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® Background:

1. Pc states as meson-baryon molecular states

2. A comparison between the Pc states and XYZ states from B decay

3. A comparison of the experimental data and the DDbar mass thresholds

® New characteristic spectrum to identify charmoniumlike molecules
1. Mass spectrum for the isoscalar D*D* bound states

2. Hidden-charm decay behavior for the isoscalar D*D* bound states
3. Other possible DDbar charmoniumlike molecules around 4.3 GeV

® Summary



I. Background

1. Pc states as meson-baryon molecular states

2. A comparison between the Pc states and XYZ
states from B decay

3. A comparison of the experimental data and the
DDbar mass thresholds



Pc states as hidden-charm molecular pentaquarks
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M1 MeV] coupled-channel effect: important
State M [MeV | I' [MeV ] (95% CL)
P(4312)* | 4311907488 | 9827731 (<27) ® Pc(4380) B
P.(4440)* | 44403 £1.3*41 [ 206 4.9+ 3T (< 49) M=4379 MeV, P[2;D]>87%, R=1.40 fm,
P.(4457)+ | 4457.3 £0.6%4 | 6420137 (< 20) .




Prediction of hidden-charm molecular pentaquarks
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v' Observations perfect match theoretical predictions
in meson-baryon molecular scenario 5



Loosely bound meson-baryon molecular explanations for these three
Pc states after 2019
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Other predictions

Bo Wang, Lu Meng, Shi-Lin Zhu JHEP11(2019), 108 M. Z. Liu, et al PRL122, 242001 (2019)
Scenario  Molecule JP B (MeV) M (MeV)

| A Dx, (1/2)~  7.8-9.0  4311.8-4313.0
. A px: (3/2)~  83-92  4376.1-4377.0
A D*Z, {112y Input 4440.3
il A ¥ Input 4457.3
| A 25.7-26.5  4500.2-4501.0
A 15.9-16.1  4510.6-4510.8
saool A 3.2-3.5  4523.3-4523.6
| B 13.1-14.5  4306.3-4307.7
"""""""""" B 13.6-14.8  4370.5-4371.7
4350l B Input 4457.3
: B Input 4440.3
| R#2) 2B B 3.1-3.5  4523.2-4523.6
. e B 10.1-102  4516.5-4516.6
l” 1- 3~ 3 1- 3 5 B

25.7-26.5 4500.2-4501.0

2 2 2 2

® Tdentify Pc(4312), Pc(4440), and Pc(4457) in meson-baryon molecular pentaquarks
® Predicting other hidden-charm molecular pentaquarks partners



What can we learn

from the Pc states?

L oxD XD PRL115, 072001
N =D >tD*
3 oo 5 P.(4380)* P.(4450)*
S [ —data LHCh Mass (MeV) 4380 +8+29 44498+ 1.7+ 2.5
%1000:—: Loi:(;tmuh | preliminary Width (MeV) 205 + 18 + 86 394+ 5+ 19
% 300l Pc(4380)/Pc(4450) spin-parities J©
> [ Best solution (3/27,5/2%)
= a0l Acceptable solutions (3/2%,5/27) or (5/2%,3/27)
i + Challenge to the hadronic molecular assignment
oo/ F _ 1 )
}E P.(4312)° Faaasp PRL122, 222001
2001~ E ) @ Pc(4450) is composed of two substructures
- A L Pc(4440) and Pc(4457)
35542563300 435644002255 2500 2556 "ds00  ® The measurement of spin-parity quantum number

myyp [MeV]

O Higher precision to the study of hadron
O How to understand the wide structure?
O Can the X;:D(3/2-) and X2:D*(1,3,5/2-) be

of the observed P(4450) can be ignored
spectroscopy is very important.

the possible hidden-charm molecule? ’



Production mechanisms for the X/Y/Z states

A X : i 7 = Y(4260)
q q | Jiy :
DD* == X(3872) Y (4260) X (3940) X(3915) Z_(3900)
D*D* Y (3940) Y(4008) X (4160) X (4350) Z (4025)
D*D,/D*D; Z"(4430) Y(4360) Z7(3930) Z_(4020)
D*D* Z7(4051) Y (4630) 7 (3885)
DD,/ DD; Z'(4248) Y(4660)
Y(4140) .
_ v Many XYZ states lie very ¢lose to opentcharm thre:
DD -
Z."(4200)
7*(4240) H. X. Chen, W. Chen, X. Liuand S. L. Zhu
X(3823) Phys. Relp’r. 639, 1 (2016) |

sholds

Xiang Liu, Chin. Sci. Bull. 59, 3815 (2014)

F. K. Guo, et al, Rev. Mod. Phys. 90, 015004 (2018)
A. Hosaka, et al, PTEP 2016, 062C01 (2016)

Y.R. Liu, et al, Prog. Part. Nucl. Phys. 107, 237 (2019)
N. Brambilla, et al, Phys. Rept. 873, 1-154 (2020)



Questions: How to establish the charmoniumlike molecules?

XYZ

e [XP _

: N

\ ¢
B

A0
A e—

Ay > P.+ K B - X/Y/Z+K

O Production mechanism: b quark weak decay, very similar

O Pc states as hidden-charm molecular pentaquarks

O B -> XYZ + K should be the ideal processes to produce the
charmoniumlike molecules
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Isoscalar XYZ data without hidden-strange quantum number

W
<

Candidates/(40 MeV)
.
S

Candidates/(10 MeV)

12 points

0 :

(a) s o B, i o5 " (¢)
Belle (2005) ' : ‘ ¢ BaBar (2010)
: ¥ (3915) :

Py

4200 4500 4800
M(J/yvw) (MeV)

DD D,

‘DD
DD D

Cippi o (d)
: : BaBar (2004)

=N

N

B - J/ynK

Candidates/(6.25 MeV)

=]

4200 4500 4800 ' '
3780 4050 4320 4590
M(J/yw) (MeV) M(J/yn) (MeV)

> Structures in J/Yw below D*lz* thresholds: two substructures exist or not?
» Structures in J/Yn below D*D* thresholds: a single peak exist or not?
» How to understand the very broad structure around 4.3 GeV in J/Yw?
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IT. New characteristic spectrum to
identify charmoniumlike molecules

1. Mass spectrum for the isoscalar D*D* bound states

2.Hidden-charm decay behavior for the isoscalar D*D*
molecular states

3.0Other possible DDbar charmoniumlike molecules
around 4.3 GeV
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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 o exchange~two m exchange; vector
meson-p/w exchange~multi-m exchange

- OBE model (ISl = i+ ilfITI) = 873 +iQ2m)*6* (ps = pIMyi
* Scattering amplitude IS = 64— iQOS(Er — EnVii(p)
N
* Breit approximation _ M M
- Effective potential in momentum space Vip) = - 0 5 0 0
P P ) \/Hf 200 1120 \/Hfsz [1;2m
N
* Fourier transformation Bq . sy
3 - Effective potential in coordinate space Vir) = f @Tpelq'r(vfi(@? (g~ m)
v

A One free parameter
Form factor F(g? m?) = ?\2__':2 A, m and q are the cutoff, mass and four-momentum

of the exchanged meson, respectively.

N. A. Tornqvist, Z. Phys. C 61, 525 (1994)
A~1.0 GeV N. A. Torngvist, Nuovo Cim. A 107, 2471 (1994)



Mass spectrum for the isoscalar D*D* bound states

Charmed mesons: H (D, D*), {0~ 17}, S(D,, D), {0%] 1%}, T (Dy, D), {1*] 2%}

S-wave D*D*(JP¢): o*+, 1t—, 2+

OBE effective potentials: Bound state solutions
Vo+Vrn+Vn+Vp+Vw GeV  MeV  fm
~ 2 D*D* A E FrRMS
VPP (r) = g2V, + ( Ze+ = z)
3f2 ! 0** 086 -033 4.74
4
——ﬁ ( ~Y,+ J/ )+312 ( =X, +—X) 094 —10.80 1.18

1= 098 -0.60 4.03

0.8 < A< 2 6GeV, exist bound state solutions,

isoscalar S-wave D*D*can be molecular states 1o7- —11.29 1.13

2+ 1.3 —-0.32 5.08
Cutoff relation A[0(0*)] < A[O(1*7)] < A[0(271)]

Mass spectrum  M[0(0**)] < M[O(1+7)] < M[O(2+)] 1.97 -12.33 1.31
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Hidden-charm decay behavior

Strong decay channels for the isoscalar D*D* molecules: DD, DD*, n.n®, new, J/ym, ] /dw

Heavy quark symmetry Spin parities for heavy quarks
V3, . A T
07 = — ocg,oqg,o++>—§|1d.,1qq,0++>, |SPQ Co LP +Ca_ JPCY
1 1
1) = — |07, 157,17 ) + —= |15, 054, 1 1
V2 * > V2 | > Spin parities for light quarks
7 = (i I 2,

Numerical calculations: Proceeding
Decay width ~ several MeV

--

0+ nen') > J /Yo
1%~ X 1 1 X J/yn >n.w
2% X X X 1 J/Yw

X
Suppressed
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If the D*D* can be bound together to form charmoniumlike molecules

O Exist three isoscalar D*D*molecular states with 0**, 17—, 2+
O 07" and 27" can appear in the B = J/YpwK
O 17" can appear in the B = J/YynK

Similar to the Pc(4450) --> Pc(4440) + Pc(4457) with precise data

6
®  BaBar (2008) . — . | BaBar (2004) |
BaBar (2010) Z D Dod )E
= =

S wn 4 l :
* r~! 0
o & )
s 3 :
= 2 .
= S 2 :
= e :
- g :
o '

0

3900 4000 4100 4200 4300 3900 4000 4100 4200 4300
M(J/yo) (MeV) M(J/yn) (MeV)

BaBar, Phys. Rev. Lett.101, 082001(2008) BaBar, Phys. Rev. D 82, 011101(2010) BaBar, Phys. Rev. Lett. 93, 041801 §g004)



Other possible charmoniumlike molecules around 4.3 GeV

A A A B DE
v TR 1
1
: :
1. f
/ \ _ / \\ B T *
B B B A DDZ
Direct diagram Cross diagram
FIG. 6: The direct channel and cross channel Feynman diagrams fo
the AB systems. Here, the notations A and B represent two differen
charmed (charmed-strange) mesons.
Bound states solutions
GeV. MeV fm
States[J7]| A E  rrms  States[JFC]| A E  rrus
_ 1.38° =0.29 4.92 B 146 -025 5.08
DDy[177] DD;[277]
1.63 -12.63 1.09 1.85 -12.22 1.11
_ 1.39 -0.36 4.72 } 1.30 —0.36 4.69
DD\[17"] DD;[27%]

1.67 —=12.13 1.14 1.47 —-12.03 1.11

Other important decay modes:yn, x w ~o(1 MeV)

Vp = 8:,8,01Ys + %,3.3' 'avOLG(I)Yy,

Ve = 3’;; (02 Z + 05T Y, + (‘Zgzvozg(l)YV,.
Vi = 85l0rY, + B GOV,

Ve = hf—: (O8ZZ + OsT T + O1o{T . ZH H(D)Y pa.

Numerical calculations: Proceeding
Decay width ~ several MeV

DD{[177] P-wave X
DD,[17"] X P-wave
DD;[2™7] P-wave X
DD;[27 %] X P-wave
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Other possible charmoniumlike molecules around 4.3 GeV

DD, GeV. MeV fm D" D,
JFE A E  rrums JPC LA E  rrms
o— 0.96 —-0.59 3.73 — 0.97 —-0.27 4.80
1.03 —-11.12 1.07 1.05 =10.92 1.09
o |092 <056 391 1094 ~0.28 478
0.99 —11.42 1.08 1.02 —=12.82 1.01
JC A E  rrms JPC | A E  rrms
= [1110 <048 411|111 031 477
1.20 —-12.57 1.03 1.21 —=11.55 1.08
|- |106 <045 425 1121 -0.67 3.68
1.15 —=11.80 1.07 1.36 —=12.76 1.04
JEC | A E  rrms JPE A E  rrms
o |256 032 489 1197 -0.32 494
2.58 -9.86 1.16 274 —12.49 1.21
yo |173 <081 368 1100 —032 494

2.14 -12.16 1.24

2.87 —12.26 1.23

v With important pion-exchange interactions

v Systems with lower spin have stronger
attractive interaction

v' D*D4 with [0~F, 1 7] and D*D} with [1~T,
27%] can be promising charmoniumlike
molecular candidates

i
X

D*D{[07] P-wave

D*D,[0~ 1] X P-wave
D*D4[177] P-wave X
D*D{[17"] X P-wave
D*D;[177] P-wave X
D*D;[1~ 1] X P-wave
D*D;[277] P-wave X
D*D3[27 %] X P-waye



Summary

Restudy the S -wave interactions between a charmed meson and an anti-charmed
meson in the framework of the OBE model.

A peculiar characteristic mass spectrum of isoscalar D*D* molecular system to identify
the charmoniumlike molecules.

Find a serial of possible charmoniumlike molecules around 4.2 to 4.4 GeV

We strongly encourage our experimental colleague to focus on the detail of the
structures provided here with more precise data.

Thanks for your attentiow !

19



