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Exotic Multiquark Hadrons

Hadrons that do not fit the simple quark model picture 

2

PRL 91 (2003)
X(3872) Belle

M=4433 MeV  
Γ =45 MeV

Zc+(4430)  Belle 
PRL 100 (2008) 142001

Tcc  LHCb 
Nature Phys. 18 (2022)751

uc

uc uc

dc

u
c

uc
d

dc

uc

Pc (4312) (4440) (4457)  LHCb 
PRL 115 (2015), PRL 122 (2019)



Makoto Oka (ASRC, JAEA)

Exotic Multiquark Hadrons

Fully charmed tetra-quark resonances  X(ccc̄c̄) → (cc̄)(cc̄)
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J/ψ-J/ψ resonances observed at LHC 
(quantum numbers unknown)

Invariant mass of two J/ψ’s 
threshold @ 6.194 GeV
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Exotic Multiquark Hadrons

Why are the multi-quark hadrons exciting and important? 

What do they add to our understanding of QCD? 
Color configuration in multi-quark (N≧4) systems is not unique. 
Corresponding confinement mechanism is not well specified. 
The tetra-quark, the simplest multi-quark, will clarify the quark 
color dynamics and will tell us how quarks are confined. 

We propose 
String-like confinement potential by extending the color 
configuration space of the “quark model”. 
Contributions of compact multi-quark states vs two-meson molecular 
states can be separated.
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“Reconnection of strings and quark matter”,  
 H. Miyazawa, Phys. Rev. D20, 2953 (1979) 

Similar “string-type” confinement potential models for multi-
quark systems were discussed by  

String flip-flop model
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“String Flip-Flop” model 
based on the Born-Oppenheimer approach 
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String flip-flop model

The string FF model works for the U(1) charge, but in the color 
SU(3) theory, hidden-color channels are automatically mixed. 

In QCD, the transition between two color configurations is 
dynamically generated, and the HC channel is regarded as an 
independent configuration. 

In the quark model, only 2 independent color states are allowed.
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Quark model - color configurations

Color singlet Q1 Q2 Q3bar Q4bar system is described by 
Two singlets (mesons) states: 
 
Singlet + hidden color states: 
 
Diquarks with color 3bar and 6: 

These bases are all equivalent. 
 

Two-meson states are not orthogonal.
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Novel string-like potential

Three color basis states in the tetraquark system 

The string confinement potential 
 
 
transition by quantum tunneling 
 filled the area by gauge field
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Novel string-like potential

Confinement in  channel 

3-channel confinement potential 
 
 
 
 
Local 4-body potential

|hc⟩⟩
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Quark model confinement potential

Quark model with conventional confinement 
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Born-Oppenheimer potential

For the QM conventional confinement, 
y-dependence of the adiabatic potential for a fixed x: 
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Born-Oppenheimer potential

Novel String-like confinement: adiabatic potential at fixed x
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Born-Oppenheimer potential

Novel String-like confinement: adiabatic potential at fixed x 

There appears a strong attraction at short distances with a large 
mixing of the hidden color (hc) state. The compact tetra-quark 
configurations become important at short distances. 
The range of the free parameter κ 
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Tetraquark states

Next step is to compute the spectrum of realistic tetra-quark 
systems with different choices of confinement and compare them 
with experiment and/or lattice QCD results. 
(1) Fully heavy tetraquark, QQQQ 
(2) Doubly heavy tetraquark, TQQ = QQqq 

As an example, X(6900), a candidate of fully charmed tetra-quark

14

J/ψ-J/ψ resonances observed at LHCb 
(quantum numbers unknown) 
→ candidates of  resonant statesccc̄c̄
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Tetra-Charm states

With one-gluon exchange interaction 
 Coulomb + spin-spin interaction 
Parameters to fit to the charmonium masses 
→ reproduce the two meson thresholds 

The conventional confinement cannot reproduce the tetra-charm 
spectrum. 
Replace the linear confinement by the string-like confinement  
to calculate the tetra-charm states.
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Tetra-Charm states

Fully charmed tetraquarks
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Quark model with 
conventional confinement



Makoto Oka (ASRC, JAEA)

Tetra-Charms with novel confinement

Complex scaling method for the spin-aligned 2++ states 

2++ Bound and resonance states (*without SR OgE potential)
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0.10 6168 6166 16 6582 (54) 6929 (19)
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molecule-type
BE=4 MeV BE=16 MeV BE=42 MeV

compact-type

mixed
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Tetra-Charms with novel confinement
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0++ 1+− 2++

7035.1(77.8)

7202.2(60.6)

7049.6(69.4)

7273.5(49.8)

7068.5(83.6)

7281.3(91.2)

X(6900)
X(6900)

X(6900)

X(6600)
X(6600)

X(6200)

X(7200)
X(7200)

LHCb CMS ATLAS

E
[M
eV
]

ηcηc

ηcJ/ψ

J/ψJ/ψ

ηcηc(2S)
ηcψ(2S)
ηc(2S)J/ψ
J/ψ ψ(2S)

6928.8(18.7)

6582.2(54.2)

6166.2

5900

6100

6300

6500

6700

6900

7100

7300

6922.4(20.2)

6584.2(42.6)

6058.2 κ = 0.1 GeV
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Summary
Confinement in the tetra (multi)-quark system is not trivial nor well 
established from the quark model viewpoints. 
In QCD string picture, two choices ( ) of quark-antiquark 
combinations are regarded as independent color configurations. 
Furthermore, the hidden-color state ( ) can be introduced as an 
independent component. 

A new color confinement force is proposed and can be used for the 
quark model of multiquark systems. Mixings of  state induce a 
strong attraction among the quarks. 
A bound state below the two-charmonia threshold appears due to 
the attraction. Furthermore, the complex scaling method provides 
us with two or more resonances that are consistent with experiment.
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