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Beginning of a new era： 2003
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𝜣! (𝟏𝟓𝟒𝟎)

𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕)

X(𝟑𝟖𝟕𝟐)LEPS, 0301020
1174 citations

BaBar, 0304021
973 citations

Belle, 0309032
2317 citations

as of June 3rd, 2023



𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎)
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CLEO PRD68,032002(2003)                                

𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕)

BaBar PRL90,242001(2003) 

𝑫𝒔𝟏(𝟐𝟒𝟔𝟎)



What are special about these two states
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Ø  160/70 MeV lower than the  GI 
quark model predictions—difficult 
to be understood as conventional 
csbar states.

Ø “Dynamically generated” from 
attractive DK/D*K interaction                
ü  E. E. Kolomeitsev 2004, 
ü F. K. Guo 2006,
ü D. Gamermann 2007 

827 citations (20180911)

BaBar

Feng-Kun Guo, EPJ Web of Conferences 202, 02001 (2019) 
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UChPT in Bethe-Salpeter equation
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p Model independent DK/D*K interaction from ChPT

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

Weinberg-Tomozawa

M. Altenbuchinger, LSG and W. Weise, Phys. Rev. D 89(2014)014026



Fixing the LECs using latest LQCD* data
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Next we perform fits using the NLO HMUChPTand the
covariant UChPT, with the loop function in the latter
regularized in either the HQS scheme or the χ-SU(3)
scheme. The results are shown in Table IV. A few points

are noteworthy. First, the NLO UChPT describes the
LQCD data better than the NLO ChPT. Second, the
covariant UChPT describes the LQCD data much better
than the HM UChPT. The χ-SU(3) approach gives a

TABLE III. Low-energy constants and the χ2=d:o:f: from the best fits to the LQCD data [35] in the covariant
ChPTand the HM ChPT up to NLO, where c24 ¼ c2 − 2c4 and c35 ¼ c3 − 2c5. The uncertainties of the LECs given
in the parentheses correspond to one standard deviation.

c24 c35 c4 c5 χ2=d:o:f:

Covariant ChPT 0.153(35) −0.126ð71Þ 0.760(186) −1.84ð39Þ 2.01
HM ChPT 0.012(6) 0.167(17) $ $ $ $ $ $ 3.10

TABLE IV. Low-energy constants, the subtraction constants, and the χ2=d:o:f: from the best fits to the LQCD data [35] in the HQS
UChPT, the χ-SU(3) UChPT, and the HM UChPT. The renormalization scale μ is set at 1 GeV. The uncertainties of the LECs given in
the parentheses correspond to one standard deviation.

a c24 c35 c4 c5 χ2=d:o:f:

HQS UChPT −4.13ð40Þ −0.068ð21Þ −0.011ð31Þ 0.052ð83Þ −0.96ð30Þ 1.23
χ-SU(3) UChPT $ $ $ −0.096ð19Þ −0.0037ð340Þ 0.22(8) −0.53ð21Þ 1.57
HM UChPT 2.52 (11) 4.86(30) −9.45ð60Þ $ $ $ $ $ $ 2.69
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FIG. 4 (color online). The nf ¼ 2þ 1 LQCD data [35] vs the NLO covariant UChPT. The black solid and dashed lines show the best
fits to the 15 LQCD points and to the 20 LQCD points, with the blue and red bands covering the uncertainties propagated from those of
the LECs within one standard deviation, respectively.

M. ALTENBUCHINGER, L.-S. GENG, AND W. WEISE PHYSICAL REVIEW D 89, 014026 (2014)

014026-8

• 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.

M. Altenbuchinger, LSG and W. Weise, Phys. Rev. D 89(2014)014026



𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) dynamically generated
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χ2=d:o:f: in between those of the HM UChPT and the
covariant UChPT.
These results are consistent with the findings from the

studies of the decay constants of the heavy-light mesons
[27] and the ground-state octet baryon masses in the one-
baryon sector [30]. That is to say, the covariant ChPT
appears to be superior in describing the light-quark mass
evolution of physical observables as compared to its
nonrelativistic counterpart.
In Fig. 4, the LQCD data are contrasted with the NLO

covariant UChPT. The theoretical bands are generated from
the uncertainties of the LECs. The DðDsÞ masses are
described with the NLO mass relations of Eqs. (5) and
(6), where the LECsmD, c0, and c1 are fixed by fitting to the
LQCD masses of Ref. [35]. In addition, the kaon mass is
expressed asm2

K ¼ am2
π þ bwith a and b determined by the

LQCD data of Ref. [35] as well. However, one should notice
that such a comparison is only illustrative because the NLO
mass formulas cannot describe simultaneously both the
LQCD D and Ds masses and their experimental counter-
parts, as also noticed in Ref. [35]. In fact, the χ2=d:o:f:
shown in Tables III and IVare calculated with theD andDs
mass data taken directly from LQCD and not with the fitted
masses of the NLO ChPT. For the sake of comparison, we
show also in Fig. 4 the theoretical results obtained from a fit
to all of the 20 LQCD data.Within uncertainties they tend to
overlap with those calculated with the LECs from the fit to
the 15 LQCD points.

B. Dynamically generated heavy-light mesons

Once the subtraction constant and the LECs are fixed, one
can utilize the UChPT to study whether the interactions
between HL mesons and NGBs are strong enough to
generate bound states or resonances, by searching for poles
in the complex

ffiffiffi
s

p
plane. We notice that the subtraction

constant in theHMUChPT given in Table IVis positive, and
as a result, there is no bound state generated in the ðS; IÞ ¼
ð1; 0Þ channel. On the other hand, using the covariant
UChPT, a bound state is found at

ffiffiffi
s

p
¼ 2317% 10 MeV

in the complex plane. We identify this bound state as the
D&

s0ð2317Þ. In addition, one more state is generated in the
ðS; IÞ ¼ ð0; 1=2Þ channel. All of them are tabulated in
Table V. In calculating the positions of these states, we
have used the physical masses listed in Table I. The
uncertainties in the positions of these states are estimated
by changing the LECs and the subtraction constant within
their 1σ uncertainties given in Table IV. Furthermore, we

predict the heavy-quark spin partners of the 0þ states as
well. The counterpart of the D&

s0ð2317Þ appears atffiffiffi
s

p
¼ 2457 % 17 MeV,10 which we identify as the

Ds1ð2460Þ. It is clear that the heavy-quark spin symmetry
is approximately conserved in the HQS UChPT.
One appealing feature of the renormalization scheme we

proposed in this work is that the heavy-quark flavor
symmetry is conserved up to 1=MHL, in contrast to the
naive MS subtraction scheme. As such, we can calculate
the bottom partners of the D&

s0ð2317Þ and Ds1ð2460Þ with
reasonable confidence. We tabulate in Table VI the bottom
counterparts of the charm states of Table V. It should be
noted that the absolute positions of these resonances are
subject to corrections of a few tens of MeV because of the
uncertainty related to the evolution of the UChPT from
the charm sector to the bottom sector. On the other hand,
the mass differences between the 1þ states and their 0þ

counterparts should be more stable, as has been argued in a
number of different studies (see, e.g., Ref. [22]).
In Table VII we compare the predicted 0þ and 1þ states

from several different formulations of UChPT in the bottom
sector. It is seen that the absolute positions can differ by as
much as 80 MeV, which is not surprising because the
heavy-quark flavor symmetry was implemented differently.
It has been argued that the light-quark mass evolution of

the masses of mesons and baryons can provide important
hints about their nature (see, e.g., Refs. [22,56]). In the left
panel of Fig. 5, we show how the pole positions of the
D&

s0ð2317Þ and the Ds1ð2460Þ evolve as a function of mπ .
The strange-quark mass is fixed to its physical value using

TABLE V. Pole positions
ffiffiffi
s

p
¼ M − i Γ2 (in units of MeV) of

charm mesons dynamically generated in the HQS UChPT.

ðS; IÞ JP ¼ 0þ JP ¼ 1þ

(1, 0) 2317% 10 2457% 17
(0, 1/2) ð2105% 4Þ − ið103% 7Þ ð2248% 6Þ − ið106% 13Þ

TABLE VI. Pole positions
ffiffiffi
s

p
¼ M − i Γ2 (in units of MeV) of

bottom mesons dynamically generated in the HQS UChPT.

ðS; IÞ JP ¼ 0þ JP ¼ 1þ

(1, 0) 5726% 28 5778% 26
(0, 1/2) ð5537%14Þ−ið118%22Þ ð5586%16Þ−ið124%25Þ

TABLE VII. Dynamically generated 0þ and 1þ bottom states in
ðS; IÞ ¼ ð1; 0Þ from different formulations of the UChPT. Masses
of the states are in units of MeV.

JP Present
work

NLO HMChPT
[22]

LO UChPT
[15]

LO χ-SU(3)
[14]

0þ 5726% 28 5696% 36 5725% 39 5643
1þ 5778% 26 5742% 36 5778% 7 5690

10The uncertainties are propagated from the uncertainties of
the LECs and the subtraction constant. In addition, we have
assigned a 10% uncertainty for relating the LECs in theD& sector
with those in the D sector by use of heavy-quark spin symmetry.
To relate the LECs betweenD and B sectors, a 20% uncertainty is
assumed, and msub is varied from mπ to mη.

SCATTERING LENGTHS OF NAMBU-GOLDSTONE BOSONS … PHYSICAL REVIEW D 89, 014026 (2014)

014026-9χ2=d:o:f: in between those of the HM UChPT and the
covariant UChPT.
These results are consistent with the findings from the

studies of the decay constants of the heavy-light mesons
[27] and the ground-state octet baryon masses in the one-
baryon sector [30]. That is to say, the covariant ChPT
appears to be superior in describing the light-quark mass
evolution of physical observables as compared to its
nonrelativistic counterpart.
In Fig. 4, the LQCD data are contrasted with the NLO

covariant UChPT. The theoretical bands are generated from
the uncertainties of the LECs. The DðDsÞ masses are
described with the NLO mass relations of Eqs. (5) and
(6), where the LECsmD, c0, and c1 are fixed by fitting to the
LQCD masses of Ref. [35]. In addition, the kaon mass is
expressed asm2

K ¼ am2
π þ bwith a and b determined by the

LQCD data of Ref. [35] as well. However, one should notice
that such a comparison is only illustrative because the NLO
mass formulas cannot describe simultaneously both the
LQCD D and Ds masses and their experimental counter-
parts, as also noticed in Ref. [35]. In fact, the χ2=d:o:f:
shown in Tables III and IVare calculated with theD andDs
mass data taken directly from LQCD and not with the fitted
masses of the NLO ChPT. For the sake of comparison, we
show also in Fig. 4 the theoretical results obtained from a fit
to all of the 20 LQCD data.Within uncertainties they tend to
overlap with those calculated with the LECs from the fit to
the 15 LQCD points.

B. Dynamically generated heavy-light mesons

Once the subtraction constant and the LECs are fixed, one
can utilize the UChPT to study whether the interactions
between HL mesons and NGBs are strong enough to
generate bound states or resonances, by searching for poles
in the complex

ffiffiffi
s

p
plane. We notice that the subtraction

constant in theHMUChPT given in Table IVis positive, and
as a result, there is no bound state generated in the ðS; IÞ ¼
ð1; 0Þ channel. On the other hand, using the covariant
UChPT, a bound state is found at

ffiffiffi
s

p
¼ 2317% 10 MeV

in the complex plane. We identify this bound state as the
D&

s0ð2317Þ. In addition, one more state is generated in the
ðS; IÞ ¼ ð0; 1=2Þ channel. All of them are tabulated in
Table V. In calculating the positions of these states, we
have used the physical masses listed in Table I. The
uncertainties in the positions of these states are estimated
by changing the LECs and the subtraction constant within
their 1σ uncertainties given in Table IV. Furthermore, we

predict the heavy-quark spin partners of the 0þ states as
well. The counterpart of the D&

s0ð2317Þ appears atffiffiffi
s

p
¼ 2457 % 17 MeV,10 which we identify as the

Ds1ð2460Þ. It is clear that the heavy-quark spin symmetry
is approximately conserved in the HQS UChPT.
One appealing feature of the renormalization scheme we

proposed in this work is that the heavy-quark flavor
symmetry is conserved up to 1=MHL, in contrast to the
naive MS subtraction scheme. As such, we can calculate
the bottom partners of the D&

s0ð2317Þ and Ds1ð2460Þ with
reasonable confidence. We tabulate in Table VI the bottom
counterparts of the charm states of Table V. It should be
noted that the absolute positions of these resonances are
subject to corrections of a few tens of MeV because of the
uncertainty related to the evolution of the UChPT from
the charm sector to the bottom sector. On the other hand,
the mass differences between the 1þ states and their 0þ

counterparts should be more stable, as has been argued in a
number of different studies (see, e.g., Ref. [22]).
In Table VII we compare the predicted 0þ and 1þ states

from several different formulations of UChPT in the bottom
sector. It is seen that the absolute positions can differ by as
much as 80 MeV, which is not surprising because the
heavy-quark flavor symmetry was implemented differently.
It has been argued that the light-quark mass evolution of

the masses of mesons and baryons can provide important
hints about their nature (see, e.g., Refs. [22,56]). In the left
panel of Fig. 5, we show how the pole positions of the
D&

s0ð2317Þ and the Ds1ð2460Þ evolve as a function of mπ .
The strange-quark mass is fixed to its physical value using

TABLE V. Pole positions
ffiffiffi
s

p
¼ M − i Γ2 (in units of MeV) of

charm mesons dynamically generated in the HQS UChPT.

ðS; IÞ JP ¼ 0þ JP ¼ 1þ

(1, 0) 2317% 10 2457% 17
(0, 1/2) ð2105% 4Þ − ið103% 7Þ ð2248% 6Þ − ið106% 13Þ

TABLE VI. Pole positions
ffiffiffi
s

p
¼ M − i Γ2 (in units of MeV) of

bottom mesons dynamically generated in the HQS UChPT.

ðS; IÞ JP ¼ 0þ JP ¼ 1þ

(1, 0) 5726% 28 5778% 26
(0, 1/2) ð5537%14Þ−ið118%22Þ ð5586%16Þ−ið124%25Þ

TABLE VII. Dynamically generated 0þ and 1þ bottom states in
ðS; IÞ ¼ ð1; 0Þ from different formulations of the UChPT. Masses
of the states are in units of MeV.

JP Present
work

NLO HMChPT
[22]

LO UChPT
[15]

LO χ-SU(3)
[14]

0þ 5726% 28 5696% 36 5725% 39 5643
1þ 5778% 26 5742% 36 5778% 7 5690

10The uncertainties are propagated from the uncertainties of
the LECs and the subtraction constant. In addition, we have
assigned a 10% uncertainty for relating the LECs in theD& sector
with those in the D sector by use of heavy-quark spin symmetry.
To relate the LECs betweenD and B sectors, a 20% uncertainty is
assumed, and msub is varied from mπ to mη.

SCATTERING LENGTHS OF NAMBU-GOLDSTONE BOSONS … PHYSICAL REVIEW D 89, 014026 (2014)

014026-9

Ø Charm sector

Ø Bottom Sector

“Post-diction”

M. Altenbuchinger, LSG and W. Weise, Phys. Rev. D 89(2014)014026



Predicted 𝑩𝒔𝟎∗ (𝟓𝟕𝟐𝟔) and 𝑩𝒔𝟏(𝟓𝟕𝟕𝟖) states 
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In agreement with lQCD



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].
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“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].



Support from LQCD+an unquenched QM
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𝑫𝑲 about 70% 𝑴 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) −𝑴 𝑫𝒔𝟎(𝟐𝟑𝟏𝟕) = 𝟏𝟐𝟎‼!
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Latest work from Raquel Molina
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Can the productions be explained in the Molecular picture?
M. Z. Liu, X. Z. Ling, LSG, E. Wang and J. J. Xie, 2209.01103

Decay modes PDG BarBar
𝐵1 → ‾𝐷2𝐷32∗1(2317) 0.8042.6712.68 1.0 ± 0.3 ± 0.1

𝐵2 → 𝐷4𝐷32∗1(2317) 1.0642.6812.68 1.8 ± 0.4 ± 0.3

𝐵1 → ‾𝐷∗2𝐷32∗1(2317) 0.9042.9212.92 0.9 ± 0.6 ± 0.2

𝐵2 → 𝐷∗4𝐷32∗1(2317) 1.5042.8212.82 1.5 ± 0.4 ± 0.2

𝐵1 → ‾𝐷2𝐷361 (2460) 3.142.:16.2 2.7 ± 0.7 ± 0.5

𝐵2 → 𝐷4𝐷361 (2460) 3.5 ± 1.1 2.8 ± 0.8 ± 0.5

𝐵1 → ‾𝐷∗2𝐷361 (2460) 12.0 ± 3.0 7.6 ± 1.7 ± 1.8

𝐵2 → 𝐷∗4𝐷361 (2460) 9.3 ± 2.2 5.5 ± 1.2 ± 1.0

10-3 10-3 

https://arxiv.org/abs/2209.01103


Quark-level diagrams
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𝐷3/𝐷3∗

<𝐷∗2/𝐷∗4

J/𝜓, 𝜂;	

𝐾1/𝐾2
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Hadron-level diagrams
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Hadron-level diagrams



20R. C. Verma, J. Phys. G 39, 025005 (2012).

How to calculate the diagram in a model independent way

parameterisation

Parameter a1

Form Factors

Decay constant
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How to calculate the diagram in a model independent way

SU(3)

Exp.



Final results 
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Ø Overall the data can be explained in the molecular picture

Ø We also reproduce the pattern that 𝑫𝒔𝟏1 (𝟐𝟒𝟔𝟎) is more abundantly 

produced than 𝐷32∗ (2317) (due to the first vertex)

Decay modes Our results PDG BarBar

𝐵! → ‾𝐷"𝐷#"∗!(2317) 0.677 ± 0.190 0.80%".'(!".') 1.0 ± 0.3 ± 0.1

𝐵" → 𝐷%𝐷#"∗!(2317) 0.637 ± 0.178 1.06%".')!".') 1.8 ± 0.4 ± 0.3

𝐵! → ‾𝐷∗"𝐷#"∗!(2317) 1.210 ± 0.339 0.90%".*"!".*" 0.9 ± 0.6 ± 0.2

𝐵" → 𝐷∗%𝐷#"∗!(2317) 0.889 ± 0.249 1.50%".)"!".)" 3.5 ± 0.4 ± 0.2

𝐵! → ‾𝐷"𝐷#'! (2460) 1.255 ± 0.351 3.7 ± 0.7 ± 0.5

𝐵" → 𝐷%𝐷#'! (2460) 1.158 ± 0.324 3.5 ± 1.1 2.8 ± 0.8 ± 0.5

𝐵! → ‾𝐷∗"𝐷#'! (2460) 3.065 ± 0.858 7.6 ± 1.7 ± 1.8

𝐵" → 𝐷∗%𝐷#'! (2460) 2.709 ± 0.759 9.3 ± 2.2 5.5 ± 1.2 ± 1.0

10-3

M. Z. Liu, X. Z. Ling, LSG, E. Wang and J. J. Xie, 2209.01103

10-3 10-3

https://arxiv.org/abs/2209.01103
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Productions in 𝑒%𝑒& annihilations

1. Productions of D/D* and K in 𝑒1𝑒4 
collisions—transport model

24

2. Coalescence of D/D* and K to 
form 𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎)—
wigner functional approach

Coalescence Method
Ø Widely used in studied of light (anti)nuclei-hypernuclei
Talk by Malgorzata Janik on Moday
Ø Already used to study exotic hadrons in hadron colliders
  S. Cho et al., Phys. Rev. Lett. 106 (2011) 212001
  H. Zhang et al., Phys. Rev. Lett. 126 (2021) 012301 

T. C. Wu and LSG, arXiv:2211.01846 [hep-ph]



Transport process—PACIAE

(PACIAE) Parton 
initiation

Parton 
rescattering Hadronization Hadron 

rescattering
Decay & 

freeze-out 

p PACIAE is a transport model based on the event generator PYTHIA
p PACIAE can simulate 𝑒$𝑒%，𝑝𝑝， nuclei-nuclei collisions
p PACIAE can provide phase-space distributions of final-states

From PYTHIA

Additional Transport Process

/pa:sia/ PA: Parton; CIAE: China Institute of Atomic Energy

25

B.-H. Sa et al., Comput. Phys. Commun. 183 (2012) 333–346.

Productions of hadrons in four steps: 

Reminder:



Ø Information of constituents is encoded in the multi-constituents source 
density 𝝆𝑺(𝒕)（provided by the transport model）

Ø Information of compound particles is contained in their wave functions 
𝝆𝑪 = | ⟩𝜳𝑪 ⟨𝜳𝑪|

ØThe yield forming a compound particle from its constituents:
𝐘𝐢𝐞𝐥𝐝 = 𝒍𝒊𝒎

𝒕→B
𝑻𝒓 [𝝆𝑪 𝝆𝑺(𝒕)]

Ø𝜌C 𝑡  is semi-classical，while 𝜌D is quantum mechanical. As a result we 
need to work in the Wigner representation, i.e, we need to transfrom 
𝜌C 𝑡 , 𝜌D	into	𝜌CE(𝑡)与𝜌DE.

Coalescence—Wigner function approach

26

Coalescence of n constituents into a compound particle 

M. Gyulassy et al., Nucl. Phys. A 402 (1983) 596–611.



𝑵 = 𝒈 6
𝒄

𝝆𝑪𝑾 8𝒓𝟏, ;𝒒𝟏, ⋯ , 8𝒓𝒏%𝟏, ;𝒒𝒏%𝟏

𝝆𝑺𝑾 is the Wigner source density（\𝒓G46 and ]𝒒G46	are from the transport 
model），𝝆𝑪𝑾	is the Wigner density of the composite particle（from the wave 
function）， 𝒄 	is the number of combinations， 𝑔 is the statistical factor.

Coalescence—Wigner function approach

27

Yield M. Gyulassy et al., 
Nucl. Phys. A 402 (1983) 596–611.

𝒅𝑵𝑿
𝒅𝑷 = gL𝜹 𝑷 − 𝒑𝟏 + 𝒑𝟐 𝝆𝒄W𝝆𝒔W

𝒅𝒓𝟏𝒅𝒑𝟏
(𝟐𝝅)𝟑 ⋅

𝒅𝒓𝟐𝒅𝒑𝟐
(𝟐𝝅)𝟑

𝝆𝒔W = (𝟐𝝅)𝟔𝜹𝟑 𝒓𝟏 − T𝒓𝟏 𝜹𝟑 𝒑𝟏 − U𝒑𝟏 𝜹𝟑 𝒓𝟐 − T𝒓𝟐 𝜹𝟑 𝒑𝟐 − U𝒑𝟐

𝝆𝑿
W(𝒓, 𝒒) = L𝝓 𝒓 +

𝑹
𝟐 𝝓 𝒓 −

𝑹
𝟐 𝐞𝐱𝐩 −𝒊𝒒 ⋅ 𝑹 𝒅𝑹𝟑

T. W. Wu, M. Z. Liu, and LSG
Phys.Rev.D 103 (2021) L031501



Results – constituent mesons

Particle Experimental Data Simulation

𝐷$ 0.2639±0.0139 0.2386

𝐷+ 0.5772±0.0241 0.5276

𝐷∗$ 0.2470±0.0137 0.2100

𝐷∗+ 0.2241±0.0304 0.2026

𝐾± 0.972±0.012±0.016 1.153

Yields of D mesons in 𝒆1𝒆4 → 𝒄b𝒄 processes and K mesons 
in 𝒆1𝒆4 → 𝐡𝐚𝐝𝐫𝐨𝐧𝐬 processes near 𝟏𝟎. 𝟓 GeV

M. Lisovyi, A. Verbytskyi, O. Zenaiev, Eur. Phys. J. C 76 (7) (2016) 397. 
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[Belle Collaboration] M. Leitgab et al. Phys.Rev.Lett. 111 (2013) 062002

parj(13), the probability that a charm or heavier meson has spin 1 , is set at 0.54 according to the measured

ratios of 𝐷$and 𝐷+, 𝐷∗$ and 𝐷∗+, 𝐷$and 𝐷∗$, 𝐷+ and 𝐷∗+, instead of its default value of 0.75 .



Results: 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕  &	𝑫𝒔𝟏 𝟐𝟒𝟔𝟎

Yields of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕  & 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 𝒊𝒏	𝒆!𝒆& → 𝒄5𝒄 process 
and their ratio （containing charge-congugated states，
and 𝒑∗ > 𝟑. 𝟐 GeV/c）near 𝒔 = 𝟏𝟎. 𝟓𝟖GeV

29

[58] B. Aubert, et al., BaBar Collaboration, Phys. Rev. D 74 (2006) 032007.

r=1.28, 1.74, and 2.13 fm

ØThe agreement for the branching fractions  is reasonable

ØThe ratio is larger than 1, consistent with data, which should be smaller 1 

in the naïve 𝑐�̅� picture 



Results: 𝑲𝒄(𝒄 𝟒𝟏𝟖𝟎

ØTwo recent works showed the existence of a 𝑫<𝑫𝑲 bound state with 

isospin ½ and spin-parity 0- and a mass of about 4180 MeV.

30

T. W. Wu, M. Z. Liu and LSG*, Phys. Rev. D 103 (2021) L031501
X. Wei, Q. H. Shen and J. J. Xie, Eur. Phys. J. C 82 (2022) 718

ØWith the same approach, we estimated the production yield of this 

state is of the order of 10-6 and within the reach of BelleII 



Contents
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p 2003—the beginning of a new era in hadron spectroscopy

p 𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) as DK/D*K molecules: masses

p 𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) as DK/D*K molecules: productions

Ø B decays

Ø Inclusive electron-positron annihilations

p Summary and outlook



Summary and outlook

p𝑫𝒔𝟎∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) can be understood as hadronic 

molecules from their masses and decays（not covered here)

pWe showed that the hadronic molecular picture can also naturally 

explain their productions in both B decays and inclusive 

electron-positron annihilations

pWe further showed the three-body 𝑫,𝑫𝑲 molecule can be 

observed in the Belle-II experiment
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pIn the molecular picture, we anticipate the existence of other multi-hadron 

molecules and encourage dedicate experimental  searches for them

T. W. Wu and LSG*, 
Science Bulletin 67 (2022) 1735–1738 

Summary and outlook

T. W. Wu, M. Z. Liu and LSG*, 
Phys. Rev. D 103 (2021) L031501

R(4140)Kcc(4180) K*(4307)
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Charm meson spectra 
in e+e− annihilation at 10.5 GeV 
center of mass energy
M. Artuso et al. (CLEO)
Phys. Rev. D 70, 112001 


