Recent progress on the molecular
tetraquarks, pentaquarks and di-baryons
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v'Background : experimental observations
« Z,.(3900),Z.(4020),Z,(10610),Z,(10650)

- Z.,(3985),Z,.,(4000)

- P.(4312),P.(4440), P .(4457)

« P_(4459),P..(4338)

* X01(2900), T..(3875) and T;(2900)

v'Theoretical aspects:

* Molecular tetraquarks
* Molecular pentaquarks

* Molecular hexaquarks (dibaryons)

v'Summary and outlook

2023/4/16



Conventional and exotic hadrons

Quarks are confined inside colorless hadrons

Recent reviews:

Quarks combine to “neutralize” color force X(3872) v'H.-X. Chen et al, Phys. Rept. 639, 1
L Z:(3900) (2016)
{ ' @ Z.(4020) v'R. Lebed et al, Prog. Part. Nucl. Phys.
i q Z,(10610) 93, 143 (2017)
mesons baryons .
Z,(10650) v'A. Esposito et al, Phys. Rept. 668,
Configurations outside the standard quark model P.(4312) 1(2017)

P:(4440) v'F.-K. Guo et al, Rev. Mod. Phys. 90,
F.(4457) 015004 (2018)

molecules pentaquark  glueball meson  hybrid meson | U7 v'Y.-R. Liu et al, Prog. Part. Nucl. Phys.

; 107, 237 (2019)

v'N. Brambilla et al, Phys. Rept. 873, 1
(2020)

v'S. Chen et al, Front. Phys. 18, 44601
(2023)

v'H.-X. Chen et al, Rept. Prog. Phys. 86,
026201 (2023)

v'L. Meng et al, arXiv:2204.08716
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Experimental observations

* Charmonium energy region: Z.(3900) (Z.) and Z.(4020) (Z,)

Phys.Rev.Lett.110.252001 ] Phys.Rev.Lett.111.242001
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« BESHll: ete™ - J/Yymtn~ and ete™ — h '™, respectively.

* Z:(3900): subsequently confirmed by the Belle [phys. Rev. Lett. 110, 252002] and Xiao et a/ [Phys. Lett.
B 727, 366 |.
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Experimental observations

* Charmonium energy region: Z.(3900) and Z.(4020)

Phys.Rev.D.92, 092006 Phys.Rev.Lett.115.182002
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Z.(3900):16(JP¢) = 1*(1*) is measured
* BESH:ete™ - DD*wand ete™ — D*D*r, respectively. » .(4020): 16 (JP€) = 1*(1*7) is favored
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Experimental observations

« Bottomonium energy region: Z,(10610) (Z;,) and Z,,(10650) (Z})
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Experimental observations

* Bottomonium energy region: Z;,(10610) and Z;,(10650)
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Z,(10610) M. (0, Gev/c®Z;(10650)
Phys.Rev.Lett. 116.212001

Z,(10610): 16 (JP¢) = 1*(1*7) is measured
Z,(10650): 1¢(JP¢) = 1*(1*7) is measured

Belle:e*e™ —» BB*mand ete™ — B'B*m, respectively.
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Experimental observations

* Charmonium energy region: Z.;(3985) and ch(400(|))
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PhysRevLett.126.102001 PhysRevLett.127.082001

BESII: ete™ - K* (DD + D DY)
mg,., = 3982.573¢% + 2.1 MeV
Iz, = 12.8%3% + 3.0 MeV
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LHCb: B" = J/YpK™

mZCS = 4‘003 i 6t£{4 |\/|eV
Iy, =131+ 15 + 26 MeV

A broder Z_,(4220) was
also reported



Experimental observations

* Charmonium energy region: P.(4312),

Phys.Rev.Lett.122.222001
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Science Bulletin 66 (2021) 1278-1287
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« A P.(4337) was also reported by the LHCb in B — J/ypp decay [PhysRev.Lett. 128 (2022) 062001].

* LHCb: the J¥ quantum numbers of P.s and P.;(4459) are undetermined yet, wh|Ie Sl
preferred for P.;(4338) with 90% CL.
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Experimental observations

Candidates / (17.3 MeV/c?)
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Nature Phys. 18 (2022) 7, 751-754

The fits of the lineshapes of X, 1(2900) is given in B. Wang et a/,

Eur.Phys.].C 82 (2022) 419. For T.;:(2900), see W. Chen's talk.
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Possible combinations

N T
Mq
N Bqg NN NM; NB, NBy NN
Mg & | B | o MoMo MoBq MoBoo  MoN Mgl _
Bq N BBy BqBaq BoN BoMg BoBq
Boo Mg BaoBaa  BaoN  Baolla  BaoBa  BaaBoa
Bq
| Boq |
C deuteron A(2940)?,... O O X(1835)?
1) )
. Te.... 0O O O  X(38712.29.7).... |
0O O Py ... 0
[] [] [] O |

Sometimes, the K* meson may be regarded as the heavy matter field to some extent (- ~ my). The X, ;(2900) [1, 2] and T5(2900) [3] observed
by the LHCb are very close to the D*K* and D*K* thresholds, respectively.
[1] Phys. Rev. D 102 (2020) 112003 [2] Phys. Rev. Lett. 125 (2020) 242001 [3] arXiv: 2212.02716 [hep-ex] [4] arXiv: 2212.02717 [hep-eX]
11
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Molecular tetragquarks




X(3872) and its possible partners

In Refs. [J. Nieves et a/, Phys.Rev.D 86 (2012) 056004; F-.K. Guo et a/, Phys.Rev.D 88 (2013) 054007; V. Baru et a/, Phys.Lett.B 763 (2016) 20-28], the heavy
quark spin symmetry (HQSS) partners of X (3872) with the /©“ quantum numbers 2" was proposed.

1 = = — —_
_(DD*_D*D)> :_ll ®1 ) ~ @ = @ — & —C
% - noS Ag=ci+oli-t V1 e
|D*l_)*)2++ =—|1," ®1;7) )
003 _ Q@ o~ ~
2+t —_ 1 — C] + Zcz.

SU(S)F symmetry and HQSS for di-meson systems L. Meng, B. Wang, S-.L. Zhu, Sci.Bull. 66 (2021) 1288-1295

DY) — D" ~ 100 MeV v
’ g =C1+C281 -8 +C3Cy 4+ C4(81-82)Cy
D}, — D) ~ 140 MeV, ™ ( )

Mpo + Mpo — Mxagrz) = (0.00 £0.18) MeV. y; can pe approximately regarded as a pure D°D*°/D°D* dimeson, then its flavor wave
function in the light part will be |tu).

Vgg = C1 + Ca81 - 82,

(51-5) %00y = [; 7 ] 7 (Vi =ve ) (Ve =V ) (Vh - Ve ) =121,
4

PP
1 1 ‘ X(3872) || Bound state
= o _ |73 ~2
<S] . 82>{PV7VV} - l % ‘ll:| 3 iL QL
n 2) Axnx11t T A x10tTT
e 1 > 1 [D;D51*"" [DyDs1°"" [DsD;]" ™ [DsDs]°
S-Sy =g & 4 [D:Dg/DeD1™" [DiDs/DsD1™

More attractive
2023/4/16
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X(3872) and its possible partners

Two prerequisites:

e The X(3872) is the molecular state with its mass coinciding
exactly with the D;D, threshold;
e There exist the D;D, bound states with J*“ = 0"".

The recent lattice QCD calculation yielded a shallow [D;D;]°"" bound state with AE = —6.2+38 MeV [JHEP 06 (2021) 035]

d’pn V(pr,pn)T(pn, p; E)
T(pr,p;E) = V(pr, +/ :
(p/,p; E) (p/.p) 2n)° E-p?/2p) +ie

. o+t . ot =, — 1t S 1+
X(3872);nput DD o D:D;] [D:D,/DsD;]' [D:D;]

AE (MeV) AE (MeV) M (MeV) AE (MeV) M (MeV) AE (MeV) M (MeV) AE (MeV) M (MeV)
0.0 -24 3934.3 -20.3 42041 -9.5 4071.0 -114 4213.0
0.0 —6.2 3930.5 —455 4178.9 -225 4058.0 —25.2 4199.2
0.0 —-8.2 3928.5 —-57.6 4166.8 -29.0 4051.5 —-32.0 41924
0.0 -12.9 3923.8 —84.3 4140.1 —43.7 4036.8 —47.2 4177.2
-1.0 -24 3934.3 -83 4216.1 —-49 4075.6 —-6.3 42181
-1.0 —-6.2 3930.5 -28.9 41955 -159 4064.6 -18.2 4206.2
-1.0 —-8.2 3928.5 —-39.6 4184.8 -21.7 4058.8 -244 4200.0
-1.0 -129 3923.8 —64.1 4160.3 —35.2 4045 .3 —38.5 41859
Cutoff-I [49] -13 3924 -84 4140 —46 4035 —47 4177
Cutoff-II [49] -9 3928 -84 4140 —41 4040 —44 4180

[49] C. Hidalgo-Duque et a/, Phys.Rev.D 87 (2013) 7, 076006.

2023/4/16

14



T .. and its decays
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spectrum: signal yield, N, BW mass relative to the D"+D°
mass threshold, §m,,, and width, I',,,. The uncertainties are
statistical only

% a0k | Table 1| Parameters obtained from the fit to the D°D°z* mass
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v" Within the contact EFT [L. Meng er a/, Phys.Rev.D 104 (2021) , L051502]  |Td) = cosO|D** DO, ;) + sin0|D*'D", ¢b,),

lim (E — Eo)t;; = li dl) ™ _ 1 0  pureD**DO
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T .. and its decays

60
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Single-channel limit : Ty, + Ty = 59.7757% keV. The pole parameters are found to be
+4 2
e +
[Isospln singlet : T, + Tpy = 46.773 keV] OMpre 360 £407 keV /¢,
Nature Commun. 13 (2022) 1, 3351 5
Isospin triplet : Iy, + g = 31.23’2 keV. Tpole = [48 + 2J_r1 4 keV,]

isoscalar assignment for T, is supported!

The improved calculations for the DD* interactions that based on the yEFT up to N2LO was given in B. Wang et al,

arXiv:2212.08447 [accepted by PRD].i , Isospin violating decays of X(3872) was revisited in L. Meng er a/, PhysRevD.104.094003 '

A X: 35 - S 10



Comprehensive review on YEFTs
in heavy sectors: arXiv:2204.08716

Z . p and their strange partners

B
,
ST

1. Simulate the production process: W
l P(V)

2. Fit the lineshapes in experiments:

40 25
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Events/(5 MeV /¢?)

* Mid-range force:

o
=]

mpg- [GeV/c?

Search for the poles in the
Riemann sheets:

—

* Short-range force:

B e .
80 === NLO signal
60 N == Background
— NLO fit
OF o AT : -1 LO fit 5
AR UE,p) = M(E,p)+ | =—3
(2m
20 4
! 5
1
0 i S
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Energy 4
plane

Virtual
bound state
state

) dv,) ) v Contact interaction
W) 7y Localization -
s(v.) ule’)
@ 5(v,) ® uie)
== YEFT
* Long-range force: 4 One-pion-exchange (OPE) interaction

Two-pion-exchange (TPE) interaction

)3
ImEFE

V(E,p,q)9(E,qU(E,q),

less bound

resonance
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B. Wang et a/, PhysRevD.102.114019

ZC,b a nd thei r St ra nge pa rtners B. Wang et a/, PhysRevD.103.L021501

* Fitted parameters and predicted states

Poles in the second Riemann sheet

5;0

cv’“aﬂ(“)'ﬁessstates Thresholds C, [GeV~2] C, [GeV™] Cy [GeV™] A [GeV] [, T ot [, Tl expr-
5[DD*+D*D] 38758 36117 -76.9%¢7 L1138 0335005 [3881.37359,12.4739]  [3881.7435,26.6730)
D*D* ) 4017.1 40716 7817 17783 03410931 [4026.5752,10.1773]  [4025.5727,26.0780)
J5[BB" +B°B] 106044 22703 9955 3.675 0515001 [10607.9122,10.9139] [10607.2429, 184124
B*B* 106494 22703 —9.97]7 3.3788 0.5170013 [10652.8137,10.9739] [10652.2112,11.5732]
¢ = il i_(m, ) = (3982.4738 11.8735) MeV,

e stems I(JP)  Thresholds (MeV)  Masses (MoV)  Widths (MeV)  Am (MeV) States
DD + D;D"| 1a) 3977.0 398258 £ 2.1 12.8733 £3.0 5558421 Z.4(3985)"
DDt L(1) 4119.1 0.8+52 51739 Z,,(4125)
5 [BiB + B,B’] 5 (17) 10694.7 10701.9733 74736 72139 Z,,(10700)
B:B* 1) 10740.1 10747.0%33 7.313] 6.9133 Z,,(10745)

v New measurement from BESIIl (ete™ - K*D;~D*® + c.c): Z.;, m ~ 4123.5 MeV, with a significance of 2.1 o. Chin Phys.C 47,033001 (2023).

v Implications of Z.;(4000) and Z.;(3985) as two different states are given in Ref. [L. Meng et a/ Sci.Bull. 66 (2021) 2065-2071].
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Molecular pentaquarks




P_s and their strange partners

D [GeV 2

150

100

50
0 L
With A,
S0t Cutoff A = 0.5 GeV
(b)
~100 : : :
-100 -50 0 50 100
D,[GeV 2

B. Wang et a/, JHEP 1911 (2019) 108
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9D systems

4500

4450}
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Hidden-charm spectra
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Hidden-bottom spectra

How to observe?

*  Production mechanism is unknown.

*  Reconstrruction channels: Y(nS)N (n = 1,2), A,B®
“There is plenty of room at the bottom " -7 7

7
20



P_.s and their strange partners

H(’;*)_ k
* B¢ D™ systems
XYZ:QQqg; P.:QQqqq.

1. The heavy quark core plays an important role in stabilizing the exotic clusters [phys rev. D 84,

014031, Phys. Rev. D 86, 014020, Eur. Phys. J. C 74, 3198].
2. Hydrogen molecule: two protons plus two electrons, stably exists in the nature.
Existence of P, = more hadronic molecules in SU(3) symmetry?

Two heavy matter fields tend to form the bound states in the lowest isospin channels?

Deuteron (I = 0, np molecule)
X(3872) (I = O DD* molecule candidate) R observed
P, states (I = = 2 D™ |molecule candidates)

T..and Ty, (I =0,DD"and BB “molecule Cand|dates)} predictions

5. Whether the £\ D™ systems can form bound states in the I = 0 channels?
6. May be observed in J /YA final states of the decays A, (Z,) = J/WAK(n)?

2023/4/16
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P_.s and their strange partners

* P, spectra
B. Wang et a/, Phys. RevD. 101.034018

System ([E(D),  [E;D"), [E:D'); [ED)y [E:D')y [E:D); [EDf) (D) [EDY,  [E.DYY
AE —-18.5%8¢ —15.61%7 20535 -75%3  -17.0%%7  -8.0' -07)] -133735 -17.8%83F -11.8%33
M 44237703 4568.7153 4582.313% 4502.9737 46354707 4644.41%5 4651.7107 43194735 4456.973% 4463.0153

1. Predicted ten P states in the isoscalar channels, __ <" from Science Bulletin 66 (2021) 12761267

State My (MeV) I'y (MeV)

: in £.0™ :
2. Three new ones in & systems P¢s(4459)° 4458.8 +2.9717 17.3+6.5"89

3. The new [ECD*]l/z state is VERY consistent with the newly LHCb result.
* What about the A. D™ and other systems?

1. The A.D®™ systems: No isospin-isospin interaction, contact (repulsive)+TPE (couple-
channel, attractive)=~ 0 = no bound states (estimation).

2. Other systems: ADL?, 2.DL7, £:D8 (s = —1): attractive, but too weak to form bound
states. 09D (s = —3): repulsive. T+ is hard +o form bound states in +hese systems!

2023/4/16 22



Doubly charmed P, states

From 27D to 7 D* systems

The low energy constants of the ZE*)D* systems are estimated from the NN scattering data by introducing a quark level
Lagrangian:

= — 5 K. Chen et a/ PhysRevD.103.116017
L = 9,GSq + 9,977’ Aq, Y
4600
V= c,(1 =37 1) + ¢;(1 =37, - 15)0; - 6. ssof
4 4500 + S
Vs pr =2¢,—12¢,1; - 1 —360" T+38c,(I;-1,)(6-T). g o
agop EoI7ITIIIIIIIIIIIIIIIIIIIII s
(=Dl (Z:D]; [Z.D%]y (Z.D%]; (Z:D%]y (XD (Z:D"]s a3s0 | —
Case 1 BE (MeV) —15.4 —25.0 318 —8.0 328 —182 35 [TTTTTTTTTTmmmmmsmssssssssssoosoeoosooooes
R, (fm) 1.45 1.25 1.20 1.65 1.20 1.38 1.91 A300 o oo
Case 2 BE (MeV) 313 —429 -303 317 ~26.6 —25.4 297 azsol
R,,, (fm) 123 111 122 1.20 1.26 127 1.22 5D D %D D"
Case 3 BE (MeV) —265 377 291 —25.0 264 226 0o 0T
R,,, (fm) 127 1.14 123 127 126 131 130 g beees .. ..

All the ZE*)D* systems with isospin I = 1/2 can form bound states. In addition, we also investigate the interactions of the charmed-bottom

ZE"')E“"),Z}(;")D(*) and Zg‘)é(*)systems. Among the obtained bound states, the bindings become deeper when the reduced masses of the
corresponding systems are heavier.
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More systems

Within the same framework, we also covered more systems

Mass (Expt.) BE (Expt.) Mass (Our) BE (Our)
T (3875)* 3874.8 -1.0 3874.5H7 —1.817
K. Chen er a/ Eur.Phys.).C 82 (2022) 7, 581 P.(4312)* 4311.9 £0.7+68 —8.978% (input) 4311.9%63 —8.9+68
P.(4380)F 4380 + 8 £ 29 —6.2£30.1 4376.2759 —-9.17%%
o1 ; P.(4440)* 44403 + 13431 ~21.8%43 (input) 4440.21133 —21.8+1538
. . _ ; ; ) i
Meson-meson (DDl [DD™; [D*D*]g P.(445T)F 44573 £ 0.671) —4.87%4 (input) 4457374 —4.8%4)
[D* [)*](1) P, (4459)0 4458.8 +2.9747 —19.733 4468.1773 —10.0%73
_ 1 _ 1 _ 13
Baryon-meson [A:D]3 [A.D*]7 4 [Z.D]7?
2 202 2 K. Chen et a/ Phys.Rev.D 105 (2022) 9, 096004
_ .13 _ 13 _ .13
[ZD11's  [ZXD13? [EED*1i'5 s
33 < 7 T3 M-M DD DD* D*D* DD, DD!(D,D*) D*D:
= 0.1 = 0.1 = 70,1
[E.D1} (8.0, [E.D1Y D,D, D,D D:D:
2 2°2 2 — — — — — —
= 10,1 =% 7310,1 =k 7y#10, 1 B-M AD AD* XD X.D* 2D 2:D*
[cuCD], 3 [Hc 13 [ cD]135 2 )k B )k * T * Py
13 3 333 AD, AD: D, =.D: =D, D
= N = 1N =/ =/ =) =)
Baryon-baryon  [AcA] [AcZl), [SeZcly? ED EDr ED - E D* EL E:D*
N —_ —_ —_ —_ — =k Yk
1 %71 %10,1,2 :‘cD_x :‘cqu :‘L'QS :‘LD_: :‘(,'Ds ':‘CDS
[Eczc]l [Aczc]l’z [2620]172 QCD QCD* Qch Qth
x gkl *31%10,2 = o=l
(Zexchis [BeZcly  [EeBelg B-B  AA, AZ, AZ X3, 5.5 )
=~ = 10 —~ m=710,1 = mx10,1 = = o= = == =/ R Rk
[Dcﬂc]l [QCQC]O,I [:‘CGC]I,Z == =c=c =c=c =c=c =c=c =c=c
=/ =l =/ =/ 710 =/ =2%70,1 Ac':'c Ac':; Ac':'z AC‘QC z“c':'c Ec:'z
[EcEclo [EcEc) [EcEeli LE L0 TE SE TrE 0,
(280, [E:Ep, EQ EQ EQ EQ  QQ
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Lineshapes of the PJ,;(4338)°

m=43383+0.7+04MeV, '=7.0+1.2 + 1.3 MeV. 180F LHCb .\ «Daa :
=0po =tpD- A s> 160; 9 o N Igié’e‘fﬂiﬁf _ (!
J/YA Sc Sc Pys(4338)° C 140F NRU/WP) - 1
/I‘IJ | _2Mev |1 Me\_/./ MeV: E 120F + * :NR(U/‘ﬁ)p 1 |
421258 433528  4337.37 Z 100f -~ Backgrownd hp '
1 H S a E+[ -3 D]
If a pole is close to the physical sheet and far away from the g 23_ s
threshold, § 40F | M :
Breit-Weigner (BW): T < 1/(E — M + il'/2) 20F | 4 r,{-f q;
The lineshape of the resonance would be distorted from the 42 4.25 43 435
conventional BW distribution if it appears near the threshold and /Y [GeVl
strongly couples to the threshold at the same time [pPhys. Lett. B &Q\e" K-matrix parameterization or LS equation
(2
63,224(1976), Phys. Rev. D 76, 034007(2007), Phys. Rev. Lett. 115, 202001(2015)]. See also y
J-.J. Wu's talk.
Two models for the J /PA-Z2D°-5F D~ interactions: L. Meng et a/, PhysRevD.107.014005
0 —é ¢ 0 —c ¢
1 Vi — 1 N 92 g2
MOdel—l = 5 —C c14+cy ¢c1—co | MOdel_“ o= 5 —C E2—m2 _EQ_m(QJ ’
~ 2 2
¢ c1—cy c1+cg c _EQQ_m(z) E2g_mg
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Lineshapes of the PJ,;(4338)°

T=V+ VGT, G = diag{Gl, Gz, 63}

Gi(E) = |,

A 12d?%]

Wiy +wi;

0 (2m)? Wi wip[E2— (w1 twip)? +ie]’

Production diagrams: L. meng er a PhysrevD.107.014005

+
PAN pA
\ 1\ T
\ \
\ \
\ \
0 T T R T T T
m e ! A *
-2t . . 1
[ ] ) L S *
-4 : : 1
% : :
2 el ' : ]
g . :
8t : ' ]
1o} e ! A * ]
B . . ED) EiDC . .
4332 4334 4336 4338 4340 4342
M, [MeV]
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“Synthetic” poles:
My = M; — iT;/2

© M ={mgopo — 1, mgp)- —
1,m52-D— +1, Mg p- + 5} MeV

« T, ={2,7,20} MeV

wiq = (P + m;

2 \1/2
la

Analytical continuation: G; = G; + 1

k

i

4TTE

Poles well below the ¢ D~ threshold

Poles well above the EZ D~ threshold

fodel 1, |T1,[?

©

Mo

sheet: (—, —,+)

DA =

sheet: (—, —, +)

2D =

1(d) fodel I, Ty, [* (a) el 11, Ty, — T
Pole sheet: (—,—,+) Polé sheet: (—,—,+) Pole sheet: (—,—,—)
— I'=2MeV
- i
/! -== ['=7MeV
/I "
’ Pad {3
- == ['=20 MeV iy, i
/| [IRN
1 - 1 [N
\ II \‘ N,
i \ J /’ll [N
[l [l i L \ s \ N i
i \ s -~ (RN
[T ‘\ H3 ‘ 12 \ N
) Y : [ 1/ N\ s
! \ 1 ! ) K% \ <
I” 1 ‘\\ 'l l’ “\‘\ 'll \\\ h
i 7 N o 4
A N ] ,//' \’2.\\ ______ s ..
s N Tteel 2 RETUE R e - .
BT PR N Pl S is - T A, ~
EE L ] — CUAE LA e S
() Model I1, [Ty,* ](h) Todel I, | Ty (e) fodel 1L, | Ty *

sheet:
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Dibaryons




Dibaryons (molecular hexaquark)

A dibaryon is essentially a system with two baryons. There is one known dibaryon in nature-
deuteron, another possible one is the AA dibaryon-d*(2380) (disputed).

NBqgand NBgqsystems

v The NY, (Y. = X, A,) interactions are essential for understanding the in-medium properties of the charmed baryons. The
experimental proposals at the J-PARC [arxiv:1706.07916] and GIS-FAIR [Prog. Part. Nucl. Phys. 66 (2011) 477-518] have stimulated
many investigations on the NY, interactions.

V" In Refs. [Nucl. Phys. A 971 (2018) 113-129, PoS Hadron2017 (2018) 146], the HAL QCD Collaboration calculated the phase shifts of the
NA, and NZ. scatterings from lattice QCD at the unphysical pion mass m,; = 410 — 570 MeV.

50

50 50

U SN 3S(I=1/2) my = 410 MeV U SN PS(I=1/2) my, = 138 MeV

o ““H ] “of a, = —1.8370%2 fy |

30 1 30r

TSN 3S.(I=1/2) my =570 MeV

401
30r
s 20

= 20 1 Z 20f -

10 10 1 10

of L. Meng et a/, Phys. Rev. C 101, 064002 ]

(Vg or

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Ex[MeV] E[MeV] Ex[MeV]

v" In Ref. [L. Meng et a/, Eur. Phys. 1. A 54 (9) (2018) 143], the authors predicted the bound states in the NE., and NE,. systems from
the OBE model .
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Dibaryons (molecular hexaquark)

BoBq and BgB systems

v In Ref. [N. Lee et af PhysRevD.84.014031], the authors calculated the A;A (ML), BeEc (B, 2.2 (ZL), , ELEL(EL), 0.0, (Q,) systems
within the OBE model, they obtained: the H-dibaryonlike state A.A. does not exist; there may exist loosely bound
deuteronlike states for the other systems

v" In Ref. [3-.B. Cheng et a/ PhysrRevD.107.054018], the authors investigated the double-charm and hidden-charm hexaquarks as
molecules in complex scaling method with explicit three-body effect.

v In Ref. [1-X Lu et &/ PhysRevD.99.074026], the authors found that the isoscalar AcAg, 75 and isovector A28 as well as their
doubly charmed and doubly bottom counterparts are good candidates of the molecular hexaquarks.

v In Ref. [X. Z. Ling et a/ Eur. Phys. J. C (2021) 81:1090], the masses and strong decays of the z§*>z§*> dibaryons were calculated.

v' Calculations from other approaches, see [H. Huang et a/ PhysRevC.89.035201; T. F. Carames et a/, PhysRevD.92.034015; H. Garcilazo et a/
Eur. Phys. J. C 80 (8) (2020) 720; Z. Liu et a/, Phys.Rev.D 105 (2022) 3, 034006; X.-K. Dong et a/ Commun. Theor. Phys. 73 (12) (2021) 125201; X.-K. Dong
et al, Progr. Phys. 41 (2021) 65-93].

BQQBQ and BQQEQQ SyStemS
The 2 [E()] can be related to the D® [D®] with the heavy diquark-antiquark symmetry (HDAS),

) HDAS — =(x) HDAS
E(Sc) ) ) () .:EC) ey D ()
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Dibaryons (molecular hexaquark)

BQQBQ and BQQEQQ SyStemS

As a consequence of the HDAS, the D™ 2D xWand 2ED systems can be related to the DD, DME and
D™ DM systems, respectively.

Thus, the existence of the molecular states in the D®¥D® and D®EL” systems should also imply the existence of the
molecular states in the 25 D®, 2% 5Pand 205 systems.

» ~cc “cc

v" In Ref. [B.Yang era/ Eur. Phys. J. A56 (2) (2020) 67], Yang et al investigated the possible bound states in the EE?EE’;) (?.E?)
systems, and predicted the molecular candidates in the isoscalar and isovector channels.

v In Ref. [F.-K. Guo et a/ PhysRevD 88.054014], the authors predicted the triply heavy pentaquarks with I(J?) = 0(3/27),

0(5/27) with the X(3872) as input, as well as the 1(1/27) and 1(3/27) ones with the Z,(10650) as input.
see also R. Chen et a/, PhysRevD.96.114030.

V" In Ref. [Y.-W. Pan et a/ PhysRevD.102.011504], the authors proposed an alternative way to determine the spins of the
P.(4440) and P.(4457) from the spectrum of the , Eg? z§*> systems with the help of lattice QCD.

BQQQ BQQQ SYSte ms

v’ Lattice: Phys. Rev. Lett.127.072003; Phys. Rev. Lett.130.111901
v" Models: Chin. Phys. Lett. 38, 101201; Eur. Phys. J. C 82, 805; Int. J. Mod. Phys. A 37, 2250166; arXiv: 2207.05505; arXiv: 2208.03041
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Summary and outlook

1. Many near-threshold states have been observed in experiments.

2. Their spectra and decays were intensively studied within various
models.

3. Most of the nowadays observed exotic states have the same
origin? —The dynamically generated resonances (bound states) from
the analogue of nuclear forces in different sectors.

4. What forces govern the formations of these states—the “general
nuclear forces”?

5. Weak(er) model-dependent approaches need to be developed.

Thauk youl
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