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Introduction 
Tetraquark and Color Confinement
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Doubly-Heavy Tetraquark (DHTQ)

Doubly-Heavy Tetraquark  (DHTQ)  
TQQ = QQ qbar qbar 

 (Q = c, or b,   q = u, d, or s) 

First observation of Tcc at LHCb, arXiv:2109.01038, 2109.01056  
BW peak fit  
δm = -273±61 keV/c2 , Γ=410±165 keV  

 from D*+D0 threshold
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CERN Courier

T+cc → D0D0π+ 
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Doubly-Heavy Tetraquark (DHTQ)

Why is this observation so exciting?   New, but more . . 

What does this mean to QCD? 

My personal answer :  
Color configurations in multi-quark (N≧4) systems and associated 
color confinement dynamics are not determined uniquely.  
The tetra-quark, the simplest multi-quark, will clarify the quark 
color dynamics and will tell us which of the various quark 
confinement potentials (models) is correct. 

Tetraquark is the simplest system for this study. 
All heavy tetraquarks may also be good for this purpose, but they 
may not have bound states, but resonances only.  
=> Doubly heavy tetraquark
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Tetraquark - color configurations

Color singlet Q1 Q2 q3bar q4bar system has  
 two independent color configurations. 
Choices of the basis states  
Two-meson channels: 
 (Q1 q3bar)1(Q2 q4bar)1,  (Q1 q4bar)1(Q2 q3bar)1 
Singlet + hidden color states: 
 (Q1 q3bar)1(Q2 q4bar)1,  (Q1 q3bar)8(Q2 q4bar)8 
Diquarks with color 3bar and 6: 
 (Q1Q2)3bar(q3barq4bar)3,  (Q1Q2)6(q3barq4bar)6bar 
While these bases are equivalent, i.e., related by linear transforms, 
physical pictures are often different from each other.  
Color configurations will determine “how quarks are confined in 
multi-quark systems”.
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Two-body confinement

Two-body confinement with color saturation 

No confinement between two color-singlet systems. 

It, however, induces long-range color van der Waals force, ~ -1/R3. 
T. Appelquist, W. Fischler, Phys. Lett. B77, 405 (1978) 
R.S. Willey, Phys. Rev. D18, 270 (1978)  
S. Matsuyama, H. Miyazawa, Prog. Theor. Phys.  61, 942 (1979)
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“Reconnection of strings and quark matter”, H. Miyazawa, PR 
D20, 2953 (1979). 

The string FF model is free from the difficulty of the color van-der-
Waals force. 
Similar “string-type” confinement potential models for multi-
quark systems were proposed. 
O.W. Greenberg, J. Hietarinta, Phys. Lett. B 86, 309 (1979)  
N. Isgur, J. E. Paton, Phys. Lett. B 124, 247 (1983) 
F. Lenz, et al., Annals Phys. 170, 65 (1986).  
J. Vijande, A. Valcarce, J.M. Richard, Phys. Rev. D 85, 014019 (2012).

String Flip-Flop model
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“String Flip-Flop” model
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String Flip-Flop model

The string FF model works very well for the U(1) color. 

In the color SU(3) theory, . . . 

As the HC channels are always mixed with color-singlet channels, 
they are not simply omitted.
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What does QCD tell us?

Flip-flop of QCD strings 
We cannot assign a specific color to each quark, because gauge 
rotations can change the color of quark. 
Consider the strong coupling expansion for simplicity. 

Appropriate color recombination is automatically chosen by the 
gauge link action. Hidden color channels seem not appear. 
How do color-dependent quark potentials describe the quark 
confinement in QCD?  - not yet answered -
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Production of Tcc in NRQCD 
Heavy-Diquark picture
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Heavy Diquark picture of DHTQ

Heavy-Diquark picture of TQQ 
Two orthogonal color configurations  
(QQ)3bar + (qbarqbar)3  
or  
(QQ)6 + (qbarqbar)6bar 

For the same flavor heavy quarks, Q=c, Tcc, the Pauli principle 
requires the spin and color of QQ are entangled for the lowest 
states as (3bar, S=1) and (6, S=0).  
Mixing of these two configurations is suppressed by the heavy-
quark spin symmetry.
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QQ qq

[3̄ 3S1] [6 1S0]�/mc

charm spin flip 
mixing probability ~ 1/mc2
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Heavy Diquark picture of DHTQ

Tcc (I=0, Jπ=1+) of color 3bar and 6 configurations 
S.H. Lee, S. Yasui , W. Liu, C.M. Ko, Eur. Phys. J. C54, 259 (2008)  
J. Vijande, A. Valcarce, Phys. Rev. C80, 035204 (2009)  
T. Hyodo, Y.R. Liu, M. Oka, K. Sudoh, S.Yasui, Phys. Lett. B721, 56 (2013)  
T. Hyodo, Y.R. Liu, MO, S. Yasui, ArXiv: 1708.05169 (2017)
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Spectrum of Tcc in the diquark picture  
is studied  in a simple color-spin 
interaction model.  
 
 

Tcc[6] is ~125 MeV above Tcc[3bar]  
    ⇔ 193 MeV for Λc-Σc(*).
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Production of DHTQ

Belle (KEKB) observed double-charm-pair productions in e+e- 
collision. 

We applied NRQCD to the production of DHTQ 
NRQCD (factorization and expansion in vQ)  
  hard process  e+e- → cc [JP] (perturbative)  
  soft process    cc → Tcc (HQEFT, velocity v = p/mc)
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G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D51, 1125 (1995) 
A. Petrelli, et al, Nucl. Phys. B514, 245 (1998)
E. Braaten, J. Lee, Phys. Rev. D67, 054007 (2003). 
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Production of DHTQ

Cross section
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T. Hyodo, et al., Phys. Lett. B721, 56 (2013),  ArXiv: 1708.05169 (2017)
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Production of DHTQ

Double charm production in e+ + e- at √s = 10.6 GeV  
Production cross sections for Tcc[3bar], Tcc[6] vs Ξcc
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Chiral Diquark picture of Tetraquarks
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Diquark picture of tetraquarks

Diquark in baryons vs tetraquarks  
ΞQQ = (QQ) q    ⇔　TQQ = (QQ) (qbarqbar) 

Or alternatively  
ΛQ = Q (ud)0 ⇔  TbarQQ = QbarQbar (ud)0 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Chiral Effective Theory of Diquarks

Chiral SU(3)R x SU(3)L effective theory for diquarks  
M. Harada, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D101, 054038 (2020) 
Y. Kim, E. Hiyama, M.O., K. Suzuki, Phys. Rev. D102, 014004 (2020)  
Y. Kawakami, M. Harada, M.O., K. Suzuki, Phys. Rev. D102, 114004 (2020) 
Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021) 
An effective chiral diquark theory a la linear sigma model is 
constructed and derive mass relations of diquarks 
Color 3bar, Spin 0 diquarks in (3bar,1)+(1,3bar) => S(3bar) + P(3bar) 

Color 3bar, Spin 1+/1- diquarks in (3,3) => A(6) +  V(3bar) 

Parity eigenstates

21

(3̄, 1) + (1, 3̄)
<latexit sha1_base64="4imNryiBLAfLucurOcuUfzRkh+w="></latexit>
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For the SSB vacuum 〈Σ〉 = f ,  the mass term of the right and 
left diquarks are given by 
 

Chiral Effective Theory of Diquarks

22

UA(1) anomaly

chiral invariant mass term

CSB mass terms

M. Harada, Y.R. Liu, M.O., K. Suzuki, PR D101, 054038 (2020)
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Chiral Effective Theory of Diquarks

SU(3) breaking and inverse mass hierarchy

23
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i=1,2 (ds), (us)

Inverse Mass Hierarchy  
M. Harada, Y.R. Liu, M.O., K. Suzuki, 
Phys. Rev. D101, 054038 (2020)
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hq̄qi/hq̄qi0
Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
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Diquark-Heavy-Quark model

Diquark-Heavy-quark potential 
A linear + Coulomb potential between Q-dq for baryon  
 
 
2-body potentials between Q-Q and Q-dqbar  
for tetraquark  

24

dqQ

B. Silvestre-Brac, C. Semay, Z. Phys. C 59, 457 (1993)  
T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, K. Sadato, PR D 92, 114029 (2015)

M(ud)(0
+) = 725 MeV
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Inverse mass hierarchy

25

Y. Kim, E. Hiyama, M. Oka, K. Suzuki, PRD 102, 014004 (2020)

Inverse Mass Hierarchy
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Doubly Heavy Tetraquarks

Flavor SU(3) 3 (I=0) states

28

Excitation 
of QQ bond 
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Doubly Heavy Tetraquarks

I=1/2 Strange states
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Positive-parity 0+, 1+, 2+  
states of PS diquark

Y. Kim, M.O., K. Suzuki, in preparation
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Doubly-Heavy Tetraquarks 
in the Quark Model
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Doubly heavy tetraquarks

Long-time predictions of bound doubly-heavy tetraquarks (QQ 
qbarqbar).  
Zouzou, Silvestre-Brac, Gignoux, Richard (1986) 
Brink, Stancu, (1998) 
Karliner, Rosner (2017), Eichten, Quigg (2017) 
A quark model study of bound and resonance spectrum of DHTQ 
states is carried out for two-body confinement plus Coulomb and 
spin-dependent forces a la Silvestre-Brac, Semay, ZP C59, 457 (1993). 
We employ the Gaussian Expansion Method with high precision, 
and resonances are analyzed by the real scaling method. 
Q. Meng, E. Hiyama, A. Hosaka. M.O. et al., PLB 814 (2021) 136095  
Q. Meng, M. Harada, E. Hiyama, A. Hosaka. M.O., ArXiv 2106.11868 
Such a calculation becomes a quark model standard in comparing with 
experiment as well as lattice QCD calculations. It is also desirable to 
check other types of multi-quark confinements.
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Double Heavy Tetraquarks    QQud (I=0, Jπ=1+) 

Doubly heavy tetraquarks
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Doubly heavy tetraquarks
We	have	found	7	bound	DHTQ	states	and	compared	with	recent	
Lattice	QCD.
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DHTQ resonances
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negative	parity	
resonant	state

resonant	state	
	B*B*

shallow	bound	state	
	molecular	structureBB*

deeply	bound	state		
compact	structure

Qi Meng et al., arXiv:2106.11868
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Real Scaling (stabilization) method
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threshold

bound state

E

resonant state

continuum state
(scattering state)

α

ρ(7)
n → αρ(7)

n

• scattering	channel																

scale	 	by	multiplying	ρ(c)
n α

		stabilization	plot	for	bbq̄q̄ I(JP) = 0(1+)

resonant	state

bound	state

stabilization	plot

Γ ∼ 9 MeV

Qi Meng et al., arXiv:2106.11868
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DHTQ resonances
	tetraquark	negative-parity	resonances	

     200MeV	above	 	threshold	
	

λ-mode L=1 excitation

bbq̄q̄
E = 10762MeV ( Γ ∼ 3MeV ) BB
I(JP) = 0(0−,1−,2−)
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Density distribution of

DHTQ resonances
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	(dash	line)

1+
2

1+
3

almost	identical	
at	tail	part

overlap probabilities with 
 and BB* B*B*
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DHTQ resonances
expectation values of color operator ⟨λb1 ⋅ λb2⟩

41

:	almost	purely	1+
2 BB*
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							 	combined	with	ground	
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3
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bb(2S)q̄q̄ B*B*
Qi Meng et al., arXiv:2106.11868
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Conclusion

Doubly Heavy Tetraquarks will bring us with some important 
information about the confinement of colored quarks, which is not 
well understood for multi-quark configurations. 
We have found several bound DHTQ states. Tbb (Jπ=1+, I=0) is 
deepest, while Tbc, Tcc may also be bound but are shallower. 
In Tbb (Jπ=1+, I=0) channel, we found two bound and one 
resonance states. The deep (>100MeV) bound state may be a 
compact tetra-quark state, while the shallow bound and resonance 
states contain a large fraction of molecular component of BB*/
B*B*.  
Chiral diquark picture also predicts a bound Tbb, and series of 
excited states. Excitations of the bb relative motion lie below the 
excitation of light diquarks, which is consistent with the four-
quark calculation.
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