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Charmonia and charmonium-like structures

® Abundance of new states from peak
hunting

O b-hadron (B, Ap) decays
0 Hadron/heavy-ion collisions
O yy processes

O ete™ collisions

® What are they?
0 Nonperturbative QCD = difficult!
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Many thresholds above 4 GeV
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® Wide spectrum of
theoretical methods

O Effective field theories
O Lattice QCD

0 One-boson exchange

O QCD sum rules

O Constituent quark model
1 Dispersive approach

0 Femtoscopic analysis

O ..

® Reviews



Reviews since the 2" funding period

® >>10 review articles:

H.-X. Chen et al., The hidden-charm pentaquark and tetraquark states, Phys. Rept. 639 (2016) 1

A. Hosaka et al., Exoticthadrons with heavy flavors: X, Y, Z, and related states, PTEP 2016 (2016) 062C01

J.-M. Richard, Exotic hadrons: review and perspectives, Few Body Syst. 57 (2016) 1185

R. F. LebedR. E. Mitchell, E. Swanson, Heavy-quark QCD exotica, PPNP 93 (2017)143

A. Esposito, A. Pilloni, A. D. Polosa, Multiquark resonances, Phys. Rept. 668 (2017) 1

FKG, C. Hanhart, U.-G. Meil3ner, Q. Wang, Q. Zhao, B.-S. Zou, Hadronic molecules, RMP 90 (2018) 015004

A. Ali, JiS. Laniée, S/Stone, Exotics: Heavy pentaquarks and tetraquarks, PPNP 97 (2017) 123

S. L. Olsen, T. Skwarnicki, Nonstandard heavy mesons and baryons: Experimental evidence, RMP 90 (2018) 015003
Y.-R. Liu et al., Pentaquark and tetraquark states, PPNP107 (2019) 237

N. Brambilla et al., The XYZ states: experimental and theoretical status and perspectives, Phys. Rept. 873 (2020) 154

O

Y. Yamaguchi et al., Heavy hadronic molecules with pion exchange and quark core couplings: a guide for practitioners, JPG 47 (2020) 053001
FKG, X.-H. Liu, S. Sakai, Threshold cusps and triangle singularities in hadronic reactions, PPNP 112 (2020) 103757

G. Yang, J. Ping, J. Segovia, Tetra- and penta-quarksstructures in the constituent quark model, Symmetry 12 (2020) 1869

C.-Z. Yuan, Charmonium and charmoniumlike states at the BESIII experiment, INatl*Sci. Rev. 8 (2021) nwab182

H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, S.-L. Zhu, An updated review of the new hadron states, RPP 86 (2023) 026201

L. Meng, B. Wang, G.-J. Wang, S.-L. Zhu, Chiral perturbation theory for heavy hadrons and chiral effective field theory for heavy hadronic molecules,
Phys. Rept. 1019 (2023) 2266;

OO0O0O0OO0O0OO0OO0OO0OOOoOoOooOooOoao

® + a book:
O A.Alj, L. Maiani, A. D. Polosa, Multiquark Hadrons, Cambridge University Press (2019)



Compositeness

® Composite systems of hadrons
O analogues of the deuteron (= pn bound state)

O bound by the residual strong force, more extended than 1/Aqcp

® Compositeness 1 — 7

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) ; ....
for reviews, see T. Hyodo, IJIMPA 28 (2013) 1330045; FKG, C. Hanhart, U.-G. MeiBner, Q. Wang, Q.
Zhao, B.-S. Zou, RMP 90 (2018) 015004

hadronic molecule

compact tetraquark

O probability of finding the physical state in two-hadron component (S-wave loosely bound)

[ can be expressed in terms of low-energy observables

2T L
» coupling constant gir =~ (1 — Z)EJZ#EB Eg: binding energy; u: reduced mass

» ERE parameters (scattering length, effective range) s. weinberg (1965)

2(1-2)

Z
(2 — 2)J2uEg (1 — 2)/2uE;

Problematic forr, > 0 . Matuschek, V. Baru, FKG, C. Hanhart, EPJA 57 (2021) 101

a = Te ~

Date of paper

1967

2024



Compositeness: beyond Weinberg

® Weinberg’s assumptions
O Neglecting the non-pole term from the Low equation

O Approximating the form factor g(q) = (g|V|B) by a constant

i q(p) g* (k) / > q*dq  Tpq4Ty, _ 12
T, =V, o+ =22 Y ' w/ hy = k°/(2u)
Pk pok T hr — Ep M 0 (271‘)3 hi + ie — h,q

Question: for ERE up to O(p?), is a constant g(p) a consistent approximation?

® Improvement: replacing the constant form factor by a more general separable ansatz
_ i Y. Li, FKG, J.-Y. Pang, J.-J. Wu, PRD 105 (2022) L071502
Tpr =tk 9(p) g7 (k)

Unitarity: Im t~*(W) = % |lg(k)]|? (W) = twice-subtracted dispersion relation

o [ ¢Pdg l9(q)]?
Y W)= (W - E W —E 2/ K :
(W) = B) + z) Jo (27)% (hg — Ep)2(hg — W)

1 1 e 21 2
Then, we get HW) = | VY = (W — q~dq l9(9)|
W =Trm w5, FW=W-Ep | (27)? (hy — E)2(W — hy)



Compositeness: beyond Weinberg

2>

® Compositeness X=1—-7 emerges Y. Li, FKG, J.-Y. Pang, J.-J. Wu, PRD 105 (2022) L071502

[ g*dq |(glVIB) > [ ¢*dq -
Floo) ‘A (21)? (hy — Ep)? ‘/0 2ry | AIB) =X

® Phase shift dz with the nonpole term neglected (convention: §5(0) = 0)

0(E = hp) = argT), , = —arg (1 — F(E +ic)) F(0) <0, ImF(E+ic)<0for E>0
Introducing o) )
7\ — In [1 _ F(”’)] Im F' (E — [¢> — — B Q(E) 53 € [_ﬂ; O]

® From the dispersion relation for F; (W), we obtain a solution:

i W — Ep / > —0p(FE) )
F(W)=1—exp dFE -
(W) ! ( T 0 (E—W)(E — ER)

and an expression for the compositeness

1 [ oB(E)
X=1—-exp|— 1E — : 0,1
(\p(ﬂ_./0 C E~EB>€[ ]




Compositeness: beyond Weinberg

, : mpp 1g()|? Y. Li, FKG, J.-Y. Pang, J.-J. Wu, PRD 105
® —— . Li, , J.-Y. Pang, J.-J. Wu, (2022) LO71502
Using Im F(hp + Le) @n)? hy—Ep’ we get
2 (27‘&')3 ) h.p — EB > —(SB(E)
)|* = ———(h, — Ep) sindg(F)exp | — 1E
l9(p)| - (hp — Ep) sindp(E) exp [ r  Jo T (E-hy)(E-Ep)
) - 872 1 1 r o, 4 _
® Consider ERE pcotip ~ — p ReT ™" (h,) = Y O(p”) , we finally get
2(p) 8§m? Xw + O(p*) for a € [-R,0] & r < 0 constant
g (p) = —55 X 2 ~ AN e . . . .
s peR 72 TT(a _’,],3,‘_,1,3 +O(p*') fora< —R&r >0 -contains O(p?) terms, thus not self-consistent if using a
constant g but still work up to O(p?) in ERE. Weinberg’s
® Poles of the T-matrix with ERE up to O(p?): relations do not hold in this case

1+r2 T
i ll’—-Z(P p+)(P —p-)

» Fora € [—R.0l.thenr < 0. one bound state and one virtual state pole

2p) = S Xy 1 00, X = Xy o |
9P—M2R w P ) = AW = 1+ 2r/a
» Fora < —R, thenr > 0, two bound state poles (the remote one ~i/f is unphysical)
92(])) _ 87 a’ 1 i 0(1)4)’ X o~ ] e —1 For the deuteron, R = 4.31 fm, a = —5.42 fm,

>R R? 1+ (a+ R)?*p? a+R~f~! ~mg?

10



Uncertainty of the new relation

® The uncertainty was usually assumed to be O (%), with y = /2u|Eg| the binding momentum. This comes

2
from approximating the form factor by a constant g(p?) = 1 + % + -, A~ P

1 (" q%dq  q° Y
AX = — =0
AZ 0 (2T[)3 (hq . EB)Z ( )

2
® This approximation has been lifted, the uncertainty should be of O (%) !

11



Hadronic molecules in a NREFT at leading order

® Consider two hadrons in S-wave, near-threshold region = nonrelativistic EFT

DX K K YOO

TNR(E) = Co+ Co Gnr(E) Co + Co Gar(E) Co Ghr(E) Cp + .
1 B 27r/,u
C()_1 = GNR(E) 27‘(’/(/.& 06) — \/—2/,LE — %€

O Effective coupling: g2, = E_l)imE (E+ Ep)Inr(E) = lzf\/QuEB
— LB

O Recall gér =~ (1 — 2) i—ZQ/ZMEB, the pole obtained at LO NREFT with a constant contact term is purely
composite

» Range corrections: other components at shorter distances
<> coupling to additional states/channels

<> energy/momentum-dependent interactions: higher order

12



Molecular line shapes at LO

Im k
® Poles at LO NREFT: bound or virtual state bound state pole
[ Bound and virtual state can hardly be distinguished 5 —
/ €
above threshold (E > 0) ]
virtual state pole
1 2 1 F k i K
Tnr(E)? =
Tnr(E)] o {:i:fs:-l—i\/2uE k% + 2uE
[ Different below threshold (E < 0)  «f { virtual state
bound state
» bound state: peaked below g o |
threshold E‘m'
20t
Tir () 1 ! |
NR X (K, . my 388 390 392 394 39 398 400

mpo p- [GeV]

» virtual state: sharp cusp at

threshold ) TP

% bound

|TNR(E)|2 X 1 § _ virtual
(k + v/—2uE)? s

13



Molecular line shapes at LO ik

: bound state pol
® Poles at LO NREFT: bound or virtual state O Ses poe
[ Bound and virtual state can hardly be distinguished 0 Rek  FKG, et al, RMP 90 (2018) 015004;
above threshold (E > 0) thr. | N. Brambilla et al., Phys.Rept. 873 (2020) 1
x virtual state pole )
1 2 1 k= ik line shapes w/ phase space;
I Twr(E)|? ‘ = - one unstable constituent:
. 2 L
+K +1v/2uFE K+ 2uE — —
. ' ' : ' : ' : quasi-bound guasi-virtual
O Different below threshold (E < 0)  sff\ virtual state | A 1T
> ol { bound state ] | ‘\
» bound state: peaked below 2 SR
2 40f z I z
threshold : Eoak 1 1%
= o} £ o\ £
1 - AN g
Tr(B)? o ————— SSRURIORSURUURUUREE B B AN :
K — _2 E 2 3.88 3.90 3.92 3.94 3.96 3.98 4.00 = TR =
( l‘l’ ) mpo p-- [GeV] 0.2 /
50 T T T T T
» virtual state: sharp cusp at
2
threshold _ 7] NS
L bound ] 2 - 0 1 2 3
5 1 % J/\  virtual B [Mev]
Ol v LA I 0 ] 0.1Mev
dotted dashed solid

E [MeV]



NREFT at LO for coupled channels

® Full threshold structure needs to be measured in a lower channel (ch-1) = coupled channels
® Consider a two-channel system, construct a “nonrelativistic” effective field theory (NREFT)

» Energy region around the higher threshold (ch-2), £,

> Expansion in powers of E =+/s — 2,

» Momentum in the lower channel can also be expanded

1 ik 1 - 1 . 1 * a,,:single-ch. scattering
——+i — —+ /- — i€ —
T(E) — 87'[22 a11 ! a12 - _ 87-[22 a22 #2 a12 Iength Of Ch_z
1 1 1 1 i .
- LY sy det e L ik, * a4q:single-ch. interaction
@12 @22 Dz T strength of ch-1 at X,

det (1 'k)(l +J"2,E ) !
et=|——1 —_ —2U,E —ie) — ——
aiq ! az; ? afz

: : . 1
Effective scattering length with open-channel effects becomes complex, Im - <0
22.eff

1 1 al ; a%lkl

—1
8T 1
To-(F) = — — i\ 21 + O (FE = = —~ -
22 ) 29 [(Jzz.eﬂ' : Hak ¥ ( )] A22,eff a22 ais (1 + ai k7) ais (1 + ai k3)

15



Distinct line shapes of the same pole

X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001

Line shapes of the same pole depend on the production mechanism. Consider production of particles in ch-1

® Dominated by ch-2
O Maximal at threshold
for positive Re(az; eff)
(attraction), FWHM «
1/u
» more pronounced
for heavier hadrons
and stronger
interactions
O Peaking at pole for
negative Re(a;; eff)

|T21(E)[*/| T2, (0) ]

e Tz I
B

1.6 L)

0905 "0.00 0.05
E [GeV]
. 1
21 &X
_1 .
A33 eff — Uy 2H2E

® Dominated by ch-1

+ I
0 One pole and one P P
Zero 16F®) oo =05 fm
O Universality for large - 142‘ ------- ZiZiB—f;nfm
scattering length: S 1(2) o~ 01308 fm
for large |a,,|, there :%8
must be a dip around = oe}
threshold (zero close <04}
to threshold) o
0-%.05 0.00 005
E[GeV]
T, Az — im

16




Distinct line shapes of the same pole

® Example-1: f,(980) ’

Ho--- 7wl KE>KEK

O T-matrix for 7 and KK

— |Ty|:7m—7T
------ |Thg|: i~ KK

—:= K"K~ threshold

coupled channels

with the T-matrix from
L.-Y. Dai, M. R. Pennington,
PRD 90 (2014) 036004

e e e e e ¢ 2 e e ]
-

E [GeV]

® Example-2: direct production of X(3872) ine*e”
Baru, FKG, Hanhart, Nefediev, PRD (Letter), in print (2024) [2404.12003]

DO
D*O

D*O

. AN )

e — —

< L e A
(a) (b)

» Driving channel:

25}

J /Y +light vector i&
> Prediction: dip around * |
D*D* threshold *

@ BESIII data
[ Fit1

2700 Fit2

3820 3840 3

860 3880 3900

Vs (MeV)

Driving channel: KK
J/p = KK — ¢t

O//y- wr'n

o]l

Driving channel:

J/Y - wnn - wnt T

Events/30MeV

400

200

600 |-

10 MeV/Bin
~
[=]
S

500 -

400

300 -

200

100 -

0.5 1 .5 2
M) (GeV/ic)

BES, PLB 607 (2005) 243

04 06 08 1 +1f_2 1142
M( "n’)(Gev/c?)

BES, PLB 598 (2004) 149

17
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Binding mechanism

® One-boson exchange  Vector + scalar exchanges: M. Voloshin, L. Okun, JETP Lett. 23 (1976) 333

[ One-pion exchange [ One-vector exchange  s. krewald, R. Lemmer, F. Sassen, PRD 69 (2004) 016003; ...
N.A. Ténquist, ZPC 61 (1994) 525; ... > DD bound state predicted
> systems like DD, X D unbound Y-J. Zhang, H.-C. Chiang, P-N. Shen, B.-S. Zou, PRD 74 (2006) 014013;

D. Gamermann et al., PRD 76 (2007) 074016; ...
comoste | Tomn |
<> Lattice QCD

0-t n.(= 3870) S. Prelovsek et al., JHEPO6 (2021) 035
1+ (~ 3870) Conflict: not in p.. wilson etal,, arxiv:2309.14070.  solution?
Xc1®

0% yuo(~ 4015) > Hidden-charm pentaquarks >4 GeV (including =.D) predicted
reo J.-J. Wu, R. Molina, E. Oset, B.-S. Zou, PRL 105 (2010) 232001; ...
0=*  7.(~ 4015)

1t~ hyo(~ 4015)
2%y (= 4015)
0" 1,(~ 10545)
1y (~ 10562)

S| S
] D*|

® Soft-gluon exchanges: equivalent to OZI breaking rrr, KK, ...
X.-K. Dong et al., Sci. Bull. 66 (2021) 1577

= Survey of the molecular spectrum in a simple model
» light-vector-meson exchanges

0+ xpo(= 10582) '
> single channel X-K. Dong, FKG, B.-S. Zou, Progr. Phys.

0"* n(= 10590) » neglecting mixing 41 (2021) 65; CTP 73 (2021) 015201
1t~ hy(~ 10608)

Extension of the survey including vector+scalar meson exchanges:
27y (= 10602) F.-Z. Peng, M. Sanchez-Sanchez, M.-J. Yan, M. Pavon Valderrama, PRD 105 (2022) 034028;
M.-J. Yan, F.-Z. Peng, M. Pavon Valderrama, PRD 109 (2024) 014023

BB*
BB*
B*B*

For a list of the literature on one-boson exchange models, see, e.g., Y.-R. Liu et al., PPNP 107 (2019) 237 18
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Survey of hadronic molecules: hidden-charm mesons w/ P = +

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

bound virtual
- L) =00] _ DaDa v" > 200 hidden-charm hadronic molecules
Dy D,y —
s e n.o, | v X(3872) asa DD* bound state
v X(3872) compass, pLB 783 (2018) 334
5.0F —_
v" DD bound state from lattice s. Prelovsek et al., JHEPO6 (2021) 035
D2D2
ol W B TN T & other models c.-v. wong, PRC 69 (2004) 055202; Y--J. Zhang et al.,
. - - - - - - . PRD 74 (2006) 014013; D. Gamermann et al., PRD 76
m — N o (2007) 074016; J. Nieves et al., PRD 86 (2012)
o 4.8} o ] 056004; ...
[ e ~
< %_ b v X(3960)inB*Y - DID;K*
4.2F b 50
\2 NG —— Best fit
4.1t p.D: 1 40 - ¢ LHCb data
D*D* a 30 .
401 [ HE N ] g ] Data: LHCb, PRL 131 (2023) 071901
D.D: £ 20
3.90 X(3872) X(3872) DD* 7] Fitin
- 107 T. Ji, X-K. Dong, M. Albaladejo, M -L.
381 ) o Du, FKG, J. Nieves, B.-S. Zou, Sci. Bull.
L] bp 3950 4050 4150 4250 68 (2023) 2056
3.7} 1 mp+p- (MeV)
0-0- + l-l- + 1t 2-0- + 2+— 3-!- + 3-}-— 4-0- +

pole at 3936.570g +i(16.1753) MeV

19
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Survey of hadronic molecules: hidden-charm mesons w/ P = +

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

bound virtual
AAAAAAAAAAAAAAAAA (I ) S ) = (OJO) DD,y
Dy D,y
51F | I DD b . .
514751 .
v' D,D;, DiD} virtual states?
5‘0_ 800 ' L v T : Ad :-: LI v A t' v I_ o ’ e L) » . g v v T ]
D, D; : DuDio : Delari i -oe (LHCBfit ]
uD, 700.- DD DDy ¢ LHCb data 1
so| [N H I S 600} LR el
e : ‘ 3 T : .
H B EEEBE DD, s ¢ . TR )
500 : 1 : h - Lt DL
HE =H = S LA
2o T ] geof i A4 W SRR,
S I o 1 S ‘% B : 3 HELN :
g g D;D; T 300 F i P : : s \\¢ TE 4
4.2 — £ . ol wi %
A O 200F ! K \‘“ » :
4.1r D,D; . : D,D’lf :+ : : E ‘b .
i 100 F : : : “Euoad | 3 \ B
D* D" SR ; D;Dy H - :
sof [N E . - o IS A I U P
D,D, 4100 4200 4300 4400 4500 4600 4700 4800
3.97] X(3872) X(3872) DD* MyjsIMeV]
I =
sal Data: LHCb, PRL 127 (2021) 082001
DD
3.7t [ 1 Virtual poles found from the fit in X. Luo, S.X. Nakamura, PRD 107
0++ 1-|—+ 1-'—— 2-0--0» 2+— 34--0- 3+— 4-!—-0- (2023) L011504

20
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Hidden-charm mesons w/ P = —

bound virtual — Vs —_—
L C &S) = (00) m v Y (4260)/y(4230) as a DD, bound state
Q.9 — —
B B BN Em Em v | Y W(4360),9(4415): D*D;,D*D,?
. . . v/ Evidence for 17~ A_.A, molecular state in BESIII data
e — - - * Sommerfeld factor
5.2 - - - - =s | 300-%
- - = R * near-threshold pole A |
| » different from Y (4630) _ ..
o Ny EE N Ey m E i
| m i BN _ s Data from BESIII, PRL120 (2018) | o —
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Hidden-charm pentaquarks

4.70F

4.65¢

4.60F

4.55¢
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(1,5) =(1/2,0)

4.50¢

: bound virtual
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A || =3 ||
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[ s
! {5)58
| SN D (4312)
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i) puaiae] &
D‘—‘:
D*E,
e | D':/
— 0 =
e Pcs
S—— e
1/2~ 3/2° 5/2

5.00

4.98

4.96

1 5404
1 ]

18
| g 492

4.90

4.88

4.86

(1,8) =(1/2,0)

bound virtual B
S B B
: Dy»*
- ] ] )
= D>Y.
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DQE:
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X.-K. Dong, FKG, B.-S. Zou, Progr. Phys. 41 (2021) 65

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

pionful EFT
1200+ ()
Cont.+OPE
1000‘_ Data: LHCb

800/

600}

Weighted candidates/(2 MeV)

4001

4250

4300 4350 4400 4450 4500

my, p [MeV]

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

v P.s(4459): 2 D*E, molecular states

v’ P..(4338): DE, molecular state

22



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)
A [ , 1 v T..(3875) as D*D molecule
bound virtual 1 I Doung virtual ] .
b, | 53r =2 { v The LHCb data can be well described
ol —_— . in a pionful EFT w/ 3-body effects
. 142 =S,
i D, D, 5'2__ _ : ® 7DDt
I EIrEIr ; 301 i ------ Scheme I: ,{2:0‘79
i : i --- Scheme II: x*=0.74
4.8+ 1 ~ EE0 — i —— Scheme III: y*=0.71
P A P % 5.1 % i ——- D"D".,D‘”D:’thr
T D*D* T Qo g 20¢ A R T BW massi
% 4.0 o e =5, 8 \ SENIEERE Backgroundi
O - P ey —— < ,‘.‘\\ |
~— - Er Er E !
E C ] 2| i
I .
iol _- | Bl BN =2, kel
B bp* || - 2.2, 0 L
— | uel _
| I - 3.873 3.874 3.875 3.876 3.877
- Mpopoy+ [GeV]
3.8} ‘ ] -
| 27 37 . 0 " 2" 3" M.-L. Du et al., PRD 105 (2022) 014024

v' isoscalar DD molecular state
v’ It has a spin partner 17 D*D* state

v’ Many (> 100) other similar double-charm molecular states .
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Closer look at the 0™~ state

® 1)(4230),y(4360), Y (4415) as DD,,D*D,, D*D, hadronic molecules
Q. Wang, C. Hanhart, Q. Zhao, PRL 111 (2013) 132002; Cleven et al. (2015); L. Ma et al. (2015); ...

® 0~ spin partner 14(4360) [D*D,] T. Ji, XK. Dong, FKG, B.-S. Zou, PRL 129 (2022) 102002

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

' iC1
¥ (4230) (DD, —DDy) 4287 67 +15 s
(4360)
Ml =0 D;—D'D2) 1~  aap 49+4 pr— D

® May be searched for usingete™ = Y1, ¥ = J/Yn,DD*,D*D*r, ...

é||

DDy =D"D1) 17 aa9 62414 T

Héll =

=

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

do /dcos @ (arbitrary units)




Prediction of an isospin vector partner of X(3872)
Z-H. Zhang, T. Ji, X.-K. Dong, FKG, C. Hanhart, U.-G. Meillner, A. Rusetsky, arXiv:2404.11215

® |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

. . ) 1000———————————————— T
® No signal in the charged channel sofar @ No signal around the : s 2011 T o010 T ey
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..3 o ..2 3F . 0 o |0 :§ -
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B> K ntn’J/y  BY > K°ztn®J/y
LHCb, JHEP 08 (2020) 123 i
Belle, PRD 84 (2011) 052004 800
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400f
't~ ] /1 from b-hadrons
LHCb, PRD 102 (2020) 092005
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Prediction of an isospin vector partner of X(3872)

Z-H. Zhang, T. Ji, X.-K. Dong, FKG, U.-G. MeilSner, A. Rusetsky, arXiv:2404.11215
® How about the DD* hadronic molecular scenario?

® D°D*0 D*D*~ coupled channels: I = 0,1 D D D D D
O Interactions at leading order: two LECs (I = 0, 1) Cyx, C1x l = l + =‘ Pty T

O Two inputs from X (3872) properties

> Mass D DD b D
My = 3871.69%3:3313-93MeV LHCb, PRD 102 (2020) 092005 l = >< T T t ..
Mpo + Mp+«o = 3871.69(7) MeV  pDG 2023 o L r LD L
» Isospin breaking in decays LHCb, PRD 108 (2023) L011103 E
M -0.351 —
X(3872)- 2 — I
R, = |- XG87221/%0°| _ 99 4 0,04 = [{2 I O e
MX(3872)—>]/1,bw Jo T 9+ - —0.45F =
%é -0.50t %
DO J /P D+t I/ © 055t a
—0.60 e
~ $ ~ —-0.65
> ~ ~ ~ 0 4IO 8|0 1é0 1(|50 0 4IO 8|0 léO léO
5*0 pO/(,() D*— po/w Bx [keV] By [keV]

Bx = Mpo + Mp+o — Mx(3872)
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Prediction of an isospin vector partner of X(3872)

Z-H. Zhang, T. Ji, X.-K. Dong, FKG, C.Hanhart, U.-G. MeiRner, A. Rusetsky, arXiv:2404.11215
® There must be an isospin vector partner W4

[ Virtual state pole in the stable D* limit = explains why it has not observed so far!

» W2 in D°D*® — D*D*~ scattering amplitudes  » Wz in D*D*? scattering amplitude

i
| X(3872) contribution | 1200 } —— Bx =180 keV
substracted !

1000 |

800

|T35(E)]
T (E L)

600

400

200

-20 -15 -10 -5 0 5 10 15 20

E. [MeV]

3865.3742 — 0.1519-94 MeV > should be searched for in high-statistic / /T " data

3866.946 — ((0.07 + 0.01) MeV » Compact tetraquark (Maiani et al. (2005)) cannot be virtual
state! 27

-7.7



Summary

CRC 110 has significantly advanced the knowledge of hadronic molecules

Selected works that | was involved:
® Generalization of Weinberg’s compositeness relations
® A rich spectrum of hadronic molecules is expected
® 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: a dip (for large |a,»|) at the higher channel threshold in T4
® Robust prediction of a 1), with exotic J*¢ = 07~ as spin partner of 1(4230),1(4360), 1 (4415)

= extension to more spin partners ongoing

® Robust prediction of an isovector partner of X(3872): WCJ;F'O

Thank you for your attention!
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