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Background: QCD color singlet

Meson : g3, Q4. QQ

Baryon: qqq, Qqq, QQg,
Molecular state

Hybrid meson
Glueball
Tetraquark
Pentaquark

Conventional QM states {

Hadron ¢
Exotic states
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Deuteron

loosely bound molecular state,composed by a proton and a neutron

()= (7, =- MeV, = fm
 Long range: = ; ohe- -
exchange interacion dominant,

attractive; -

* Intermediate range: < < E

; one- -exchange interaction =

(two pion exchange process) ;
attractive;

 Short range: < . s, -
exchange interaction, repulsive.

SRV

TS

400

3 3
= <§|V['S;>

200

V [MeV]

-200

-400

- = <8 |V/'D>
sese éDJVPDR

u(r) [fm"?]

KET]

S-D wave mixing: tensor force;

short range:
important.

()>

loosely bound

’

( ); S wave dominant,

r [fm]
Effective potentials

. LW Wy

2 4 6 8 10
r [fm]

Wave functions



Heavy flavor hadronic molecules exist or not?

® Frequently deviated from the convention quark model as the masses,
decay widths, various reactions, production and decay behaviors.
® Close to two hadrons thresholds, i.e., X(3872), Y(3940), Y(4140),

Pc(4312), Pc(4440), Pc(4457).. molecules?
4.8 =
—————————————————————————— D D
474 X(4700)
Y(4660)
P 1 S|P e e el e DB,
. Y [ e e N D:ﬁ.\l Z'B'
4 . xwsop | T T ¢
S 437 2699 e ] e 55
é 1 WA Semmmmmcccaoo =1 DD b.D P (4450) £
S 444 DD, sty = =D
% | Y1360 e x(1350)_ _ 1T A D
% =iy _z _;4;4;) """"""""""""" D X@as--|DD, " T T T T T T TT T &
[ B S SRS R DD
= 4.2 z'(4200) ol
== : X(4160) AD
A X440y """ TTTTTTTTTTTTTTTTTTT ¢
« 414 9 i
= 1 zwosn 7.4025) D,
402400 - “yuoosy — | DD
91 v(3940) | e e e e = e ] DD
3.04 2800 Xgaglsi _
i EAEL L. -x(3872 - | DD
38

FIG. 1: (color online) A mass comparison between the heavy hadron-hadron systems and new exotics after 2003.
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Correlation of the hidden-charm molecular tetraquarks and the
charmoniumlike structures existing in the B — XYZ + K process

Fu-Lai Wang,l’g':“ Xin-Dian Yang,i'gjf Rui Chen,d"s’i and Xiang Liu i

The molecular assignments to the three P, states and the similar production mechanism between the
Ay = P, + K and B — XYZ + K convince us the B decaying to a charmonium state plus light mesons

could be the appropriate production process to search for the charmoniumlike molecular tetraquarks. In this
work, we systematically study the interactions between a charmed (charmed-strange) meson and an

anticharmed (anticharm-strange) meson, which include the D®)D™), D& D, D¥) D3, DD, Dg*}D;‘{),

D&*)D;l, DE*)D“, DE*)D;} systems. After adopting the one-boson-exchange effective potentials, our

numerical results indicate that, on one hand, there can exist a serial of isoscalar charmoniumlike DD and

D, D, molecular states, on the other hand, we can fully exclude the charged charmoniumlike states as the
isovector charmoniumlike molecules. Meanwhile, we discuss the two-body hidden-charm decay channels
for the obtained DD and D,D, molecules, especially the D*D* molecular tetraquarks. By analyzing the
experimental data collected from the B — XYZ + K and the mass spectrum and two-body hidden-charm
decay channels for the obtained DD and D, D, molecules, we find several possible hints of the existence of
the charmoniumlike molecular tetraquarks, i.e., a peculiar characteristic mass spectrum of the isoscalar
D*D* molecular systems can be applied to identify the charmoniumlike molecule. We look forward to the
future experiments like the LHCb, Belle II, and BESIII Collaborations can test our results with more
precise experimental data. 7
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First observation of a same-sign
doubly charmed tetraquark T_*

Very narrow state in
D° DOmt* mass spectrum

Yield/ [ 200 keV/c? )

Consistent with cctd tetraquark

Mass very close to D**D°
mass thresholds

Manifestly exotic
Parameters of T_*
Fit structure with P-wave
relativistic Breit-Wigner
—273+ 61+ 5 lkeV/e?,
410+ 165+ 43 + L keV
Uncertainties stat, syst and due JF = 1* assumption
Significance for signal > 10 ¢
Significance for dmg,, <0 4.3 0

Recent LHCb results on exotic meson candidates
Ivan Polyakov

Borrowing from Franz Muheim - LHCb highlights 9
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Earlier predictions for doubly charmed

molecular states
Chin. Phys. Lett. 38, 092001 (2021)

Perfect DD* molecular prediction matching the 7. observation at LHCb

Ning Li' ["| Zhi-Feng Sun®**[f| Xiang Liu>**[| and Shi-Lin Zhu|

In 2012, we investigated the possible molecular states composed of two charmed mesons [Phys.Rev. D 88,
114008 (2013), arXiv:1211.5007 [hep-ph](2012)] . The D* D system with the quantum numbers of /(J”) = 0(1%)
was found to be a good candidate of the loosely bound molecular state. This state is very close to the D*D
threshold with a binding energy around 0.47 MeV. This prediction was confirmed by the new LHCb observation
of T [see Franz Muheim’s talk at the European Physical Society conference on high energy physics 2021].

D D)
I JE OPE OBE
ar ¥ X
A(GeV) ) 1.10 1.15 1.20 0.95 1.00 1.05 1.10
B.E. (MeV) 1.24 463 11.02 20.98 0.47 544 18.72 42.82
M (MeV) 387461 3871.22 3864.83 3854.87 3875.38 3870.41 3857.13 3833.03
0 1* Fyms(fM) 3.11 1.68 1.12 0.84 446 1.58 0.91 0.64
P (%) 96.39 92.71 88.22 83.34 97.97 92.94 85.64 77.88
P(%) 0.73 0.72 0.57 0.42 0.58 0.55 0.32 0.15
P3(%) 2.79 6.45 11.07 16.11 141 6.42 13.97 21.91
Py(%) 0.08 0.13 0.14 0.13 0.04 0.09 0.08 0.05
Channels: [DD*]-(S1) [DD*)-(Dy) D'D(sy)  DD¢H)




OTIsospin breaking effects and possible doubly
charmed molecular resonance
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€ The very tiny binding energy can amplify the isospin breaking effect.

€ The interactions betweenthe * and " are almost the same.
& If the Tccisthe © molecule, there should exist the other
“ molecule.
€ A minor structure existing betweenthe * and " threshold, a real

structure? How to understand? Why is not significant? 13



One-boson-exchange (OBE) model

Yukawa, Proc. Phys. Math. Soc. Japan 17, 48 (1935)

« 1935, Yukawa: pion-exchange and nucleon-nucleon interaction

* Nijimegen potential and Bonn potential: scalar meson exchange~two
exchange; vector meson- / exchange~multi- exchange

+ OBE model (fISly = o5+ i{fITli) =6ri + i(2ﬁ)464(pf - pioM;i
« Scattering amplitude (fISly = 64— iRm)S(Ef — EDVsi(p)
- Brei 3 E ~
reit a.ppr'oxma‘l'.lon. i M;; M;:
- Effective potential in momentum Viilp) = - N -
gpace p \/ 1525 I1:2p} \/ [y 2m) T1; 2m}
* Fourier transformation k
- Effective potential in coordinate V) = f UV (@) F (P md)
3 space P (2m)° £

o One free parameter
Form factor (2, 2)= //\\2__ = , and are the cutoff, mass and four-

momentum of the exchanged meson, respectively.

_ GeV N. A. Torngvist, Z. Phys. C 61, 525 (1994)
' € N. A. Torngvist, Nuovo Cim. A 107, 2471 (1994)



Effective Lagrangians: Heavy quark symmetry and chiral symmetry

VDOD*+—>D[)D*+ VD+D*0—>D0D*+

VDUD*+—>D+D*0 VD+D*0—>D+D*0

llllz.llll

0 s+ 0 ny*+ E 1 2
D°D*+—>DOD* __ a _ 22 —
V = y ;» 3f;;- 0 E 4/3 gv(yp yw) F gﬂzg%’XpO
+ *0__'> + y0 g : l 2
VD AN y TF 3f2 ;7;1: ﬂz (yp = ya)) ' g’lzg%";vpl

., -exchange effective potentials: exactly the same
-exchange effective potential: very similar

¢) - |
+ D*0 5 DO pH*+ g 1 1 m—ir— B s
vRETET = - 6f2 (Z:rz _§Zﬂ2> +§ﬂ29%’yp % 9 (Xp2 = Xon)

. . + *0 0 *—+ 0 st 0 okt
Approximate relation V? =R —QyD°D* DD
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Numerical results 1: bound state properties

Bound state solutions for the coupled

® Binding energy E=-259.90
keV, overlaps with the mass
of Tcc
® Typical loosely bound
molecular state: root-mean-
square radius is 6.28 fm
® S-wave * and
" components are
dominant.
® Probabilities:
¢ )xC M=
%: %

® The isospin breaking effect ., |.

is very important.
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The radial wave functions for the doubly charmed
D°D** ) D*D* molecular state with J© = 1*.
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Numerical results 2: resonance

-+

Phase shifts for the coupled * / " systems with =
A typical Breit-Wigner resonance: § =(n+1/2)m A=1.16GeV

O Max (EO) I'=2/ (@_EB)EO

Existing a doubly charmed |
resonance | =
T1.0 : - e
m = 3876 MGV F = 412 keV = | e D*D*U; S-wave
‘o | ... D*D*%: D-wave
0.5 |
: |
® . not a shape-type resonance i 2 = s e o e —
but a Feshbach-type resonance. 5 e T
P DiSC( ear: Tur'n Off The 3875.5 3876.0 3876.5 3877.0 3877.5
ppear: E (MeV)
contribution from the
* channel. FIG. 2: Phase shifts for the coupled D°D**/D*D* system with

: : : JP = 1*. Here, we adopt the same cutoff value A = 1.16 GeV, the
o J P 4
The Isospin breaklng effect plClYS dotted line shows the mass position of the obtained doubly charmed

a very important role in forming ———
the
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Conclusion

Fitting the * mass spectrum ¥ | .
DY DDt
« LHCb Data | |
s Eit | I
Doubly charmed molecular state =1 | !
= GeV, T, = 410 keV 2 : |
The observed Tcc state i B | |
Dominant channel: S-wave z a l | |
( ° ) )= . " 1) ' :
I
it
3.873 3.874 3.875 3.876 3.877

Mpo po o+ (GeV)

FIG. 3: The fit to the experimental data of the D° D"z mass spectrum
through the obtained masses and width for the doubly molecule and
the doubly resonance. Here, I'; = 410 keV is the experimental width
of the newly T . [4]. The dash'Tines Tabel'the an mass
thresholds.

The isospin breaking effect does play an important role in generating this
doubly charmed molecular tetraquark "



Decay behaviors

i ¢ * )»xC M=
Mixing angle |7+ cosf sind \( |D°D**)
(|ng ) - (—sin@ cost )( |D+D*°>) 6 = +£30.8°
Ampli'rudes ﬂT;}—>D0D0n+ = COS@?‘DOD*Jr OO+ + Sil’l@ﬂD+D*0_)DoDoﬂ+ :
ﬂTJC—>D+DOJrO = COSOApop+ s p+ pogo + SINOAp+ pro_, pr po 0,
ﬂT;§—>D0D01r+ = —SiHQﬂDDD*+_)DDDOJT+ T COSQﬂD+ D0 DO+,
ﬂT;jeDﬂ“DOer = _SingﬂDOD*+_)D+DOﬂ-0 + COSOA D+ p0_, p+ pos0,
ﬂTJC—>DOD+7/ = COSQﬂDoD*+_)D0D+,), ) SinQﬂD+D*0—>D0D+y=
Arrsspopry = —SIOApper,popry + COSOA D po_,popiy -

Decay ratios
R, =T[T} — D°D°x* /T[T — D°D°n*] = cos’d : sin*6 =2.80
R, = T[TF. — D°D*y] : T[T/ — D'D*y] = sin’0 :cos?6 = 0.35
Ry = T[T — D*D°2°)T(T" — D*D°x°] less than 0.7

“decay mode shall be the prime channels

and decay mode shall be the prime channels N

-+



v" Perform an isospin breaking effect analysis on the coupled * /
"~ systems with = 7

v' The observed * state can be explained as a doubly charmed
molecular state, mainly composed by the S-wave *

channel
v' Predict a doubly charmed resonance *
= Gev‘ = keV
T and 7 decay modes shall be the prime channels




