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Intro



Hadrons

� ’Regular’ hadrons: qq̄, qqq

� Exotics: qq̄qq̄, qqqqq̄, qqg ,...

Not qq̄: JPC = 0+−, 1−+, 2+−,

3−+,... Rho ρ, ω

  ρ ω
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Light hadrons

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
s

1/2
 (MeV)

0

30

60

90

120

150

180

210

240

270

300

330

 δ0
0
(s)

Solution B 
Solution A
Solution C 
Solution D
Solution E
Protopopescu et al.  (Table VI)
Estabrooks & Martin s-channel
Estabrooks & Martin t-channel
Kaminski et al.

Grayer et al.

300 400 500 600 700 800 900 1000
s

1/2
 (MeV)

0

30

60

90

120

150

 δ1(s)

Protopopescu et al. 

Estabrooks & Martin

Close to ...

−→ PP th. ππ, KK̄ ... PB KΛ,πΣ, K̄N...

−→ PV th. KK̄∗, πρ, πω, ηω... SB σN...

−→ VV th. ρρ, K∗K̄∗... VB ρ(ω)N,

K∗N...

−→ Hybrid, Glueball candidate
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Methods: EFT’s, Chiral symmetry, Unitarity

General properties of the scattering amplitudes: Analyticity, Unitarity,

Crossing symmetry, applied often in combination with EFT (chiral

symmetry)

� Unitarized Chiral Perturbation Theory. Oller, Oset, Pelaez (1997)

� Inverse Amplitude Method. Truon, Herrero, Dobado, Pelaez (1988)

� Roy-Steiner equations based on dispersion relations. Roy, Steiner,

Hite (1971)

� N/D method, Oller (1998)

� Bethe-Salpeter ...

and LQCD!

Example of Application in

combination with LQCD data

σ meson. Guo, Alexandru,

Molina, Mai, Döring, PRD98

(2018)
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Dynamically generated resonances

+ + + ...

Many suggestions of dynamically generated resonances...

� Oller, Oset, Pelaez, Ramos, Hanhart, Krewald, Speth, Nieves, Inoue,

Ruiz-Arriola, Meissner, Vicente-Vacas, Garcia-Recio, Molina, Roca,

Geng, Alvarez-Ruso, Alarcon, Albaladejo, Ńıcola ...

... and a very long list of authors!...´

However, no clear statement for them in the light sector since ...

� Most of these exotic candidates can overlap with qq̄/qqq

except for those with non-qq̄ quantum numbers

like π1(1400), π1(1600) ...
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Heavy hadrons

viously seen charmonium states plus a fourth state. A
typical signal Mrec�J= � instrumental resolution is
�30 MeV=c2; the signal shape is further smeared by ini-
tial state radiation (ISR) resulting in a higher mass tail.
The expected signal line shapes are determined from
Monte Carlo (MC) simulation assuming no

���
s
p

dependence
of the form factors (FF). The mass values for all states are
free parameters in the fit, the widths of �c and �c0 are fixed
to PDG values [8], and the �c�2S� width is fixed to
17 MeV=c2 [9]. The X�3940� width is a free parameter.
The background is parametrized by a second order poly-
nomial and a threshold term [

��������������������������������������
Mrec�J= � � 2MD

p
] with a

free normalization to allow for contributions from e�e� !
J= D �D; thresholds for J= D��� �D� are taken into account
in the systematic uncertainties.

The fit results are given in Table I and shown in Fig. 1 as
the solid curve; the dashed curve is the background func-
tion. We note that the masses of the known charmonium
states are �10 MeV=c2 lower than their nominal values.
As the Mrec�J= � scale has been calibrated using the
process e�e� !  �2S�� (the uncertainty due to J= mo-
mentum reconstruction is <3 MeV=c2 [7]), we ascribe
these shifts to a combination of statistical fluctuations
and systematic effects due to the high mass tails of the
peaks. Varying the

���
s
p

dependence of the FF’s in the MC
simulation, we find shifts as large as 5 MeV=c2. The
systematic error in the �c, �c0, and �c�2S� mass is thus
estimated to be 6 MeV=c2. The significance for each signal
is defined as

�����������������������������������
�2 ln�L0=Lmax�

p
, where L0 and Lmax de-

note the likelihoods returned by the fits with the signal

yield fixed at zero and at the fitted value, respectively. The
significance of the X�3940� signal is 5:0�. The fitted width
of the X�3940� state is consistent with zero within its large
statistical error: � 
 39� 26 MeV=c2.

The X�3940� mass is above both the D �D and the D� �D
thresholds. We therefore perform a search for X�3940�
decays into D �D and D� �D final states. Because of the small
product of D��� reconstruction efficiencies and branching
fractions, it is not feasible to reconstruct fully the chain
e�e� ! J= X�3940�, X�3940� ! D��� �D. To increase the
efficiency, we reconstruct the J= and one D meson,
detecting the other �D��� as a peak in the Mrec�J= D�
spectrum. The MC simulation for e�e� ! J= D��� �D pro-
cesses indicates a Mrec�J= D� resolution of about
30 MeV=c2 and a separation between these two pro-
cesses of 2:5�. Figure 2 shows the Mrec�J= D� spectrum
in the D mass window and the scaled D mass sidebands,
where D includes D0 and D�. Some events have multiple
D candidates. In these cases, only the candidate with
invariant mass closest to the nominal D-meson mass is
used. Two enhancements around the nominal D and D�

masses are clearly visible in this distribution. The excess of
realD events compared to theD sidebands at masses above
2:1 GeV=c2 is due to e�e� ! J= D� �D� or J= D��� �D����
processes. A fit to this spectrum is performed using shapes
fixed from MC simulation for three processes (J= D �D,
J= D� �D, and J= D� �D�) and a second order polynomial.
The fit gives ND �D 
 86� 17 (5:1�) and ND� �D 
 55� 18
(3:3�) events in the D and the D� peaks, respectively.
Selecting events from the Mrec�J= D� regions around the
D and D� masses (�70 MeV=c2), we thus effectively tag
the processes e�e� ! J= D �D and J= D� �D. The effi-
ciencies of the D and D� tag procedures are found from
MC calculations to be independent of MD �D��� and equal to
0.097 in both cases, assuming equal fractions for
X�3940� ! D���0 �D0 and D����D�.

We constrain Mrec�J= D� to the D��� nominal mass,
improving the M�D��� �D� � Mrec�J= � resolution by a fac-

TABLE I. Summary of the signal yields, charmonium masses,
and significances for e�e� ! J= �c �c�res.

�c �c�res N M�GeV=c2	 N�

�c 501� 44 2:970� 0:005 15.3
�c0 230� 40 3:406� 0:007 6.3
�c�2S� 311� 42 3:626� 0:005 8.1
X�3940� 266� 63 3:936� 0:014 5.0
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FIG. 2. The Mrec�J= D� distribution for the D signal window
(points with error bars). The hatched histogram corresponds to
scaled D sidebands. The solid line shows the fit described in the
text. The dashed line is the background function.
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FIG. 1. The distribution of Mrec�J= � in inclusive e�e� !
J= X events (points with error bars). The histograms and curves
are described in the text.
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Clear evidence of exotic states!

� Hidden-charm charged tetraquarks Z+
c ∼ cd̄uc̄ (D(∗)D̄(∗)).

Hidden-strange candidate? a0(980)? ... more?

� Hidden-charm (strange) pentaquarks P+
c(s) ∼ cc̄uud(s), (D̄(∗)Σ

(∗)
c (Ξ

(∗)
c )).

Hidden-strange candidate? N∗(1535), (strange) Λ(1405), ...more?
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Flavor exotic tetraquark Tcs(2900)

LHCb (2020)

Two states JP = 0+, 1− decaying to D̄K . First clear example of an

heavy-flavor exotic tetraquark, ∼ c̄ s̄ud .

X0(2866) : M = 2866± 7 and Γ = 57.2± 12.9MeV,

X1(2900) : M = 2904± 5 and Γ = 110.3± 11.5MeV.

R. Aaij et al. (LHCb Collaboration), PRL125(2020), PRD102(2020)
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New exotic tetraquark seen in D+
s
π+

LHCb (2022)

One state decaying Tcs̄(2900) decaying to D+
s π
− and D+

s π
+ has been

observed ∼ cs̄ud̄ .

� The analysis favors JP = 0+

� Mass, m = 2908± 11± 20 MeV

� Width, Γ = 136± 23± 11 MeV

arXiv:2212.02717

D∗K∗ th.: 2903 MeV

D∗s ρ th.: 2890 MeV
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Local-Hidden-Gauge Formalism



The hidden gauge formalism

Bando, Kugo, Yamawaki, PRL54,1215

Lagrangian

L = L(2) + LIII (1)

L(2) =
1

4
f 2〈DµUDµU† + χU† + χ†U〉 (2)

LIII = −1

4
〈VµνV µν〉+

1

2
M2

V 〈[Vµ −
i

g
Γµ]2〉

DµU = ∂µU − ieQAµU + ieUQAµ, U = e i
√

2P/f

Upon expansion of [Vµ − i
g

Γµ]2, L′s

LVγ = −M2
V
e

g
Aµ〈V µQ〉,LVPP = −ig〈V µ[P, ∂µP]〉,LγPP = ieAµ〈Q[P, ∂µP]〉, ...

FV

MV
=

1√
2g
,

GV

MV
=

1

2
√

2g
, FV =

√
2f , GV =

f√
2
, g =

MV

2f
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Vector-vector scattering Bando,Kugo,Yamawaki

LIII = − 1
4 〈VµνV µν〉 L(3V )

III = ig〈(∂µVν − ∂νVµ)V µV ν〉

L(c)
III = g2

2 〈VµVνV µV ν − VνVµV
µV ν〉

Vµν =

∂µVν − ∂νVµ − ig [Vµ,Vν ]

g = MV
2f

Vµ =
ρ0
√

2
+ ω√

2
ρ+ K∗+ D̄∗0

ρ− − ρ0
√

2
+ ω√

2
K∗0 D∗−

K∗− K̄∗0 φ D∗−s
D∗0 D∗+ D∗+

s J/ψ


µ

VV

V V

−→

a) b) c) d)

V V

V

+
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PB and VB interaction

B
1

V*V*

(a) (b)

P
1

P
2 V

1

B
2

B
1

B
2

V
2

LBBV = g(〈B̄γµ[V µ,B]〉+ 〈B̄γµB〉〈V µ〉)

tP1P2V = g15FC15F (15⊗ 15) (q1 + q2)µε
µ

tB1B̄2V
= {g151 C151 (20′ ⊗ 2̄0

′
) + g152 C152 (20′ ⊗ 2̄0

′
)

+g1 C1(20′ ⊗ 2̄0
′
)}ūr′(p2)γ · ε ur (p1)

with g15F = −2
√

2g . g151 , g152 and g1 are evaluated demanding

1) The couplinga pp̄ → J/ψ, pp̄ → φ should be zero by OZI rules,

2) The coupling pp̄ → ρ0 should be the one obtained in SU(3).

g151 = −g ; g152 = 2
√

3 g ; g1 = 3
√

5 g .

Bethe-Salpeter equation T = [I − VG ]−1V
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New exotic hadrons



Pentaquark states

Wu, Molina, Oset, Zou (2010)

Vab(P1B1→P2B2) =
Cab

4f 2
(q0

1 + q0
2)

Vab(V1B1→V2B2) =
Cab

4f 2
(q0

1 + q0
2)~ε1 · ~ε2

D̄∗Σc D̄∗Λ+
c ρN ωN φN K∗Σ K∗Λ

D̄∗Σc −1 0 −1/2
√

3/2 0 1 0

D̄∗Λ+
c 1 −3/2 −

√
3/2 0 0 1

Cab for the VB system in the sector I = 1/2, S = 0.

D̄∗s Λ+
c D̄∗Ξc D̄∗Ξ

′
c ρΣ ωΛ φΛ K̄∗N K∗Ξ

D̄∗s Λ+
c 0 −

√
2 0 0 0 −1 −

√
3 0

D̄∗Ξc −1 0 −3/2 −1/2 0 0
√

3/2

D̄∗Ξ
′
c −1

√
3/2
√

3/2 0 0 1/
√

2

Cab for the VB system in the sector I = 0, S = −1.

PB resonances (units in MeV)

(I, S) M Γ Γi
(1/2, 0) πN ηN η′N KΣ ηcN

4261 56.9 3.8 8.1 3.9 17.0 23.4

(0,−1) K̄N πΣ ηΛ η′Λ KΞ ηcΛ

4209 32.4 15.8 2.9 3.2 1.7 2.4 5.8

4394 43.3 0 10.6 7.1 3.3 5.8 16.3

VB resonances

(I, S) M Γ Γi
(1/2, 0) ρN ωN K∗Σ J/ψN

4412 47.3 3.2 10.4 13.7 19.2

(0,−1) K̄∗N ρΣ ωΛ φΛ K∗Ξ J/ψΛ

4368 28.0 13.9 3.1 0.3 4.0 1.8 5.4

4544 36.6 0 8.8 9.1 0 5.0 13.8

Λb → p + J/ψ + K−

Experimental Pc states (LHCb, 2019)

M (MeV) Γ (MeV)

4311.9 ± 0.7+6.8
−0.6

9.8 ± 2.7+3.7
−4.5

4440.3 ± 1.3+4.1
−4.7

20.6 ± 4.9+8.7
−10.1

4457.3 ± 0.6+4.1
−1.7

6.4 ± 2+5.7
−1.9

Pcs states (LHCb, 2020)

4458.8 ± 2.9+4.7
−1.1

17.3 ± 6.5+8.0
−5.7
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Pentaquarks states

LHCb 2015.

P+
c (4380), M = (4380± 8± 29) MeV, Γ = (205± 18± 86) MeV, and

P+
c (4450), M = (4449.8± 1.7± 2.5) MeV, Γ = (39± 5± 19) MeV

Assignments: (3/2+, 5/2− ) and (5/2+, 3/2− ) are possible.

Introduction PB and VB resonances in the hidden charm sector Results Conclusions

Quantum numbers of the pentaquark Pc(4450)

The theoretical analysis of the Λb → J/ψK−p reaction is done
by L. Roca, J. Nieves and E. Oset, PRD92, 094003(2015) supports the
JP = 3/2− assignment of the pentaquark state, and its nature
as D̄∗Σc, D̄∗Σ∗c molecule.

The theoretical analysis of the

Λb → J/ψK−p Roca, Nieves,

Oset, PRD92 (2015)supports the

JP = 3/2− assignment of the

pentaquark state, and its nature

as D̄∗Σc , D̄∗Σ∗c molecule.
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In 2019 the new experimental analysis shows one

more pentaquark, Pc(4312) and Pc(4450) splits

into two.
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Pentaquark states

� Generalized HGF formalism with HQSS Xiao, Nieves, Oset
(2013,2019)

Mass Width Main channel JP Experiment

4306.4 15.2 D̄Σc 1/2− Pc (4312)

4453.0 23.4 D̄∗Σc 1/2− Pc (4440)

4452.5 3.0 D̄∗Σc 3/2− Pc (4457)

Heavy quarks act as spectators if we exchange light vectors. Heavy

quark spin symmetry is automatically fulfilled.

� OMEP, Interaction given by One-Meson-Exchange Potential,

Yamaguchi, Santopinto, PRD96 (2017)

� Coupling meson-baryon with compact 5q state, Hosaka, Tacheuchi,

Takizawa, Yamaguchi, Santopionto (2017)

� Analysis of the J/ψ data with coupled-channel involving both

one-pion exchange as well as short-range

interaction, Du, Baru, Guo, Hanhart, Meissner, Wang PRL124

(2020)
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Flavour exotic states

� 2010. Prediction of several flavour exotic states

� Free parameter fixed with Ds2(2573); couples to D∗K∗, cq̄qs̄

� Flavour exotic states with I = 0, JP = {0, 1, 2}+ coupling to D∗K̄∗

are predicted, cq̄sq̄

� Doubly charm states, I = 0; JP = 1+, close to D∗D∗ are predicted,

cq̄cq̄, and I = 1/2; JP = 1+, close to D∗D∗s cq̄cs̄
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Flavour exotic states

Molina,Branz,Oset, PRD82(2010)

C, S Channels I [JP ]
√

s ΓA(Λ = 1400) ΓB(Λ = 1200) State
√

sexp Γexp

1,−1 D∗K̄∗ 0[0+]
2848

23 59 X0(2866) or Tcs (2900) 2866 57

0[1+] 2839 3 3

0[2+] 2733 11 36

1, 1 D∗K∗, D∗s ω 0[0+] 2683 20 71

D∗s φ 0[1+] 2707 4 × 10−3 4 × 10−3

0[2+] 2572 7 23 Ds2(2573) 2572 20

1, 1 D∗K∗, D∗s ρ 1[0+] Cusp structure around D∗s ρ, D∗K∗ new Tcs̄ (2900) 2908 136

1, 1 1[1+] Cusp structure around D∗s ρ, D∗K∗

1, 1 1[2+] 2786 8 11

2, 0 D∗D∗ 0[1+] 3969 0 0

2, 1 D∗D∗s 1/2[1+] 4101 0 0

Table 1: All the quantities here are in MeV. Repulsion in

C = 0, S = 1, I = 1/2; C = 1, S = −1, I = 1; C = 1,S = 2, I = 1/2;

C = 2, S = 0, I = 1 and C = 2, S = 2, I = 0 is found.

Form factors in the D∗Dπ vertex; Model A: F1(q2) =
Λ2
b−m2

π
Λ2
b
−q2

, Titov, Kampfer EPJA7, PRC65 with Λb = 1.4, 1.5 GeV and

g = Mρ/2 fπ . Model B: F2(q2) = eq
2/Λ2

Navarra, Nielsen, Bracco PRD65 (2002), Λ = 1, 1.2 GeV and gD = g
exp
D∗Dπ = 8.95

(experimental value). Subtraction constant α = −1.6.
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D∗D∗ and D∗D∗s states



Tcc states from D∗D∗, D∗D∗
s Dai,Molina,Oset, PRD105(2022)

DD∗: Tcc(3875), LHCb, Nature(2022), δm = −360± 40+4
−0 KeV,

Γ = 48± 2+0
−14 KeV

Signature in LQCD Virtual bound state, mπ ' 280 MeV, Padmanath,

Prelovsek PRL129(2022)

See Eulogio’s talk on Thursday, 2.30pm

Feijoo, Liang, Oset, PRD104 (2021) Local Hidden-Gauge Approach D0D∗+,

D+D∗0 correlation functions; Inverse problem, Vidana, Feijoo, Albaladejo,

Oset, Nieves, 2303.06079, 2304.01870 (2023)

V

V V

V

(a)

V

V ′

V

V V

(b)

L(c)
III =

g 2

2
〈VµVνV µV ν − VνVµV

µV ν〉

L(3V )
III = ig〈[Vµ, ∂νVµ]V ν〉

Repulsion for I = 1

J Amplitude Contact V-exchange ∼ Total

1 D∗D∗ → D∗D∗ 0
g2

4
( 2
m2
J/ψ

+ 1
m2
ω
− 3

m2
ρ

){(p1 + p3).(p2 + p4) + (p1 + p4).(p2 + p3)} −25.4g2

1 D∗s D∗ → D∗s D∗ 0 − g2(p1+p4)(p2+p3)

m2
K∗

+
g2(p1+p3)(p2+p4)

m2
J/ψ

−19.5g2
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Tcc states from D∗D∗/D∗D∗
s

V → V + i ImVbox(DD∗)

T−1 = V−1 − G

3900 3920 3940 3960 3980 4000 4020 4040
0
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1.2
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√
s (MeV)

|T
D

∗ D
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D
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4080 4085 4090 4095 4100 4105 4110 4115 4120 4125 4130
0
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1
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2

×109

√
s (MeV)

|T
D

∗ s
D

∗ →
D

∗ s
D

∗ |2

qmax = 450MeV
qmax = 600MeV
qmax = 750MeV

qmax = 450 MeV qmax = 420 MeV

MD∗D∗ 4014.08 MeV 4015.54 MeV

BD∗D∗ 3.23 MeV 1.56 MeV

ΓD∗D∗ 2.3 MeV 1.5 MeV

MD∗s D∗ 4122.46 MeV (cusp) 4122.46 MeV (cusp)

ΓD∗s D∗ 70− 100 KeV 70− 100 KeV
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The X0(2866) or Tcs(2900)



Local Hidden Gauge Approach

D∗ D∗

K̄∗ K̄∗

D∗ D∗

ρ, ω

K̄∗ K̄∗ K̄∗ D∗

D∗ K̄∗

D∗
s

(a) (b) (c)

+ +

Figure 1: D∗K̄∗ → D∗K̄∗ interaction

Potential V : contact + vector-meson exchange (ρ, ω)

J Amplitude Contact V-exchange ∼ Total

0 D∗K̄∗ → D∗K̄∗ 4g2 − g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −9.9g2

1 D∗K̄∗ → D∗K̄∗ 0
g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −10.2g2

2 D∗K̄∗ → D∗K̄∗ −2g2 − g2(p1+p4).(p2+p3)

m2
D∗s

+ 1
2
g2( 1

m2
ω
− 3

m2
ρ

)(p1 + p3).(p2 + p4) −15.9g2

Table 2: Tree level amplitudes for D∗K̄∗ in I = 0.

Attractive for I = 0 and repulsive for I = 1.
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Decay of the Tcs(2900) to D∗K̄

Molina, Oset PLB811 2020, α = −1.474, Λ = 1300.

I (JP) M[MeV] Γ[MeV] Coupled channels state

0(2+) 2775 38 D∗K̄∗ ?

0(1+) 2861 20 D∗K̄∗ ?

0(0+) 2866 57 D∗K̄∗ Tcs(2900)

Table 3: New results including the width of the D∗K channel.

T = [I − VG ]−1V

D∗(p1) D∗(p3)

K̄∗(p2) K̄∗(p4)

D∗(q)

K̄

π π

Λ=1200 MeV

Λ=1300 MeV

2700 2750 2800 2850 2900 2950 3000

0

200 000

400 000

600 000

800 000

1×106

E[MeV]

|T
2

I = 0; J = 0

21



How can we observe the JP = 1+ Tcs(2900) state?

Amo Sanchez et al. (BABAR), PRD83(2011).

The B̄0 → D∗+D̄∗0K− reaction:

� It proceeds via external emission (favoring the decay)

� It has the largest branching fraction (1.06%)

� It can produce the D∗+K− in I = 0 (decay mode of the 1+ state).

W−
s

c̄

ū

u

K∗−

D̄∗0

b c

d̄ d̄
B̄0 D∗+

Figure 2: Diagrammatic decay of the B̄0 → D̄∗0D∗+K∗− at the quark level.
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How can we observe the JP = 1+ Tcs(2900) state?

Hadronization + decay; B̄0 → D∗+D̄∗0K−

B̄0

D̄∗0

D∗+

R1

K∗−

(a)

B̄0

D̄∗0

D∗+

R1

K∗−

D∗+

K−

(b)

Figure 3: (a) Rescattering of D∗+K∗− to produce R1; (b) Decay of R1 to

D∗+K−. Dai, Molina and Oset, PLB832 (2022)

dΓ

dMinv(D∗+K−)
=

1

(2π)3

1

4M2
B̄0

p
D̄∗0 p̃

K−
∑
|t′|2

See also:

B̄0 → D∗+K−K̄∗0, PRD105(2022);

2+: B+ → D+D−K+,

PLB833(2022), Bayar, Oset.
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5× 10−4
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dΓ
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dΓbac

dMinv(D∗+K−)

2500 2600 2700 2800 2900 3000 3100 3200 3300
0

300

600

900

1200

1500

Minv (MeV)

m
om

en
tu
m

p̃K̄
pD̄∗0Figure 4: dΓ

dMinv
for the R1

production versus the background,
dΓbac
dMinv

, in the B̄0 → D̄∗0D∗+K∗−

reaction in a global arbitrary

normalization. Minv is the invariant

mass of D∗+K−. BR(R1;R1 →
D∗+K−) = 4.24× 10−3.
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The Tcs̄(2900)



Exotic states

Phys. Rev. D 82 (2010), Molina, Branz, Oset

2860 2880 2900 2920 2940
0

500000

1.0×106

1.5×106

2.0×106

2.5×106

3.0×106

E[MeV]

|T
2

I = 1; J = 0

Ds

*ρ D
*
K

* α = −1.6

ρ width not included

D∗K∗ → DK considered

Cusp around D∗s ρ, D∗K∗ th.

separated only by 14 MeV
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Local Hidden Gauge Approach

J Amplitude Contact V-exchange ∼ Total

0 D∗K∗ → D∗K∗ 0 g2

2
( 1
m2
ρ
− 1

m2
ω

)(p1 + p3).(p2 + p4) 0

0 D∗K∗ → D∗s ρ 4g 2 − g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)

m2
K∗

−6.8g 2

0 D∗s ρ→ D∗s ρ 0 0 0

1 D∗K∗ → D∗K∗ 0 g2

2
( 1
m2
ρ
− 1

m2
ω

)(p1 + p3).(p2 + p4) 0

1 D∗K∗ → D∗s ρ 0 g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)

m2
K∗

−6.6g 2

1 D∗s ρ→ D∗s ρ 0 0 0

2 D∗K∗ → D∗K∗ 0 g2

2
( 1
m2
ρ
− 1

m2
ω

)(p1 + p3).(p2 + p4) 0

2 D∗K∗ → D∗s ρ −2g 2 − g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)

m2
K∗

−12.8g 2

2 D∗s ρ→ D∗s ρ 0 0 0

Table 4: Tree level amplitudes for D∗K∗,D∗s ρ in I = 1. C = 1; S = 1; I = 1.

The interaction is attractive for both I = 0 and I = 1, favoring a

JP = 2+ state. (see PRD82 (2010) Molina, Branz, Oset, for I = 0)
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C = 1, S = 1, I = 1 The Tcs̄(2900)

New results, α = −1.474 to obtain the Tcs(2900) state in D∗K̄∗.

Convolution due to the vector meson mass distribution ρ, K∗

G̃(s) =
1

N

∫ (M1+4Γ1)2

(M1−4Γ1)2

dm̃2
1(− 1

π
)Im 1

m̃2
1 −M2

1 + iΓ(m̃)m̃1
G(s, m̃2

1,M
2
2 ) ,

2800 2900 3000 3100 3200

0

5000

10000

15000

20000

25000

30000

E[MeV]

|T
2

I = 1; J = 0

2750 2800 2850 2900 2950

0

500000

1.0×106

1.5×106

2.0×106

2.5×106

3.0×106

E[MeV]

|T
2

I = 1; J = 2

I (JP) M[MeV] Γ[MeV] Coupled channels state

1(0+) 2920 130 D∗K∗,Dsρ Tcs̄(2900)

1(1+) 2922 145 ?

1(2+) 2835 20 ?

Table 5: PRD107(2023), Exp. (m, Γ) = (2908± 11± 20, 136± 23± 11) MeV
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Production of the Tc̄s(2900)

B̄0 → D−s D0π+ in B decays

ū

u

d̄

c

s

c̄

π+

B̄0

b

d̄

D0

D−
s

ū

u

d̄

c

s

c̄

ρ+
B̄0

b

d̄

D0

D∗−
s

The Tc̄s(2900) can be produced by means of external emission

B̄0

D0

ρ+

D∗−
s

Tc̄s

K̄∗

D̄∗

K̄

π+

D−
s
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Production of the Tc̄s(2900) in B decays

T (E ) = aG (E )D∗s ρtD∗s ρ→D̄∗K̄∗(E )tL(E ) + b (3)

E = Minv (π+D−s ); a, b parameters; tL amplitude for the triangle loop.

dΓ
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1
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1
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Ds0(2317) quark mass dependence



Quark mass dependence of the D(D∗) mesons

Heavy Hadron Chiral Perturbation Theory (HHχPT)

E. Jenkins, NPB412 (1994)

µ = 770 MeV; g2 = 0.55 MeV (Decay of the D∗ meson)

9 parameters, but different collaborations/scale

settings, 7 + 2× 7 = 21 parameters, ∼ 80 data

points

ETMC, PACS, HSC, CLS, RQCD, S.Prelovsek, MILC
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Quark mass dependence of the D(D∗) mesons

LASSO + information criteria;

χ2
P = χ2 + λ

n∑
i

|pi |; Data = Training (70%) + Test (30%) (4)

1

4
(mD + 3mD∗) = mH + f (σ, a, �b, c, d)

mD∗ −mD = ∆ + g(∆(σ),∆(a))
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D(D∗) quark mass dependence

Figure 5: Extrapolation to the physical point of the ETMC data.

31



Quark mass dependence of the Ds0(2317) resonance in DK

Potential V (s) consistent with HQSS, See Fernando’s talk at 2.30pm

See also L.S. Geng and Albaladejo’s talk about Ds0(2317) (Femtoscopy)

V (s) = VDK (s) + Vex(s); 1− Z ' 0.7− 0.8

2306.01848 VDK = − s − u

2f 2
;Vex =

V 2
cs̄

s −m2
cs̄

(5)

mπ = 236 MeV; a−1
t = 5.667 GeV; atMηc = 0.2412, Mηc = 2986 MeV;

mπ = 391 MeV; a−1
t = 6.079 GeV; atMηc = 0.2735; Mηc = 2963 MeV;
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Decay width of the D∗
s0(2317) to D+

s π
0

D∗
s0

D+

K0

D+
s

π0

K̄∗0
D∗

s0

D0

K+

D+
s

π0

K∗−

D∗
s0

D+

K0

π0

D+
s

D∗+
D∗

s0

D0

K+

π0

D+
s

D∗0

Figure 6: Feynman diagrams of the D∗0
s → D+

s π
0.

π0 − η mixing

π̃0 = π0 cos ε̃+ η8 sin ε̃

η̃ = −π0 sin ε̃+ η8 cos ε̃

with η8 = 2
√

2
3 η − 1

3η
′

gX =
g

(I=0)
DK√

2

ΓX = |~pf |
|t|2

8πm2
X

(6)

ΓD∗s0
= 100± 30 KeV

H. L. Fu et al., 120+18
−4 MeV,

EPJA58(2022), M. Cleven,

cs̄ state: Γ = 7.83+1.97
−1.55 KeV

M. Han et al., 2305.04250 (2023)
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Conclusions



Conclusions

� The HGF has predicted many exotic states. Some of them

discovered. A new table of exotic particles is coming ...

� The X0(2866) or Tcs(2900) is compatible with a D∗K̄∗ resonance

decaying to DK̄ . Proposed reactions to observe the 1+ state:

B̄0 → D∗+D̄∗0K−, PLB832 (2022), Dai, Molina, Oset,

B̄0 → D∗+K−K̄∗0, PRD105 (2022); and the 2+ state:

B+ → D+D−K+, PLB833 (2022), Bayar and Oset.

� The Tcs̄(2900) is more likely to be a failed bound state, or cusp

structure around the D∗K∗,D∗s ρ thresholds.

� The combination of LQCD with EFT’s is a usefool tool to extract

the properties or esonances with high accuracy

� The study of the pion mass dependence of the Ds0(2317) supports

the DK molecular picture
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