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Hadron Physics —— Hadron states (quark & gluon)

Hadron physics is mainly focused on hadron spectra, structures, interactions, etc.

In general, the hadron configurations include

Meson:  q¢g. Q4. QO @‘@ ©® 6

Baryon: ¢qqq, Qqq, QOQq,

Conventional states -

Molecular state
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Glueball
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H. X. Chen, W. Chen, X. Liu and S. L. Zhu, Phys. Rept. 639, 1 (2016)
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Hadronic molecule

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

Hadronic molecule is a loosely bound state formed by two or more hadrons.

M M
P n
The deuteron is a typical example of the molecular state, which is a loosely bound
state of a proton and a neutron with a binding energy around 2.225 MeV.

PRC 63, 024001 (2001)

Hadron-hadron interactions are important for the hadronic molecules.

Different models and approaches to probe the hadronic molecules: Q)
m Meson-exchange model; 03|

v Tdecays (N3LO

a DIS jets (NLO)

o Heavy Quarkonia (

e'e jets & shapes (res. NNLO
® c.w. precision fits (N3LO)

v pp—> jets (NLO)

v pp — tt (NNLO)

m QCD sum rules ;

0.2 t

m Lattice QCD simulation; ~ Mg
m Chiral perturbation theory; B QCDGS(MZ):(),IISI%
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= And so on. H. X. Chen, et al., Phys. Rept. 639, 1 (2016) : :
F. K. Guo, et al., Rev. Mod.Phys.90, 015004 (2018). '”teracuonls Cc?n”IOt be'perturbatively
Y. R. Liu, et al., Prog. Part. Nucl. Phys. 107, 237 (2019). solved at low energy.



Situation has been changed since 2003

Early study: The possible two charm-meson molecular states. M. B. Voloshin, L. B. Okun, JETP Lett. 23, 333 (1976)
Y (4040): P-wave D*D* molecule. A.D. Rujula, H. Georgi, and S. L. Glashow, PRL 38, 317(1977)

Unfortunately, the early-stage theoretical efforts on the molecular states were not supported by experiments.

o
Breakthrough in multiquarks: X(3872) was first observed by Belle Collaboration, 'n
the study of multiquark states has entered upon a new era. [Belle] PRL 91, 262001 (2003) \ o
Y,
Plenty of XYZ states: traditional charmonium, molecules, tetraquarks, hybrids, kinetic effects, ...
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How these XYZ states were decoded as the hidden-charm molecules ?

The masses of several XYZ states are close to the thresholds of two hadrons, hadronic
molecular state has aroused heated discussion.

4 X(3872) DD molecule \ (  Y(4140) D:D: molecule
Two hadrons [Belle] PRL 91,262001 (2003) [CDF] PRL 102, 242002 (2009)
1 Z(4430) D*D{” molecule Y(4274) D,D’, molecule
: [Belle] PRL 100, 142001 (2008) [LHCb] PRD 95, 012002 (2017)
' Y(3930) iy .
Y [Belle] PRL 96,082003 (2(?0(?) molecule \ <
elle
XYZ states ’ = H. X. Chen, et al., Phys. Rept. 639, 1 (2016)
\Ui Y(4220) DD, m°'e°”'e) F. K. Guo, et al., Rev. Mod.Phys.90, 015004 (2018).
BABAR] PRL_95, 142001 (2005) Y. R. Liu, et al., Prog. Part. Nucl. Phys. 107, 237 (2019).

These observed XYZ states also result in several systematic theoretical calculations of the

interaction between charmed mesons and anti-charmed mesons.
v' L.L.Shen, X.L.Chen, Z. G. Luo, P. Z. Huang, S. L. Zhu, P. F. Yu, and X. Liu, EPJC 70, 183 (2010);

B. Hu, X. L. Chen, Z. G. Luo, P. Z. Huang, S. L. Zhu, P. F. Yu, and X. Liu, CPC 35, 113 (2011);
Z.F. Sun, Z. G. Luo, J. He, X. Liu, and S. L. Zhu, CPC 36, 194 (2012);

Z. F. Sun, X. Liu, M. Nielsen, and S. L. Zhu, PRD 85, 094008 (2012);

R. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, EPJC 76, 319 (2016) .

v' X.K.Dong, F. K. Guo, and B. S. Zou, Progr. Phys. 41, 65 (2021) . EELEE
These studies enlarged our knowledge of hidden-charm molecular states with mass below

4.5 GeV. However, our knowledge of hidden-charm molecular states above 4.5 GeV is
still not enough. 6
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More XYZ states with higher mass and White paper of the BESIII

In the past years, more XYZ states with higher mass were announced.
50

40 ; —D
- * X (4-500)LH - " C 2 )Y ( 62 6) D (3536] skdeband N - Y462 6) pa— D?:§2573)' sidebands
D E A8 == DD, (2536) contribution S 401~ —— Datafit
= 0ok ‘ % 30 ;o:a: th - % E -------- Background shape
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Marwe Belle] PRD 100, 111103(2019
ILHCb] PRL 218, 022003 (2017) [Belle] , (2019) [Belle] PRD 101, 091101 (2020)

In 2019, the BESIII announced a white paper, they plan to perform a detailed scan of cross sections
between 4.0 to 4.6 GeV and take more data above 4.6 GeV, and these measurements provide us
good opportunity to study XYZ states above 4.5 GeV. [BESIII] CPC 44, 040001 (2020)

We propose to explore double-charm molecules with hidden or open strangeness existing
In mass range around 4.5 ~ 4.7 GeV, which are relevant to the interactions between
charmed-strange meson in H-doublet and (anti-)charmed-strange meson in T-doublet.

H=(0"1) T=(1,2")
[Dg, Ds] [Ds1(2536), Ds,(2573)],



The hidden-charm and hidden-strange molecular systems (cs)(cs)

l)szjsl 1)525:2 l);ijsl l)iijzz

The open-charm and open-strange molecular systems (c¢s)(cs)
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Interactions involved in the
HsTs and HsTs systems



Meson-exchange model Talks by SRIZHE. PR

The molecular state is bound by the meson exchange force at the hadronic level.

@ Nucleon-nucleon interaction is mediated through the exchange of pion meson, which

contributes to the long-range part of the nuclear force.
@ H. Yukawa, Proc.Phys. Math. Sco. Jap. 17 (1935)

In the one boson exchange (OBE) model, the potential between two hadrons is generated
by the exchange of a series of mesons, which includes the o, 1, n, p, and w (plus a few
extra mesons in more sophisticated versions).

0

”—\/5 + % r;z'+ K= L\/Oj ‘_\L/)E ot K*t
G, P = 7T- _RTE + % I\fO A ”] —— f)_ _L’__\/(; - % K+0
K_ R 0 — —2—77— 7k — 0
H A2 6 | K K ¢
KE 12
0.8fm <r < 2.0 fm r>2.0fm r < 0.8 fm

The OBE model is a powerful model to depict nuclear force and explain observed X/Y/Z/Pc /Pcs

states. :
H. X. Chen, W. Chen, X. Liu and S. L. Zhu, Phys. Rept. 639, 1 (2016)
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The interaction with light mesons V(r)

X
€D We first obtain the scattering amplitude with the effective Lagrangian approach.
9With the help of the Breit approximation, a relation between the effective

potentials in momentum space and the scattering amplitudes is obtained, N

Pk = = Mnhy > hsha) o goy Phys. Rev. 34, 553 (1929)

JI1:2M; [[;2M; G.Breit, Phys. Rev. 36, 383 (1930)

9The effective potential in the coordinate space V(r) is obtained by performing Fourier transformation,
Y dq

VYVe(r) = [
. J 2n)3

Due to the discussed hadrons are not point-like particles, we adopt the form factor Fw(g?),

A* —m?
Fuld) = ——
. AZ—-qg* N

Here, /\ is the phenomenological parameter.

(’iq'r(V[; (g el (/2 )

A. Torngvist, Z. Phys. C 61, 525 (1994)
A. Torngvist, Nuovo Cim. A 107, 2471 (1994)

One free parameter 2



The Lagrangians involved in the HsTs and HsTs systems

With the heavy quark symmetry, the chiral symmetry, and the hidden local symmetry, the
compact effective Lagrangians depicting the interactions between the (anti-)charmed-
strange mesons and light mesons can be written as G. J. Ding, PRD 79, 014001 (2009)

—(0) —(0) ( ) (0)
L= lggH(Q)ﬂba)’s )+ ig (AL RuysHO) + ik (1,2 RoysTyy )+ ( 7. AursT2)

bu
uper-field Axial current

/ h — =@ (/ PR 0
Tk Ron] i o i o)) e
X ba ab

v (L) (L) ; v 0
+< O (BH*(Vy—pu) + 20" Fu (o)), H > < (B*( Vi — pu) = A6* F(p)) . H/fQ’>
Vector current (g)l G Vector meson field
iT 2 (B W (Vy = pu) + A0 W(p)) }—& at (B V(Vu=pu) - /l"()"“VF'W(p)> T‘Q“>
eld

+
b b
Vector meson f tl’eﬂzth tensor

/\

+ KT[()Q)“ (i_(l (Vy—pu) + 11y’ W(p)) —(Q > + H.C.‘ = [ EL) (141 (V= pu) — 1y’ ,uv(p))ab T,EQ)”> ¥ H.c.] ;

FLW and X. Liu, PRD 102, 094006 (2020)
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The coupling constants involved in HsTs and

Determination of the coupling constants:

(1)fit to experimental data;
(2)phenomenological models.

The phase factors are fixed with the quark model.

X
4 Quark model \

Nucl. Phys. A 679,577 (2001)

All of the coupling constants are related to calculate
the coupling vertex in the quark level and hadronic

\level, and to equate them. y ¢
(ga k) Ih,l fJT (ﬂ’ ,8”)
, (0.59, 0.59)  0.55 0.132  (-0.90,0.90)
Coupling constants
(4, 27) 1] M gv
(—0.56, 0.56) 0.20 0 5.83

FLW and X. Liu, PRD 102, 094006 (2020)

ISTS systems
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The interactions involved in the HsTs and HsTs systems

For the HsTs systems, we need distinguish
the charge parity quantum numbers, and
these systems have the charge conjugate
transformation invariance.

I
v
S

Direct diagram Crossed diagram

FIG. 1: The direct channel and crossed channel Feynman diagrams
for the 'D systems. The thick (thin) lines stand for the charmed-
strange mesons (D), while the dashed lines represent the ex-
changed light mesons.

The total effective potentials:
(VTotal(r) = (VD(T) + C(VC(T)

where Vp(r) and V(r) are the effective potentials corre-
sponding to the direct channel and crossed channel, respec-
tively.

The flavor wave function:
0,0) = | D+ D Y+c| DT D)
’ B V2

Here, we want to emphasize that there exists a relation of ¢
and the C parity, i.e.,C = —c-(— 1)/1=/2=7 where the notations
J, Ji, and J, stand for the total angular momentum quantum
numbers of the D’ D, the charmed-strange mesons 2, and the
charmed-strange mesons D, respectively.

Y. R. Liu, X. Liu, W. Z. Deng, and S. L. Zhu, EPJC 56, 63 (2008)

X. Liu, Z. G. Luo, Y. R. Liu, and S. L. Zhu, EPJC 61, 411 (2009)

Z. F. Sun, X. Liu, M. Nielsen, and S. L. Zhu, PRD 85, 094008 (2012)

FLW and X. Liu, PRD 102, 094006 (2020)
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The effective potentials

e D,D,; — DDy process:

C A + ﬂ,l
Vb = ETY"”
E A, + ‘?(/2
=22 T2y
Ve=3—7% 1w
« D;D¥, — D,D*, process:
C A +ﬂ%
(VD = ETY¢,
2B [ Ay + A 5 A As + A
Ve = =y Z+ TTT+ T{T sl | Lol
e D*Dy; — D*Dy process:
5A C 5D
Vp = 57 (AL + AT Y, + Eﬂ7 + 5 (AT — ZﬂgZ)] Y45
Ve =

* Tk * Ty .
e DD, — DD, process:

B E
=3 [(A10ZZ + AT T + AT, 2} Y + Efﬂsquz-

Single channel analysis !

ﬁe coupling constants:
A=gk/f7, B= ;

B=n"?|f;,C=pB"8gy. D=A"gy, E = igy.
The function and operators 5 5
ANy — my3

v o Y(A ) e Mt _ o —=A;r

= c M F) = - >
’ ik dxr SN,
m; = |[m? —ql.z,A,- = o AR —q;?‘.

= 18.29 p9 190
Z_r(?rr(')r’T 6)r(9r’{TZ}

—A:r

1

The operators:
\&*’l{)

— mMp+.

~

X

According to the spin-parity conservation,

we may determine exchanged particles in
the OBE model.

24 [ A4 + ﬂ,14 Ays + ﬂ’ls 2D (A5 + .7(’15 Arg + ﬂ,14 C A+ ﬂ’n
= —97 1Y, -2— —— 1Y,
L e A 2 2 "3 3 ¢
2B [ A + A’ Ay + A, A + A, E A+ A
Ve = 3 - 16 +T]7 _,_TW{T,Z}] Y"3+ET19 43-

FLW and X. Liu, PRD 102, 094006 (2020) >



Possible double-charm molecular candidates with
hidden or open strangeness and around 4.5~4.7 GeV

FLW and X. Liu, PRD 102, 094006 (2020)
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Before discussing the bound state properties, we need to remark hadronic molecules:

a). For the molecular state, the binding energy should be tens of MeV or less, and the
typical size should be larger than the size of all the included hadrons.
R. Chen, A. Hosaka, and X. Liu, PRD 97, 036016 (2018)
b). The S-wave bound states should first appear since there exists repulsive centrifugal
potential for higher partial wave states. Thus, we are mainly interested in the S-wave
HsTs and HsTs systems. (V”’, /(/ + 17‘

g = ?z//( )4+ V(rw(r) = El//(",)|

\ I"

‘..,U Sam=

-

_ Schrodinger equation _
Interactions » Bound state solutions

Single channel analysis
Coupled channel analysis
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The hidden-charm and hidden-strange molecular systems (cs)(cs)

FLW and X. Liu, PRD 102, 094006 (2020)

The single channel analysis

TABLE III: Bound state solutions for the S-wave DD, system. TABLE IV: Bound state solutions for the S-wave D D, system.

JE | A E rrRvs | A E rems  PCS1/°Dy) JFC LA E rRvs | A E rems  PCSy/°Dy)
456 -0.30 473 | 456 -0.30 4.73 100.00/0(0) X X x 470 -0.22 5.00 99.87/0.13
17 1 478 -0.67 3.63 | 478 -0.67 3.63 100.00/0(0) 2 X < x | 476 =287 1.81 99.53/0.47
500 -1.15 2.89 | 5.00 -1.15 2.89 100.00/0(0) X X x 482 =976 1.00 99.07/0.93
385 -031 4.72 | 3.85 -0.31 4.72 100.00/0(0) 244 -031 4.69 | 241 -0.34 458 99.99/0.01
17" | 443 -226 2.12 | 443 -226 2.12 100.00/0(0) 2771252 -295 1.87 249 -335 1.76 99.97/0.03
500 -5.07 146|500 =507 146 100.00/0(0) 260 -10.16 1.06 | 2.56 -10.26 1.05 99.93/0.07

Such cutoffs are unusual and deviate from the reasonable range. Thus, these
states as the candidates of the hadronic molecular states are no priority.

18



TABLE V: Bound state solutions for the §-wave DD, system.

TABLE VI: Bound state solutions for the $-wave D} D, system.

JU A E nmwms| A E rras P('S0/°Dy) JIA  E rmus| A E  reus PCS/PDy /5Dy /D))
1.68 -0.41 4.14| 1.68 —0.42 4.09 100.00/0(0) 1.70 —0.60 3.65/1.69 —0.50 3.90 99.97/0.02/0(0)/0.01
) 1.72 459 138| 1.72 —4.63 1.38 100.00/0(0) 177|174 —4.15 1.49[1.73 —4.01 1.51 99.94/0.05/0(0)/0.01
1.75 —10.27 0.95| 1.75 —10.32 0.95 100.00/0(0) 1.78 —10.68 0.96(1.77 —10.69 0.96 99.91/0.08/0(0)/0.01
1.55 —0.22 498|155 -0.35 4.48 99.95/0.05 1.61 —0.56 3.76|1.60 —0.28 4.67 99.99/0(0)/0(0)/0.01
0159 -391 157159 —-4.28 151 99.89/0.11 )1.65 —5.12 1.361.64 —428 1.48 99.96/0.01/0(0)/0.03
1.62 -9.75 1.03| 1.62 —10.26 1.01 99.87/0.13 _11.56 0.93 _10.37 0.98 99.94/0.02/0(0)/0.04
JE A E  rrvs| A E s PCS /DDy I A E  rews A E  rrvs PCS:/*Dy/°D;/"Dy)
e __(;30_4;3_1.5 50 g8 _9;9;/054/:(0;; 267 -028 4.69(2.63 —0.26 4.77 99.99/0(0)/0.01/0(0)
189 -384 1.59| 1.88 -3.54 166 99.89/0.11/00) | 27 [286 -3.58 1.60(280 ~3.68 1.58 99.96/0(0)/0.04/0(0)
{94 _10,06/1.03] 193 —053 105 99sge 001! 3.05 —10.08 0.982.96 —10.43 0.96 99.91/0(0)/0.09/0(0)
T T 1.91 —047 4.06/1.90 —0.26 4.82 99.99/0(0)/0.01
200 —032 451/ 1.99 —0.23 490 100.00/0(0)/0(0) < 8 e 0Y0.01/e(0)
B 271196 -3.57 1.65/1.96 -3.81 1.60 99.97/0(0)/0.03/0(0)
1771 2.07 =420 1.47)2.06 -4.01 1.51  99.99/0(0)/0.01
2.01 —=10.20 1.01/2.01 =10.62 1.00 99.96/0(0)/0.04/0(0)
2.13 —10.82 0.95| 2.12 —10.71 0.95  99.97/0.01/0.02 : =
Tl A = m = : PGS,/ 1Da/ "Dy /D) | A E  rems| A E rrus PCS:/°D3/°Ds/7Ds)
s T R T 4.18 028 4.87(3.87 029 4.80 99.96/0.03/0(0)/0.01
3.313 -0.33 4.46(3.119 -0.29 4. .55/0.4 ;
13 =033 4.46)3.119 —0.29 4.67 99.55/0.40/0(0)0.05 W41, 55 356 2070404 -1.97 232 99.83/0.13/0(0)/0.04
2= = -
3316 -5.60 1.23/3.125 —3.81 1.55 98.28/1.59/0(0)/0.13 $00'636. TAGIE0 1985 LIS ONEIDT oTDIE
3.318 —13.00 0.78|3.130 —10.75 0.92 97.03/2.81/0(0)/0.16
296 -029 4.84|286 -0.31 4.76 99.97/0.02/0(0)/0.01
271320 -3.27 1.87|3.04 —3.07 1.92 99.85/0.09/0(0)/0.06
343 —10.00 1.17| 3.22 =10.20 1.15 99.59/0.21/0(0)/0.20

_

FLW and X. Liu, PRD 102, 094006 (2020)

The S-D wave mixing effect plays
a minor role.

If cutoff smaller than 2.00 GeV is
a reasonable input parameter.

|

Possible hidden-charm and
hidden-strange molecular
candidates.

Exotic quantum number|
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FLW and X. Liu, PRD 102, 094006 (2020)
The coupled-channel analysis

TABLE VII. Bound state solutions for the S-wave H T, coupled systems.

J=¢ Threshold A E TRMS P(D;Dy,/D,D?,/D;Dy, / D;D%,)
o Db 1.92 -0.32 4.42 91.19/--- /0(0)/8.18 The cutoffs in coupled-channel
1.93 —3.38 1.47 7237/ ---/0(0)/27.63 analysis are smaller than that in
1.94 —9.24 0.83 57.50/ ---/0(0)/42.50 single channel analysis with same
DD, 1.86 =217 0.56 cev [ -+ /0(0)/100.00 bingin enerav in m{;m cases
1.87 —6.01 0.54 cei [+ /0(0)/100.00 g gy y -
1.88 —10.06 0.52 cer [+ /0(0)/100.00
= DDy, 1.87 —-0.50 3.36 69.27/---/0(0)/30.73
1.88 =888 0.61 25.86/ -+ /0(0)/74.14
1.89 ~20.56 0.39 16.13/ -- - /0(0)/83.87 The coupled-channel effect
D;Dy 1.74 ~0.43 0.58 v/ +++/0(0)/100.00 to the S-wave HsTs systems
1.75 ~597 0.55 cer [+ /0(0)/100.00 . )
1.76 ~10.46 0.52 e [+ /0(0)/100.00 IS not obvious.
== DD, .603) ~-324 0.28 -+ /0(0)/0(0)/100.00
2.28 ~13.95 0.27 .- /0(0)/0(0)/100.00
2.29 —25.24 0.26 .-+ /0(0)/0(0)/100.00
DDy 2.11 -3.89 0.54 oo [+ /0(0)/100.00
2.12 -8.00 0.51 cer [+ /0(0)/100.00
2.13 ~12.41 0.49 cev [ -+ /0(0)/100.00
2+ p; b, 2.40 -0.33 4.61 .--/99.94/0.06/0(0)
2.49 —347 172 .--/99.81/0.19/0(0)
2.57 -10.76 1.01 .-+ /99.64/0.36/0(0)
D:D, 2.86 -0.31 4.74 ce [+ /100.00/0(0)
3.04 -3.07 1.90 cer [+ /100.00/0(0)
3.22 -10.18 1.13 cer [+ /100.00/0(0)

20



o We can predict the existence of several possible hidden-charm and hidden-strange
molecular candidates, and they can decay into a charmonium plus a light meson, and a
charmed-strange meson plus an anticharmed-strange meson if kinetically allowed.

o The BESIII should focus on the vector hidden-charm and hidden-strange molecule from
e*e” collision, and the remaining hidden-charm and hidden-strange molecules can be
accessible at the LHCb and Belle Il by B meson decays.

Hidden-charm and hidden-strange Open-charm and open-strange
molecular systems (HsTs) molecular systems (HsTs)

21



The open-charm and open-strange molecular systems (c¢5)(cs)

The single channel analysis

TABLE VIII: Bound state solutions for the S-wave H T systems.

DDy (=27

A E  rmuvs| A E rums PCS:/'Dy/’D,/°Dy)
469 -1.73 190|332 -0.64 349 97.11/0.13/0(0)/2.76
470 =574 098 |3.36 —-490 1.33 93.64/0.27/0(0)/6.09
471 -10.84 0.70|3.39 -10.27 0.93 91.95/0.33/0(0)/7.72

DD, (J" =27)

A E  rmrvs| A E rnus PCS:/°Dy/’Dy/"Dy)

X X X [4.66 -0.25 4.85 98.21/0.49/0.98/0.33

X X X (476 -3.52 1.62 94.49/1.44/3.06/1.02

X X X [4.86 —10.32 0.99 91.66/2.09/4.69/1.56

DD, (JF = 3°)

A E  rmrvs| A E rrus P(S3/°D;/°Ds/’Ds)
420 -2.59 153|3.14 -0.65 3.46 96.94/0.09/0.31/3.86
421 -699 0090 (3.17 -3.89 1.48 93.83/0.13/0.44/5.60
422 —-12.40 0.66|3.20 -9.38 0.97 91.80/0.16/0.58/7.47

The coupled-channel analysis
TABLE IX: Bound state solutions for the S-wave H T, coupled-

channel systems.
JP| Th. | A E  rrwms P(D;Dy /DDy, /DDy /D;Dy,)
DD 292 —=1.15 1.62 --+/60.58/34.02/5.40
293 -7.86 0.67 -+ [47.20/45.48/7.32
55 294 —15.15 047 -+ /42.22/49.65/8.13
D:D;; |3.25 -0.30 451 oo f++/99.88/0.12
329 —-445 1.36 oo [+-/99.58/0.42
3.32. =10.19 0.91 o[+ /99.37/0.63

The analysis does not support the existence of the
open-charm and open-strange tetraquark molecular
candidates with the S-wave HsTs systems.

FLW and X. Liu, PRD 102, 094006 (2020)
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Newly observed X(4630):
charmoniumlike molecule

X. D. Yang, FLW, Z. W. Liu, and X.Liu, arXiv:2103.03127
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B - J/Y¢K decays from LHCDb Talk by ¥F5E4E

[LHCb] PRL 118, 022003 (2017) [LHCb] arXIV 2103 01803

- rach == 1" X (4140) — T = X(4630)
_m == |* X (4274 = =
s + A = F m ‘ LHCb 31— x@s00)
S 100f AL 0 X (4700) = 1= X(4700)
5 - ~ C d.
O 2 S00F 4— X MR
() L B = .
S 80f < 400E 3= X(4140)
8 H S - ]
fcﬁ 60 g300:_ 3= x(274)
EI: SR =R —
° | 200F 3—
20 :— v 7 .\st‘ Do...n 100 :- /{""—.’& —:
a _ b .4.,.:-;::.-\\\:4'%:& !ll!' - L= Jﬁ?ﬁ = 2
O R s = T A T ] . ‘
1100 4200 4300 4400 4500 4600 4700 4800 4.2 6 G g\§
m;,
m,,,, [MeV] e
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Observation of rich structure in J /3¢ invariant mass spectrum

[LHCb] arXiv:2103.01803

Contribution Significance [x o] M, [MeV] [y [MeV]
X(27)
X (4150) 4.8 (8.7) 4146418 +33 1354287137
Xl The best hypothesis for
X (4630) 5.5 (5.7) 4626 £16 15 174+£271'%) the X(4630) state is 1™ .
All X(0%)
X (4500) 20 (20) 4474+ 3+ 3 77T+6+1
X (4700) 17 (18) 4694 + 4719 87 + 8116
NR.j/yo 4.8 (5.7)
All X (1)
X (4140) 13 (16) A+ T 18242170
X (4274) 18 (18) 4294 + 4713 535145
X (4685) 15 (15) 4684 £ 771 126+ 15F37

D Da

M = 4626 + 16717, MeV; T = 174 + 27113* MeV. — Near the D D4(2536) threshold.
25

(X(4630)) JP¢ = 1~ +; —> The exotic state different from conventional meson.




The X(4630) can be decoded as the DiD¢;(2536) molecule

The mass spectrum: X. D. Yang, FLW, Z. W. Liu, and X.Liu, arXiv:2103.03127
4650L . —
= % Bl DD,
|
§ 4640 o
> |
> + (E=21.31MeV >
2 1 :
S 4630} | \
Y X(4630) AYS The mass of the X(4630) can be reproduced under the
: N 1 D:D,(2536) molecule with JP€= 1~ in the OBE model.
4620 L.
1.80 1.85 1.90 1.95 2.00

A(GeV)
Two-body hidden-charmed decay behaviors: Quark-interchange model

T (7287 : T .28 : T (xa(1P)') : T (xe1(1P)n) The X(4630) was firstly discovered
= (1: 0.56 : 0.43 : 0.09 : 0.04. by analyzing J/¢y¢ decay channel.

The X(4630) can be identified as the D:D,,(2536) molecule with JP¢t=1"+,
Also supported by Z. G. Wang, arXiv:2103.04236




Summary
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» The observation of XYZ states with higher mass and the announced white paper by
the BESIII show that hunting charmoniumlike states with mass above 4.5 GeV
become possible.

» We study the interactions between charmed-strange meson in H-doublet and (anti-
)charmed-strange meson in T-doublet with the OBE model by considering the S-D
wave mixing and coupled channel effects.

» We can predict the existence of several possible hidden-charm and hidden-strange
molecular candidates and around 4.5 ~ 4.7 GeV.

» However, our calculation does not support the existence of such hadronic
molecules for the HsTs systems.

> The X(4630) can be decoded as the D:D¢,(2536) molecule with JP¢=1"",

Thank you for your attention!



Backup
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Charmed-strange mesons in H, T — doublets M. B. Wise, PRD 45, R2188(1992)

In the heavy quark limit, the charmed-strange mesons can be categorized into different doublets:
H=(0",17), §=(0%,1%), T=(1",2%)

The angular momentum of the light degrees of freedom: S, =S, + L
The total angular momentum: J =S, + Sq

S-wave: S|ESq+L:1®O:1
2 2
1_1 T
J=Si+80=-02 =061 H=(0"1)
[DS1 D;]

ausie =5, 1= Lor- Lo

2
Js&+sQ=%®%=0@1 s =(0"1°)

\]ESI+SQ:g %:1@2 T=(1+,2+)

[Dg1(2536), Ds,(2573)]



A L. P. P. V. B. Berestetsky, E. M. Lifshitz, Quantum electrodynamics,1982
Breit 1Tl ;= peres! M, QI
TR AR T TS0l ZHIRF. 2013
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Sy; = 8;; — i2n6(E; — E;)(CD|t|AB), (3.1)

Hoft VR Ho 5050945 % Hamilton e 0K 516 FH B840 A0 & B840« ¢
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f
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The open-charm and open-strange molecular systems

Hidden-charm and hidden-strange | The G—parity rule> Open-charm and open-strange
molecular systems (HsTs) molecular systems (HsTs)

The G—parity rule

VAL2MT (r) = ) G VLT )

i
where G;j is the G-parity of the exchanged meson i.
E. Klempt, F. Bradamante, A. Martin, and J. M. Richard, Phys. Rep. 368, 119 (2002)

We only need to consider the direct diagram contribution to the HsTs systems since the charge
conjugate transformation invariance for the HsTs systems does not exist.



[T -
[Q QQQQjQJ

Scattering amplitude q

A(cq) + B(cq) — C(cc) + D(qq),

The interaction in the initial state
Cl-prior
H=V)+V)+Vyp,

Non-relativistic potential

A, A (4nay,  67b  8ma P q ( ): ::< >
2 1 J s K
l.. — —— o — + J— 0—2 i. . B
127
A A
W) = B A+ OB B

T. Barnes and E. S. Swanson, PRD 46, 131 (1992).

T. Barnes, N. Black, D. J. Dean and E. S. Swanson, PRC 60, 045202 (1999).
T. Barnes, N. Black and E. S. Swanson, PRC 63, 025204 (2001).

J. P. Hilbert, N. Black, T. Barnes and E. S. Swanson, PRC 75, 064907 (2007).
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Wave functions:

Y = WeolorX flavorX spin¢(p) .

Effective potential:

Vet = Icolor]ﬂavorlspin Ispace )

Two body decay:

1

I = o [P [ dke K- PV ®uown®a)
2

]
= oo [ dPAVer(Pa PORPYi(P)

1
= M,
Qry2

M,; = de [(/PAPiSil'](H)‘/eﬁ(PA.PC.H)R[(PA)YIM(PA)-

ECED |2

r=|P M.
Pl s M

C. Y. Wong, E. S. Swanson and T. Barnes, PRC 65, 014903 (2002)



