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deuteron alphatriton

The existence of triton can be inferred from that of deuteron with reasonable confidence



“In nature, are there other clusters of color 
singlet hadrons, similar to atomic nuclei,
bound by the residual strong force���”
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Rydberg
formula

Fine structure

Hyperfine
structure

Niels	Henrik	David	Bohr
Arnold	
Sommerfeld

Albert Abraham
Michelson

Wolfgang	Pauli

Edward	W.	
Morley

Johannes	
Rydberg

9



Maria Goeppert Mayer  J. Hans D. Jensen Aage Niels Bohr, Ben Roy Mo:elson  Leo James Rainwater

Single
particle
motion

Collective
motion

10

��� �	���
����	���
����




Murray	Gell-Mann

Yuval	Ne'eman.
V. E. Barnes et al., Phys. 
Rev. Le4. 12, 204 (1964)

Eightfold
way

Quark
model

QCD/SM
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 the research covered in Physics 
that really made waves in and 
beyond the physics community. 

Four-Quark Matter

Particle High Five
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Fine structure observed by LHCb,1904.03947
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1903.11560

Emergence of a complete heavy-quark 
spin symmetry multiplet
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1903.11560

Emergence of a complete heavy-quark 
spin symmetry multiplet
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our formerly comfortable 

world (cf. 1932 e,p,n)

Charmonium spectroscopy before the B-factories

JP C

Charmonium Spectroscopy after the B-factories – p.22/34

Charmonium spectroscopy after the B-factories

•A lot of new states, but the nature of some states are not well understood,  e.g. Y(4260)�
X(3872), Zc(3900)
•In complete contrast to the before-B-factory period, when potential models worked 
quite well. 18
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Charmonium spectroscopy after the B-factories

X(3872)
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Ds0*(2317) Ds1(2460)
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CLEO PRD68,032002(2003)

Ds0*(2317)

BaBar PRL90,242001(2003)

Ds1(2460)



�
� �������	 
����


l 160/70 MeV lower than quark 
model predictions--difficult to be 
understood as conventional csbar 
states.

l �Dynamically generated� from 
strong DK interaction                
ü E. E. Kolomeitsev 2004, 
ü F. K. Guo 2006,
ü D. Gamermann 2007 

l

827 citations (20180911)

BaBar

22
Feng-Kun Guo, EPJ Web of Conferences 202, 02001 (2019) 
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p Model independent DK interaction from ChPT

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

24

Weinberg-Tomazawa
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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

Liuming Liu et al., PRD87 (2013) 014508 

• 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.

25
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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 andbdetermined 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.
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014026-9
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 andbdetermined 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

l Charm sector

l Bottom Sector

“Post-diction”
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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 andbdetermined 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.
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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 andbdetermined 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.
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l Charm sector

l Bottom Sector

“Post-diction”
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In agreement with lQCD
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• 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].
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“DK components substantial”

See as well Miguel Albaladejo et al. arXiv:1805.07104
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pExperiments, theory, and lattice QCD all show that !" or 

!∗" interaction is strong enough to form the Ds0*(2317) or 

Ds1(2460)

pA natural question is: if we add one more !(%!) or !∗(!∗), can 

they form molecules of three hadrons?

pThis seems to be a rather straightforward and naive question, 

but remains unexplored until quite recently

30



�%$C6$C(
p /%C:E3C:%$) $6,�C.&6(�%7�4"D(C6A(�%7�4%"%A�(:$8"6C(�:$�3��:C:%$ C%�

$D4"6:

p �(����	�� 3$� �(���
�� 3( ������ #%"64D"6(

p �-&":4:C (CD�:6( %7 C96 ��� / ���� �������

p * ���
	�� ,:C9 9:��6$ 493A# 3( �1�	
�� �24�	(�� #%"64D"6

p 0D##3A.�3$� %DC"%%!
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• Coupled-three-channel problem: D(DK − %&' − %&()
• Three-body scattering matrix (Faddeev)

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

A. Mart ı́nez Torres, K. P. Khemchandani, and LSG 1809.01059

A. Martinez Torres, K.P. Khemchandani, LSG, M. Napsuciale, E. Oset, PRD78 (2008) 074031
32



�������
 ����
	

• DK: leading order UChPT

!(#) = −1.846, #
= 1000 ./0 ⇒
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). 

! # = −1.3~ − 1.5, # =
1500 ./0 ⟸ 6ixed
from ?@?/??∗--X(3700�
/X(3872)
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!"" = $, $&' = ()& , *)

!"should also exist
!"" is a bound state, but can
decay strongly
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Preliminary result:
Γ~10 MeV

Yin Huang, LSG, et al., in preparation
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Tian-Wei Wu, LSG, et al., in preparation

What if we add one more D?

1(0+)
Gaussian Expansion Method
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What if we add one more D? Preliminary results show that such a
state exists as well

DK* DDK DDDK
Binding 45 MeV (67-71) MeV 91-107 MeV

1(0+)

Gaussian Expansion Method

Uncertainties are at the order of 10-20 MeV
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What if we add one more D? Preliminary results show that such a
state exists as well

DK* DDK DDDK
Binding 45 MeV (67-71) MeV 91-107 MeV

1(0+)

Gaussian Expansion Method

Uncertainties are at the order of 10-20 MeV
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D K
1.74 fm

Ds0*(2317)

D D

K
1.8 fm1.8 fm

1.8 fm

R(4140)
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Instead of a!,what happens if we add
a!∗ to the DK pair

42
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• Fixed center approximation (FCA):
! ""∗ + %""∗ ~!' 3872 /-.(3900)

43



��������

• 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 
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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
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D⇤
s0(2317)

• DK bound state

• Dynamically generated--

Unitary heavy hadron  

chiral perturbation theory 

• Coupled channels

• N-Kbar bound state

• Dynamically generated--

Unitary baryon chiral 

perturbation theory

• Coupled channels
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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
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!"!# → %& → X("()"*+

,,̅ → %& → X("()"*+

p Belle/BelleII

p LHCb


