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Physics of multiquark states
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—Iienaissance of hadron spectroscopy in 2003
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Charm-strange mesons

e D?,(2317) BaBar (2003)
JP=0%, I'< 3.8 MeV

e D,1(2460) cLEO (2003)
JP=1% T< 3.5 MeV

® no isospin partner
observed, tiny widths
= J =i

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

» Naturalness problem: Why Mp_ (2460) — MD;0(2317) ~ Mp+«+ — Mp+ ?

"

(141.840.8) MeV

(140.67-+0.08) MeV

ignal for Dy1(2460) in BaBar (2003)
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Peaks and dips (some LHCb data)

Fig. from X.-K. Dong, FKG, B.-S. Zou, arXiv:2101.01021;
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Data: LHCb, PRL122 (2019) 222001;
Fit: M.-L. Du, et al., PRL 124 (2020) 072001
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TVIany hidden-charm thresholds above 4 GeV
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oo Thresholds can play an essential role
» Complicates extraction of resonance properties! Measurements on various

final states are important

3000 4.(S) Reliable amplitude analysis lays the foundation to answer important questions

0"(0™) 07(17) » How do quarks and gluons form hadrons?

See also talk by Q. Zhao 4



Multiquark states

® How is energy excited inside a hadron:
O Radial excitations?
O Excitation of light quark-antiquark pairs = compact multiquarks?

O Hadron-hadron pairs? In the form of hadronic molecules

» Implication of confinement (large-size systems in favor of color-singlet

clusters)? hadronic molecule ~ compact tetraquark

» More and more molecular candidates have been observed (see below)

O If compact multiquarks exist too, why are the extended molecules so easily produced?

® Crucial quantity for near-threshold states: compositeness X, well-defined for S-wave loosely bound state; can

be expressed in terms of low-energy observables

S. Weinberg (1965); V. Baru et al. (2004); T. Hyodo et al. (2012); F. Aceti, E. Oset (2012); Z.-H. Guo, J. Oller (2016); I. Matuschek et al. (2021); J. Song et al.
(2022); M. Albaladejo, J. Nieves (2022) ; Y. Li, FKG, J.-Y. Pang, J.-J. Wu, PRD 105 (2022) L071502 ...

- Scattering phase shift
1 [  §(EB)
X~1-— — | dE——2_) €e]o0,1
e (1 [Tap L) o
binding energy




How thresholds affect line shapes
X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001
Extension: classification of 2-channel near-threshold structures,

® (Near-)threshold structures (S-wave) Z.-H. Zhang, FKG, PLB 863 (2025) 139387

» Nonrelativistic EFT at LO: nontrivial (near-)threshold structures for attractive S-wave interaction

» Either threshold cusp or below-threshold peak

» Peak more pronounced for heavier hadrons and stronger interaction (= hadronic molecules)
v’ That’s why many (near-)threshold structures were observed in hidden-charm spectra

» Structures are process (production-mechanism) dependent
v" Universality of a dip of |T;;| when the higher channel has a large scattering length
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Distinct line shapes of amplitudes in the same coupled channels with the same poles 6



Survey Of hadronic mOIECUIeS X.-K. Dong, FKG, B.-S. Zou, Progr. Phys. 41 (2021) 65 [arXiv:2101.01021];

Commun. Theor. Phys. 73 (2021) 125201

— bouns virtual - v" Approximations: light-vector exchanges, single channel, no
I m— R — - D.«zD.«z o
A . | aDe | mixing
-D.«lel

""""""""" . » >200 hidden-charm + >100 double-charm molecules

5.0( P = + charmonium-like 1 v/ X(3872) as a DD* bound state First predicted in Térnquist (1993)
— a— D:D, Some open questions (debates):
491 D, D,
O Are radiative decays (— sensitive to the structure?
H B Bl B DD, ys (= ¥y)
- E. Swanson, PLB 598 (2004) 297;
@4-8;: 1 FKG et al., PLB 742 (2015) 394
E42- - R p:0: 1 O What can be learned from its production in heavy-ion
' collisions? S. Cho et al., PRL 106 (2011) 212001;
a1l DD H. Zhang et al., PRL 126 (2021) 012301;
_— - DD B. Chen et al., PRC 105 (2022) 054901;
4.0¢ 5 N P E. Braaten et al., PRL 134 (2025) 252301; ...
L ~ ' 1¥ DD bound state
. X(3872) X(3872) DD*
Lol = 1 Conflicting lattice QCD results, what is the reason?
— DD v Near-threshold bound state S.Prelovsek et al., JHEP 06 (2021) 035
3.7F ]

0++ 1t 1 9+t 2t A A X No near-threshold state  D.Wilson et al., PRL 132 (2024) 241901
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Survey of hadronic molecules: hidden-charm pentaquarks
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v" The LHCb data can be well described with
a chiral EFT  M.-L Duetal,, JHEP 08 (2021) 157
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Closer look at X(3872): Isospin-1 partner?

® |sospin-1 partner of X(3872) was predicted in the compact tetraguark model
L. Maiani, F. Piccinini, A.D. Polosa, V. Riquer, PRD 71 (2004) 014028

® No signal in the charged channel so far ~ ® Nosignalaroundthe T """
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Closer IOOk Into X(3 872) Z-H. Zhang, T. Ji, X.-K. Dong, FKG et al., JHEP 08 (2025) 130

® Chiral EFT for the JP¢ = 1% DD* interaction with three-body effects. Two low-energy constants at LO

® Two inputs from X (3872) properties :

» Mass
My = 3871.69+3:00+0.05)\jay;  LHCb, PRD 102 (2020) 092005
Mpo + Mp+0 = 3871.69(7) MeV oG 2024
» Isospin breaking in decays LHCb, PRD 108 (2023) L011103
M . 0
Ry = |~ 2G87D2I/P7 1 _ 399 + 0,04
MX(3872)—>]/1,D(U

® Prediction: there must exist an isovector J°¢ = 117 state (I/I/C(i’ir

i — |Tu(B)| }

i .
! | X(3872) contribution | » Virtual state
103 | ! - [T (E)] substracted !
— = |Tn(E)]|

(like the 'S, NN)
» Threshold cusps
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> W:
—87%2 MeV from
i D°D*~ threshold
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(v Support from lattice QCD
M. Sadl et al., PRD 111 (2025) 054513
DD* scattering (J/vp, neap excl.): C =+
e T{* Np=24, D(0)D*(0)
T\"", N =32, D(0)D*(0)

1.5 | e Ty, Np=32 D)D(1)¢=0 }
A3, N =24, D(0)D*(1)

A}, Ny =32, D(0)D*(1)

ka cot 9

—0.01 0.00 0.01 0.02 0.03 0.04
(ka)?

JPC  interpolators 1/ao [fm™!] 7o [fm] x?/Naot Amy [MeV]

1+~ all 0.4615715 0.967075 013  -3.013°,
nep excl. 0541327 2.2310%: 0.24 2877
1+t all 0.62753% 17813% 018 -3.838

J/¥p, neao excl. 0.963582 2197938 0.15 —6.7287,

@ Uncertaintv is so large that it is unbounded from below.

v" Also in one-boson exchange model
X.-X. Chen, Z.-M. Ding, J. He, PRD 111 (2025) 114008

\.
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Eombined analysis of BESIIl + LHCb data w/ chiral EFT

Teng Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. Meil3ner, arXiv:2502.04458

® X(3872) line shapes = X(3872) + possible W, (3880)"

® 717t invariant mass distribution = isospin breaking, informationon [ = 1
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—Eombined analysis of BESIIl + LHCb data w/ chiral EFT
6
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Implications of the existence of W ;(3880) ;

® I/, (3880)° signal should be strongerin B® — K°[D°D%%Y, J /ym*m~] decays, to be checked @ LHCb, Belle I
10 5

8 T A 1] Background
l / 4 Belle data B

] Tk —— Total
3 [\ — = X(3872)

Events/(2 MeV)

d Br[J/yrr]/dE [Arbitary unit

DtD*~ @ pOp*0 . !
] 1_
21 ]
0'- 0_'
3.87 3.88 3.89 3.90 3.85 3.860 3.87 3.88 3.89 3.90

M O[O0 [GeV] Myt r- [GGV]

® Cusp at D*D*?/D** DO threshold in J /Y En®

1200 —— Bx =180 keV

1T (E+ )l

07 | . | | | | | Z.-H. Zhang et al., JHEP 08 (2024) 130
-20 -15 -10 -5 0 5 10 15 20
E. [MeV]

® Compact tetraquarks (maiani et al. (2005)) cannot be virtual states as they do not feel the thresholds
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Structures in double-J /¢ distributions

Events

Events

Events

—— 2-channel fit
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§ LHCb data
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85 9.
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—e Myt myes)
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1 CMS data

—— 2-channel fit

= Myt Mys)
Fit range

§ ATLAS data

Y-L. Song et al., PRD 111 (2025) 034038 [updating analysis from X.-K. Dong et al., PRL 126 (2021) 132001]

175 1

—— 3-channel fit 1
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Mg + M) fear
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® Threshold effects could be important

® Two minimal coupled-channel models:

QJ/] /g /by’

Q /W] /-] /'] [y

100
----- 2-channel fit
—— 3-channel fit 1 with b= 1.7
=== 3-channel fit 2 with b= 2.0
80 -
=t My My(3770)
Fit range
L ATLAS data
, 60
b .
=]
o 5
[5 H
4044 |
201} ;

Mippyes) [GeV]

Data:

LHCb, Sci.Bull. 65 (2020) 1983;
CMS, PRL 132 (2024) 111901;
ATLAS, PRL 131 (2023) 151902
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Structures in double-J /¢ distributions

® Pole content (resonances) depend on the amplitude model BT RN TS7e e Rt laalaati VR W AR e g A e B E VRS
O A pole near 6.2 GeV
[ A pole near 6.9 GeV (location depends on model)

[ The one near 6.6 GeV exists only in the 2-channel model

T

0.3} i ] i ! ! i i I T i L 0.0 :
. * :Pole on RS, . . i 200 | * PoleonRS. || | @ LowerpoleonRS_, . 0 ® M420 Linear fit
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- tow;r pol;e on RS, : 06l i. Higher pole %)niRS L i igher poi in . x M250 Linear fit ’_%_‘
ol . el i | . [ . [
0.2 : _;(fe i;r;ose R '« : L : L ~0.2} # ATLAS 2023 model-A
o ! , , — : 17.5 03l : : : | : : : | * ATLAS 2023 model-B
— . i 0.01} 1 i 1 — ’ i i i i . |
= ! f i S : : : ‘ : : l 30 %_04_n CMS 2023 no interference Run 2
&) 0.0 i : I 15.0 8 i i i i <) “| ® CMS 2025 interference Run 2+3 — %
— . —q—o,oo i : = 0.0 |- i - i =
&3 ] | i g ! P ! Ny =
£ i i | I i e E o6
~ -0.1¢ ! -0.01} i ] ! ] 125 = 0.3 : L : L a7
| 1 1 1 h | —0. ! o o —
i 6.14 6.16 6.18 620 i ! L ! L 20
-02} : : " 10.0 : : : : : : 08 [
i i ° _osl | B | N ] Lattice QCD
| . | 3ichannel fit1 | | 3<channel fit2 | |
—0.31 ! | i i i i
L = = = = = S F— L L H L L F— L PR L L 10 _ 1 1 1 " 1
62 63 64 65 66 6.7 638 6.25 6.50 6.75 7.00 7.25 6.25 6.50 6.75 7.00 7.25 140 0.1 0.2 03 0.4 0.5 0.6
Re E [GeV] v/ |Res;]| Re E [GeV] Re E [GeV] v |Res;| Re(~/s)-2my, (GeV)

® Lattice QCD results with M = 250,420 MeV Li, C. Shi, Y. Chen, W. Sun, arXiv:2505.23220; arXiv: 2505.24213
O A 21" resonance around 6.54 GeV

O A 0% double-J /4 virtual state 30-40 MeV below threshold -



Summary

® Multiquark candidates offer the opportunity to gain deep insights into confinement
® General rules for (near-)threshold structures
» S-wave attraction, more prominent for heavier particles and stronger attraction
» Pole behavior: distinct line shapes depending on reaction mechanism
» Universality for the presence of a dip in certain line shapes
® Large number of hadronic molecular candidates

® Amplitude analyses with coupled-channel formalisms

O Chiral EFT: prediction of an isovector partner of X(3872): Wi’o as virtual states
O Model: double-J /i distributions, full-charm tetraquarks

Thank you for your attention!
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Distinct line shapes of the same pole

51 F]
® Example-1: £o(980) - et i N
A --- |Ty|: KK—KK ,"_f. P
. ey —-— K* K- thresho! I
O T-matrix for 7w and KK L e [ S
° i 0 400
coupled channels 40 g
2t A S
with the T-matrix from B s
L.-Y. Dai, M. R. Pennington, : 200
PRD 90 (2014) 036004 N o ’ - s _
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Charm-strange mesons from chiral EFT and lattice QCD

7 ppvyrs 0SS

® 5U(3) structures differ from quark model! ® Prediction of I = 0, DK virtual state confirmed by
More exotic states: 3® 8 =15@ 6 D 3 lattice QCD
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— . ® Solutions to the two problems:
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Charm-strange mesons: smoking guns of molecular structure

® D!,(2317), D,1(2460): total width~ 100 keV
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> BESIIl measured Br(DJy —» D,m%) =~ 100%

width still not measured!

Universality of kaonic interaction with isospin-1/2 matter fields
= a whole family of kaonic bound states!
v' A(1405), K-nucleus bound states, ...
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Molecular line shapes at LO ik

. 1 bound state pole
® Scattering length approx.: p cotd = - + - k- ik
® Poles: bound or virtual state (k = 1/|al) 0 Rek  FKG, etal.,, RMP 90 (2018) 015004;

O d and vi | hardlv be disti <hed thr. sl state ool N. Brambilla et al., Phys.Rept. 873 (2020) 1
Bound and virtual state can hardly be distinguishe fvinual state pole line shapes w/ phase space;
above threshold (E > 0) one unstable constituent:
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Other properties of X(3872)

Teng Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. Meil3ner, arXiv:2502.04458 % 1978 Q

® Width (twice of the imaginary part of the pole): 250125722 keV

[ Branching fractions computed using the method in LA Heuser, G. Chanturia, FKG, C. Hanhart, M. Hoferichter, B. Kubis,
EPJC 84 (2024) 599

Mode | DYDVzY | DDV~ | J/opntn~ | J/ypnTn— 7" | others
BR(%) | 4173 | 2242 517 1675 16 + 2

X | = 0.26(2)
9X]/bw

® |sospin breaking ratio Ry =

-

Results updated
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