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Charmonia and charmonium-like states
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M|aaen-charm thresholds above 4 GeV
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From spectroscopy to confinement

® How is energy excited inside a hadron:

[0 Radial excitations?

O Excitation of light quark-antiquark pairs = compact multiquarks?

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

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

clusters)?

les

N

hadronic molecule compact tetraquark

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

» Possible unambiguous non-mol. multiquark: [QQ]qq at my — oo, ~ 0qq; but is bottom heavy enough?

1/rbb ~ mb2a5/3~1 GeV

® 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 ...
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Hidden-charm molecules: P = — XK. Dong, FKG, B.-5. Zou, Progr. Phys. 41 (2021 65
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Vector structures

S.X. Nakamura, X.-H. Li, H.-P. Peng, Z.-T. Sun, X.-R. Zhou, PRD 112 (2025) 054027

® Most sophisticated coupled-channel analysis of vector structures: 20 channels, more than 200 parameters
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Vector structures

® \Vector poles:

Im E,, (MeV)

® Molecular vec.

Im E,, (MeV)

S.X. Nakamura, X.-H. Li, H.-P. Peng, Z.-T. Sun, X.-R. Zhou, PRD 112 (2025) 054027

Re E,, (MeV)
3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700
‘ ‘ . . . . . . .
0 !
R(3760) w(3770) .
i
42
20 | % L w(4230)
] i}
’} w(4415
wol 1 f
W(4160)
I w(4040) ; W(4660)
-60 |- | {“
f i ;
4360)
-80 - G(3900)
-100
DD D'D DD, DD D;D DD} DD DD D,D* D;D* Dy D, AA,

poles: pole trajector

ies switching on couplings to charmonia

AT

Re E,, (MeV)

3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700

.| | ;

w(4040) ‘ 4
20 1 R(3760)
.40 +
50| I » G(3900) as a P-wave molecular resonance
G(3900) V360
80| Z-Y. Lin, J.-Z. Wang, J.-B. Cheng, L. Meng, S.-L. Zhu,
PRL 133 (2025) 241903
-100 — — — — — — — — . — 6
DD D'D DD, D'D" DD D;D; DD D;D D\D"D,D" DD, AA,



Vector structures
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L. von Detten, V. Baru, C. Hanhart, Q. Wang, D. Winney, Q. Zhao, PRD 109 (2024) 116002
® Another analysis focusing on 4.2 —4.35 GeV: no Y(4320) needed
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Vector structures

Topic

Energy range

Channels
included

Dynamical
picture

What is “one
Y7"

Pole counting
around 4.2-4.4

2741866 (Nakamura et al.; global DCC)
Broad: 1/s = 3.75-4.7 GeV

“Global” set of quasi-2-body channels in JC = 177, including
DWD®, Dy ,D®, DD, T /9pn®, wxeo, AcAe, plus
effective channels like foJ /v, Z,, ...

Dynamical coupled-channel (DCC) model with bare v states +
short-range open-charm interactions that can generate
hadron-molecule poles; approximate 3-body unitarity

In practice: multiple nearby poles can interfere differently in
different channels — process-dependent “Y” line shapes

Reports multiple poles; they explicitly state “4 poles with M ~
4.23 GeV, and 2 poles with M ~ 4.38 GeV” (Table lll entries
cluster as M = 4192, 4216, 4229, 4308 MeV and M = 4346,
4390 MeV)

2755412 (von Detten et al.; focused molecular fit)

Focused: y/s = 4.2-4.35 GeV

Exactly 8 production channels in 4.2-4.35: D’ D*~,
J /Y7, J/Y KK, herm, ptp™, xow, J /1vn, X(3872)y

Start from the hypothesis Y'(4230) ~ D;.D molecule;
enforce unitarity constraints in the production/FSI machinery
and include 7/ K K FSI; needs interference with 1(4160)

In 4.2-4.35 GeV: one exotic pole (plus 1(4160) as a known
charmonium) can describe all channels consistently

Extracts a single Y (4230) pole ,/Spole = (4227 £ 4) —
%(50fg) MeV (in that window) and does not require an
additional Y (4320)-like pole

Practical takeaway for slides: 2741866 is a “global, many-channel DCC” view that naturally produces multiple poles and emphasizes process

dependence; 2755412 is a “targeted multi-channel EFT/FSI” view arguing that in 4.2-4.35 GeV the data are already consistent with one exotic vector pole
(plus ¢(4160)) once interference and FSI are treated carefully.




Most sophisticated analysis of Z,.(3900)

Y.-H. Chen, M-L. Du, FKG, SCPMA 67 (2024) 291011
® Take into account: DD*-] /ym FSI (Z.(3900) lives here), triangle singularities, mm — KK FSI with left-hand
cuts (from triangles & Z,.)
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Hidden-charm molecules: P = +
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X.-K. Dong, FKG, B.-S. Zou, Progr. Phys. 41 (2021) 65

v X(3872) as a DD* bound state First predicted in Tornqvist (1993)
Some open questions (debates):

O Can radiative decays (— yy) be used to exclude mol.?

E. Swanson, PLB 598 (2004) 297;
No! FKG et al., PLB 742 (2015) 394

0 What can be learned from its production in heavy-ion
S.Cho et al.,, PRL 106 (2011) 212001;

H. Zhang et al., PRL 126 (2021) 012301;

B. Chen et al., PRC 105 (2022) 054901;

E. Braaten et al., PRL 134 (2025) 252301; ...

collisions?

1 v DD bound state

Conflicting lattice QCD results, what is the reason?
v Near-threshold bound state s.prelovsek et al., JHEP 06 (2021) 035

X No near-threshold state  p.wilson et al., PRL 132 (2024) 241901
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Lattice results for P = +

S.Prelovsek et al., JHEP 06,(2021) 035
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Interplay of hadronic molecules and charmonia

@ 0t+: DD — DD, — x.0(2P)
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Interplay of hadronic molecules and charmonia

@1+t 2t++.
[ Essential feature of two-level mixing of Hermitian systems: levels pushed apart

» Effective attraction to the lower, effective repulsion to the upper

8 o sa18]  xer(4010)? 5% 2+
| orerere—————— >
= 3.87 O 4.121 _
%386 ---= mp+mp- Ié:‘ 406’_—/// D*D*
< 3.85( 77 X@smlexp] 4.001 Xc1(4010)
~1.00 o 0.0 = A=05 Gev 23P;(3.95) -
5 0.974 3006 0 23p,(3.98)
8 1 =0.5 Ge = 1
“osrl e e — X2 (3930)
0.2 0.4 0.6 0.2 0.4 0.6 —.
d’ [fm1/2] d’ [fml/Z] DD X(3872)

Xc1(4010): LHCb, PRL 133 (2024) 131902

® Similar results (one more state in addition to X(3872)) for 17 obtained, e.g.,
O Lattice QCD: ~ 4.0 GeV H.7 Li, C.-J. Shi, Y. Chen, M. Gong, J.-Z. Liang, Z-F. Liu, arXiv:2402.14541

[d Boson-exchange model + bare charmonia: ~ 3.96 GeV G.J. wang, 7. Yang, J.-J. Wu, M. Oka, S--L. Zhu, Sci.Bull. 69 (2024) 2855
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Some results from Born-Oppenheimer method

N. Brambilla, A. Mohapatra, T. Scirpa, A. Vairo, PRL 135 (2025) 131902

® Solve Schrodinger equation for cc in a BO potential (QCD static energy of light dof in the presence of static
heavy sources separated by a distance)

Repulsive Coulomb (color octet), quenched lattice parametrization ol Spin avg. Spin splitting
100/||||||| I]’(,'
j 123 I s
0.75f 25f 01L DD
1n, ' o++
0.50 13}, Ens. D200, Bulava et al. [ _ =
S exchange parametrization O [ {1*=, (0,1,2)*%} D
9 0.00f : [ e (3872) = 117
> : : -0.1} 0
—-0.25F y
~0.50f : . 2: DD
~0.75} ] '
~LOP00 025 050 0.75 1.00. 1.25 150 1.75 2.00 X(3872): ~8% cc, ~92% “tetraquark”
r (fm)
4 N\
Lattice (full QCD) parametrization P ”
P : But what does this “tetraquark” mean?
Bulava et al., PLB 854 (2024) 138754 . . . _
Hadronic molecule is also dominated by color-octet cc:
. . | | N I 2V2 .,
ee also E. Braaten, R. Bruschini, PLB 863 (2025) 139386; D. Germani, B. |(cq)1(cq)1> _ |(CC)1(qq)1> W |(CC)8((](])8>1
Grinstein, A.D. Polosa, JHEP 04 (2025) 004 8 3 3 )
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Closer look into X(3872)

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%3:9910-22MeV

Mpo + Mp+0 = 3871.69(7) MeV oG 2024

LHCb, PRD 102 (2020) 092005

» Isospin breaking in decays LHCb, PRD 108 (2023) L011103

M R 0
Ry = |~ 2G87D2I/P7 1 _ 399 + 0,04
Mx(3872)=] /e
® Prediction: there must exist an isovector J°¢ = 117 state (I/I/C(i’ir

i — |Tu(B)| }

T3(E)|

| .
! | X(3872) contribution | » Virtual state
103 | ! - [T (E)] : substracted :
TN i (like the 'Sy NN)
i i
104} | i » Threshold cusps
' i

+
> W:
—87%2 MeV from
i D°D*~ threshold

103 F i

102+ |

f ; D
v’ Support from lattice QCD
M. Sadl et al.,, PRD 111 (2025) 054513
ot DD* scattering (J/vp, neap excl.): C =+
o T, Np=24, D(0)D*(0)
T,*, Np =32, D(0)D*(0)
1.5 T+, Ny =32, DA)D*(1) £=0 +
A3, N, =24, D(0)D*(1)
- A}, Ny =32, D(0)D*(1)
2
=1 0 0.00 0.01 0.02 0.03 0.04
(ka)?
JPC  interpolators 1/ao [fm™!] 7o [fm] x?/Naot Amy [MeV]
. all 0461116 0961943 013  —3.03°,
nep excl. 0.5413:%7 223199 024 —2.8%37,
L all 0.62+539 1.78792% 0.18  —3.8f3F
J/¥p, ncao excl. 0961583 2.19%93¢ 015 —6.7157,
2 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 19




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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Embined analysis of BESIIl + LHCb data w/ chiral EFT
Results Up cateo
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Implications of the existence of W ;(3880)

® I/, (3880)° signal should be strongerin B —» K°[D°D 7"
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B+ @ po } —-~ Non-—X(3872)
8': ------ Background
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J/l/)ﬂ-l_ﬂ_] decays, to be checked @ LHCb, Belle 1|
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Z-H. Zhang et al., JHEP 08 (2024) 130

® Compact tetraquarks (maiani et al. (2005)) cannot be virtual states as they do not feel the thresholds
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Some estimates for production

® Production of exotic 1~ * 772’1) from radiative decays of ¥(4360,4415) X.-Y. Zhang, P-P. Shi, FKG, PLB 867 (2025) 139603

® Direct production of X5 P-P. Shi, V. Baru, FKG, A. Nefediev, C. Hanhart, CPL 41 (2024) 031301

See the last couple of pages of the attached Al generated slides

Summary

® Existence of multiquark candidates and threshold effects is an essential feature of nonperturbative
physics, offering unique opportunity to gain deep insights into confinement
® Lots of progress, but many unsolved problems

Thank you for your attention!
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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
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Other properties of X(3872)
Teng Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. Meil3ner, arXiv:2502.04458 m

® Width (twice of the imaginary part of the pole): 25012522 keV

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

Mode | D°D%x° | D°DY% | J/yntn~ | J/yYntn~n? | others
BR(%) | 4173 | 2242 513 1673 16 + 2

TXIfe| = 0.26(2)
Ixj/pw

® |sospin breaking ratio Ry =

Results upcated
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