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Why spectroscopy—Particle/Hadron
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Remain model independent in studies of exotic hadrons

• Today, one of the central topic in hadronic physics

community is the study of exotic hadrons, which surely

will lead to new understanding of the strong interaction

• Exotic hadrons refer to those hadrons that do not fit

into the conventional qqq or qqbar picture

• Theoretically, one can study them from either quark-

gluon degrees of freedom or hadronic degrees of

freedom and one would like to remain as model

independent as possible—difficult to achieve
5



Remain model independent in studies of exotic hadrons

• In terms of hadronic degrees of freedom, one possibility

to remain model independent is to search for bound states

or resonances formed by long-range interactions,

mediated by pion/kaon exchanges, where unknown short

physics does not matter (much).

• Another alternative is to use experimental data to

constrain two-body interaction and from them build

multi hadron systems (similar to ab initio nuclear physics)
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Charmonium spectroscopy before/after B factories

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. 9



Coupled channel effects?

JP C

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

Charmonium spectroscopy after the B-factories

X(3872)
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Coupled channel effects?

3P0 model

•Mass shift to J/psi: several hundred MeV?
•Studies using Cornell-coupled channels gave similar results
•A model-independent approach needed! EFT?

See the recent refined work of Bing-Song Zou et al.11



Coupled channel effects?
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Coupled channel effects?
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Coupled channel effects?

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
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Coupled channel effects?

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

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

𝜦(𝟏𝟒𝟎𝟓)
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Unitarized Chiral Perturbation Theory

pKernel:	from	chiral perturbation theory (ChPT)

pUnitarization	procedure:

üBethe-Salpeter	equation	(Lippmann	

Schwinger	equation)

üN/D	Method

üInverse	Amplitude		Method

M.	Altenbuchinger,	 LSG,	W.	Weise,	PRD89	(2014)	014026	
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UChPT in Bethe-Salpeter equation

V        +          VGV           +                VGVGV            +   …  =         T 

Unitarity	implies

which an	be	achieved	via	the	Bethe-Salpeter equation

Schematically, one has
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On-shell approximation
29/49

On-shell approximation: V in VGV, VGVGV,  , can be evaluated on shell!

Justifications:

=

renormalized V

V (q2) = V (m2) + (V
q2 |q2=m2(q2 �m2)

Integral equations simplified to algebraic equations

V GV =

Z
d4qV (q2)

i

q2 �m2
1 + i²

1

(P � q)2 �m+
2 i²

V (q2)

= V (m2)GV (m2)

with

Bethe-Salpeter equation: T = (1� V G)�1V

29/49

On-shell approximation: V in VGV, VGVGV,  , can be evaluated on shell!

Justifications:

=

renormalized V

V (q2) = V (m2) + (V
q2 |q2=m2(q2 �m2)

Integral equations simplified to algebraic equations

V GV =

Z
d4qV (q2)

i

q2 �m2
1 + i²

1

(P � q)2 �m+
2 i²

V (q2)

= V (m2)GV (m2)

with

Bethe-Salpeter equation: T = (1� V G)�1V
G = i

Z
d4q

1

q2 �m2
1 + i✏

1

(P � q)2 �m2
2 + i✏

• V	in	V,	VGV,	VGVGV,	can	be	evaluated	on-shell

• Integral	equation	simplified	to	algebraic	equation: Bethe-
Salpeter	equation

• Bethe-Salpeter equation

M. Altenbuchinger, LSG PRD89 (2014)054008
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Fixing the LECs using latest LQCD* dataNext 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.
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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 Dmesons can be
achieved.

• Covariant UChPT seem to
describe the data better

20



Ds0 and Ds1 dynamically generated

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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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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Predicted Bs0 and Bs1 states

In	agreement	with	lQCD
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Further tests of the DK interaction

p𝐷𝐾 or 𝐷∗𝐾 interaction is strong enough to form the 

Ds0*(2317) or Ds1(2460)

pA natural question is: if we add one more 𝐷(𝐷6) or 𝐷∗(𝐷∗), can 

they form molecules of three hadrons?

pThis seems to be a rather straightforward and naive question, 

but remains unexplored until we did so just one year ago 

pBut we did that from a very different perspective
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A two-channel study of the Pc(4450)

25



First exotic heavy flavor baryons/N* with 𝒄𝒄7

Two Breit-Wigner states
Pc(4380): 𝑀 = 4380 ± 8 ± 29MeV ;

Γ = 205 ± 18 ± 86MeV
Pc(4450): 𝑀 = 4449.8 ± 1.7± 2.5MeV ;
Γ = 39 ± 5 ± 19MeV

The	preferred	 JP	assignments	are	of	opposite	parity,	with	one	state	having	spin	3/2	and	
the	other	5/2: (3/2H, 5/2I), (3/2I, 5/2H), (5/2I , 3/2H)

Phys.Rev.Lett. 115 (2015) 072001
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The pentaquark states

p Heavy-light diquarks. 
Ø L. Maiani et al., Phys. Rev. D 71, 014028 (2005). 

p Diquark-diquark-antiquark
Ø R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003). 
Ø A. Chandra et al., Mod. Phys. Lett. A 27, 1250006 (2012). 

p Diquark- triquark 
Ø M. Karliner and H. J. Lipkin, Phys. Lett. B 575, 249 (2003). 

p Coupled channel
Ø J.-J. Wu et al., Phys. Rev. Lett. 105, 232001 (2010). 

p Weakly bound “molecules” of a baryon plus a meson
Ø M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976)
Ø A. De Rujula et al., Phys. Rev. Lett. 38, 317 (1977)
Ø N. A. Törnqvist, Phys. Rev. Lett. 67, 556 (1991); N.A. 

Törnqvist, Z. Phys. C 61, 525 (1994)
Ø Z.-C. Yang et al., Chin. Phys. C 36, 6 (2012) 
Ø W. L. Wang et al., Phys. Rev. C 84, 015203 (2011)
Ø M. Karliner and J. L. Rosner, Phys.Rev.Lett. 115, 122001 

(2015)

Even before the experimental discovery

Phys.Rev.Lett. 115 (2015) 072001
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Nature of the pentaquark states

pTightly bound multiquark states

pLoosely bound multiquark sates—molecules

pKinematical effects—triangle singularities

pOne pion exchange or one boson exchange

pUnitary chiral coupled channels and their extensions

pContact interactions formulated in an EFT language

Not easy to discriminate different scenarios, see, e.g., the debate on X(3872)
28



The pentaquark states T.J. Burns
Eur.	Phys.	J.	A	(2015)	51:	152	

X(3872) Pc(4450)
Analogy
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A two channel study of the 𝑷𝒄(𝟒𝟒𝟓𝟎)
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A two channel study of the 𝑷𝒄(𝟒𝟒𝟓𝟎)

pThere is standard one-pion exchange in the ΣK𝐷6∗ channel but no
one-pionexchange in the ΛKM𝐷 channel—notour concern here

pIn the off diagonal channel

𝜏 = 3� for I =1/2;𝜏 = 0 for I =3/2

𝜇Q = |𝑚Q
T −𝜔QT|

�

𝜔Q = 𝑚(ΛKM)− 𝑚(ΣK)

g1:𝝅𝑫𝑫6∗

h2:𝝅𝜦𝒄𝟏𝜮𝒄
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A two channel study of the 𝑷𝒄(𝟒𝟒𝟓𝟎)

pThere are standard one-pionexchange in the ΣK𝐷6∗ channel but no
one-pionexchange in the ΛKM𝐷 channel—notour concern here

pIn the off diagonal channel

pIn the 𝜇Q = 0 limit, for I=1/2, one has the followingpotential

|𝜇Q| = |𝜔QT − 𝑚Q
T |� = 5~35	𝑀𝑒𝑉 ≪ 𝑚Q

A 1/r2 potential!!!

g1:𝝅𝑫𝑫6∗

h2:𝝅𝜦𝒄𝟏𝜮𝒄
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A 1/r2 potential and Efimov effect
p At zero energy the reduced Schroedinger equation for the s-wave

p For 𝑔 > −1/4 , the above equation has a power law solution

p For𝒈 < −𝟏/𝟒, the solution enjoys discrete scale invariance

For a finite energy analysis, see
M. Bawin and S. A. Coon, Phys. 
Rev. A 67, 042712 (2003). 

Ø The above equation is scale invariant under the transformation 𝒓 ⟶ 𝝀𝟎𝒓,
Ø The consequence is if 𝑬𝒏 is the binding energy, so is 𝑬𝒏I𝟏 = 𝑬𝒏/𝝀𝟎𝟐

ΛT encodes short-distance physics and breaks the exact scale invariance

𝜆h = 𝑒Q/i
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A surprising but accidental finding

The ΣK𝐷6∗ − ΛKM𝐷 interaction
behaves like a 𝟏/𝒓𝟐 potential,
which may lead to discrete scale
invariance in a two-body
hadronic system—an Efimov like
effect
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𝑱𝒑 = 𝟑/𝟐H

p Four coupled-channels

p The Schroedinger equation reads

diagonaliz
ation

one of the possible assignment for the Pc(4450)
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𝑱𝒑 = 𝟑/𝟐H: no discrete scale invariance

p Four coupled-channels

p The Schroedinger equation reads

p Negative𝒈𝒊(< −𝟏
𝟒
) can trigger discrete scale invariance, which means 𝑔 > m

n o�
~0.7217.

p With 𝑔M = 0.59 ± 0.01 ± 0.07 from 𝐷∗ → 𝐷𝜋/𝛾, this requires ℎT > 1.21Hh.MtIh.Tm, well

aboveℎT = 0.60 ± 0.07 from the CDF value extracted from ΛKM → ΣK𝜋

p For 𝑱𝒑 = 𝟏/𝟐H,𝟑/𝟐I, 5/𝟐I, 5/𝟐H the same conclusion
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𝑱𝒑 = 𝟏/𝟐I: discrete scale invariance likely

p Three coupled-channels

p The Schroedinger equation reads

p The attractive eigenvalue is 1 − 1 + 3𝑔T� , which requires 𝑔 > o�

n
~0.4330 and ℎT =

0.73Hh.hvIh.MM, marginally	overlapping	with	that	of	CDF	ℎT = 0.60 ± 0.07
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Long and short range consequences

pThe observation of geometric states in hadron and 
atomic physics shares a similar difficulty: the fine-
tuning of the pion mass (hadrons) or the scattering 
length (atoms). 

pIn atomic physics, one can turn to a magnetic field

pIn hadron physics, one can fine-tune the pion mass in 
the lattice or increase |𝑔H|, by having a larger reduced 
mass (two bottom hadrons) or exchanging a kaon.

Ø For the first way out, we strongly encourage our lattice QCD

colleagues to pursue such a study

Ø We will explore the 2nd and 3rd options in the following.
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𝚲𝒄𝟏𝚵𝒃 − 𝚺𝒄𝚵𝒃
� baryonia system

p The potential

p Considering the following partial wave channels

𝒈𝟑:𝚵𝒃	𝚵𝒃
�	𝝅

For 𝑔 > 3/4, the attractive eigenvalues will

trigger discrete scale invariance, which with

𝑔o = 0.973Hh.hnTIh.hMt requires 𝒉𝟐 > 𝟎.𝟔𝟕H𝟎.𝟎𝟐I𝟎.𝟎𝟑,

overlapping with the CDF value

（1） To have a larger reducedmass
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p𝐻Mand𝐻M� areof oppositeparity butwith the samespin

p𝐻T and𝐻T� areof the sameparity and their spin differs by one

p𝑚(𝐻M/T)−	𝑚(𝐻M/T� ) ≈ 𝑚(𝜙), implying long range interaction

pThe larger 𝒈𝟏, 𝒈𝟐, 𝒎(𝝓), the smaller𝒎(𝑯𝟏/𝟐)−	𝒎(𝑯𝟏/𝟐
� )-m(𝝓), the

stronger the attraction

𝐻M

𝐻T

𝐻M�

𝐻T�
𝜋, 𝐾, 𝜂

𝑔M

𝑔T

For the 1/r2 force to work
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p𝐻Mand 𝐻M� are of oppositeparity butwith the same spin
p𝑯𝟐 and𝑯𝟐

� are of opposite parity but with the same spin
p𝑚(𝐻M/T)−	𝑚(𝐻M/T� ) ≈ 𝑚(𝜙), implying long range interaction

pThe larger𝒈𝟏, 𝒈𝟐, 𝒎(𝝓), the smaller𝒎(𝑯𝟏/𝟐)−	𝒎(𝑯𝟏/𝟐
� )-

m(𝝓), the stronger the attraction

𝐻M

𝐻T

𝐻M�

𝐻T�
𝜋, 𝐾, 𝜂

𝑔M

𝑔T

A coulomb like force: a modification of the 1/r2 case
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A doubly charmed baryon 𝒀𝒄𝒄(𝟓𝟎𝟓𝟎)

Attraction appears in spin 0 channel:
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A doubly charmed baryon 𝒀𝒄𝒄(𝟓𝟎𝟓𝟎)

Assuming that the one-baryon exchange is only valid above a certain cutoff radius

Introducing a reduced coupling and 𝑐h ≥ 1	generates a bound statewith
binding momentum 𝛾 = (𝑐h − 1)/𝑅K

• 𝑐h → −∞, 𝐸� = −0.09Hh.h�Ih.hvMeV
• 𝑐h → 1, 𝐸� = −1.9Hh.vIh.mMeV
• 𝑐h > 0.9Hh.nIh.T1, a shallow excited state appears

𝑅K = 1 fm

𝑅K = 1 fm probably	 lies	in	an	intermediate	zone	dominated	by	two-pion	exchange	and	
other	contributions	 which	might	be	attractive.	Hence	we	expect	the fundamental	 state	
of	the	doubly	charmed	Ycc to	be	deeper	than	the	predictions	 from	OPE	alone	 44



A hidden charmed baryon 𝒀𝒄𝒄7（𝟓𝟎𝟓𝟎)

Replacing 𝜮𝒄 with 𝜮𝒄 will lead to a formation of hidden charmed baryon𝒀𝒄𝒄7(5050) in both
spin 0 and 1. The discussion is more involved because it involves annihilation.
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Exotic doubly charmed mesons

p A straightforward extension of the above idea is investigating
the exchange of the kaon—larger attraction

p In such a case, 𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 𝑫 and 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 𝑫∗ are two interesting
systems

PRD98, 054001 (2018) 

47

h

h

h

h



Exotic doubly charmed mesons

p In the following basis:

p The effective range is set by , about 200 MeV

p For the following linear combinations, the interaction is attractive

off-diagonal
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Exotic doubly charmed mesons

p The system will bind for

p The requirement is satisfied, because 𝒉 ≈ 𝟎. 𝟓~𝟎.𝟗 regardless
whether assuming they are csbar states or molecules

p Concretely, one has

which means for DD�h∗ andDD�M, 𝒉 > 𝟎. 𝟒𝟑 and 0.40, respectively

𝐸� = −40HmhIoh	𝑀𝑒𝑉 𝐸� = −50HmhIoh	𝑀𝑒𝑉

Residues from pole position
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Understanding the results in EFT

p The kaon exchange can be rewritten

p We count , which is enhanced

p Heavy quark symmetry implies

• M. P. Valderrama, Phys. Rev. D85, 114037 
(2012), arXiv:1204.2400 [hep-ph].

• J.-X. Lu, L.-S. Geng, and M. Pavon Valderrama, 
(2017), arXiv:1706.02588 [hep-ph].
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Understanding the results in EFT

p In an natural scaling, the contact terms count as of subleading

p In an unnatural scaling, they also appear at LO (fine tuning)
Ø Even in a worst case scenario, there exists a repulsive core

at the cutoff radius

The systemwill still bind for𝑹𝒄 ≤ 𝟏. 𝟑H𝟎.𝟑I𝟎.𝟑	𝒇𝒎
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An explicit three-body study of DDK

• Coupled-three-channel problem:D(DK − 𝐷¤𝜋 − 𝐷¤𝜂)
• Three-body scatteringmatrix

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

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

A. Martinez Torres, K.P. Khemchandani, LSG, M. Napsuciale, E. Oset, PRD78 (2008) 074031
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An explicit three-body study of DDK
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An explicit three-body study of DDK

• Six particle channels:

• Three-body amplitude

• Isospin projection:
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Two-body subsystems

• DK: leading orderUChPT

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	𝐷𝐷6/𝐷𝐷∗
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Three-body amplitudes

𝑹II = 𝑰, 𝑰𝟐𝟑 = (
𝟏
𝟐 , 𝟎)

𝑹Ishould	also	exist

𝑹II	is	a	bound	state,	but	can
have a width
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Two-body decay width

Very preliminary result:
Γ~4	MeV

Yin Huang, LSG, et al., in preparation
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Different from the Tcc state

• DDKmolecule
• ½(0-)
• 𝒄𝒄𝒅6𝒔7
• Decay strongly—10 MeV
• Productionmechanism
to be studied

• Compact tetraquark
• 0(1+)
• 𝐜𝐜𝐪6𝐪6
• Decay weakly
• Production in
PP/e+e- collisions
studied extensively

Ds0*(2317) (DK bound state) plays a key as a doorway for 
the formation of the R++

R++(4140) Tcc
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A DDDK/DDDs0*(2317)state
Tian-Wei Wu, LSG, et al., in preparation

What if we add one moreD? Very	preliminarystudy show that
such a state exists as well

DK* DDK DDDK

Binding -45 MeV -66 MeV -88 MeV

1(0+)
Gaussian ExpansionMethod

Uncertainties	are	at	the	order	of	20	MeV
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K*(4307)

Instead of a𝑫,what happens if we add
a𝑫∗ to the DK pair
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K*(4307)

• Fixed center approximation:

𝐾 𝐷𝐷∗ + 𝐷6𝐷∗ ~𝐾𝑋 3872 /𝑍𝑐(3900)
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K*(4307)—bosonic counterpart of Pc

• Treating KX and KZ as
coupled channel systems

• A resonancewith 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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Summary and outlook

• DK interaction is strong enough to form Ds0*(2317) and
Ds1(2460)

• We show that it is possible to have three-body bound
states or resonances of𝑫𝑫𝑲 (DDD)K or𝑫𝑫∗𝑲
systems—molecules—three-body/two-body duality?

• We explored a few newmechanisms to form hadronic
molecules—three-body/two-body duality?

• Some of the predictions are rather model independent

• The next step is to look for reactions where, particularly,
the R++(4140), they can be searched for—close
collaboration with experimentalists and theoreticians
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Building blocks—DK/DDK/DDDK

K

D

D D
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Purely wild speculation

DK—Ds0*(2317)--observed
DDK—R++(4140)--to be discovered
DDDK– calculated/to be discovered
DDDDK—to be calculated/discovered
……
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Why 0(1+) Tcc preferred
Why 0(1+) 1608.03982
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Production of Tcc at LHC

Discovery potential of stable and near-threshold doubly heavy tetraquarks at the LHC 
Ahmed Ali, Qin Qin, and Wei Wang
1806.09288

~1/4
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Production of Tcc at KEKb

Production of the tetraquark
state Tcc at the B-factories,
1305.5711 
Reyima Rashidin

𝑐𝑐𝑞7𝑞7 All angular momentum zero
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𝚵𝒃� 	𝐚𝐧𝐝	𝚵𝒃
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Hidden doubly heavy mesons
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Zb(10610)/Zb(10650)

𝑀 = 10607.2 ± 2.0	MeV	Γ = 18.4 ± 2.4	MeV

𝑀 = 10652.2 ± 1.5	MeV	Γ = 11.5 ± 2.2	MeV

Belle Collaboration, 1110.2251, 439@2018.10.06

Observation of two charged 
bottomonium-like resonances in Y(5S) 
decays
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Zc(4430)

Belle Collaboration, 0708.1790, 569@2018.10.06

Observation of a resonance-like 
structure in the pi+- psi-prime 
mass distribution in exclusive B 
---> K pi+- psi-prime decays

𝑀 = 4433 ± 4 ± 2	MeV	
Γ = 45HMoIM�

HMo
Ioh MeV
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Zc(3900)

BESIII Collaboration, 1303.5949, 596@2018.10.06

Observation	of	a	Charged	Charmoniumlike	
Structure	in e+e−e+e−→ π+π−π+π− J/ψ	
at s√s =4.26  GeV

𝑀 = 3899.0 ± 3.6± 4.9	MeV	
Γ = 46 ± 10 ± 20	MeV	
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