao, Bing-Song Zou.

Rev.Mod.Phys. 90 (2018) 015004.

Pc(4457)/Pc(4440)/Pc(4312)
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Fine structure in Pc

Pc(4457)/Pc(4440)/Pc(4312)

Phys.Rev.Lett. 122 (2019) 242001
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Another new state

X0(2886)

Pc(4457)/Pc(4440)/Pc(4312)

2008.07389, PRD rapid communication2009.00025

https://arxiv.org/abs/2008.07389


How to check the molecular picture?
our naïve answer—go to many body



+

+ +

+

deuteron alphatriton



Next best two-body molecule candidates

22

Ds0*(2317) Ds1(2460)



Discovery channels

23
CLEO PRD68,032002(2003)

Ds0*(2317)

BaBar PRL90,242001(2003)

Ds1(2460)



What are special about these two states

⚫ 160/70 MeV lower than 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

24

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

26

Weinberg-Tomazawa

1309.4743



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.
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1309.4743



Ds0 and Ds1 dynamically generated

⚫ Charm sector

⚫ Bottom Sector

“Post-diction”
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1309.4743



Predicted Bs0 and Bs1 states

In agreement with lQCD

29

1309.4743



More support from recent lQCD studies

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

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

• C. B. Lang et al., arXiv:1403.8103 [hep-lat].

• D. Mohler et al., arXiv:1308.3175 [hep-lat].

30

“DK components substantial”

See as well Miguel Albaladejo et al. arXiv:1805.07104



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) or 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

31
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An explicit three-body study of DDK

• Coupled-three-channel problem: D(DK − 𝐷𝑠𝜋 − 𝐷𝑠𝜂)
• Three-body scattering matrix (Faddeev)

A. Martínez Torres, K. P. Khemchandani, and E. Oset PRC 77, 042203(R)

A. Martinez Torres, K.P. Khemchandani, LSG, M. Napsuciale, E. Oset, PRD78 (2008) 074031
33
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Two-body inputs

• DK: leading order UChPT

𝑎(𝜇) = −1.846, 𝜇
= 1000 𝑀𝑒𝑉 ⇒
Pole=2318 MeV

• DD(Ds): local hidden gauge theory

F.-K. Guo, P.-N. Shen, H.-C. Chiang, R.-G. Ping, and B.-S. Zou, PL B641, 
278 (2006). 

S. Sakai, L. Roca, and E. Oset, PRD96, 054023 (2017). 

𝑎 𝜇 = −1.3~ − 1.5, 𝜇 =
1500 𝑀𝑒𝑉 ⟸ fixed
from 𝐷ഥ𝐷/𝐷𝐷∗--X(3700）
/X(3872)
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1809.01059



Three-body amplitudes

𝑹++ = 𝑰, 𝑰𝟐𝟑 = (
𝟏

𝟐
, 𝟎)

𝑹+should also exist

𝑹++ is a bound state, but can
decay strongly

35

1809.01059



Two-body decay width

36

1909.09021

http://arxiv.org/abs/arXiv:1909.09021


Two-body decay width

37

Kaon-Exchange Dominant

1909.09021

http://arxiv.org/abs/arXiv:1909.09021


A DDDK state

What if we add one more D?

1(0+)
Gaussian Expansion Method

1906.11995

http://arxiv.org/abs/arXiv:1906.11995


A DDDK state

What if we add one more D? Our study shows that such a state
exists as well

DK* DDK DDDK

Binding 45 MeV (67-71) MeV 91-107 MeV

1(0+)

Uncertainties are at the order of 10-20 MeV

39

1906.11995

http://arxiv.org/abs/arXiv:1906.11995
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DD interactions play a minor role 1906.11995

http://arxiv.org/abs/arXiv:1906.11995


41

Spatial distributions

D K
1.74 fm

Ds0*(2317)

D D

K
1.8 fm1.8 fm

1.8 fm

R(4140)

1906.11995

http://arxiv.org/abs/arXiv:1906.11995
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K*(4307)

Instead of a 𝑫, what happens if we add
a 𝑫∗ to the DK pair

43
𝑫



K*(4307)

• Fixed center approximation (FCA):

𝐾 𝐷𝐷∗ + ഥ𝐷𝐷∗ ~𝐾𝑋 3872 /𝑍𝑐(3900)

44

1805.08330



K*(4307)

• Treating KX and KZ as
coupled channel systems

• A resonance with M=(4307 
± 2) − i(9 ± 2) MeV with 
I(JP ) = 1/2(1−) 

In agreement with Li Ma, Qian Wang, Ulf-G. 
Meißner, 1711.06143, but with completely 
different dynamics 

45

1805.08330



K*(4307)—bosonic counterpart of Pc

46

Pentaquark (N*) by LHCb

Phys.Rev.Lett. 115 (2015) 072001

Prediction of narrow N* and Λ* resonances with hidden charm above 4 GeV,

Jia-Jun Wu, R. Molina, E. Oset, B.S. Zou, 1007.0573



Analogy between 𝑲𝑫 and ന𝑲𝑵

• DK bound state

• Dynamically generated--

Unitary heavy hadron  

chiral perturbation theory 

• N-Kbar bound state

• Dynamically generated--

Unitary baryon chiral 

perturbation theory

The interaction between a kaon and a heavy particle seems to
play an important role

𝜦(𝟏𝟒𝟎𝟓)
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Current status on “𝑲−𝒑𝒑”

48

J-PARC E15

J-PARC E27

DISTO

FINUDA

Faddeev-AGS
Pheno. pot. (E-indep.)

Variational (Gauss)
Pheno. pot. (E-indep.)

Variational (Gauss)
Chial. pot. (E-dep.)

Faddeev-AGS
Chiral pot. (E-dep.)

A. Dote, Menu2019



Experimental search by the Belle Collaboration

49

2008.13341



Experimental search by the Belle Collaboration
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2008.13341



Looking into future

51

 We may have a better chance with Belle II, 
whose statistics will be larger by 50 times

 How about LHCb? 



Summary and outlook

Many interpretations exist for newly discovered exotic hadrons 

and are difficult to be distinguished from each other

We proposed a novel way to validate the molecule picture. 

Taking the Ds0*(2317) as an example, if it is indeed a molecule of

DK, then new forms of matter may be built upon them, similar to 

the build up of the periodic table.

We have performed explicit few-body studies–demonstrating

that indeed both DDK/DDbar*K and DDDK states bind

Now we need experimental or lattice QCD confirmations and

further theoretical studies on their production and decay

mechanisms
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DDK system in finite volume 
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Jin-Yi Pang, Jia-Jun Wu , and Li-Sheng Geng, 2008.13014


