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1.1 Classification of hadrons

Conventional hadrons
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Figure 1.1: Elementary particles i n the Standard Model. The first three columns are
the first, s econd, and third electroweak generations, respectively, of quarks ( in green)
and l eptons (in blue).

Quarks were proposed as elementary particles by Gell-Mann [ 11] and Zweig [ 12] i n 1964.

In the quark model hadrons are bound states of quarks i nteracting via the strong i nteraction,

and can be divided i n mesons ( integer s pin) and baryons ( half-odd i nteger s pin). I n t he

conventional quark model, the bound state of a quark-antiquark (qq̄) pair i s called a meson,

for example a pion π+ i s a ud̄ bound state. The bound state of three quarks (qqq) i s called a

baryon, f or example protons are an uud bound state and neutrons are an udd bound state.

Figure 1.2 shows the meson and baryon bound states.

q q̄

Meson

q q

q

Baryon

Figure 1.2: Hadronic content in the conventional quark model. Mesons are a qq̄ bound
state; baryons are a qqq bound state. Colour combinations i n the figure are defined i n
Section 1.2.1.

The i dea of hadrons as bound states of elementary particles explained t he patterns ob-

served i n the eightfold way [ 13, 14]. For instance, spin-1/2 and spin-3/2 baryons with u, d, or

s quarks can be arranged i n an octet and i n a decuplet, respectively, as shown i n Figure 1.3.

3

Exotic hadrons

8⊗ 8 = 1⊕ 2(8)⊕ 10⊕ 10∗ ⊕ 27 , (1.4c)

3⊗ 3∗ ⊗ 8 = 1⊕ 3(8)⊕ 10⊕ 10∗ ⊕ 27 , (1.4d)

where 2(1) = 1⊕ 1, 4(8) = 8⊕ 8⊕ 8⊕ 8, and so on. Eq. (1.4a) i s a f our-quark state qq̄qq̄,

Eq. ( 1.4b) i s a five-quark s tate qqqqq̄, Eq. ( 1.4c) i s called a glueball gg, and Eq. ( 1.4d) i s

a hybrid state qq̄g where the quark-antiquark pair i s not i n a colour singlet state. Hadrons

beyond t he conventional quark model of qq̄ mesons, q qq baryons and q̄q̄q̄ antibaryons are

called exotic hadrons. Figure 1.4 shows some examples of exotic hadrons (see, e.g., Refs. [ 4,

19] f or a r eview). I t i s i mportant t o note that exotic hadrons may or may not have exotic

JPC q   uantum numbers.

q q̄

q q̄

Four-quark

q q

q q

q̄

Five-quark

g g

Glueball

g q̄

q

Hybrid

Figure 1.4: Beyond t he conventional quark model hadronic content. Quarks q have
colour charge green, blue, or red; antiquarks q̄ have anti-colour charge anti-red, anti-
blue, or anti-green; coloured gluons are represented by a grey colour.

The construction of those exotic hadrons were made considering only the colour confine-

ment requirement i n strong interactions. Therefore, the experimental detection of such states

is expected i f our understanding of colour confinement i s correct. However, at the same time,

the i nternal particle content of an exotic hadron can be difficult to determine as i ts i nternal

structure becomes more complex. On t he other hand, t he measurement of a hadron with

exotic quantum numbers c ould be a s traightforward e vidence of beyond t he c onventional

quark model hadrons.
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1.2 New hadrons

Discoveries in experiments
Staring from 2003, new hadronic states XYZ, Pc , Pcs and Tcc

Exhibiting exotic properties.

Theoretical descriptions
Excited charmonium
Compact multiquark states
cc̄-gluon hybrid
Hadron molecular states
Threshold effect
......
Still far away from a unified picture
The most popular one is hadron molecular states,
such as X (3872)(DD̄∗), Tcc(3875) (DD∗) and Pc (ΣD̄(∗)),......
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1.3 Multi-hadron states

In nuclear physics
Efimov effect, deuteron (np), deuteron+p(n)→ 3He (3H),......

Similarly, in hadron physics 3

FIG. 1: Multi-hadron states built upon the molecular picture where Ds0(2317) is a bound state of DK, X(3872) is a bound state of DD̄∗,
Pc(4312) a bound state of D̄Σc, and Tcc(3875) a bound state of DD∗. From inside to outside, the innermost circle encompasses the six quarks,
the next circle encompasses the qq̄ and qqq baryons, the following circle encompasses the two-hadron molecules while the outermost circle
encompasses the three-hadron molecules.

TABLE I: Binding energies and specific partial decay widths of multi-hadron states in the heavy flavor sector with their sub two-body bound
states and the corresponding hadronic molecular candidates. The Binding energies and widths are in units of MeV.

Multi-hadron states I(JP) B.E. (MeV) Decay channels (width) Sub two-body bound states (B.E.) Two-body molecular candidates

DDK 1
2 (0−) ∼ 70 [8] DD∗s (∼ 0.3)

D∗Ds (∼ 2.4) [9] DK (∼45) D∗s0(2317)

DD̄K 1
2 (0−) ∼ 49 [10] DsD̄∗ (∼ 0.5)

J/ψK (∼0.2) [10] DK (∼45) D∗s0(2317)

DD̄∗K 1
2 (0−) ∼ 77 [10] D(∗)

s D̄(∗) (∼ 1.9)
J/ψK∗(892) (∼6.7)

[11] DK (∼45)
DD̄∗ (∼4)

D∗s0(2317)
X(3872)

ΣcD̄K̄ 1( 1
2

+) ∼ 78 [12] DΞ′ ( ∼ 90)
DsΣc (∼ 20) [12] DK (∼45 )

ΣcD̄ (∼8.9)
D∗s0(2317)
Pc(4312)

DDD∗ 1
2 (1−) ∼ 1 [13] DDDπ

DDDγ [13] DD∗ (∼ 0.3) T +
cc(3875)

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

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

Model Hamiltonian

Hn =
n∑

i=1

(
mi +

p2
i

2mi

)
− Tc +

n∑
i>j

(
V oge
ij + V con

ij + V obe
ij + V σij

)
One-gluon-exchange and quark confinement

V oge
ij =

αs

4
λc
i · λc

j

(
1

rij
− 2πδ(rij )σi · σj

3mimj

)
, V con

ij = −acλc
i · λc

j r
2
ij

One Goldstone boson exchange

V obe
ij = Vπij

3∑
k=1

Fk
i F

k
j + VK

ij

7∑
k=4

Fk
i F

k
j + V ηij (F8

i F
8
j cos θP − sin θP)

Vχij =
g2
ch

4π

m3
χ

12mimj

Λ2
χ

Λ2
χ −m2

χ

σi · σj

(
Y (mχrij )−

Λ3
χ

m3
χ

Y (Λχrij )

)
, χ = π, K , η

σ-meson exchange

V σij = −g2
ch

4π

Λ2
σmσ

Λ2
σ −m2

σ

(
Y (mσrij )−

Λσ

mσ
Y (Λσrij )

)
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2.2 Model parameters

Meson spectrum and adjustable parameters

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

State D D∗ Ds D∗s B̄ B̄∗ B̄s B̄∗s

Model prediction 1867 2002 1972 2140 5259 5301 5377 5430

PDG 1869 2007 1968 2112 5280 5325 5366 5416

〈r2〉
1
2 0.68 0.82 0.52 0.69 0.73 0.77 0.57 0.62

Quark mass and Λ0 unit in MeV, ac unit in MeV·fm−2, r0 unit in MeV·fm
and α0 is dimensionless.

Parameter mu,d ms mc mb ac α0 Λ0 r0

Value 280 512 1602 4936 40.78 4.55 9.17 35.06

Applied to the T+
cc , the model can match the experimental data well.

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

C.R. Deng and S.L. Zhu, Decoding the double heavy tetraquark state T+
cc , Science Bulletin 67, 1522
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3.1 WF of bottomed meson

WF of bottomed meson

ΦB̄(∗)

IJ = χc ⊗ ηi ⊗ ψs ⊗ φlrmr (r)

Color part

χc =
1√
3

(r r̄ + gḡ + bb̄)

Isospin part

ηi = bū, bd̄

Spin part

S = 0 : ψs =
1√
2

(↑↓ − ↓↑); S = 1 : ψs =↓↓, 1√
2

(↑↓ + ↓↑), ↑↑

Orbit part, Gaussian expansion method

φlrmr (r) =

nrmax∑
nr =1

cnrNnr lr r
lr e−νnr r

2

Ylrmr (̂r), r = rb − rq̄
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3.2 Two configurations of Tbb

              

Diquark configuration Meson-meson configuration

6

u

d

u

d

Q

Q
Q

Q

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 Tbb

WF of di-meson state Tbb (B(∗)B̄∗)

ΨTbb

I12J12
=
∑
ξ

cξA12

{[
ΦB̄(∗)

I1J1
ΦB̄∗

I2J2

]J12

I12

φlρmρ(ρ)

}
.

ξ = {I1, I2, J1, J2, ......} and cξ can be determined by the model dynamics.

A12 serves as an antisymmetrization operator

A12 = Pb1b2Pq̄1 q̄2 , Pb1b2 = 1− Pb1b2 , Pq̄1 q̄2 = 1− Pq̄1 q̄2 .

φlρmρ(ρ) represents the relative motion WF between two mesons

ρ =
mbrb1 + mqrq̄1

mb + mq̄
− mbrb2 + mqrq̄2

mb + mq̄
.

Also, φlρmρ(ρ) is expressed by Gaussian expansion method.
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3.4 Wave functions of Hbbb

Jaccobi coordinates for the trimeson state B̄B̄∗B̄∗ (Hbbb).

𝝆
𝝆

𝝀

𝝀

ത𝐵∗ ത𝐵∗ത𝐵∗ ത𝐵∗

𝑇𝑏𝑏

ത𝐵 ത𝐵

The total wave function of the tri-meson state Hbbb

ΨHbbb

IJ =
∑
ξ

cξA123

{[
ΨTbb

I12J12
ΦB̄∗

I3J3

]J
I
φ(λ)

}
.

A123 is antisymmetrization operator.

A123 = Pb1b2b3Pq̄1 q̄2 q̄3

Pb1b2b3 = 1− Pb1b3 − Pb2b3 , Pq̄1 q̄2 q̄3 = 1− Pq̄1 q̄3 − Pq̄2 q̄3 .

φlλmλ(λ) represents the relative motion WF between Tbb and B̄

λ =
mbrb1 + mqrq̄1 + mbrb2 + mqrq̄2

2(mb + mq̄)
− mbrb3 + mq̄rq̄3

mb + mq̄
.
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4.1 Methodology

Five possible isospin-spin configurations

Isospin antisymmetric: [B̄B̄∗]1
0 and [B̄∗B̄∗]1

0

Isospin symmetric: [B̄∗B̄∗]0
1, [B̄B̄∗]1

1, and [B̄∗B̄∗]2
1

Solving the four-body Schrödinger equation

(H4 − E4)ΨTbb

I12J12
= 0

Binding energy
∆E = E4 −MB̄(∗) −MB̄∗

Contribution from each interaction

∆〈V χ〉 = 〈ΨTbb

I12J12
|V χ|ΨTbb

I12J12
〉 − 〈ΦB̄(∗)

I1J1
|V χ|ΦB̄(∗)

I1J1
〉

− 〈ΦB̄∗

I2J2
|V χ|ΦB̄∗

I2J2
〉.
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4.2 Bound states of Tbb

Bound states: [B̄B̄∗]1
0 and [B̄∗B̄∗]1

0

Binding energy ∆E4 and contribution from each part unit in MeV,

and the size 〈ρ2〉
1
2 in fm.

Tbb IJP ∆E4 ∆Vconf ∆Vcoul ∆Vcm ∆T ∆Vσ ∆Vπ ∆Vη 〈ρ2〉
1
2

[B̄B̄∗ ]10
01+ −10.0 −6.3 −8.9 −14.3 33.0 −9.3 −4.4 0.2 1.07

[B̄∗B̄∗ ]10 01+ −9.0 −6.0 −7.8 −12.3 29.4 −8.5 −3.9 0.2 1.11

Binding energy: ∆E4 ' −10.0 and −9.0 MeV.

Binding mechanisms: V conf , V coul, V cm, V σ and V π.

Compact bound state: 〈ρ2〉
1
2 ' 1.10 fm while B̄(∗) is about 0.70 to 0.80 fm.

Unbound states: [B̄∗B̄∗]0
1, [B̄B̄∗]1

1, and [B̄∗B̄∗]2
1.
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5.1 Hbbb from [B̄B̄∗]1
0

Hbbb from [B̄B̄∗]1
0

Binding energy ∆E6 relative to B̄B̄∗B̄∗ and contribution from each

part unit in MeV, and the sizes 〈ρ2〉
1
2 and 〈λ2〉

1
2 in fm.

Tbb Hbbb IJP ∆E6(4) ∆Vcon ∆Vcoul ∆Vcm ∆T ∆Vσ ∆Vπ ∆Vη 〈ρ2〉
1
2 〈λ2〉

1
2

[B̄B̄∗ ]10
— 01+ −10.0 −6.3 −8.9 −14.3 33.0 −9.3 −4.4 0.2 1.07 —

[B̄B̄∗ ]10

[
[B̄B̄∗ ]10B̄

∗
]0

1
2

1
2

0− −10.2 −6.6 −9.2 −14.0 34.6 −10.8 −4.4 0.3 1.09 4.75

[
[B̄B̄∗ ]10B̄

∗
]1

1
2

1
2

1− −10.0 −6.3 −8.9 −14.3 33.0 −9.3 −4.4 0.2 1.07 ∞

[
[B̄B̄∗ ]10B̄

∗
]2

1
2

1
2

2− −10.0 −6.3 −8.9 −14.3 33.0 −9.3 −4.4 0.2 1.07 ∞

Bound state: [[B̄B̄∗]1
0B̄
∗]0

1
2
.

Bingding energy: ∆E6(B̄B̄∗B̄∗) = −10.2 MeV
and ∆E ′6([B̄B̄∗]1

0B̄
∗) = −0.2 MeV.

Loose two-body bound state: [B̄B̄∗]1
0 is almost unchanged, 〈ρ2〉 1

2 = 4.75 fm.

Main binding mechanism: σ meson exchange.

Unbound states: [[B̄B̄∗]1
0B̄
∗]1

1
2

and [[B̄B̄∗]1
0B̄
∗]2

1
2
.
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5.2 Hbbb from [B̄B̄∗]1
1

Hbbb from [B̄B̄∗]1
1

Tbb Hbbb IJP ∆E6(4) ∆Vcon ∆Vcoul ∆Vcm ∆T ∆Vσ ∆Vπ ∆Vη 〈ρ2〉
1
2 〈λ2〉

1
2

[B̄B̄∗ ]11
— 01+ unbound ∞ —

[B̄B̄∗ ]11

[
[B̄B̄∗ ]11B̄

∗
]0

1
2

1
2

0− −0.4 −2.0 −3.1 −1.1 15.2 −10.2 0.3 0.5 2.19 1.49

[
[B̄B̄∗ ]11B̄

∗
]1

1
2

1
2

1− −0.6 −3.7 −4.9 −6.7 24.2 −8.2 −1.5 0.1 2.64 1.28

[
[B̄B̄∗ ]11B̄

∗
]2

1
2

1
2

2− unbound ∞ ∞

Bound states: [[B̄B̄∗]1
1B̄
∗]0

1
2

and [[B̄B̄∗]1
1B̄
∗]1

1
2
.

Bingding energy: ∆E6 = −0.4 MeV and −0.6 MeV.

Loose three-body bound state: 〈ρ2〉 1
2 = 2.19 and 2.64 fm,

〈λ2〉 1
2 = 1.49 and 1.28 fm.

Main binding mechanism: σ meson exchange

Unbound state: [[B̄B̄∗]1
1B̄
∗]2

1
2
.
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5.3 Others

Hbbb from [B̄∗B̄∗]1
0, [B̄∗B̄∗]0

1, and [B̄∗B̄∗]2
1

Tbb Hbbb IJP ∆E6(4) ∆Vcon ∆Vcoul ∆Vcm ∆T ∆Vσ ∆Vπ ∆Vη 〈ρ2〉
1
2 〈λ2〉

1
2

[B̄∗B̄∗ ]10 — 01+ −9.0 −6.0 −7.8 −12.3 29.4 −8.5 −3.9 0.2 1.11 —

[B̄∗B̄∗ ]10

[
B̄[B̄∗B̄∗ ]10

]1
1
2

1
2

1− −9.0 −6.0 −7.8 −12.3 29.4 −8.5 −3.9 0.2 1.11 ∞

[B̄∗B̄∗ ]21 — 12+ unbound ∞ —

[B̄∗B̄∗ ]21

[
B̄[B̄∗B̄∗ ]21

]2
1
2

1
2

2− unbound ∞ ∞

[B̄∗B̄∗ ]01 — 10+ unbound ∞ —

[B̄∗B̄∗ ]01

[
B̄[B̄∗B̄∗ ]01

]0
1
2

1
2

0− −0.7 −3.1 −2.2 −4.4 22.5 −11.7 −1.9 0.2 2.09 1.43

Unbound state:
[
B̄[B̄∗B̄∗]1

0

]1
1
2

and
[
B̄[B̄∗B̄∗]2

1

]2
1
2
.

Bound states:
[
B̄[B̄∗B̄∗]0

1

]0
1
2

Bingding energy: ∆E6 = −0.7 MeV.

Loose three-body bound state: 〈ρ2〉 1
2 = 2.09 fm and 〈λ2〉 1

2 = 1.43 fm.

Main binding mechanism: σ meson exchange
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5.4 Spatial configuration of Hbbb

Spatial configuration

ത𝐵∗

ത𝐵∗ ത𝐵∗

𝝀

𝝀

𝝆

ത𝐵

[ ത𝐵 ത𝐵∗]0
1

Figure 3: Two-body molecule (left) and three-body molecule (right)

Tow-body bound state:
[
[B̄B̄∗]1

0B̄
∗]0

1
2

Three-body bound states:
[
[B̄B̄∗]1

1B̄
∗]0

1
2

,
[
B̄[B̄∗B̄∗]0

1

]0
1
2

,
[
[B̄B̄∗]1

1B̄
∗]1

1
2
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5.5 Spectrum and coupled channel effects

Binding energy spectrum

−12

−11

−10

−9

−1

0

1

Bi
nd

in
g 

en
er

gy
 (

Me
V)

Coupled channel effects: IJP = 1
2 0−, ∆E6 = −11.5 MeV, 〈λ2〉 1

2 = 2.20 fm.[
[B̄B̄∗]1

0B̄
∗]0

1
2

(80%),
[
B̄[B̄∗B̄∗]0

1

]0
1
2

(14%),
[
[B̄B̄∗]1

1B̄
∗]0

1
2

(6%).
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5.6 Correlations of meson pairs

Figure 4: np correlation in the 3He or 3H and [B̄B̄∗]1
0 in the tri-meson.

np short-rang correlation, Jefferson Lab, Nature 609, 41 (2022).

IJ = 01+, np�nn or pp, partly overlapped, quark and gluon structures

[B̄B̄∗]1
0 short-rang correlation

IJ = 01+, [B̄B̄∗]1
0(80%)� [B̄B̄∗]1

1 (6%) and [B̄∗B̄∗]0
1 (14%)

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 [B̄1B̄
∗
2 ]1

0 and B̄∗3

[
[B̄1B̄

∗
2 ]1

0B̄
∗
3

]0
1
2

=
[
[B̄1B̄

∗
3 ]1

0B̄
∗
2

]0
1
2

+
[
B̄1[B̄∗2 B̄

∗
3 ]0,2

0

]0

1
2

, ∆E=−0.2 MeV

Three-body bound states of B̄1B̄
∗
2 B̄
∗
3 , [B̄1B̄

∗
2 ]1

1 and [B̄∗2 B̄
∗
3 ]0

1 are unbound.

[
[B̄1B̄

∗
2 ]1

1B̄
∗
3

]0
1
2

=
1√
3

([
[B̄1B̄

∗
3 ]1

0B̄
∗
2

]0
1
2

+
[
B̄1[B̄∗2 B̄

∗
3 ]0,2

0

]0

1
2

)
, ∆E=−0.4 MeV

[
B̄1[B̄∗2 B̄

∗
3 ]0

1

]0
1
2

=
1√
3

([
[B̄1B̄

∗
2 ]1

0B̄
∗
3

]0
1
2

+
[
[B̄1B̄

∗
3 ]1

0B̄
∗
2

]0
1
2

)
, ∆E=−0.7 MeV[

[B̄1B̄
∗
2 ]1

1B̄
∗
3

]1
1
2

=
1√
3

([
[B̄1B̄

∗
2 ]1

0B̄
∗
3

]1
1
2

+
[
B̄1[B̄∗2 B̄

∗
3 ]1

0

]1
1
2

)
, ∆E=−0.6 MeV.

Binding mechanism: [B̄B̄∗]1
0, the orbital components of the pair [B̄B̄∗]1

0

encompasses not only the ground state but also angular excitations
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6. Summary

Summary

Four bound isospin-spin configurations, ∆E ∈ (−1.0, 0) MeV.

3H or 3He-like two-body state:
[
[B̄B̄∗]1

0B̄
∗]0

1
2

Loose three-body state:
[
[B̄B̄∗]1

1B̄
∗]0

1
2
,
[
B̄[B̄∗B̄∗]0

1

]0
1
2
, and

[
[B̄B̄∗]1

1B̄
∗]1

1
2

After coupling of the configurations with 1
2
0−, ∆E = −1.5 MeV[

[B̄B̄∗]1
0B̄
∗]0

1
2

(80%),
[
B̄[B̄∗B̄∗]0

1

]0
1
2

(14%),
[
[B̄B̄∗]1

1B̄
∗]0

1
2

(6%).

Strong correlation meson pair [B̄B̄∗]1
0, responsible for the binding mechanism

of trimeson state B̄B̄∗B̄∗.
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Thank you for your attention!
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