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Outline

1. Hadrons beyond the conventional quark model

2. Vector charmonia probed in et e~ annihilations

3. Non-perturbative mechanism probed in heavy hadron

hadronic weak decays

. Summary



1. Hadrons beyond the conventional quark model

Exotics of Type-I:

JPC are not allowed by Q Q configurations, e.g. 0—,1" ...

 Direct observation

Exotics of Type-li:

JPC are the same as Q Q configurations
 Outnumbering of conventional QM states?
* Peculiar properties?

“Exotics” of Type-lll:

Leading kinematic singularity can cause measurable

effects, e.g. the triangle singularity.

What’s the impact?

* How to distinguish a genuine state from kinematic
effects?

Exotic hadrons

Hybrid glueball Tetraquark Pentaquark

aD$ ¥

Hadronic molecule Deuteron

! proton
.‘ ‘ aneutron

Evidence for QCD exotic states is a
missing piece of knowledge about the
Nature of strong QCD.




qq SU(3) flavor nonet: 3@3=108 ™

€ Most of the observed low-lying states
m, canbe accommodated by the CQM

n? ey JPC 1 =1 | =3 | =0 | =0 € Most of the higher states predicted by
ud, ud. us, ds: /! f the CQM are still missing
%(dd —uu) ds, us * Lo . h i
S0 0+ = 76 " 7 (053) Deviations from the C.QM are evident
135, 1-— p(770) K*(892)  $(1020) w(782) and need understanding
1Py 077 ao(1450)  K;(1430) fo(1370,1500,1710) * Scalar nonet below 1 GeV,
1P 177 51(1235) K h1(1415) h1(1170) 0(600),1(700), f((980), ay(980).
3P, 17F a1(1260)  Ki4® £1(1420)  f£1(1285) | a,(1420)? ,
PP, 27+ ay(1320)  KX(1430) fi(1525) £2(1270) * Out-numbering of the CQM
1°D, 17— p(1700)  K*(1680)" 4(2170)° w(1650) multiplets
1'Dy  27F wp(1670)  K2(1770)* 12(1870) n2(1645) » Signals with exotic quantum numbers,
1°Ds 37~ p3(1690)  K(1780) ¢3(1850) ws(1670) e.g JPC =0, 1" 2+ ..
13F, 4% au(1970) KX (2045)  £4(2300)  £4(2050) _
18G5 5 ps(2350)  KZ(2380) * Special non-resonance structures, e.g.
olS,  0—F m(1300)  K(1460) n(1475)% n(1295) | n(1405) ? triangle singularity
236, 1-— p(1450)  K*(1410)® $(1680) w(1420)
2°P; 17 a1(1640)  K;(1650) Da
3Py 2++ a(1700)  K%(1980)  f2(1950)° f2(1640)
21Dy 2% m5(1880)
315 0=+ w(1800) K (1830) 1n(1760)

Pb



Ways to produce QCD exotics

e’ e~ annihilation Yy scatterings Hadron colli. Weak decays

e’ Y(4260) 7 v 14
2 M N——
Zc(3900)N j 1y NN

(XYZ)

®

Hadron physics is a natural part of large science facilities.



Success of Quark Model:
Hadrons are made of quarks (antiquarks) as QCD color singlet

i : . ) PR . _ i A A1 1 4
Hamiltonian in a non-relativistic quark model : yLs = _ 2 ==+ — .){LJ.J..(SHLS_I.)}
16 roNmy oy MmN
4 Qij Ai-Aj 1 | ){ (i~ S )}
H = (; m; + Tz') —T5+ ;VU(’”U) 7 16 rf]. m? m g
r_ @, I f36i1)(S;- 1))
T, = piz __ 7OGE Conf - V'?; :_T/(/li./l‘j)m-m -r‘?’.{ :”2 — _S!.SJ}
L= oy Vii(ri;) = Vi (rij) + Vi (77), mjry; 7

Cornell potential model
Godfrey-lsgur model
A lot of recent developments ...

’%
Vlcjonf(rij) = —E(/’L l ) b?‘

ij»

Potential smearing factor

v
f 1 T 03..6_0:}’7} 4
VQGE_ fi l {___. 2 . ..
LY 4 ( j) il 2 /2 3m;m; (0:-0;)

Coulomb Spin-spin correl. 7




The connection between the quark model and QCD ONLY becomes clear in certain

circumstances: in the heavy quark limit the soft QCD for quark-antiquark or quark-quark
interactions can become much simpler.

Quenched LQCD simulation

1.50 |- 1.6 o 7 s
[ 1.2 | = fY P I
> 08 premEm e ——
Q ’/EZ mO-
— 050 — i |
> E 0.4 o
o =3 0+ 3> + e -
57 0.00 > /g/fI‘
; 0.4 + . -
050 | = / LQCD static energy
[ -0.8 ._0' n= 2 i
-1.00 I -1.2 . 1 1 1 ! ] | n

02 04 06 08 1 12 14

G. S. Bali, et al., Phys. Rev. D62, 054503 (2000)
M. Foster and C. Michael (UKQCD), Phys. Rev. D59, 094509 (1999)



The QM state y.1(2P) is about 60 MeV higher than the physical state X(3872).

n2t1L, Name JPC Exp.[6] [8] [l11] LP SP
138, Jlw 17— 3097 3090 3097 3097 3097
1S, 7.(1S) 0™t 2984 2982 2979 2983 2984
238, w(2S) 17— 3686° 3672 3673 3679 3679
218, n.(2S)  0~F  3639" 3630 3623 3635 3637
338, w(3S) 17~ 4040° 4072 4022 4078 4030
3L, n.(3S) 0~F ... 4043 3991 4048 4004
438, w(4S) 17 44157 4406 4273 4412 4281
418, 7.(4S) 0+ 4384 4250 4388 4264
58, w(5S) 17 4463 4711 4472
51, 7.(58) 0t ... . 4446 4690 4459
3P, yo(1P) 27+ 3556 3556 3554 3552 3553
3P, yo(1P) 1+ 3511" 3505 3510 3516 3521
B3Py, xo(1P) 07  3415° 3424 3433 3415 3415
1P, h(1P) 17  3525° 3516 3519 3522 3526
VP, yo(2P) 2+t 3927 3972 3937 3967 3937
Bp,  ya(2P) 1* ... 3925 3901 3937 3914
B3P, xo(2P) 0FF 39187 3852 3842 3869 3848
21p, h.(2P) 1% 3934 3908 3940 3916

W.J. Deng et al., PRD95, 034026 (2017)
T. Barnes, S. Godfrey, and E. S. Swanson, PRD 72, 054026 (2005).

[8]
[11]

B. Q. Li and K. T. Chao, PRD 79, 094004 (2009).
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Godfrey and Isgur, PRD32, 189 (1985)
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[V(r)-V(0.5 fm)])/GeV

1.6

Open threshold effects: A missing piece of dynamics in the potential QM

Quenched LQCD simulation

I mo' +I m1+
= it
12 2t oot @ |
IR el
m I1, mf@%@ ’ i%
TE o e 5l sosd =
0.8 == =
f"z mg
04 _ ]
Jls-"‘
0t + i
7~
-0.4 -
f LQCD static energy
08 L quenched —=—" |
. n ng = 2 —e—1
12 ]
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Unquenched LQCD simulation

zzzzzzzzzzzz

: .05

—.05

0_=x=

s I
]

I
I

17

L | L
15

r/a

The creation energy for a
quark pair with J7¢ = 0** ;
E ~2m, =~ 280 MeV.

The radial excitation energy
for nucleon:

Mp(1440) — Mp(938) = 502
MeV.

The orbital excitation energy
for nucleon:

Mp(1535) — Mpy(938) = 597
MeV.

However, the effects of the open channels on the soft QCD potential is also evident!

G. S. Bali, et al., Phys. Rev. D62, 054503 (2000)
M. Foster and C. Michael (UKQCD), Phys. Rev. D59, 094509 (1999)

J. Bulava, et al., Phys. Lett. B793, 493 (2019)

10



The narrow two-body open thresholds:

Impact on the spectrum should have some systematic
features.

S — wave(L = 0) P — wave(L = 1)

PP 0+ (=) 1=(&)
PV 1+(£) 0—(F), 1=(F), 2=
Vv o ot 1+(=) ) ot (H) 11—

0-(), 1) 2-(=).
1= o=+ 3=(+)
PA 1-=
VA o0& 1-&®) o= .

* The number of states would depend on the
Interactions between the threshold hadrons.

« So far, the S-wave phenomena is evident.
« Model-building is required.

F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, Reuv.

Mod. Phys. 90, 015004 (2018)
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Implementation of EFT with heavy quark symmetry (HQS) and heavy quark spin symmetry (HQSS)
X.-K. Dong, F.-K. Guo, B.-S. Zou, Progr. Phys. 41 (2021) 65 [arXiv:2101.01021]
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Observed exotic candidates [GeV |
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i S wave thresholds and effects on the lineshapes
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R i DaDs oy £,(980)
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L Dub; 0.6 — / -1 06
_________ | \
- | DeDs Iy
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XG940) ; DD FIG. 10 Line shapes that emerge for a bound state (left panel) and for
_— S L S . . - . .
; a virtual state (right panel) once one of the constituents is unstable.
X(3872) A Z:(3900) ED_* The dotted, solid and dashed line show the results for I' = 0,0.1
and 1 MeV, respectively. The other parameters of the calculation are
given in Eq. (36).
_ { DD
1
O++ 1++ 2++ 1+— 1—i o—i 2—1 3—i ???i )
| F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, Reuv. 13

Mod. Phys. 90, 015004 (2018)
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1) Observations of Y(4260)

First evidence from BaBar in ete™ — y,sr J/Ymtn~ and quickly confirmed by CLEO-c and Belle

N
o

10 uwmnw H‘|ﬂ*"+*H|***“}f*i|**I* 4259 + &(stat)” (syst) MeV/c?

3.6 8 4 —17 44 46 48 5

L

|
(&
T N
1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
2.8 4 4.2 4.4 4, 6 4. 8 5
m(rtl/y) (GeV/c?)
BaBar, Phys.Rev.Lett. 95 (2005) 142001

Events / 20 MeV/c?
&

[\
S

88 + 23(stat) ¢(syst) MeV/c?

10

* Particle Data Group renames Y (4260) as y¥(4230) 15
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NoO

Gao, et al., 1703.10351[hep-ex]

- XYZ data

= Scan data

bt

I’:
-
*

vy 26
M(D°D*r) (GeV/c?)

apparent bump structure

appears in the two-body open
charm decays!

o(D*D + c.c.) >» o(D*D*)
at 4.23 GeV
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BESIII, 2112.06477[hep-exX]
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FIG. 3. Fits to dressed cross sections for (a) e"e” — No explicit experimental evidence for
K'Kn'n~,(b)eTee > K'K"K'K™, (¢c)e"e” —n'nn'n, Y (4260) is seen in the pure light-quark final
(d) ete = ppra, (e) ete” - K"K ntna’, (f) ete” — states.

KTK"K'K 7', (g) ete = atnana’ and (h) ete” —

pprtn 7" only considering contribution from continuum proc- - Phys.Rev.D 104 (2021) 11, 112009;

ess. Points with error bars show the measured dressed cross 2109.12751 [hep-ex] ' ' 18
sections. The red lines show the fit results.



Resonance parameters extracted around 4.26 GeV in different channels

BESIII s JWrr

150 |- T A JVITTT l
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T

50 - _ |
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0 ! | | | ! | ! ! \ ! ! | ! ! | ! !
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M [MeV]
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A brief summary of the experimental status
and a list of concerns:

1) Complicated structures in the vicinity of 4.22~4.26 GeV.

2) Relatively narrow structure for the lower peak if fitted by
Breit-Wigner.

3) The pion angular distribution recoiling Z.(3900) in
Y (4260) — DD*r indicates non-S-wave contributions.

4) The open-charm cross section seems to be larger than
those for the hidden charm channel.

5) The signal of Y(4260) in ete™ - D*D* needs to be
clarified.

6) The lepton decay width will depend on how the total
width is saturated.

7) The Breit-Wigner width may not be the pole width.

Reac. channel

DD*m + c.c.
J/bmt T
hentm™
WXco
J/ym
]/’
YR2S)ntn~
J/WKTK™
YXc1,2
7°Z2(3900)

Total cross
section (pb)

200~300
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2) Possible interpretations and reminder of some crucial issues

& Tetraquark

€ Hybrid

€ Hadro-quarkonium
€ Hadronic molecule

€ Non-resonance structure

Many papers on the properties of Y(4260), e.g. see recent reviews and reference therein:

H.-X. Chen, W. Chen, X. Liu and S.-L. Zhu, Phys. Rept. 639, 1 (2016)

F.K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, Rev. Mod. Phys. 90, 015004 (2018)
A. Esposito, A. Pilloni and A.D. Polosa, Phys. Rept. 668, 1 (2017)

Q. Wang and Q. Zhao, arXiv:2508.05304v1 [hep-ph], to appear in Chinese Phys. Lett.

21



o o o 100
* Predictions from the compact tetraquark scenario ~
o 80 -
The mass of a tetraquark is given by Laq] % 60 |
S 60F
L? . +$ 40
M = Moo + Bc? —2aL - S+ 2Kc (8- Sc+ (85 8¢))] o N
[aqg] ® I
For a state with given J, the mass can be estimated: °
L(L+1) _ ol _ o
M =My+B.————=+a[lL(L+1)+S(S+1) = J(J+ 1)+ Keg[s(s+1)+5(5+1) — 3]
L @  Swave ol ® Y(4630) P wave 1 | Y(4008) needs confirmation!
[ Z.(4020) T
C L S — T — ] — —
% I X{.’i:‘.?lﬂ} X—;—GR?E} A-*'Ejf-{iq} X(Sg-f-lm % ?’{_429.0 ) S
g 38f S 42} Y (4260) L
I I Y (4008) S
360 40} - —
L o |+ |+ 2] Lo 1— 27 3 ot 1t 2
JP‘F JPC

Extremely rich spectrum is predicted! L. Maianietal. PRD 72, 031502(R) (2005)
L. Maiani et al. PRD 89, 114010 (2014)
M. Cleven, F.- K. Guo, C. Hanhart, Q. Wang and Q. Zhao, PRD 92, 014005 (2%)215);
Q. Wang, PRD 89, 114013 (2014)



The updated P-wave tetraquark spectroscopy where the left panel is the spectroscopy with y(4008) and
1 (4230) as inputs, and the right one is the spectroscopy with y(4230) and y(4360) as inputs.

1 47t
L (a) W(4060) ] L (b) #(4660)
F L ]
461 1 46f
- i (4360) e Iz 45¢ —_— —
E 44 W43 E : — —
= — — = q4f
2 — Iz T = ce- —
= == — = - — —_—
> 42 W(4230) — 1= 4at U(4360)
U(4008) —— — | 4ol - .-
40 -e- 1 T (4230)
-0 1 2~ 3 ot 1t 2t | 41f 0o~ 1 27 3~ 0ot 1t 2t ]
JPC JPC

The P-wave diquark-antidiquark tetraquark supermultiplet with tensor force.

470 Y (4660) _

16f — . « Significant changes to the energy levels with the tensor
— 45| force included.
2 Y(4390) :
2 4af S p— — | « However, the description of the vector charmonium
- v — j spectrum has not been improved.

aal - ;  Access to exotic qguantum numbers are allowed, e.g.

Y (4220) : 0-- and 1-+
4.1 0~ 1=~ 27 37" 0+ 1=+ 27* ) 23




* Predictions from the hybrid scenario

« Lowest gluon fields generate adiabatic potential on which the
guark motion can be described.

. : . Transverse
* The flux tube may be excited on which the quark motion in the

adiabatic potential of such excited gluon field configurations will
give access to hybrid states.

« The decays of both conventional and exotic hadrons can be well
described by the flux tube breaking mechanism.

Flux tube model Hamiltonian:

Collinear

H = Hquarks + Hﬂux tubes
mode

1 —>2 1 —*z a-
"oy 4 g VAt Vag- |

H quarks —

2
P by
Hauxtube = boR + E |:2bga + > (vn — yn—b—l)z]

N. Isgur and J. Paton, PLB124 (1983) 247-251; PRL54 (1985) 869; PRD31 (1985) 2910 24



Lowest hybrid in the flux-tube model Collinear mode

jg(c) = 1_(_)

Jg=S,+L; [ JP© = (0,1,2)~™
ng — 1+—

JiO =0 |

Jg=Sg+Lg + |JPO =17

ng — 1+—

N. Isgur and J. Paton, PLB124 (1983) 247-251; PRL54 (1985) 869; PRD31 (1985) 2910

Transverse mode

S, =1
Ly >0

S, =1
Ly >0
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* Predictions from the hybrid scenario

1. Inthe hybrid picture the di-lepton coupling of 1(4230) is highly suppressed.

2. As the ground state vector charmonium hybrid, its decays into a pair of ground-state S-wave
charmed mesons of the same spatial size will be suppressed (Broken down due to HQS
breaking?)

3. The relative partial decay rates of 1(4230) to the S-wave open charmed pair is predicted to
be I'(y(4230) - D D): ['(y¥(4230) » D*D +c.c.): T(¥(4230) - D*D*) = 1: 0: 3,
where 1(4230) » D* D + c.c. is forbidden (Seem to be contradicting with the exp.
observation: a(D*D + c.c.) >» a(D*D*) at 4.23 GeV ).

S. L. Zhu, Phys. Lett. B 625, 212 (2005) [arXiv:hep-ph/0507025 [hep-ph]].

F. E. Close and P. R. Page, Phys. Lett. B 628, 215-222 (2005) [arXiv:hep-ph/0507199 [hep-ph]].

E. Kou and O. Pene, Phys. Lett. B 631, 164-169 (2005) [arXiv:hep-ph/0507119 [hep-ph]].

E. Braaten and R. Bruschini, Phys. Rev. D 109, no.9, 094051 (2024) 26



* Predictions from the hadronic molecule scenario

e Hadronic molecule made of DD,(2420) + c.c. with coupled channel effects.

D, 1" D* 1~

D,(2420),1% \/

P (4230), 1“. 1P(4230) "

D(1868),0~ D,0~ D,,0"

Depending on the binding mechanism, the isoscalar and isovector may not bind simultaneously:

-3 1=0

(1 B Al =2+ 1) -3/2 = {72 17

Q. Wang, C. Hanhart, QZ, PRL111, 132003 (2013)
Q. Wang et al., PRD89, 034001 (2014); M. Cleven et al., PRD90, 074039 (2014);
W. Qin, S.R. Xue, QZ, PRD94, 054035 (2016)
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e Correlations between Y(4260) and Zc(3900)/X(3872)

N

Y(4415) | m—
Y(4360)

Y(4260)
v(4160)
y(4040)

The first S-wave narrow
D* _Dl open charm threshold in
vector channel

e The production of Zc(3900) is strongly
X(3872) =, correlated with Y(4260) and enhanced
e B DD by the triangle singularity kinematics.

&
-]
S
)
&
()
o
7))
&
=
c
o
c
M
L
O

\ 4

Y (4260)

1 . .
— (DD* £ D*D)

DD*(+) = 5

Q. Wang, C. Hanhart, QZ, PRL111, 132003 (2013); PLB(2013)

Q. Wang et al., PRD89, 034001 (2014); M. Cleven et al., PRD90, 074039 (2014);

W. Qin, S.R. Xue, QZ, PRD94, 054035 (2016)

L. von Detten, V. Baru, C. Hanhart, Q. Wang, D. Winney and QZ., PRD 109, 116002 (2024)



e Partners based on the heavy quark spin symmetry (HQSS)

L e Tt il Stk |

455,
@ * * -
(D,D*) + (D,D?) 450]
—?_— -
>< P Dy JPC=07, 1, 1, 20 gas
. :f[;. -
O 440}
= :
s (D4,D,) + (D,D¥) g 435
’ ’ £ 430
>< : : |:> JpPC=1— 1+ ¥
o o ! 4.25
4.20

D,D" D,D* D,D*
D\ D" D, D" D\D*

: Y(4360)

n D,D

= DD

E Y(4260)

- = ot 0% 3%

JPC

Experimental search for the 1~ * state in ete™ - y ¥y(1~ ) - yDD*r could be interesting.

Q. Wang, Phys. Rev. D 89, no.11, 114013 (2014) [arXiv:1403.2243 [hep-ph]].

X. K. Dong, Y. H. Lin and B. S. Zou, Phys. Rev. D 101, no.7, 076003 (2020) [arXiv:1910.14455 [hep-ph]].

X.Y. Zhang, P. P. Shi and F. K. Guo, Phys. Lett. B 867, 139603 (2025) [arXiv:2503.06259 [hep-ph]].
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Y. Cao, Y. Cheng and Q. Zhao, PRD 109, 073002 (2024)
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Polarization puzzles with D% - ¢p° and ¢w i

At the leading order, one would expect Br(D°® - ¢p°) =~ Br(D° - ¢w)

u -
S
1 _ 1 - 1 Do .
utl==(utt+dd)+=(utt —dd) = —=(w + p° ¢
> ( ) +5( ) =7 (@+0°) . . 1
However, significant differences arise from the experimental measurements: _ _
o o o _ in unit of (x 1073)
(1) Negligibly small longitudinal polarization with the ¢w channel: S 1.0 £ 0.12]21]
fr =0.00 £ 0.10 £ 0.08 P | 0.08 4 0.04[21]
which corresponds to f; < 0.24 at 95% C.L. ép° ? 0.08 & 0.03[21]
(1) Dominance of the S-wave in D° - ¢p° suggests relatively large L -
longitudinal pola. fraction f;. Total | 1.56 £ 0.13[21]
(1) Difference in b.r.s: ,_ T | 065+ 0.10120]
0 0 3 pw L ~ 0 [20]
BrexP(D - ¢p°) = (1.56 £ 0.13) X 10 Total | 0.65 % 0.10[20]

Br*(D° > ¢w) ~ (0.65 + 0.10) x 1073 N
[20] M. Ablikim et al., BESIII Colla., Phys. Rev.

Lett., 128, 011803 (2022)
[21] P. d'Argent et al., JHEP, 05:143 (2017)

There must be mechanisms beyond the leading tree-level transitions!




Parametrizing the short-distance transition mechanisms

« Cabibbo-favored (CF) decays (~ V V,q) Via color suppressed transitions:

75 K*(892)°p°, K* — ( 1.01 + 0.05 )% i
(K_ 7)r+ CS emission p’w
76 7*@92)0 pOtransverse, (1.2 + 04 )% u
K*O - K ﬂ-_‘_ U -«
o0 K*(892)°w, K*O — (65 =+ 3.0 )x1073 Do |
K- rnt, w— ata 7Y . R 9 K

M4 K*(892)°w (11 + 05 )%

1 -~ 1 - 1 T
= _ = — = = - 0
uu—z(uu+dd)+2(uu dd) \/7((0-'_'0)

-1 1 1
= — 1 _ - 1 — = — —p9 D°
dd =3 (utt + dd) > (utt — dd) 7 (w—p%)

64

B.R. differences can be possibly accounted for by the interferences between the color suppressed

emission (CS) and internal conversion (IC) transitions.

|C transition

<

>




The CF decay of D° - K*~p™* with the direct W emission (DE) has not been precisely

measured in experiment!

Direct Emission Py o p* IC transition
2 < P +
< < P, p
0 .52 I; DO PD (
b~ P, P, P, P K R} § P, K*-
0 *— o +) — 0/ ~ 0 *0 -0 H. Albrecht et al., New results on DO decays,
BR(D > K7p ) (6.5£2.5) % ~ 5 X BR(D — Kp ) Z. Phys. C56, 7 (1992)
Decay channels Amplitudes . The CF decay amplitudes can be
K = pt [ggE) N 6’3’991(@2 7 [Ves Via parametrized out by topological diagrams for
— i the DE, CS, and IC transitions.
K OpO \}[gég) — € GQI(C( ]V::svtu.d i .. i
0 (P) 0 (P) » @ is atrivial phase angle which prefers 6 =
K™ w T[ Cs +e 91c(s d)]VcsVu.d 180°.

Topological diagram approach (TDA):

Y. Kohara, PRD44, 2799 (1991); L.L. Chau, H.Y. Cheng and B. Tseng, PRD54, 2132 (1996); X.G. He and W. Wang,

CPC42, 103108 (2018)



« Singly Cabibbo suppressed (SCS) decays (~ V Vyus/ VeaVud) :

Transition amplitude:

Direct Emission

P, |C transition

— < K*t
P, (P) 0 (P)
52 > po P, 2 [gDE- +e 91(3(.s.§)]V03Vu3
D’ p, b, b, P, K~ \ :\ b K-
+ ..
P IC transition
“~s——p, P’
2 . .
C : p 6 (P)
. DO PD [QEE% +€ glc(dg)]vcdvu.d
P P, P~

The SCS decays of D? - K**K*~ and p*p~, which is the only one involving the dominant DE transitions
among the SCS decays, have NOT been measured in experiment!



0.50 £ 0.03[21] in unit of (X 10_3)
0.27 + 0.02[21]

S
P
D | 0.11 4 0.01[21]
T
L

The neutral decay channels involves the CS emissions and

IC transitions: K™K i
IC Total | 0.88 & 0.04[21]
Y ) P‘ T -
. ptp~ L -
PD Total -
:P S | 0.18 £ 0.13[21]
N > 1 P | 0.5340.13[21]
50,0 D | 0.62 +0.30[21]
T | 0.56 £ 0.07[19]
L | 1.27 £ 0.10[19]
Decay channels Amplitudes Toral| 1-85 % 0.13[19]
” — s 1.33 & 0.35[21]
K*TK [958 + e“’gl((gqq)]vcsvm DE+IC T :
K*OK*O [g(p) Vcsvus + g dv‘d] v L ;
B S o VeiVs Total : [19] J. M. Link et al., FOCUS
+ [ (P) + 10 (P) ]V V. T
PP gDE(: ) gIC( dgﬂ cdVud . . - Colla., Phys. Rev. D,
0 0 1 P 10 P w - .
pp 5[—g§;g = = gg (aay| VeaVud CSHC Total ] 75.052003,.2.007
o [gé s) + ezggl(czdd)]vﬁfdm*d S | 1404 0.12[21] [20] M. Ablikim et al., BESIII
0 0,®) sy P [ 0.08£0.0421]  Colla., Phys. Rev. Lett.,
op" 1By y ‘
P v29cs VesVus cs L i [21] P. d'Argent et al., JHEP,
bw o gV Vs Total| 1.56 +0.1321]  05:143, 2017
2 T | 0.65 =+ 0.10[20]
dw L ~ 0 [20]

Total| 0.65 + 0.10[20]




* Notice that there exist significant differences
between the K*tK*~ and K*°K*° channels.

DE

P — Py | 6 (P) D?
*0 7-x0 or (P P
KK ez [gIC(SS) Vcsvus + QIC(dC{) VCdVUd]

U —

BR(D® - K**K*~) » BR(D° - K*°K*?)

 Long distance transition mechanism due to the K*K*

final-state interactions (FSIs) should be considered:

2mygs ~ mg +m, ~ my +m,,

* Moreover, FSls involving other intermediate meson

Do P

rescatterings can also contribute. A systematic treatment

IS required.

D

K

K~

DO

DY




3. Tree-level short-distance transitions vs. long-distance final state interactions

- Taking D° - ¢p°/dw as an example, the tree-level amplitude reads:

iMpy (D" — 0p" /ow)
= (pp"/pw

« The amplitude due to the intermediate K**K*~ rescatterings can be written as:

L

: _ , _ C'S
St ($(ut) Hyy )| Do) = —=0s Ves Va

Ll

To be calculated explicitly in the NRCQM

iMi(;%}:pr — \/—gDE VC‘?VU‘*? ZI K*+: K*_a (K)}

1

. loo )
?}M(P){;w — (\/ﬁggE ‘|‘€ gI(C) )) Ves Vs

x Y I[(P); K*T, K*,(K)] .

®__ 1 L D’ P,

“P” can be either “PC” or “PV”
for parity-conserving or parity-
violating amplitudes.

Different strange particle exchanges
in K**tK*~ - ¢p°/ow.

p’fw

)



Numerical results in comparison with the data

Leading processes with the DE trans.
CF trans. with CS

SCS trans. with CS

in unit of (x 1073)

. b.r.s b.r.s
Process Experiments ) )
with FSIs | without FSIs
T - 57.92702% 47.59
K*"p" | L - 7.8870 35 4.58
Total | 65.0 £ 25.0[31] | 65.807129 52.17
T | 18.0+6.0[18] | 10.957] 2% 12.36
K*9p" | L - 4.34771-99 5.31
=
Total| 129 E 38181 10 ggtaar 17.68
15.15 & 0.75 [32] -
T - 6.8510-5° 7.52
E*%uw L - 2.627000 2.76
+0.45
Total| 11.045.0[31] | 9.4870 %5 10.28
T - 6.227055 4.02
K*TK*"| L - 2.9370-0% 1.83
Total . 9.157023 5.86
S | 0.5040.03[21] | 0.567 %2 0.92
P | 0.27 £0.02[21] | 0.2712090 0.30
10.004 :
gw0w0 | D | 0.11£0.01121] | 0.0175:003 0.006
T - 0.5870 o2 0.84
L - 0.2719042 0.39
Total | 0.88 +0.04[21] | 0.8470-24 1.23

—0.15

Decay channels Amplitudes
K*~p* 908 + €90 )| Vs Viua
K*Opo %[gg;) _ eiegI(Cng)]VCSVud
B | T el v
K*TK* [958 + €91 s5) Ves Vs
JOH0 fx0 8119[91(2233) VeiVie + gggdd) Ved Vil

The long-distance FSls are crucial and

evident.

The difference between K*°p° and K*°w
Indicates the non-negligible contributions
from the IC transitions. About 10%
corrections from the long-distance FSls are

expected.



in unit of (x 1073) Numerical results in comparison with the data

Process Experiments bars b Leading processes with the DE trans.
with FSIs | without FSls .
T 4107031 Bl CF trans. with CS
- ’ —0.31 :
ptp” | L - DgE 1.36 SCS trans. with CS
Total - 5.101039 6.81
S | 0.18£0.13[21] | 0.387052 0.49 + (P) i0 (P)
P | 0.534+0.13[21] | 0.4210:9¢ 0.23 PP 9o t+e€ QIC(dJ)]VCdV“d
, . 10.02 0.0 1 P 0 (P
00 | D |0.62+030021] | 00475705 0.01 p°p 1 [_gés) 4 ¢ g( ) VeaVua
r T | 0.56+0.07[19] | 0.67%923 0.48 21 = , (g;(dd)
3¢ . 7
L 1.2? i 812%2} 0.18+0-22 0.25 WW slgeg +e gIC(dJ)]VCdV“d
_ .85 £ 0.13[1¢ - 40.49 ‘ 0 1 0 (P
total) 54 0.3521) | V570084 v pw —5€ gl(cgdd) VeaVud
T _ 0.05010-005 0.019 0 1 (P)
wuw I - ()_(128%00108080341 0.00065 2 29 ?S) VesVus
T - 1.0379-01 0.84
pPw L - 0.0910-009 0.13 : , L L
, 30013 * Without the long-distance FSI contributions it is
Total - 1.1110.91% 0.97 _ _ _
S | 1.40+£0.1221] | 1.41701¢ 048 impossible to account for the difference between the
P | 0.08+0.04[21] | 0.070-03 0.05 0 and ¢pw decays.
0 D | 0.08+ 0.03%21} 0.0031%@; ~ 0 be P : / . :
bp T | o1 +0.14 0.37 « The suppression of the ww channel indicates the relative
- ' —0.12 . -
L i 0.4810-02 0.16 strength between the CS and IC transitions.
+0.19 . ; ; .
T‘;‘ja'l (1)26 i 813% é'gfﬁg;g 8;2  The p°w channel is dominantly driven by the IC
0O . . .t - . . .
oo . ~ 0 [20] 00310001 015 transition for which the experimental measurement will
U —0.002 s . . . . .
Total| 0.65+0.10[20] | 0.671912 0.49 rovide a direct constraint on this mechanism.
{ ] —0.10




4. Summary

The limitation of QM is unsurprising.

Rich spectra can arise from the multiquark scenario. In contrast, the hadronic
molecule scenario provides an economic solution.

Apart from the hadron spectroscopy, threshold dynamics play a crucial role for
understanding many newly observed phenomena in various processes.

Theoretical tools bridging the quark and hadron D.O.F. are still required.
Systematic studies of the threshold effects need inputs from experimental data.

Thanks for your attention!
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Exotics of Type-lll:
Peak structures caused by kinematic effects, in particular, by triangle
singularity.

1 d*q
—m? + i€) (g2 — m3 + i€)(q% — m2 + ie)

(1 — ] — o — (1-3)
— 62 f / / dﬂl d{lg dﬂg D — ic ,

[m + m — (¢ — %‘)2}

-

]

..P
S
i
i

[
o] =

The TS occurs when all the three internal particles can approach their on-shell condition simultaneously:
OD/da; =0 forallj=1,23. [Z> det[Y;;] =0

L. D. Landau, Nucl. Phys. 13, 181 (1959);

J.J. Wu, X.-H. Liu, Q. Zhao, B.-S. Zou, Phys. Rev. Lett. 108, 081003 (2012);

Q. Wang, C. Hanhart, Q. Zhao, Phys. Rev. Lett. 111, 132003 (2013); Phys. Lett. B 725, 106 (2013)

X.-H. Liu, M. Oka and Q. Zhao, PLB753, 297(2016);

F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, arXiv:1705.00141[hep-ph], Rev. Mod. Phys. 90, 015004 (2018) ; F.-K.
Guo, X.-H. Liu and S. Sakai, Prog. Part. Nucl. Phys. 112, 103757 (2020)

M.-C. Du and Q. Zhao, PRD 104, 036008 (2021); PRD 100, 036005 (2019); Y. Cheng, L. Qiu, and Q. Zhao, PRD in press, arXiv:2407. 1042]3»4
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Cross section (pb)

ete” > n'J /Y
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Solution IV

M(Y4220) (MeV/c?)
[°Y(y4220) (MeV)
BI*¢(Y4220) (eV)

M(Y4390) (MeV/c?)
[°1(Y4390) (MeV)
BI**(Y4390) (eV)

1.59 +0.75

10.70 £ 4.13

42344+ 3.2
17.6 8.1

1.63 +0.78 0.02 £+ 0.01

4390.3 + 6.0
143.3 £ 10.0
20.72 £2.46 9.86 £4.11

0.02 +£0.01

19.44 £ 2.04

Phys.Rev.D 104 (2021) 5, 052012; arXiv:2107.O9210[heL|1o4-ex]
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TABLE 1l.  Results of the fit to the eTe~™ — yy., cross sections. The unit of the e e~ partial width is eV/c?. The errors are statistical

only.

Parameter

Solution 1

Solution 11

Solution 11T

Solution IV

By (3770) = rxe2)
By (4040) = yx )
By (4160) = yxe)
M(R)

[Y(R)

M“B(R = 1x2)

¢

$a

(13.4 +4.7) x 107!
(6.8 4+ 1.9) x 10!

(4.7 4+ 1.6) x 10!
241.5° £+ 15.0°
248.7° + 31.3°

(0.6 & 0.4) x 10~

(6.9 £3.5) x 10~
(2.1 +£0.9) x 107!

(13.3 £4.7) x 10~
(6.4 +1.8) x 107!

43717 £7.5
S1.1£17.6

(3.9+1.3)x 10!
105.6° + 33.7°
24.8° +39.2°

(4.4 +1.5)x 10"
238.9° + 14.8°
252.6° +31.7°

(6.9 £3.5) x 10~
(2.1 +0.9) x 10!

(4.1 +1.4) % 10!
107.3° + 34.2°
19.5° 4 30.8°46




