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Introduction

This talk focuses only on EFT at hadronic level; for quark-level EFT treatments of exotic heavy quarkonia (pNRQCD,

Born-Oppenheimer EFT for hybrid charmonia etc.), see Brambilla, Vairo, Tarrus Castella, Braaten, ...

® EFT: separation of scales, symmetries (heavy quark, chiral)

» Nonrelativistic EFT, chiral EFT
Related talks by J. Bulava, A. Pilloni,

» Analysis framework of both experimental and lattice results R. Molina, X.-L. Ren, S. Nakamura, ...
® Hadronic molecule: analogues of light nuclei;
dominant component is a composite state of 2 or more hadrons; extended

» Concept at large distances, so that can be approximated by system of multi-hadrons at low energies

» EFT applicable
1

>r
\/TEB hadron

R ~

» Only narrow hadrons can be considered as components of hadronic molecules, I;, << 1/7, r: range of

forces FKG, MeiRner, PRD84(2011)014013; see also Filin et al., PRL105(2010)019101



Example 1: Charm-strange mesons

I
3000+ 1
[ = — e D7*,(2317): BaBar (2003)
2800 - -_ .
. = | JP=0%,T< 3.8 MeV
g 2600 | e D,;(2460):
O e T | ® D;1(2460): cLeo (2003)
— S1 -
% C T DKreshold | a——— T TTTTTTTTTIIoS I JP=1%,T< 3.5 MeV
= x0(2317) __
2200__ — Godfrey, Isgur, PRD32(1985)189 | ® NO iSOSpin partner
I mesons discovered before 2003 . . .
2000: - mesons discovered after 2003 | Observed, tlny widths
1800.9" 1” o* 1* 2* 3 27 =1=0

Charm-strange mesons

» Mass problem: Why are D¥*,(2317) and D, (2460) so light?

 Naturalness problem: Why Mp . (2460) — MD;O(2317) ~ Mp«+ — Mp+ ?

¥

(141.840.8) MeV (140.67+0.08) MeV



Example 2: Hidden-charm and double-charm exotics

® Charmonium-like states

Y(4790)_ 2023 Charmonia and charmonium-like states
Y (4710) 2022 X8700), (4685)
V4660) 5555 2016 5921 X (4630) [17]
2021
_3D_
4500 Y (4500/===2022 )%%0) 7.(4430)*
48 (4415 2F 2010 2008
E—= y(4360) 1p 3P g e
VERO/TE S - —— —=
g011 2008 * 2014 2021
¥(4230) ——2005 Xe1(3274 2D 2D 2008 Re0(4240)  Z,,(4220)
2T yai00) Xal(4140) L 9614 pep
5 w?48040) 2009 b 2008;(2(4?023— s T 2024
40005 "I SSg T T T %—gﬁ ------------------- 2021X(4014) -"773%5 2(4000) |
S Lo ' B (a8 4000y e " 2020
s D “ebw 2003 2006 L-T==r 005 3013
@ I SO ¥(3770) 2017 %ﬁ?éﬂ 2019
= 1
17:(2S)
Xc2(1P) I¢ Jre
hedP) Xe1(IP) X (3915) 0F 0 For2t
3500 X(3940,4160) 7 27
X (4350) 0t 20+
Xco(1P) Z* 1+ 1t-
R 1t 0=~
X (4020,4055)*  1* 2=
X (4050, 4250)* 1~ 27+
I Godfrey-Isgur quark model
discovered before 2003
3000 _7c(S) discovered since 2003
1 0*(0™) 07(1T) 07(1*) 0*(0*) 0*(1**) 0*(2**) 07(27) 07(37) 27 =1 1=1/2

® Hidden-charm pentaquarks

Weighted candidates/(2 MeV)

4350 4400
myy, p [IMeV]

4300

4250 4450

Data: LHCb, PRL122 (2019) 222001;
Fit: M.-L. Du, et al., PRL124 (2020) 072001

63

® Double-charm tetraquarks

"
‘
® 7;-D'Dr"

30 P e Scheme I: y?=0.79
i --- Scheme II: ;‘;2:0.74

- —— Scheme III: *‘2:0,71
% —== D**D°,D*D*thr
.g 200 Lie V... T BW massi
g + Background, Data: LHCb, Nature Phys.
T y 18 (2022) 751;
>

Fit: M.-L. Du et al.,
PRD105 (2022) 014024

Fripddy

3.877

3.87‘5
Mpopor+ [GeV]

3.873 3.874 3.876



Charm-strange mesons from chiral EFT and lattice QCD

® |n hadronic molecular model: D;°(2317)[DK], Dy, (2460)[D*K] EglrgriseISS'Z\S/eLb'tFZ’FZ'B(OZZBOiL(;’ae? aBl‘-e("Z%rgg)'_F_‘_‘.‘pp(2003);

® Chiral EFT for the scattering between charmed mesons and light pseudoscalar mesons

+ ..
/ N /s \ / N\ _ N
7/ N / N 7 N
» Parameters fixed from fitting to lattice QCD results > DK compositeness of D°(2317)
L. Liu, Orginos, FKG, Hanhart, MeiRner, PRD 86 (2013) 014508
2400f 0 Lol |
o375l Mass of D;°(2317) - ol |
2 o
S 2350¢F ¢ ¥ Physical mass I
= : ¢ L. Liuetal, PRD86(2013)014508 0.8
S 2325p 4 Mohler et al., PRL111(2013)222001
= ¢ Bali et al., PRD96(2017)074501 [ + +
2300¢ # HadSpec, JHEP02(2021)100 N 061
1 1 1 1 | .
'; —
(<]
= 007 2 0.4}
f 10! * @ Liuetal, PRD 87 (2013) 014508
| B Martinez Torres et al., JHEP 05 (2015) 153
& T ' 0.2r RQCD, PRD 96 (2017) 074501
120t A HadSpec, JHEP 02 (2021) 100
& | % Yangetal, PRL 128 (2022) 112001
= 1 | | | ‘ . 0.0
0 150 200 250 300 350 400 5

M, [MeV]



Charm-strange mesons from chiral EFT and lattice QCD

® More exoticstates:3Q®8=15P 6P 3

M.Albaladejo, P. Fernandez-Soler, FKG, J. Nieves, PLB 767 (2017) 465

repulsive attractive most
attractive

D*,(2317)

lower D}

2700
- Parameter free!
—~ 2600 [
fob) r
= 2500
R 2400 E
2300

2200 F

® Prediction of I = 0, DK virtual state confirmed by
lattice

2450

DK virtual state [MeV]

- DK threshold
Albaladejo et al., PLB 767 (2017) 465
UCHPT postdiction
HadSpec, JHEP 02 (2021) 100

2050

o e |

2000

M, =138 MeV M, =239 MeV M, =391 MeV
® Reasonable to expect D™K* to exist: T.5(2900)

talk by R. Molina

® Solutions to the two problems:

» Dg, and Dy as DK and D*K molecular states

» Consequence of heavy quark spin symmetry



Charm-strange mesons: smoking guns of molecular structure

® D!,(2317), D,1(2460): total width~ 100 keV

D" 7 D’ z D/D. 7 20
—x‘ L, —_—
\ - 7/ \ - / \ P,
KO K+ K/n
1807
I @ Faessler et al.,, PRD76(2007)014005
160 B @® Liuetal, PRD87(2013)014508
[ X.-Y. Guo, Heo, Lutz, PRD98(2018)014510
— 1 {> Godfrey, PLB568(2003)254
% 140 i ® Colangelo, De Fazio, PLB570(2003)180
ﬁ [ [l Bardeen, Eichten, Hill, PRD68(2003)054024 |
— 120¢ ]
o
& [
o 100¢
T [
~ 80¢ 4
—
3 I
= 60}
SN | .
= 40r Molecular picture Nonmolecular picture
20¢ m
[ & ®
0




Hadronic decays of D;,(2460)

M.-N. Tang, Y.-H. Lin, FKG, U.-G. Mei3ner, CTP 75 (2023) 055203

® Experimental measurements of Dy, (2460) ® Double-bump structure from
» D*K (triangle) loops .
I' (Ds1(2460)T — Dfntn~) ) 0.14+0.04 £0.02 > o S|
I (D81(246O)+ — D:+7T0) N 0.09 + 0.02 :EISO DK molecule

100

/ \\ compact

® D, (2460) - Dt~

dl/dmx

s | ""\\
> CHPT results S. Fajfer, A. Prapotnik Brdnik, PRD 92 (2015) 074047
().j%() ().35 ()4;1() 0.;15 0.50
9 Mgz [GeV)
' (D,1(2460)" — D nrn~) = 0.25(4)(7) (T3) keV & normalizing
D**(D*° / 7 . T
D} s ( ’n“m*)/' D7 1\'0(1\’*)/ /4{\:,\.;(,\..) 10 ! ’ ! )
. \ ’ D} D id-. . .
Both D, and D, were treated statically, so P-wave S~ Ry o _, solid: full; dashed: w/o mrt FS|
(a) (b) % g
happens between 7% and ™ o T = =
- 1 1 1 + // . \\ /;//+ } / 4 + \k
= I(m*m~) = 1, isospin breaking mo [T o T ] E
© () 5 .
v’ But isospin is conserved (!!) for P-wave between 3

D, and isoscalar ™
v' 1 FSI: region of f,(500) I'(Ds1(2460)" — Dfntn™)
I (Ds1(2460)t — D3 x0)

mol. 8



Charm-nonstrange mesons

® More exoticstates:3Q®8=15P 6P 3

M.Albaladejo, P. Fernandez-Soler, FKG, J. Nieves, PLB 767 (2017) 465

® Two D, states below 2.5 GeV instead of a single D;(2300)

van Beveren, Rupp (2003); Kolomeitsev, Lutz (2004); FKG et al.

most (2006); Albaladejo et al. (2017); Lutz et al. (2022); ...

attractive

attractive

repulsive
> coupled strongly to Dm, DK, respectively

» similar to the two-pole structure of A(1405)
Talks by J. Bulava, B. Cid-Mora, X.-L. Ren

D3 (2317

® Fits to LHCb data of B~ —» D~ 7~ with the Khuri-Treiman equation: using S-wave DT scattering phase from

UCHPT (x¥2/d.o.f. = 1.2) and from BW (¥?/d.o.f. =2.0)  M-L Duetal, PRL126 (2021) 192001
x10° x10°
= 6 6 x10% 04k
0.5¢ 1 0.15}
$ 583 ‘
—~ 04} § *§§é ; ] 0.10F + *}**+++{ ,\0‘3‘ j
z i ¢ z * '} z § Data on more B decays consistent
g 03 g 0% : 8 % r : .
5 vt 2 . /,}f}"* A P 4 with two D poles analyzed in
7 o2} S 000 “oaf 7~ ]
“l s i) #»’ . . ”ns‘ M.-L. Du et al., PRD 98 (2018) 094018; M.-L.
| -0.05F LS FE S
'R . . . : Sl A . | oof FeEeEET . . Du, FKG, U.-G. MeiRner, PRD 99 (2019) 114002
2100 2200 2300 2400 2100 2200 2300 2400 2100 2200 2300 2400
Mp: - [MeV] Mp: 5~ [MeV] Mp- = [MeV]

Data: LHCb, PRD 94 (2016) 072001
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Charm-nonstrange mesons

DB (2300) I(JP)=1/2(0")

was Dj;(2400)

There is a strong evidence that recent data on B — Daw (AAl] 2015Y, AAI) 2016AH) and B - DK
(AAI) 2014BH, AAIJ 2015V, AAIJ 2015X) call for two poles in the scalar I = 1/2 7D amplitude in this
mass range. The data are consistent with a lower pole at (2105 fg) — (102 fig) MeV and a higher
pole at (2451 fgg — i(134 “_Lg) MeV (DU 2018A, DU 2019, DU 2021 ). For details see review on
"Heavy Non-gq Mesons."

Independent analyses of data from other groups are called for!!

10



(Near-)threshold structures

® (Near-)threshold structures (S-wave)
v" Two-channel NREFT at LO: nontrivial (near-)threshold structures for attractive S-wave interaction

v' Peak more pronounced for heavier hadrons and stronger interaction

X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001
A A A A A ’ ’ ,
VMX + Vi Vii * Vi3 a1t

Expanding around the higher threshold, E is small

—i1
T(E) =8r% <_a_11+ik1 I )
= OTT 2.2 1 1 -
v —E—\/—Q/J,QE—’LE
__ 8% (G4 VRmE i oo det = (5 —ik1) (& + V2B — i) - &
det oy s k)

» Similar to the NREFT in T. Cohen, B. Gelman, U. van Kolck, PLB 588 (2004) 57
> Difference: here lower channel can be relativistic

11
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(Near-)threshold structures

> Structures are process dependent X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001

v’ Universality of a dip in Ty, for large scattering length in the higher channel

Pole only One pole and one zero

—8mo 1 L -1 - (L s )
Tu(E) = aiz(1/ary —iky) [a22,eﬁ mivEeht O(E)] 711 (E) = 8mdo @ — W22k
! (L — ’ﬂ) [1 — W2k + 0(E>]
Tys(E) = -8 [ L iomE + (’)(E)]
Yo | 422 cff
N L0 morm
1.4} 2:DD* | Lal ap=3fm ] < . @<
T N§ ....... gy = — 3 fm i by
Py L 1.2y 5 1.2} o an=ap=08fm | 1 |
< 1.0} j N |
N%N 0.8 | - i Poles in complex
E:‘; 0.6 ' § momentum plane:
o4l £ (—0.08 — i0.37)GeV
sk - (—0.08 — i0.04)GeV
- (—0.08 — i0.09)GeV
.05

Distinct line shapes of amplitudes in the same coupled channels with the same poles .



Example of dips

sf————————— F AR
o — |1y | : =7 ,'{
_ KK cxictermm ] e [Ty | : 7= KK 'l'
® In S-wave r-KK system | I it
—:— K* K~ threshold ," }
1o
31 III Il\
/I !\\
2F /II I[ \\\
T-matrix elements from P e
L.-Y. Dai, M. R. Pennington, PRD 90 (2014) 036004 1} " = :
———_ ______ | ..........
0 hosmss (—).—4~— 0.6 0.8 1.0
+ E [GeV]
> f,(980)in]/Y - pn ™
0 —
3
g 5 (d
S 400 2|
E Esoo I C
§ ‘-500> i
= 200 00| | &
o 300 \ |
Driving channel: KK 200} W / 0 .
o bud i | Driving channel: Tt
05 1 15 2 J/ - GKR — ¢t 100 1
+_- 2 e
M) (GeV/) o4 06 08 1 12 14, ]/l/) - WTTT — CU7T+7T_
M( *1')(Gev/c?)

BES, PLB 607 (2005) 243
BES, PLB 598 (2004) 149

13
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Example of dips

> S-wave X — X scattering > X(3872)inete” - J/Yyntn~?
bc
' b
1.0 <
v}
tJ
[N
=
=
(g 0.5
(<&
o5 BESIII, PRD 107 (2023) 032007
Q N
0.0 < 20r
\g T S ]
o 151 ?
J. Bulava et al. [BaSc], arXiv:2307.10413; arXiv:2307.13471; ' C ' {
talks by J. Bulava and B. Cid-Mora T 10F :
QT 5
o N :
© 5 §
:l | T TR TR NN SR ST S S 1: PR I T S T |

0 1 1 1 1
3800 3820 3840 3860 3880 3900
Center-of-Mass Energy / MeV

14



Example of dips

» S-wave mX — mX scattering

1.01
i
(g 0.5
(=&

0.0+

J. Bulava et al. [BaSc], arXiv:2307.10413; arXiv:2307.13471;
talks by J. Bulava and B. Cid-Mora

X(3872)ineTe” » J/YynTa~?

(oaem-q) 0

++1
nIr

ole*e”—m*nJ/y) (pb)

20.0

17.5

15.0

12.5

10.0

® BESIII data
Fit w/ a2 «1=(—6.39+11.74) fm

3820 3840 3860 3880 3900
c.m. energy (MeV)

15



Attractive hadron pairs: Hidden-charm mesons w/ P = +

X.-K. Dong, FKG, B.-S. Zou, Prog. Phys. 41 (2021) 65

pound e (1L, 8) = (0,0) n.b, | ¥ Model here: light-vector exchanges, single channel, no
s1l - Dabe | mixing
- - - DDy _
v X(3872) as a DD* bound state
5.0} 1 v X(3872) compass, PLB783(2018)334
D,D, v DD bound state predicted in models c.-v\Wong (2004); Y-J.Zhang et
4.9t - - - - - DDy - al. (2006); Gamermann et al. (2007); Nieves, Valderrama (2012); ...
- - - - - - D\D, by one lattice group Prelovsek et al., JHEP2106,035
S 48] 1 but not by HadSpec, arxiv:2309.14070; arXiv:2309.14071; talk by D. Wilson
o] = m ) T . —
= S D; D; v X(3960)inB* - DID;K*
' o 50 1
= ) ) —— Best fit
4.1 S D,D; 40 ¢ LHCb data
D*D ] Data from LHCb, PRL 131 (2023)
401 - - - &2 307 071901
DSD = ]
3.9} ; ~ ] & 20 1 Fit in
' &872’ e bp ] T. Ji, X-K. Dong, M. Albaladejo, M.-L.
sal ] 104 Du, FKG, J. Nieves, B.-S. Zou, Sci.
‘ ) ] Bull. 68 (2023) 2056
DD 0 |T | ) ; . ( )
3.7t - b 3950 4050 4150 4250
o+t 1+ 1+~ 9+ 9+- 3++ 3+- 4+t ijD; (NIGV)

pole at 3936.5705 +i (16.1753) MeV 16
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Hidden-charm mesons: P = —

ot 1(1,8) = (0,0 0:0; v Y (4260 4230) as a DD, bound state
] — L O o ) (4260)/(4230) .
= . v Y(4360), (4415): "Dy, D*D,?
" - == e v Evidence for 1=~ A A, bound state in BESIII data
L - C ::  Sommerfeld factor
5.2} N N ;:“ ° ll\lear—'threslhold‘pole'
I - |
B BN e
ol .. I N .. ] m “t - MN*%W'““} ________________
0 i, H 5t g |

Data taken from BESIII, PRL

m (GeV)
o
[ |

X
Exotic = oo} | o e |l 120(2018) 132001;
4.81 ]PC 0 , ’ “- 1/ag = — 150 110i MeV See also Q.-F. Cao et al., PRD
== 1/ag= —130 — 50i MeV ]
et 100 (2019) 054040
A DDy L . - - . :
| — — I [— I [ — D“* D 0 4575 4580 4585 4590 4595 4600
N BN B e . S Re E (MeV)
4.61 AA, F
[ ] D, L e'e’ — AlA;
B . g”g“‘ L ""T -+ BESII 2023
N 59 Dlz a0k < BESIII 2018
= R i <~ Belle
;' - ': B (S N B e o % N Threshold
of [ BN BN N B . ] T | }
I I — DD, 2000~ BIT¢0e o] o
: : B e D, - X ) JF Updated BESIII results,
i I | N i {» + <H, arXiv:2307.07316
a2} : : L ] T I
0ot 0 g 1* 1 27+ 2- 3=+ 3=- s (GeV) 17




B

1(4230) as a D; D molecular state

L. von Detten, C. Hanhart, V. Baru, arXiv:2309.11970

B & :
801 J/Wnmn D1D ———- Box --—- Y(4230) CT DD n I
' ---- Triangle 400/ ~--- D1(2420) d-wave :
60 1 ---- Y(4230)CT ---- Y(4160) CT
= —— Total oy — Total
=40 data BES IIl | S 500 R-scan data
o © XYZ data
20 N
—_— o_ =SS S==E=====
0 : . | | | . il |
410 4.15 420 425 430 435 440 4.45 450 4.05 4.10 4.15 4.20 4.25 4.30 4.35
JT IGa\1 Vs [GeV]
100 1 : ,
XcoW 1 ---- Triangle ---- Triangle
80 1 : Y(4230) CT ---- Y(4230) CT
W(4160) CT ---- (4160) CT
. 601 Total —— Total
g data I data
o 401
20
_____________ I
01 H -1 T T ————— e mean e
410 415 420 425 430 435 440 445 450 410 415 420 425 430 435 440 445 4.50
Vs [GeV] VS [GeV]
0.61 X(3872)V ---- Triange 0,20 Il+ll_ ---- Interference
---- (4160) CT : ---- WY(4160)
—— Total ---- Y(4230)
= 0.151
0.4 I data 2 ! — Total
8 g ; I | data
S &
0.2 !
o)
0.0 - S B “T~~--
: : : - : : : : : —-0.05 : - - . ; - -
410 4.15 420 425 430 435 440 445 450 414 416 418 420 422 424 426  4.28
Vs [GeV] Vs [GeV]
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Closer IOOk at the O__ State T. Ji, X.-K. Dong, FKG, B.-S. Zou, PRL 129 (2022) 102002

® EFT prediction of an exotic 0~ spin partner 1,(4360) [D*D,] of ¥(4230),y(4360), ¥ (4415) as DD,,D*D,,D*D,
hadronic molecules: consequence of heavy quark spin symmetry

® Robust against the inclusion of coupled channels and three-body effects ©

PC
4230 (DD, —DD;) 1 67 + 15 S L , o < b,
NG 17 o — : T
NGEON 5 (0Di—D'D) 1= 449 62114 ™ i
T
CBBY =00 =DD;) 17 a7 49+4 R SN
L DD + b pr D DD be
\/_E(D Dy +D*D,) 0™~ 4429 63 +18 ! !

08l

® May be searched for usingete™ — Y1,y = J/Yn,DD*,D*D*x, ...

(=]
(=)}

2 5
»
—_—_

M = (4366 + 18) MeV,
['<10 MeV

=
(&)

do /dcos @ (arbitrary units)

=
o

19
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Hidden-charm pentaquarks

4.70F
4.65F
4.60F

_455F

>

]

O 4.50}
4.45F
4.40F
4.35F

4.30¢

(1,5) =(1/2,0)

I bound virtual
i D
I = = -]
3 D'y,
[ esssmmemmm P, (4457)
I e P, (4440)
C ¥5)3),
L R
3 b2)38
[ e p (4312)
[ 1/2- 3/2° 5/2~
(,5) =(,1)
bound virtual
D*EX
iaiisaasy) | |
D*EI
e frte) £
DE;
. _
D*=,
|| || D’:/
] P(?S ¢
D=,
— ]
1/2~ 3/2° 5/2-

5.00

4.98

4.96

1 5 4.94}

_: o 4.92

4.90

4.88

4.86

5.15|

5.10F

m (GeV)
@]
o
()

4.90

4.85¢

(1,5) = (1/2,0)

—TT

bound virtual B
+ - - - D%
H H B N
-_ DX}
[ 1 [ )
L D»Y.
; ] tl
r Dz,
£ c
[o1/27 3/2+ 5/27F 7/27F
(,8) = (0,1)
bound virtual
D2E:
""""" || 1. — 1N J
D=t
[ £ [ g
DQZ{
|- -
[ [
D,ZE,
[ [
— — 1=¢
1/2% 3/2% 5/2% T/2F

v' P. states as 5(*)22*) molecules
v" The LHCb data can be well described in a

pionful EFT

M.-L. Du et al., PRL 124 (2020) 072001; JHEP 08 (2021) 157

X.-K. Dong, FKG, B.-S. Zou, Prog. Phys. 41 (2021) 65

(1
Cont.+OPE
Data: LHCb

1200

1000}
800/

600}

1111111

Weighted candidates/(2 MeV)

4001

L E e

v P..(4338): DE,. molecular state

4250 4300 4350 4400 4450
v' P..(4459): 2 D*E, molecular states
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Double-charm tetraquarks and dibaryons

X.-K. Dong, FKG, B.-S. Zou, CTP 73 (2021) 125201

(1,S,B) = (0,0,0) (1,B) = (0,2)
bound vwal bound virtual oo 1 ¥ T,(3875) as D*D molecule
DDy =T ]| : :
— — St - 1 v The LHCb data can be well described in a
4.9t DD, A : 518! pionful EFT w/ 3-body effects
I D, D, 52 — ] . .
— 2L © 1 @ Tropoport
. —_— 301 i ------ Scheme I: ;%2:0.79
4.8+ 7 — Se=e i --- Scheme II: *2:0.74
P> L % 5.1 . — i1 | — Schemelll: \*=071
[ pp* | £ — 1 % f| 1 == D**D° DD thr
% R — E SeSe '; 20 i i ...... Tmf BW massi
O 4 0 - T T S — . E*z* o . : ______ Background:
St i - c “e¢ @
£ 5.0 i 3
e £ 10}
S >
g | B
DD 2,5, : S —
4.91 - ] oldtg L o
. 3.873 3874 3875 3876 3.877
381 1+ 2+ 3+ 7 ot 1t 2+ a3t AJD“D“W' [GeV]

M.-L. Du et al., PRD 105 (2022) 014024

v" There is an isoscalar DD* molecular state
v' It has a spin partner 17 D*D* state

v' Many (> 100) other similar double-charm molecular states in other sectors
21



Three-body effects

@® Lattice results on scattering often analyzed using ERE, convergence radius could be significantly reduced by
three-body effects
> left-hand cut A. Raposo, M. Hansen, PoS Lattice2022, 051; S. Dawid et al., PRD 108 (2023) 034016; M.-L. Du et al., PRL 131 (2023) 131903
» zero of amplitude > zero of amplitude for 3-body system known before for nd, n-

one-neutron-halo (1Be, 1°C, ...) scattering

W.T.H. van Qers, J.D. Seagrave, PLB 24 (1967) 562; M. T. Yamashita, T. Frederico, L. Tomio,
PLB 670 (2008) 49; X. Zhang et al., PRC 108 (2023) 044304...
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Fit: M.-L. Du et al., PRL 131 (2023) 131903



Conclusion

® Near-threshold structures can be analyzed with hadronic EFT

® EFT + |lattice + precise measurements => new insights into hadron spectroscopy
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