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One central question in physics
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O The most efficient building blocks of NATURE
at different scales

O How they interact with one another — interaction

The Thinker by Auguste Rodin



https://www.britannica.com/biography/Auguste-Rodin

Hadrons in the Constituent Quark Model

O 1964, Gell-Mann and Zweig proposed the legendary constituent Quark Model and
successfully classified all strongly interacting particles into mesons and baryons (hadrons)
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ERACTION SYMMETRY AND IT5 BREAKING

e W

O In the QM, the building blocks are constituent quarks, which are bound into hadrons by
quark-(anti)quark potentials. QM proved highly successful up to around 2003 with few

exceptions, such as A(1405)
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Exotic hadrons discovered since 2003 challenged the CQM

Exotic mesons and baryons
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Most of them close to thresholds— hadronic molecules
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ow to check the picture?

SHED FOR

Probing the nature of the x.;(3872) state using

radiative decays
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A(1405): why is it special

In the constituent quark model, 41(1405)
PDG is the first P-wave orbital excitation of
IJP) = 0(1/27),S = —1 the ground-state baryon A(1115)

M =1405.1" " MeV, T = 50.5 % 2.0 MeV

Two puzzles

)P=1/2" N(1535)

$ 15 MeV

IP=3/2" N(1520)

JF=3/2" A(1520)

Low mass vs. N*(1535)

-115 MeV

large spin splitting vs. A(1520)

)P=1/2" A(1405)
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A(1405) as a dynamically generated state

O Modern picture for A1(1405) : a KN bound state dynamically generated by
coupled-channel chiral dynamics implemented in the so-called chiral
unitary approaches

Bethe-Salpeter Equation
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> LO&NLO, Kaiser, Siegel, Weise, NPA594, 325(1995), 782 citations s of 2025.09 .28
» LO, Oset and Ramos, NPA635, 99(1998), 923 citations
» NLO, Oller and Meissner, PLB500, 263(2001), 996 citations .



Unexpected two-pole structure!

OTwo poles: Wy = 1424.3 —17.1i, W; = 1389.1 — 64.1

TI(IMeV] |

0.8

0.6

A(1405)

A(1405)

Zg (MeV) 1390 — 661 1426 — 161
&l(7 ) L5
g:|(KN) 2.1
gil(nA) 0.77 14
g |(KE) 0.61 0.35

Isopin O, four coupled channels: w2(1330), KN(1433), nA(1662),
K=(1813) (renormalization scale u = 630 MeV, with four different a;(n))

Oller and Meissner, PLB500, 263(2001), 996 citations
Jido, Oller, Oset, Ramos, and Meissner, NPA725, 181 (2003), 772 citations

Hyodo and Jido, PPNP67, 55 (2012), 388 citations
Meissner, Symmetry 12 (2020) 981, 96 citations
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The two-pole structure persists at N2LO

Meson-baryon scattering up to N2LO, Jun-Xu Lu, LSG*, M. Doering and M. Mai, PRL130, 071902(2023)
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Two-pole structures are not simply two states!

@ Two-pole structures refer to the fact that two dynamically generated states,
one resonant and one bound, are located close to each other between
two coupled channels and with a mass difference smaller than the sum of
their widths.

@ Two poles overlap, which creates the impression that there is only one
state in the invariant mass distribution of their decay products.

A(1405) K1(1270)
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Two prominent examples: A(1405) and K,(1270)

1500

1450

1400

E [MeV]

1350

1300

1 v I ' I

e Bound state
®  Resonance

1

1269.5-12.0i

® Bound state
=  Resonance

pK(1271)

1198.5-123.2i

K*7(1030) |
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Experimental evidence? _

Phys. Lett. B 856 (2024) 138872
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We contrast this fact with the recent BESII| measurement of the K-\ mass
distribution in the 1)(3686) decay to K~A= *, which demands a width much larger than

the average of the PDG, and show how the consideration of the two =(1820) states
orovides a natural explanation to the experimental data




More can be asked

1. Why are there two?

2. Why can they be mistaken for one state?

3. Why are they located between the two channels?

4. What kind of interactions can generate such two poles?
5. .eeee.

One possible answer
—study the light-quark mass evolution of the two poles

Two-pole structures as a universal phenomenon
Vi — _ Cij dictated by coupled-channel chiral dynamics
/A 4f2 Jia-Ming Xie, Jun-Xu Lu, LSG*, Bing-Song Zou,
Phys.RevD.108 (2023) L111502
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Evolution of the higher pole with m_: simple

OAs m, increases, both the real
and the imaginary parts of the |
higher pole decrease, which 2l ——KNpole

indicates that the effective KN E |
attraction becomes weaker and |
the coupling to nX decreases as £ -

well. - /./,/‘/

ONote that the two thresholds A
also increase as m,, increases. Re zg-(mg+My) [MeV]
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Evolution of the lower pole with m_: complicated

30

OFor m, = 200 MeV, it | 0.=297
becomes a virtual resonance 0 o enenenaen s
from a resonant state. = ol T ——mZpole

2 <
L 60 .

OFor a pion mass of about = mﬁm\.\ o
300 MeV, it becomes a 90} | | .
bound state and remains so virtual resonant
up to the pion mass of 500 120
MeV. Re 7g-(m_+Ms) [MeV]

The evolution of the lower pole clearly demonstrates the chiral dynamics
underlying the two-pole structure of 41(1405).
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Latest lattice QCD study

~ E ~
—1 P ¢ o= AL ..
det[K (Ecm) — B (Ecm)] =0 m sz = Azy + B'L_]ATFZ:
T
7.8 ¢ input data
I P oot
7.6
. R T
Two-Pole Nature of the A(1405) Resonance from Lattice QCD ; ﬁ }E
John Bulava, Barbara Cid-Mora, Andrew D. Hanlon, Ben Hérz, Daniel Mohler, Colin Morningstar, Joseph §7'4- } I ﬂ E { E
Moscoso, Amy Nicholson, Fernando Romero-Lépez, Sarah Skinner, and André Walker-Loud (Baryon Scattering g
(BaSc) Collaboration) g€7.9] . KN
Phys. Rev. Lett. 132, 051901 — Published 30 January 2024 &5 I i { I { ! 11
7.01
This letter presents the first lattice QCD computation of the coupled channel 7¥-KN scatter- e a8
ing amplitudes at energies near 1405 MeV. These amplitudes contain the resonance A(1405) with 6.81 i I ) ' [
strangeness S = —1 and isospin, spin, and parity quantum numbers I(J) = 0(1/27). However, i
whether there is a single resonance or two nearby resonance poles in this region is controversial a0 o el ai
theoretically and experimentally. Using single-baryon and meson-baryon operators to extract the 1w(0) (1) (2) (3)
finite-volume stationary-state energies to obtain the scattering amplitudes at slightly unphysical . .
quark masses corresponding to m, ~ 200 MeV and my = 487 MeV, this study finds the amplitudes Two poles are found on the (—, +) sheet, which is the
gxhibit a virtual bound state below the 73 thre.shol.d in addition to the established- resonance pole one closest to physical scattering in the region between
just below the KN threshold. Several parametrizations of the two-channel K-matrix are employed . .
to fit the lattice QCD results, all of which support the two-pole picture suggested by SU(3) chiral the two thresholds. Their locations are

symmetry and unitarity.

E; =1392(9)(2)(16) MeV,

Ey =[1455(13)(2)(17) — i11.5(4.4)(4)(0.1)] MeV, (6)

m, =~ 200 MeV,
a virtual bound state below X and a

and their couplings

resonant ( ) state just below KN, C(%l = 1.9(4)(6), ‘f% = 0.53(9)(10).  (7)
°rN RN

support the two-pole structure suggested
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Can be described by UChPT and consistent with exp.

Zejian Zhuang, R. Molina*, Jun-Xu Lu, and LSG, Sci.Bull. 70 (2025) 1953-1961
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Identifying flavor-content of the two poles of A(1405)

Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*, 2407.13486

A/A(1520) A/A(1520)

O Y is a charmonium or bottomonium, such as J /v, ¥,,, x.o, but an SU(3) singlet
O A is an SU(3) octet, then the =X pair must be an SU(3) octet—higher pole
O A(1520) is an SU(3) singlet, then the =X pair must be an SU(3) singlet—lower pole
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Identifying flavor-content of the two poles of A(1405)

~2
/T34dM,5 [D"xGeV?]
(F8]

dr/Ty,dM,; [gxGeV] g4
= =

Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*, 2407.13486

LN

Y

i o]

=

(a)

]/ - AZm

 (b)

= N & SN oC

[INLO1] Y. lkeda, T. Hyodo, and W. Weise,
NPA881(2012)98

INLO2] F.-K. Guo, Y. Kamiya, M. Mai,
and U.-G. MeiBBner, PLB846(2023)13826
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What is special about D?,(2317) and D.,(2460)

O 160/70 lower than the Gl quark
model predictions—difficult to be
understood as conventional csbar
states.

O “Dynamically generated” from
strong DK interaction
> E. E. Kolomeitsev 2004,
> F. K. Guo 2006,
» D. Gamermann 2007
> ...

.Ilnl.'J'.'i'll_:illgfll_ll _ |r.i'||||'_] |-—]3-'|_| e |"||'_;II|--:| — |il”_|r_:il

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

M=2317T8+06 and I < 3.8 MeV

450

" 400 [

=350

= 300 F

u 250
200
E 150
a 100

B0

LB

-k ek ek
b g
L T

5 8 8 8

events /5 MeV /c?

I
[

+ BaBar :i D;I- -+ KtK—=t
= ++h||' i I}I
3 +r ++{H+“ { i
3 }+,p“ Hﬂﬂ#ﬂﬂ?' '|'|'1'+'|‘-|,'|'1L+1++ _
Ez.r1' I S 2.5

“ Df = K+K-—r+q"

: J
o R
- +_'[[H;}Hﬂﬂh-ﬁ{:tlﬁquH M ;{H{-'#p}h{m f
- |
_ * | 827 citations (20180911)
EXE Y 2.5

m(D, n") GeV/c’?
PRL%0 24200 | (2003)
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Analogy between KD and KN

D, (2317) A(1405)

« KD bound state KN bound state

« Dynamically « Dynamically
generated--Unitary generated--Unitary
heavy hadron chiral baryon chiral
perturbation theory perturbation theory

The interaction between a kaon and a heavy particle seems to play
an important role, described by the same WT at the leading order



UChPT in Bethe-Salpeter equation

Altenbuchinger, Geng, Weise, PRD89 (2014)014026
O Model independent DK interaction from ChPT

1

Vwr(P(p1)o(p2) — P(p3)¢(pa)) = 4—fQCLo (s —u)| Weinberg-Tomazawa
0

8 c
Viato(P(p)o(ps) — P@)op0) =~ 1rCur (camapi— 5 (- pipa- it o))
0 P

4 Cr
——5C3s5 | c3p2 - ps — —5 (P1 - Pa P2 P3+ D1 P2 D3 Pa)
Jo mp

4C CG( )
fog 6m12p P1-PapP2-P3—P1:P2P3" P4

8 4
—f—gco Co + f_gcl C1 (11)

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

OO 3
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Fixing the LECs using latest LQCD* data

2,1/2
ay {Plfm]
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Altenbuchinger, LSG*, Weise, PRD89 (2014)014026

e NLO ChPT kernel: 5 LECs

e A quite good description of the 20
Lattice scattering lengths of
pseudoscalar mesons and D mesons

(1=0 DK excluded) can be
achieved.

] /: x ~ /.o gk i3
~ / e / i
/; /s /a e x+ajiraV
1 '
) ) J e
A
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Ds0 and Ds1 dynamically generated

Altenbuchinger, LSG*, Weise, PRD89 (2014)014026

“Post-diction”

20(2317), Dg1(2460)

O Charm sector

TABLE V. Pole positions /s =M — i % (in units of MeV) of
charm mesons dynamically generated in the HQS UChPT.

(S, 1) JP =07t JP =17

(1, 0) 2317 =10 2457 + 17 o

0, 1/2) (2105+4) —i(103+7) (2248 +6) —i(106 + 13) g @00
0 Bottom Sector s G =) o

TABLE VI. Pole positions /s = M — i g (in units of MeV) of
bottom mesons dynamically generated in the HQS UChPT.

(S.1) JP =0t JP =1t

(1, 0) 5726 4 28 5778 & 26
(0, 1/2) (5537+14)—i(118+22) (5586=16)—i(124+25)
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Predicted Bs0 and Bs1 states

Altenbuchinger, LSG*, Weise, PRD89 (2014)014026

Physics Letters B 750 (2015) 17-21
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Predicting positive parity B; mesons from lattice QCD
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Table 5
Comparison of masses from this work to results from various model based calcula-
tions; all masses in MeV.

J° 0+ 1+
Covariant (U)ChPT [24] 5726(28) 5778(26)

NLO UHMChPT [19] 5696(20)(30) 5742(20)(30)

LO UChPT [17,18] 5725(39) 5778(7)

LO x-SU(3) [16] 5643 5690

HQET + ChPT [20] 5706.6(1.2) 5765.6(1.2)

Bardeen, Eichten, Hill [15] 5718(35) 5765(35) In agreement Wlth |QCD

rel. quark model [5] 5804 5842

rel. quark model [22] 5833 5865

rel. quark model (23] 5830 5858

HPQCD [30] 5752(16)(5)(25) 5806(15)(5)(25) 30

this work 5713(11)(19) 5750(17)(19)



https://inspirehep.net/authors/2572045
https://inspirehep.net/authors/983852

More support from following IQCD studies

* G.K.C. Cheung et al., arXiv:2008.06432[hep-lat]. C. B. Lang et al., arXiv:1403.8103 [hep-lat].
e G.S.Balietal., arXiv:1706.01247 [hep-lat]. D. Mohler et al., arXiv:1308.3175 [hep-lat].

D, spectrum Spin avg.

2550 —y— ;

ry “DK components substantial”
2500 @ —
o | — —& FIG. 12. On the left., our final results for the lower %ying

D, spectrum as detailed in Table w The short horizon-
200 L i tal black lines indicate the corrected experimental values (see
@ Section @) while the green horizontal lines give the positions
2350 [ ® - of the DK and D"K non-interacting thresholds. Our lat-
tice results for the finite volume thresholds are labelled DK
200 b . . L] and D*K, respectively. The errors indicated are statistical
only. On the right, the negative parity spin-averaged 15 mass
a0 b5 . m- = 1 (mg- + 3m,-) is shown and denoted —, while the
1o same spin-average of the positive parity 07 and 17 states is
2090 F i labelled with + and the weighted average of the threshold is

labelled as DK.

Mass [MeV|

-
-+
-
-
-

2000 P -

1950 | -

01 0 i DKDK - | DK See as well Miguel Albaladejo et al. arXiv:1805.07104
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Many re-analyses of the lattice finite volume data

E (MeV)

2500

2400 -

23001

2100

2600

2500¢F

E (MeV)
N
=

2300

2200
2000L L 27 28 29 3 31
2.7 2.8 2.9 3 3.1 L (fm)
L (fm)

Torres, Oset, Prelovsekc, and Ramos, JHEP 05 (2015) 153

B(KD) = 38+ 18+ 9 MeV |
B(KD*) = 44 + 22 4+ 26 MeV
P(KD) =172+ 5 %,
P(KD*) =5T+21+6 %,
a(KD) =—-13+£05+0.1 fmm,
a(KD*) = —1.14+0.5+ 0.2 fm,
ro(KD) = —0.1+0.3£0.1 fm,
ro(KD*) = —0.2+0.340.1 fmn,
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Support from LQCD+unquenched QM

100

Yang, Wang, Wu, Oka, Zhu,
Phys. Rev. Lett. 128, 112001 (2022)

> 50
v
=
EQ b mo=150 Mev TABLE II. The comparison of D; pole masses (MeV) (Ours)
| ) — Pomeiseter T with the experimental results. The script P(c5) represents the
é‘ content of the bare ¢§ cores in the D, states at L = 4.57 fm.
|
w —-50f P(c5)(%) Ours Experimental results
D§0(2317) 2338.912] 2317.840.5
Dy, (2460) T 24504422 2459.5 + 0.6
—1007 D’ (2536) 08.2/01  2536.6/03 2535.11 +0.06
' ' ' D%, (2573)  95.9*10  2570.2104 2569.1 + 0.8
1 2 3 4 5 = '
L [fm]

DK about 70% M(Ds1(2460)) — M(Dso(2317)) = 120 Ul |



Further tests of the DK interaction

OExperiments, theory, and lattice QCD all show that DK or D*K

interaction is strong enough to form D;,(2317) and D,,(2460

OA natural question is: if we add one more D(D) or D*(D*), can they
form molecules of three hadrons?

OThis seems to be a rather straightforward and naive question, but

remains unexplored until quite recently
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Three-body molecules built from the KD interaction

Tian-Wei Wu, Ming-Zhu Liu, and LSG*, Phys.Rev.D 103 (2021) L0O31501

Kc(4180) K*(4307) R(4140)
This work Ref [28] Ref [29]
Method GEM(SE) BOA(SE) FCA(FE)
Interaction Models YEFT+OBE delocalized 7w bond YEFT+OBE

1(07) DDK  |4181.277(Bs ~ 48.9757) | _
5(17) DD*K  [4294.1750(Bs ~ 77.3%{ ) 4317.927¢ “(B-; 53.5210:95) 4307 + 2(B3 ~ 64 £ 2)

6.55

[28] L. Ma, Q. Wang, and U.-G. MeiBner, Chin. Phys. C 43, 014102 (2019).
[29] X.-L. Ren, B.B. Malabarba, L.-S. Geng, K.P. Khemchandani, and A. Martinez Torres, Phys. Lett. B 785, 112 (2018). ,.



Why the D.DK three-body system is different

a 0

O It is a three-body system involving C-parity interaction D5o(2317) D,DK
O It does not mix with conventional hadrons— 0~ exotic quantum numbers
O The two-body system can not bind—suppressed by the OBE model or the OZI
rule
O It can be produced in both e*e~and pp collisions—hidden charm/strange state

easier to observe
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Wave function of D,DK with good C parity

®© .0k
Sl

= 7 (Yp,px +C¥ pr),  (P|(H — E)[¥C) =0

— ::1

), g =C¥p,px = Y ¥(rl,RL). H=T —|—/V + V\C

Two-body C-parity
interaction interaction
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Two-body interactions

O DK interaction parameterized by C,-- in the contact-range EFT

O DK — D,n coupled channel interaction in matrix form

it (G, %)
s _T3Ca 0

O V px in a Gaussian form in coordinate space

o7/ Re)?
Vi) =Cotarpy

O With SU(3) flavor symmetry and experimental fitting

CC?K:CC?SK:C’st%l:O.E):O.l



DK interaction determined by fitting D;,(2317)

O Considering D,(2317) as a DK — D np molecule +cs state

Couplings A=050 A=100 A=150 A=200 A=050 A=100 A=150 A=2.00
gD* DK (GeV) 19.37 14.72 13.32 12.66 16.20 12.28 11.16 10.63
Momentum  9o:,5.n (GeV) | 13.23 9.54 8.40 7.86 10.42 7.70 6.89 6.50
space Ca(fm?) —5.78 —1.84 —1.03 —0.71 —6.96 —2.06 ~1.12 —0.75
Compositeness |[A =050 A=100 A=150 A=200 [A=050 A=100 A=150 A=2.00
Ppk 0.92 0.90 0.89 0.88 0.65 0.63 0.62 0.62
Pp,q 0.08 0.10 0.11 0.12 0.05 0.07 0.08 0.08
100% molecule 70 % molecule+30 % cs
Components of D3((2317)|M(DK — Dsn) M(DK)|M(c5) 4] P(cs) P(DK) P(Dsn)
Coordinate 70% molecule+30% c5 2280 2349 2406 30% 60% 10%
space 100% molecule 2318 2358 2406 0% 90% 10%
50% molecule+50% c5 2230 2336 2406 50% 42% 8%
DK —-Dn>cs Bpg<45MeV
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C-parity dependent interaction D.D:, - D,D;,

D, > > Dy
D > > D Ry/\! R;
K > > K , r3 ’
D;O DSO D;O DS .
——i— p——— 1] exchange potential
fqb ¥
5. . D %= - © B 2 - —A 2 2
Ds (a) DS Ds (b) DS0 VC::': — gk_q2(e mr— € " o A —m e—A‘T‘)
) 3 2% Amr 8mA
Ds R - DsO 5;0 _ - DSO
— s —
b bo qo = mp= — mp,, k = 0.56,
Dy - D, D, i
(c) (d)

A= OAAQCD —I—meff, Mefr = \/’177,727 = (mD:O = mDS)2.
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Binding energies, relative weights, and spatial structure

0=~ D.DK molecule: X(4310) & Jg ‘RB
| | _ o O . 0

Scenarios | B.E.(0" ") Ps_ x_p|Pox—-p.| Pp.p-K
a=1| 2293 1111 % |78 5% | 1170 %
a=2 | 2073  10M1% | 8075 % | 10M) %

Scenarios| 7p g TDK Tp.D (T)
a=1 | 1605 | 1.230% | 14505 17773
a=2 | L7794 | 12393 | 16595 169752

Scenarios | (Vp_z) | (Vbk) | (Vb.p) <V§:5_’lfn)
a=1 | —40,% |—1a7. 3| —1477 279
a=2 | 3773 | -14377%| —137%  3%2

Dominant component

4400 :
- =X

< 4350
% I =
=3 I R T =
7 4300
Z —_—
E 3

4250

4200 : R

0.4 0.6 0.8
R (fm)

FIG. 5. Mass of X as a function of the cutoff R...

Cutoff A = aAocp + mp
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Comparion with the 07" state

0~* D.DK molecule: 4304 MeV
SeIS BE.(0_+) PBSK—D PDK—DS PE)SD_K
a=1| 2672 1370% 76.0% 11.9% 432
a=2 | 28%1  14M% 74T % 1270 %
Scenarios| 7p_k DK TD.D (T
a=1 | 15703 11792 13708 187778
o=2 | 1400 11702 1207 10577
Scenarios | (Vp %)  (Vbkx)  (Vp.p) (Vi}to) 4286
a=1 | —4428 —151700 —1678 —270
a=2 | —4772 154779 1778 4]
O 0~* DyDK: coupling with c€ and D;D¥,
O 0~ D,DK:

no coupling with ¢€ and D D%,

n.(4S)

X(4310)

EsD;O
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Strong decays of the 0~ D.DK molecule X(4310)

Triangle diagrams of the strong decays: three modes

D:()(k,l)
X (4310) (ko)

>

>
n(p1)

 Ds(q)

J/¢(p2)
>

gXD:()DsgD:oDsnngst /(27)4( 2
gXD:()DsgD:()DH"IgDsD;‘n/(

gXD:()Ds gD:()DKgDS D*K /

1

D:()(kl )
X (4310) (ko)

>

D:() (/\71 )
X(431())(ko)

T 9T+ 1871 M2

(b) (c)
d*q 1 1
kP _ gt ‘ F(a?
ey, Bompy -, +PF )
d*q ’ 1 1 9
o )4 q k% _ mZD k’% — o= en(p2)F(q7)
20 s n
d'q 1 1 1 5
(Qﬂ)zlqu kf _ m%* k% T TR eu(p2)F(q7)
L 1ol ;e A? —mi
M| Flg.Am) = (G5 )
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Partial decay widths

Dominant decay mode:

250

200

-
(5
o

Width(keV)
3

wn
o

o

-
o

1.2

X — J/yn ~ 10

Width(keV)

1200

900 |

600

300

X — D,D* ~ 107

X — D*D ~ 10°
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Productions of the 0~ D.DK molecule

0~ D.,DK molecule:

/fOD ) S S
q‘f(\‘ok - D*(A// K(p1) 8 . . . . . . '
s, 2 .(q) & — —B—= X(4310)K |
(B] s \\ 2
2, ’ D« Do (k X (4310)( = 6} .
(a) .E
Q
L‘H& 4
= &0
M= 9p«p,k9pz,5,xAB — D3 D*)* E 5
T A”A‘ Q
(k2—771_*)(k2—77z )(qz—m2 )plF( ) E 0 : ) ] :
1.0 1.2 1.4 1.6 1.8 2.0
(94
® T GF
A(B — D5 D*) = ﬁVcchsalfD {—q1 - e(q2)(mp~ + mp)A1 (¢7) + (ko + ¢2) - €(g2)q1 - (ko + q2)
Ay ((]1)

————"— + (ko + q2) - €(q2)[(mp~ + mB)Al(qf) — (mp — TTLD*)AQ((]%) = QmD*Ao(q%)]},
mp+ +mpg

Production rate: B — [X(4310) - D*D]K ~ (3+1) x 107°
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Possibility at the LHCb

<4 Data ——  %2(3930) (3945)
— Totalfit. === EFF, -+ XX 72.(4000)
Background =~ o NRy-- e NRo-+
R T & 7 1 T LI BN E
> _
O LHCb 9 fb~!
~ 100 i + ' @)
O‘_‘O "
8 50}
CU -
o i
3 !
. 46 4.8
M(D*~D%) [GeV]

LHCb, Phys. Rev. Lett. 133,131902(2024)

—— (4040) memen  T(2870)0 == T%1(2900)°
W 41(4010) 22 h(4300) e NR;+
---------- NRo-- ueeee.  Rieferenice fit
I~ L T I ] 1 1 I 1 1 1 I 1 1 1 I -
o I
O LHCb 9 fb!
= 100
> | (b)
3 50
& -
S
|
= I
8 O YT o RLIITTY
4 6

4.8
M(D**D") [GeV]

Fit fraction [%]

Fit fraction [%]

Component JP(C) Bt - D*"D K" B* - D" D'K* Branching fraction [107]
T ,(2870)0,F 0t 65 0,451000 100 L.0,04
T*.,(2900)°f 1- 5.5 124 0381000 0494 0,03

NR,-- (D*¥D%*) 17~ 2047424 852 139050 +0 1512
NR-- (D*F D) 0~ 12108 104 LI 0.08%00 205 0,01
NR,+ (DT DY) I 7R, o T ;; L2175 e .11
NR(-+ (D*¥D%) 0+ 159525, 145 e 109102 +0 21 (.00




Number of events at the LHC

B(BT — D**DFTKT]) ~ 6 x 1074
BaBar, Phys. Rev. D 83, 032004(2011)

=)

Bt - D*DTKT ~2x10°
LHCb, Phys. Rev. Lett. 133,131902(2024) Ofb-T

A factor of 1000 The state of our interests
smaller Bt — [X(4310) — D*:DF|K+ ~5x 1077

LHC integrated luminosity: 50 fb-1 Events: 10

350 fb-1 100




Summary and outlook

O04(1405) and D%,(2317) do not easily fit into the naive CQM, but can

be understood as KN and DK hadronic molecules

OWe proposed two novel ways to validate their molecular nature

»The light quark mass evolution of the A(1405) serves as a nontrivial way to test

its KN molecular and two-pole nature.

»The nature of the D%,(2317) as a DK molecule can be checked by the existence

of a unique three-body bound state D;DK.

O These ideas can be extended to study other exotic hadrons
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