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1.1 Classification of hadrons

@ Conventional hadrons

Meson Baryon

@ Exotic hadrons

Four-quark Five-quark Glueball Hybrid
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1.2 New hadrons

e Discoveries in experiments
e Staring from 2003, new hadronic states XYZ, P, P.s and T

o Exhibiting exotic properties.

e Theoretical descriptions

Excited charmonium

Compact multiquark states

cc-gluon hybrid

Hadron molecular states

Threshold effect

o Still far away from a unified picture

The most popular one is hadron molecular states,

such as X(3872)(DD*), T..(3875) (DD*) and P. (£D™),......
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1.3 Multi-hadron states

e In nuclear physics
o Efimov effect, deuteron (np), deuteron+p(n)— *He CH),......

o Similarly, in hadron physics

Figure 1: Multi-hadron states. Taken from Sci.Bull. 67, 1735 (2022).

e More theoretical predictions can be found in Phys. Rept. 1108, 1 (2025)
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2.1 Model Hamiltonian

Model Hamiltonian
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2.2 Model parameters

e Meson spectrum and adjustable parameters

Mass unit in MeV and root-mean-square unit in fm.

State D D* Ds D} B B* B, B

s

Model prediction 1867 2002 1972 2140 5259 5301 5377 5430

PDG 1869 2007 1968 2112 5280 5325 5366 5416
1
(r)2 068 082 052 069 073 077 057 062

Quark mass and Ag unit in MeV, ac unit in MeV-fm ™2, ry unit in MeV-fm
and ag is dimensionless.

Parameter my,d ms me mp

ac a@Q /\0 n
Value 280 512 1602 4936

40.78 4.55 9.17 35.06

o Applied to the TZ, the model can match the experimental data well.

C.R. Deng and S.L. Zhu, T:‘; and its partners, Phys. Rev. D 105, 054015 (2022);

C.R. Deng and S.L. Zhu, Decoding the double heavy tetraquark state

T:;, Science Bulletin 67, 1522
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3.1 WF of bottomed meson

@ WF of bottomed meson

B(*)
OB = X @O @ s @ ¢y m (F)

e Color part

1 _
c=—(rr+gg + bb
X \/g( g8 )

o Isospin part
ni = b, bd

e Spin part
1 1
S=0: o= 5(H - M) S=1: we=l, —S(+1D), 1t

o Orbit part, Gaussian expansion method

Nrmax

— 2 "~
G (1) = D o Noy "™ Vi (B), ¥ =15 —1q

n,=1
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Diquark configuration Meson-meson configuration

Figure 2: Two configurations

@ Diquark configuration: compact, color force.

@ Meson-meson configuration: relative loose, residual interactions
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3.3 WF of di-meson state Ty

o WF of di-meson state Ty, (B(*)B*)

,2’512 Z ce Ao { [¢/1J1 ¢,2J2] G1,m, (P )} )

o (={h,h,Ji,b,.... } and c¢ can be determined by the model dynamics.

o Aji, serves as an antisymmetrization operator
A12:Pb1b2P?71€72a Poyb, =1 — Poyby, Payg, =1 — Paa,.

° qb,pmp(p) represents the relative motion WF between two mesons

mp + mg mp + mg

_ Mplp, + mgrg, Mp¥p, + Mqlg,

Also, ¢1,m,(p) is expressed by Gaussian expansion method.
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3.4 Wave functions of Hppp

o Jaccobi coordinates for the trimeson state BB*B* (Hppp).

@ The total wave function of the tri-meson state Hppp
= J
Hppp __ T, B*
lebbb - Z C£A123 { |:W11:512¢13J3}I (ZS(A)} .
3
e Ajzs is antisymmetrization operator.

A123 = Pb1b2b3 P‘_71‘_72‘_73
Pb1b2b3 =1- Pb1b3 - szbaa Payayas = 1 — Paygs — Pagas-
o Pi,m, (A) represents the relative motion WF between Tj, and B
Myt + Mqrg + MpFb, + Mqtg, Myt + Mgl

A= -
2(mp + mg) mp + mg
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4.1 Methodology

@ Five possible isospin-spin configurations
o lIsospin antisymmetric: [BB*]§ and [B*B*]§

o lsospin symmetric: [B*B*]?, [BB*]i, and [B*B*]
@ Solving the four-body Schrédinger equation

(Hy — E))V/]® =0

h2J12

@ Binding energy
AE = E4 — Mgy — M.

@ Contribution from each interaction

(%)
A(VY) = (W (VX ) — (0F ) V(o)

/12J12 haJi2

< /2J2 | VX|¢12J2>
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4.2 Bound states of Ty

e Bound states: [BB*]} and [B*B*]}
Binding energy AE,; and contribution from each part unit in MeV,

and the size (pQ)% in fm.

[N

AT AVT  AVT AV (p?)

Tos 1P AE, aveonf  apcoul  apcm
[BB*1} ot —10.0 —6.3 —8.9 —14.3 33.0 —9.3  —4.4 0.2 1.07
[B"E?*]}J 01t —9.0 —6.0 —7.8 —12.3 29.4 —8.5 —3.9 0.2 1.11

e Binding energy: AE; ~ —10.0 and —9.0 MeV.
o Binding mechanisms: Veonf yeoul yem yo ang yr

o Compact bound state: (p?)2 ~ 1.10 fm while B*) is about 0.70 to 0.80 fm.

@ Unbound states: [B*B*]9, [BB*]%, and [E’*B*]%.
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5.1 beb from [BB*]é

(] beb from [BE*](I)

Binding energy AFE;s relative to BB*B* and contribution from each
part unit in MeV, and the sizes (pz)% and ()\2)% in fm.

1 1
Thp Hobh UP AEg,y aveen aveoul avem AT AVT AVT AVT (p?)2 (A2)2
(BB*1} — ot —100 —63 -89 —143 330 -9.3 —4.4 02 107 —
BB*]5B 207 —10.2 —6.6 —9.2 —14.0 346 —10.8 —4.4 03 1.09 4.75
B
2
[BB*1 [[BE*]&B*]II 1im —100 -63 -89 -143 330 -93 —44 02 107 oo
2
BB*)1B*]2 12— —100 —63 -89 —143 330 —93 —44 02 107 oo
0 1 2
2

o Bound state: [[BB*]§B*]Y.
e Bingding energy: AE;(B.‘_B*I_B*) = —10.2 MeV
and AE/([BB*]§B*) = —0.2 MeV.
o Loose two-body bound state: [BB*]} is almost unchanged, (p2)% =4.75 fm.
@ Main binding mechanism: o meson exchange.

o Unbound states: [[BB*]})B*]I% and [[BB*]&B*];
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5.2 beb from [BB*]

Tpp Hpbb uP AEg, aveen aveeul avem AT Ave AvT AV <p2>% <>\2>%
[BB* 1} — 01" unbound - o
[[EB*HB*}OL lo— —04 —20 -31 -11 152 -102 03 05 219  1.49
2
[BB*1} [[EB*HB*]E 117 06 37 49 —67 242 -82 —15 01 264 1.28
2
[[EE*]%E*}Z% %27 unbound co co

o Bound states: [[BB*]{1B*]% and [[BB*]1B*]\.
2 2
o Bingding energy: AEs = —0.4 MeV and —0.6 MeV.

o Loose three-body bound state: <p2>% =2.19 and 2.64 fm,
(A2)3 =1.49 and 1.28 fm.

@ Main binding mechanism: ¢ meson exchange

o Unbound state: [[BB*]1B*]3.
2

15/
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5.3 Others

o Hosp from [B*B-JS, [B*B-12, and [B*B 2

1 1
Thh Hpbb P AEgqy Aveon aveoul ayem AT AV AVT AVT (p2)2 (A2)2
[E*B*]}] — 01t —9.0 —6.0 —7.8 —12.3 29.4 -85 —3.9 0.2 111 —
[B*B*]} [B[E*E*]})]ll 11= —90 60 -7.8 -123 204 -85 -39 02 111 oo
2
[B*B*]2 121 unbound oo —
(B*B* 2 [B[E*B*]ﬂzl 12~ unbound 0o oo
2
[E*B*]g — 10T unbound oo —
[B*B*19 [E[E*E*]Q]Ol lo= —07 -31  —22 —44 25 —11.7 —19 02 209 143
2

e Unbound state: [B[B*B*]g]

Nl =
.5
>
o
—
[os]}
[os]}

*

vo]l]
*
5
(YN
[l
o= N

o Bound states: [B[B*B*]‘{]i
2
o Bingding energy: AEs = —0.7 MeV.
o Loose three-body bound state: <p2)% =2.09 fm and ()\2>% = 1.43 fm.

@ Main binding mechanism: o meson exchange
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5.4 Spatial configuration of Hppp

@ Spatial configuration

B
o !
S
35} g ’

B* B*
Figure 3: Two-body molecule (left) and three-body molecule (right)
o Tow-body bound state: [[BB*]&B*]E
2
@ Three-body bound states: [[BE*HB*]E, [B[E*B*]O]‘i, [[BB*])1B*]
2 2
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5.5 Spectrum and coupled channel effects

@ Binding energy spectrum

1
—
I [[BB']}B'} .
0 BB'B {{99'}19'} 0 7
H T
RN [B[B'B']ﬂ .,
= .0 BEa1Ee]t 2
E 1 [B[B'B']?L [[BB B ]% Overlapped
=
=" p r
5} 1
BB Bl
= BB (BB ],,L
w -9
=
k= BTG (BaiE],| |[BB 1B
2 [BB'|;B 3 oy
=10 -
S [[B_B‘] 5] o Mixing Mixing
0k ol Overlapped Overlapped
- Mixing
12
1 1 1
P ~0- ~1 2
1 2 2 22

e Coupled channel effects: 1J” = 107, AE; = —11.5 MeV, (A2)2 =220 fm.
[[BB14B*} (80%). [BIB"B"K]] (14%), [[BBLB]] (6%).

1
2
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5.6 Correlations of meson pairs

oo I
)
_ B*
[BB*]5

Figure 4: np correlation in the *H. or *H and [BB*]} in the tri-meson.

@ np short-rang correlation, Jefferson Lab, Nature 609, 41 (2022).
e /J=01", np>>nn or pp, partly overlapped, quark and gluon structures
o [BB*]} short-rang correlation
o IJ=01", [BB*]}(80%) > [BB*]} (6%) and [B*B*]? (14%)
o Partly overlapped, quark and gluon structures, such as quark delocalization
effect.
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5.6 Correlations of meson pairs

@ Two-body bound state of [B, B3]} and Bj

[[B1B51055]

Ni= O

_ _ - 0
- [[BlB;‘]gB;}g + {BI[B;B;‘ 372} . AE=-0.2 MeV
2

o Three-body bound states of By B; B, [B1 B3]} and [B; B3]9 are unbound.

_ _ 1 o o 0
B:B:1iBs] = 5 ([[BlBg‘]éB;]Z + [BulBs BI1Y] ) , AE=—0.4 MeV
2
B p* p*1010 1 B p*11B*10 B B*1l 10
[Bi[B; B39 = e ([[3182]033]% + [[3133]032}%) , AE=—0.7 MeV
R R*1l px* 1 R R*1l p* R [R* DR*
[[31321133]1% = ([[8182]583]1% + [Bi[B; 3313}1%) , AE=—0.6 MeV.

o Binding mechanism: [BB*]}, the orbital components of the pair [BB*]}
encompasses not only the ground state but also angular excitations
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e Summary

e Four bound isospin-spin configurations, AE € (—1.0,0) MeV.

3H or 3H,-like two-body state: [[BB*](I)B*]O%

Loose three-body state: [[BE*HB*}O%, [B[B*B*]‘f];, and [[BE*]}B*];
o After coupling of the configurations with %0’, AE = —1.5 MeV

([BB*13B*]} (80%), [BIB*B'1]} (14%). [[BBiB"]5 (6%).
2 2 2
o Strong correlation meson pair [BB*]j, responsible for the binding mechanism

of trimeson state BB*B*.
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Thank you for your attention!
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