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1.1 Classification of hadrons

Conventional hadrons

u c t

d s b

e µ τ

νe νµ ντ

g

γ

W

Z

H

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

Fig. 2. Illustration of exotic hadron experimental studies.
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by Cheng-Rong Deng on 07/03/25. Re-use and distribution is strictly not permitted, except for Open Access articles.

Figure 1: Illustration of new hadrons. Taken from Mod.Phys.Lett.A 40, 2530002 (2025).
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1.3 Category of new hadrons

4. Field Guide

To date, around 50 exotic hadrons with at least one heavy (c or b) quark have been

reported, as summarized in Table 2 and represented in Fig. 2. Some of these states

are well established while some are only candidates whose existence and resonant

nature are yet to be con¯rmed. Given the number of states on this list, it deserves to

be called a \new particle zoo" in analogy to how the wide variety of conventional

mesons and baryons was previously characterized. Following this zoo metaphor, the

experimental exploration of exotic hadrons can thus be compared to the assembly of

a zoological ¯eld guide. Identifying di®erent species and patterns will then allow us to

gain a deeper understanding of the underlying physics, namely QCD in the highly

nonperturbative regime. In the following, our interpretation for such an emerging

¯eld guide is presented. Information about states (or groups of states where we deem

that adequate) is presented in the form of short information cards followed by a

description for in-depth reading, according to the grouping and order presented in

Table 2. All known exotic hadron candidates up to date. States we consider well-established are

underscored.

Category States/Candidates

Meson-like Hidden Charm I ¼ 0 ��like: �c1ð3872Þ,
(incl. tetraquarks) �c0ð3860Þ, �c0ð3915Þ, �c2ð3930Þ, Xð3940Þ

 �like:  ð4230Þ,  ð4360Þ,  ð4660Þ
with ss: �c1ð4140Þ, �c1ð4274Þ,
�c1ð4685Þ, �c1ð4500Þ, �c1ð4700Þ
Xð4150Þ, Xð4630Þ, Xð4740Þ

I ¼ 1 seen in eþe�: Tcc1ð3900Þþ=0 ,
Tcc ð4020Þþ=0 , Tcc ð4055Þþ

seen in B decays: Tcc ð4050Þþ, Tcc ð4100Þþ,
Tcc1ð4200Þþ, Tcc ð4240Þþ, Tcc ð4250Þþ, Tcc1ð4430Þþ

I ¼ 1
2 Tccsð3985Þ�, Tccs1ð4000Þ�=0, Tccs1ð4220Þ�

Hidden Bottom I ¼ 0 �ð10753Þ, �ð10860Þ, �ð11020Þ
I ¼ 1 Tb�b1ð10610Þþ , Tb�b1ð10650Þþ

Hidden Double Charm Tcccc ð6550Þ, Tcccc ð6900Þ, Tcccc ð7290Þ
Open Single Charm D�

s-like: D
�
s0ð2317Þþ , Ds1ð2460Þþ

Tcs=cs : Tcs0ð2900Þ0,
Tcs0ð2900Þ0=þþ, Tcs1ð2900Þ0

Open Double Charm Tccð3875Þþ
Baryon-like Hidden Charm I ¼ 1

2 ð32Þ Pcc ð4312Þþ, Pcc ð4440Þþ, Pcc ð4457Þþ
(incl. pentaquarks) Pcc ð4380Þþ, Pcc ð4337Þþ

I ¼ 0ð1Þ Pccsð4458Þ0, Pccsð4338Þ0

A brief guide to exotic hadrons
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1.4 Exotic hadron structure

Exotic natures
valence quark number > 3
Mass/width and/or production and/or decay properties inconsistent with
predictions for conventional states

Study of exotic hadrons can
provide new insights into internal structure
broaden our understanding of non-perturbative behaviour of QCD

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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1.5 Open double charm family

The only member: T+
cc(3875), observed by LHCb in 2021.

Its binding energy and decay width are

Eb = −361± 40 keV, Γ = 47.8± 1.9 keV.

May be a deuteronlike structure DD∗ with 01+.
Where are its family members?

Theoretical explorations
In the early 1980s, the states QQq̄q̄ were pioneered.

The existing studies.

Mainly focus on di-mesons composed of two ground state mesons.
Di-mesons composed of excited state mesons are extremely scarce.

We want to do
Searching for possible di-mesons D1D1, D1D

∗
2 and D∗

2 D
∗
2

Discussing their forming mechanisms.
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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 = −acλ
c
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

Solving Schrodinger equation and fitting spectrum with Minuit program

Table 1: Adjustable model parameters.

Parameters Values Parameters Values Parameters Values

ms 511.78±0.228 α0 4.554±0.018 K 40.78±0.043

mc 1601.7±0.441 Λ0 9.173±0.175 r0 35.06±0.156

mb 4936.2±0.451 µ0 0.0004±0.540

Table 2: Heavy-light meson spectra, mass unit in MeV and 〈r 2〉
1
2 unit in fm.

State IJP Theory PDG 〈r2〉
1
2 State IJP Theory PDG 〈r2〉

1
2

D+ 1
2 0− 1867±8 1869.66± 0.05 0.68 D1

1
2 1+ 2361±4 2422.1± 0.6 1.16

D∗ 1
2 1− 2002±4 2006.85± 0.05 0.82 D∗2

1
2 2+ 2368±4 2461.1± 0.8 1.17

D∗3
1
2 3− 2677±4 2763.1± 3.2 1.45

Uncertainty of energy

δH =
8∑

i=1

∂H(x1, ..., x8)

∂xi
δxi , δE = 〈ΦD

IJ |δH|ΦD
IJ〉
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3.1 Two configurations of Tcc

              

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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3.2 WF of charmed meson

WF of charmed meson

ΦD(∗)

IJ = χc ⊗ ηi ⊗ ψs ⊗ φlrmr (r)

Color part

χc =
1√
3

(r r̄ + gḡ + bb̄)

Isospin part

ηi = cū, cd̄

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 = rc − rq̄
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3.3 WF of di-meson state Tcc

WF of di-meson state Tcc (D1D2)

ΨTcc

IJ =
∑
ξ

cξA12

{[
ΦD1

I1J1
ΦD2

I2J2

]
IJ
φlρmρ(ρ)

}
.

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

A12 serves as an antisymmetrization operator

A12 = Pc1c2Pq̄1 q̄2 , Pc1c2 = 1− Pc1c2 , Pq̄1 q̄2 = 1− Pq̄1 q̄2 .

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

ρ =
mcrc1 + mqrq̄1

mc + mq̄
− mcrc2 + mqrq̄2

mc + mq̄
.

Also, φlρmρ(ρ) is expressed by Gaussian expansion method.
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4.1 Methodology

Solving the four-body Schrödinger equation

(H4 − E4)ΨTcc

IJ = 0

Binding energy

∆E4 = E4 − ED1 − ED2

Contribution from each interaction V χ and kinetic energy

∆〈V χ〉 = 〈ΨTcc

IJ |V χ|ΨTcc

IJ 〉 − 〈ΦD1

I1J1
|V χ|ΦD1

I1J1
〉 − 〈ΦD2

I2J2
|V χ|ΦD2

I2J2
〉

∆〈T 〉 = 〈ΨTcc

IJ |T |ΨTcc

IJ 〉 − 〈ΦD1

I1J1
|T |ΦD1

I1J1
〉 − 〈ΦD2

I2J2
|T |ΦD2

I2J2
〉

Average distance between D1 and D2

〈ρ2〉 1
2 = 〈ΨTcc

IJ |ρ2|ΨTcc

IJ 〉
1
2

Cheng-Rong Deng (SWU) crdeng@swu.edu.cn July 11-15, 2025 13 / 23



4.2 Tcc(3875) in the model

Table 3: Binding energy of S-wave D(∗)D(∗), the contribution from various interactions

and kinetic energy, unit in MeV. 〈r2〉
1
2 is the size of mesons and 〈ρ2〉

1
2 is the distance

between two mesons, unit in fm.

Constituent IJP ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vconf 〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

DD∗ 01+ Unbound

D∗D∗ 01+ Unbound

Coupling 01+ 0.34 ± 0.08 0.75 4.32 -2.68 -2.19 0.17 -1.00 -3.16 -1.13 9.65

Matching the experimental data well. Phys.Rev.D 105, 054015 (2022); Sci.Bull. 67, 1522 (2022)

Binding energy: 0.34± 0.08 MeV.

Deuteronlike state: 〈ρ2〉
1
2 ' 4.32 fm.

Vital coupled channel effect: DD∗(99.6%) + D∗D∗(0.4%).

Binding mechanisms: V cm > V σ > V π > V coul > V conf

Other states are unstable.

Cheng-Rong Deng (SWU) crdeng@swu.edu.cn July 11-15, 2025 14 / 23



4.2 S-wave D1D1

Table 4: Binding energy of the S-wave D1D1, the contribution from various interactions
and kinetic energy, unit in MeV. I , S and L represent total isospin, spin, orbital angular
momentum, respectively.

Constituent I, S ⊕ L ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vconf 〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

0, 0 ⊕ 1 Unbound

D1D1 1, 0 ⊕ 0 −5.6 ± 0.1 1.15 1.89 −2.8 −0.3 −0.1 −2.8 −2.0 3.3 −0.9

1, 0 ⊕ 2 Unbound

Bound state: D1D1 with ISL = 100.

Binding energy: −5.6± 0.1 MeV.

Partly overlapped: 2〈r2〉
1
2 > 〈ρ2〉

1
2 , hydrogenlike molecular state.

Binding mechanisms: V σ = V conf > V cm > T > V π > V η.

Unbound states: D1D1 with ISL = 001 and 102.
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4.3 QCD valence bond

QED valence bonds.

Partly overlapped, shared electron

QCD valence bonds.

Partly overlapped, light quark delocalization

Uncertainty principle, reduce kinetic energy
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4.4 S-wave D1D
∗
2

Table 5: Binding energy of the S-wave D1D
∗
2 , see the caption for Table 4.

Constituent I, S ⊕ L ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vcon〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

0, 1 ⊕ 0 Unbound

0, 1 ⊕ 1 Unbound

D1D
∗
2

0, 1 ⊕ 2 Unbound

1, 1 ⊕ 0 −19.4 ± 0.2 1.13 1.39 −3.8 −1.3 −0.3 −8.7 −1.7 8.2 −11.8

1, 1 ⊕ 1 Unbound

1, 1 ⊕ 2 −3.6 ± 0.1 1.15 1.99 −3.0 −1.0 −0.2 −1.1 −1.4 9.3 −6.3

Note that we just consider spin-spin and orbit-orbit coupling.

Bound states: D1D
∗
2 with ISL = 110 and 112.

Binding energy: −19.4± 0.2 MeV and −3.6± 0.1 MeV.

Partly overlapped: 2〈r2〉
1
2 > 〈ρ2〉

1
2 , hydrogenlike molecular state.

Mainly Binding mechanisms: QCD valence bonds.

Unbound states: D1D
∗
2 with ISL = 010, 011, 012 and 111.
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4.5 S-wave D∗2D
∗
2

Table 6: Binding energy of the S-wave D∗
2 D

∗
2 , see the caption for Table 4

Constituent I, S ⊕ L ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vcon〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

D∗2 D∗2

0, 0 ⊕ 1 −1.1 ± 0.1 1.17 2.78 −1.8 −1.8 −0.0 −1.5 −2.1 0.3 5.8

0, 1 ⊕ 0 Unbound

0, 1 ⊕ 2 Unbound

0, 2 ⊕ 1 Unbound

Bound state: D∗2D
∗
2 with ISL = 001.

Binding energy: −1.1± 0.1 MeV.

Non-overlapped: 2〈r2〉
1
2 > 〈ρ2〉

1
2 , deuteronlike molecular state.

Binding mechanisms: V cm > V σ = V π > V conf .

Unbound states: D∗2D
∗
2 with ISL = 010, 012 and 021.
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4.5 S-wave D∗2D
∗
2

Table 7: Binding energy of the S-wave D∗
2 D

∗
2 , see the caption for Table 4

Constituent I, S ⊕ L ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vcon〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

D∗2 D∗2

1, 0 ⊕ 0 Unbound

1, 0 ⊕ 2 Unbound

1, 2 ⊕ 0 −19.6 ± 0.2 1.14 1.40 −3.8 −1.3 −0.3 −8.9 −1.9 8.2 −11.7

1, 1 ⊕ 1 Unbound

1, 2 ⊕ 2 −3.7 ± 0.1 1.16 1.96 −3.0 −1.0 −0.2 −1.2 −1.5 9.4 −6.3

Bound states: D∗2D
∗
2 with ISL = 120 and 122.

Binding energy: −19.6± 0.2 MeV and −3.7± 0.1 MeV.

Partly overlapped: 2〈r2〉
1
2 > 〈ρ2〉

1
2 , hydrogenlike molecular state.

Mainly Binding mechanisms: QCD valence bonds.

Unbound states: D1D1 with ISL = 100, 102 and 111.
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4.6 Channel coupled effects

Table 8: Channel coupled effects for the bound states.

Constituent I, S ⊕ L Ratio ∆E4 〈r2〉
1
2 〈ρ2〉

1
2 ∆〈Vσ〉 ∆〈Vπ〉 ∆〈Vη〉 ∆〈Vcon〉 ∆〈Vcm〉 ∆〈Vcoul〉 ∆〈T〉

D1D1 0, 0 ⊕ 1
55% −3.0 ± 0.1 1.15 1.73 −2.7 −5.2 0.1 0.1 2.8 5.7 −3.8

D∗2 D∗2 45%

D1D
∗
2 0, 1 ⊕ 0

56% −18.6 ± 0.3 1.13 1.34 −4.1 −12.5 0.9 −8.5 8.7 9.6 −12.7
D∗2 D∗2 44%

D1D
∗
2 0, 1 ⊕ 2

71% −2.4 ± 0.2 1.15 2.02 −3.0 −8.8 0.6 −0.8 6.3 10.0 −6.7
D∗2 D∗2 29%

D1D1 1, 0 ⊕ 0
85% −16.4 ± 0.2 1.13 1.41 −3.8 −1.3 −0.3 −6.2 0.8 9.2 −14.9

D∗2 D∗2 15%

D1D1 1, 0 ⊕ 2
95% −1.8 ± 0.1 1.15 2.25 −2.5 −0.7 −0.2 −0.0 −0.3 7.6 −5.7

D∗2 D∗2 5%

D1D
∗
2 1, 1 ⊕ 0 100% −19.4 ± 0.2 1.13 1.39 −3.8 −1.3 −0.3 −8.7 −1.7 8.2 −11.8

D1D
∗
2 1, 1 ⊕ 2 100% −3.6 ± 0.1 1.15 1.99 −3.0 −1.0 −0.2 −1.1 −1.4 9.3 −6.3

D∗2 D∗2 1, 2 ⊕ 0 100% −19.6 ± 0.2 1.14 1.40 −3.8 −1.3 −0.3 −8.9 −1.9 8.2 −11.7

D∗2 D∗2 1, 2 ⊕ 2 100% −3.7 ± 0.1 1.16 1.96 −3.0 −1.0 −0.2 −1.2 −1.5 9.4 −6.3

Those bound states are hydrogenlike molecular states.

In the states with I = 0, the meson exchanges are vital.

In the states with I = 1, QCD valence bonds are paramount.
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4.7 Energy Spectrum

FIG. 1. The energy spectrum of the dimeson states D1D1, D1D�
2, and D�

2D
�
2 with various isospin-spin-orbit configurations. The

thresholds MD1D1
, MD1D�

2
, and MD�

2
D�

2
are marked by three dotted horizontal lines. The red and blue line represents the single channel,

while the green line stands for the result for the mixing of two channels with the same ISL.

TABLE II. Binding energy ΔE4 and its uncertainty δΔE4, in the unit of MeV. ΔVσ , ΔVπ , ΔVη, ΔVcon, ΔVcm,
ΔVcoul, and ΔT represent the contribution to the binding energy ΔE4 from σ-, π-, and η-meson term, confinement
term, chromomagnetic term, Coulomb term, and kinetic energy, respectively. I, S, and L represent total isospin,
spin, orbital angular momentum, respectively. hr2i12 is the size of mesons and hρ2i12 distance between two mesons,
unit in fm.

Constituent I; S ⊕ L ΔE4 þ δΔE4 hr2i12 hρ2i12 ΔVσ ΔVπ ΔVη ΔVcon ΔVcm ΔVcoul ΔT

D1D1 0; 0 ⊕ 1 Unbound
1; 0 ⊕ 0 −5.6� 0.1 1.15 1.89 −2.8 −0.3 −0.1 −2.8 −2.0 3.3 −0.9
1; 0 ⊕ 2 Unbound

D1D�
2 0; 1 ⊕ 0 Unbound

0; 1 ⊕ 1 Unbound
0; 1 ⊕ 2 Unbound
1; 1 ⊕ 0 −19.4� 0.2 1.13 1.39 −3.8 −1.3 −0.3 −8.7 −1.7 8.2 −11.8
1; 1 ⊕ 1 Unbound
1; 1 ⊕ 2 −3.6� 0.1 1.15 1.99 −3.0 −1.0 −0.2 −1.1 −1.4 9.3 −6.3

D�
2D

�
2 0; 0 ⊕ 1 −1.1� 0.1 1.17 2.78 −1.8 −1.8 −0.0 −1.5 −2.1 0.3 5.8

0; 1 ⊕ 0 Unbound
0; 1 ⊕ 2 Unbound
0; 2 ⊕ 1 Unbound
1; 0 ⊕ 0 Unbound
1; 0 ⊕ 2 Unbound
1; 2 ⊕ 0 −19.6� 0.2 1.14 1.40 −3.8 −1.3 −0.3 −8.9 −1.9 8.2 −11.7
1; 1 ⊕ 1 Unbound
1; 2 ⊕ 2 −3.7� 0.1 1.16 1.96 −3.0 −1.0 −0.2 −1.2 −1.5 9.4 −6.3
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5. Summary

Summary

QCD valence bonds, orbit partly overlapped, light quark delocalization.

Nine stable hydrogenlike molecules composed of D1D1, D1D
∗
2 and D∗

2 D
∗
2 .

In the states with I = 0, the meson exchanges are vital.

In the states with I = 1, QCD valence bonds are paramount.
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Thank you for your attention!
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