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Naive considerations
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Naive considerations
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Spectrum of the near-threshold exotic hadrons

10700
=== via (¢ interactions mmm via ¢ interactions
10680+ ;
2,(10650) Two salient features:
______________________________________________ WS e = _ | B*B*
10640+
10620} 1. Near-threshold
10600F 7T T T 7 b'(fﬁ'l'o') '''''''''''''''''''''''''''''''''''''''''''' 8B
10580 2. Strong isospin tropism
10560 -
4500, i p.(4457) S =.D*
---------------------------------------------------------------------------------------- R b)) &
4400} P, (440) P (4459 P, (4338)
_______________________________________________________________________________________________________ e - ___|E.D
/7 o ) L 1%.D
P, (4312)
4200+
s1001 Are these states independent
7.(4020)
T e EE T R 4D'D .
4000 or correlated entities?
39001 B~ - — =~ = — & m e i W _____ 1: cc_(3_87_5_) ___________ 4 DD*
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Implications of the spectrum

. Are these states independent or correlated entities?

light quark pair correlations

2. Strong isospin tropism

Highly plausible l Their existence is relianton the
molecule candidates light quark pair correlations

| -—
These exotic states do not exist as
Independent entities

1. Near-threshold B2

3. Flavor

S RY

Occam's Razor
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Light flavor wave functions

qa T %,(2900) I Z.(3900) B I X (3872)
- o > >
—_ 1 _ — - -
du E(m,,,—alal) -ud %(ug_pdd)
I & T..0 (2900) I T..(3875)
99 ® ® > >
dd L gtaqn) W L (ud—du)
V2 V2

B. Wang et al., PhysRevD.109.034027 | |
Are there underlying connections between
« T%,(2900) and Z.(3900), X(3872)
¢ T,.0(2900) and T,.(3875)
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An introduction to our framework

Strange quark: light or heavy?

X(3872) lcqllcq]

C m, <A
Z.(3900) Dl_)* [cql[eq] V. N o
aq In contrast to the my, ¢ < Aqcp

¢50(2900) D*K* [cql[5q] SU(3) symmetry is not good!
_ = Zilz(*) leqalica] < mM~ 500 Mev
Tcc(3875) DD* [callcq] Vaa For shallow bound hadronic molecules:
T50(2900) D*K” [cq][5q] vy = \[2uE, < 100 MeV« m3"

such as for the DD* /DD ™ systems:

B. Wang et al., PhysRevD.109.034027 . Ep <10 MeV

residual strong interaction

v" The near-threshold interactionsare too weak to excite the strange
quarks inside the heavy hadrons.

v The strange quark will behave like an inert source (heavy quark)
from the view of the residual strong interactions at the near-
threshold energy scale.

2024/5/28 9




An introduction to our framework

. Constructing the effective potentials from a quark-level perspective

{1,01-02,(01-q)(02-q),...}
‘/;ff ™~ :EE:: (12 + M2

For the near-threshold interactions: g* < M?

1 1
q°+M; M M -
Keep the leading order (q°) of the expansion || M.
B. Wang et al., PhysRevD.109.034027 =

2024/5/28

e. scalar, pseudoscalar,

vector, axial-vector, tensor,...

2
(1 _ 49 + ... ) s> From “H” to a “butterfly”

q>* < M}?
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An introduction to our framework

v" Each exchanged meson fields contain both the isospin triplet and singlet:

1
L§27 — !!iia77i -+ :;7E§!Eii!

v" The net contributions from the exchanged particles will give rise to the non-relativistic
effective potentials for the light gg and gg with the following forms, respectively,

1

qu — 7'1'7'2+—7'0,1'To,2) (Cs+6a0'1'0' )7
Pauli matrix / 2 Pauli matrix
in isospin space 1 in spin space

sk ~ ~
V@q — (_7'1 - To + 5 0,1 '70,2) (Cs + Cq 01 '0'2),

B. Wang et al., PhysRevD.109.034027
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An introduction to our framework

v" Translating the quark-level potential to the hadron-level:

Vi = (176 A6) Vi |76 7))

spin-flavor wave function of .7¢1 745
di-hadron systems

v" Equivalent to using a hadron-level contact Lagrangians:
L:D(*)K* = (] (ﬁﬁ)(K*“TKZi) + Oy (ﬁTiﬁ)(K*“TTZ’KZ)
‘|‘?:03(7:z0'uy7:l)(KZTK;)+iC4(ﬁ0MVTiﬁ)(KZTTin)

B. Wang et al., PhysRevD.109.034027

2024/5/28
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An introduction to our framework

P.and T, as inputs

cs = 146.4+ 10.8 GeV ™2,

v" To search for the bound/virtual state poles,

t=v+vGt, == t71 = 71 - @

c, = —7.3+10.5GeV >
A 2
K2k 2u
( ) /0 (27T)3 p2 — k2 + 7€ o X(3872) and ZC(3900) as mputs 3
2” [ —1 (P VT ] 180f
= tanh (—) —AN—— :
(27T)3 p A 2 p ~ 170} Cq +Cs = 187.5
'% 160}
Bound state pole in Sheet-I (physical) : G(F + i¢) % 150, Gt & = 1843
1407
Virtual state pole in Sheet-1I (unphysical) : G(FE + i€) + 1 4M2p 1302
120t
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Spectrum of the molecular tetraquarks: understanding the T ;50(2900)

D™ D™ systems D®K* systems
1(0%) 5 ¢ B 0(1%) _ECS (27525728, T/ ,(2760)
5 5 [input] K 3
+ 5 5 Inpu 1(1+ 2
3 3 5
1% Se+35c 000%)  —Zes+5c,  [28978%55), T/ ,(2900)
+ D2 +038 0(1* 4 2896.6+33
0(1 ) —E Cg +5Ca [4015-6_2:3]3 ch(4'015) ( ) _Ecs +Eca [ ' —6.3]V cs1(2900)
L B B 029 —Jes—sea (2892855, 1 ,(2900)
D*K*
1(2* 343 1(0* 5
( ) ECS + E Ca ( ) ECS - 3Ca
3 3
1(1+) E Cs _E Ca
 Ep: Bound state Ey: Virtual state 3 3
1(2+) E Cs +E Ca

2024/5/26 B, Wang etal., PhysRevD.109.034027 14



Highlights of our predictions

-y | also expected in many works, such as Chen etal,. Eur. Phys. J. C 82,581 (2022); Li et al., Phys. Rev. D 88,
D*D™:0(1") 114008 (2013); Liu et al., Phys. Rev. D 99, 094018 (2019); Ding et al., Eur. Phys. J. C 80, 1179 (2020); Dong et al.,

Commun. Theor. Phys. 73, 125201 (2021).

e —— bk | Itis expected that there should be a peak at the DK* (2.76 GeV)
and D*K* (2.9 GeV) thresholds in the D*K channel, respectively.

= o(1t) n 0(1%) _ _
D*K*:0(1%),02") S 1 Expected line-shape of the D*K
- : invariant mass distribution
D-wave D-wave g E
_ > £ E
DK D'K = |
B ;
£ :
~ I
= :
. DK%  D'K*
| - 2.6 27 2.8 2.9 3.0 3.1
2024/5/28 m-.  [GeV] 15



Spectrum of the molecular tetraquarks: understanding the T¢,(2900)

IR i M- [~36965],  X(3700)" 0(1*) ~2¢, [~ 258601, Ti,(2760)*
DD DK* 2
17(0*h) o - ” 3
26 119 G
0r(1*t)  -2¢,-%c  [3871.238716], Xé'g'g‘;]z) =
0(0") 5¢q =5 Cs
0-(1*7)  26,-2¢
DE* 2 2 0 1+ 5 e 5 =
+rq+— 3 3 [input] ( ) ECa EC
: 5 5
02Y) —2& _ 2z [2900.2,2900.3 2900
1-(1") Zatis DK O 7la—56 | v Te(2900)
3
0+ (0™ saa—gfs 10%)  —3¢,+5¢, (28876290051,  7%(2900)
a4 5. 5. 3 3
0-(1") Fat 1(1) _EEaJ’EfS [2676.2,2876.3], T%,(2900)
0t(2*Y)  —2s-2e  [4011.840122], X,(4012) 3 3
D*D* : 32 129 ECa-l-ECS
17(0*)  -35,+5e  [4007.240167];  Z.(4010)
15(1*)  Setie [3973.640145],  Z.(4020)
—(++ 3. .3,
17(27) 5Cat 3G

16
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Highlights of our predictions

V[DD, 0" (0**)] = V[DK*,0(1)]

Y [ . . .
i I . investigated in Phys. Rev. D 86, 056004 (2012): Phys. Rev. D 87, 076006 (2013) :
LA CARPN virtual state/ ”O”eX'Ste”tl Phys. Rev. D 74, 014013 (2006) ; Phys. Rev. D 76, 074016 (2007); JHEP 06, 035 (2021).

1. Limited decay channels with tiny decay widths
2. Difficult to be detected in experiments

g | - -
DK*: 0(1* . . can be used to mfe_r the existence
virtual state/noneX|stent| of the 0*(0++) DD

DK

2024/5/28 17



Highlights of our predictions

0% (2*"): tensor partner of X(3872); see the investigations Phys. Rev. D 86, 056004 (2012) ;
Phys.Rev. D 87, 076006 (2013) : Chin. Phys. C 36, 194 (2012) ; Phys. Rev. D 88, 054007 (2013) ; Eur.
Phys. J. C 75, 547 (2015) ; Phys. Lett. B 763, 20 (2016).

17(0"): m.m,DD,] /ibp, X1 (P wave)

Evidence for an 5.(15)z ™~ resonance in B = ne(1S) K+~ decays Observation of two resonancelike structures in the 7t x.1 mass distribution
' in exclusive B — K~ 7" y,; decays

~ T T

eV

T R R
[ = +

F 120F Lo E J Belle Z1(4050)
g 100F { Same state? ?;3 0F | m = 4051 + 1423 MeV
o] 80 F : C 4
% oF it ﬁ N zzg_ } J [ = 82121147 MeV
@) 40;_ . % g : | 1

20F AL s CF |

B e o) BT i | + ;

m(n (1S)77) [Ge — ST
ZC(4100) ) ° g Lol TﬁJ-I1J‘I{IJI1Jlil lodo, L
m = 4096 + 20118 MeV %6 88 4 42 44 46 48

M (x,4m"), GeV/c®
[ =152 + 58152 MeV
2024/5/28 18



Strong decays of the isovector-scalar D*D* molecule
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Highlights of our predictions

. Doesthe X (3872), the C-parity odd partner of X(3872) exist?

In our framework, V[DD*, 0~ (1*t7)] > 0 ====p X (3872) does not exist!

X (3872)[0~(117)]

Phys. Rev. Lett. 93, 041801 (2004)

Céf 6 L L I I LR
> ]
2, BABAR ]
u
Q ]
L2 =
MP ﬂﬂmﬁmﬁﬂﬂum
> O il ]
aa)

3.6 3.8 4 4.2 4.4 4.6

Jhym hdass((}e\flcz)

2403.16811

BESIII recently searched for the ete™ — nX (3872): “We do not find any evident signal for the X (3872)......

2024/5/28

4.8

= J/p[0~(17)] +7n[07(07)]

(@

Prog. Theor. Exp. Phys. 2014,43C01 (2014)

80F

: l Belle
:
g i *HHH##H#”@ﬂﬂﬁ*”ﬂ:ﬂm

M., [GeV/c?)

J. High Energy Phys.04, 046 (2022)

——
E —+— Data
- Bt — XK
- ——— BT = (JAm
Total

bt
%++++ +++++++

+
NRK

LHCb
9fblf

wﬂw ;

%

3.85
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Unraveling the T4¢(2900) and T5((2900)

In our calculations, the recently discovered T .., (2900) and T%,(2900) can be confidently identified

cs0

as the charm-strange counterpartsof 7. .(3875) and Z .(3900) , respectively.

T,.(3875)

Z.(3900) T%,(2900)

2024/5/28 21



Why the P{,;(4338) is so close to the E.D threshold?

PhyS Rev. D 109.074035 (2024) ——————————————— ours 0,1/2 5
180F LHCb ~ Data ; | Vo g =—5¢
Spectrum of the molecular pentaquarks 160F 9 f! — Nominal fit ] = = 2
B 12 . . o 6.t g : — Null-hyp. fit l: i 5 5
o Wang®,™ Kan Chen®,” Lu Meng®,™ and Shi-Lin Zhu o 140F + NR(J/y p) i 01
= 120f ] VDD*__ECS+§C“
Type-I: V,, Type-1I: V4, QIOO: ]
=) [cqq)led] = pt) cqqlleal & o F i l|65| > |c,]|
=) ) [esq][eq] =) p*) esqlleg] 8 TF -
sk [cqq][5q] SOk caqllsa) 5 O0F . O /2 ~ 1
=) gr [esq][3q] g0 [csq][sq] 8 40 ] E.D DD*
=) p) [ceql[eq] 2 p) [ceq][cq] 20F . -
=Wk [ceq][54] =20 g [ccq][sq] :
D) [sqql[cq] D) [sqq][cq] 4.2 : ErD~
=) =) [ssq][¢q] B D) [s5q][cq]
s sg4][54 SO Dsaqllsg Iy ) [GeV] o
S0 (s5g][5q] =) (s5¢][s3] Our calculation gives:

P;5(4338) m[P}(4338)] =
@ . 4334.8798 Mev

2024/5/28 22




Decay properties of the hidden-charm pentaquarks

P, states

@
GQ,

N

5 N q ] q) 2.
e e @) O )/ - oo
b I n) D /el
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Decay properties of the hidden-charm pentaquarks

State Decay G.-J. Wang Y.-J. Xu Y.-H. Lin Y. Dong C.-J. Xiao Q. Li Z.-Y. Lin
channels PRD 102, 036012 PRD 102, 034028 | PRD 100, 056005 | EPJC 80, 341 | PRD 100, 014022 | JHEP 06, 189 PRD.108.114014
0.3 1.6 1073 0.17

J/¥p 0.033
P,(4312) Nep 0.98 5.54 1072 - 0.4 0.066 0.085
Tope, = 9.8 %
A.D 0.3 0 0.026 ~0
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Xiv: 2406.
Spectrum of the molecular hexaquarks *7"

Bo Wang 123 Kan Chen®,** Lu Meng 2T and Shi-Lin Zhu ©% 7

YCollege of Physics Science and Technology, Hebei University, Baoding, 071002, China
*Hebei Key Laboratory of High-precision Computation and Application of Quantum Field Theory, Baoding, 071002, China
Hebei Research Center of the Basic Discipline for Computational Physics, Baoding, 071002, China
*School of Physics, Northwest University, Xi’an, 710127, China
3 Institut fiir Theoretische Physik II, Ruhr-Universitit Bochum, D-44780 Bochum, Germany
SSchool of Physics and Center of High Energy Physics, Peking University, Beijing, 100871, China

We investigate the mass spectra of molecular-type hexaquark states in the dibaryon systems. These systems
are composed of the charmed baryons [S4", 2], doubly charmed baryons [25], and hyperons [£(*), 2(*)].
We consider all possible combinations of particle-particle and particle-antiparticle pairs, including the S-wave
spin multiplets in each combination. We establish the underlying connections among the molecular tetraquarks,
pentaquarks, and hexaquarks with the effective quark-level interactions. We find that the existence of molecular
states in DD*, DD*, and ©. D™ systems leads to the emergence of a large number of deuteron-like hexaquarks
in the heavy flavor sectors. Currently, there have been several experimental candidates for molecular tetraquarks
and pentaquarks. The experimental search for near-threshold hexaquarks will further advance the establishment
of the underlying dynamical picture of hadronic molecules and deepen our understanding of the role of spin-

flavor symmetry in near-threshold residual strong interactions.




Summary and outlook

 The hadronic molecules do not exist as independent entities.

 Their formation crucially depends on the correlations between light quark pairs within
separate hadrons.

« \WWe obtained the mass spectra of molecular tetraguarks, pentaguarks and hexaquarks.

* The experimental search for the predicted states in various decay channels continues to be
of great importance in advancing our understanding of the underlying physics.

Thank you
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