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Diquark

Diquark: the simplest colorful cluster in hadrons 
“bound” qq state 
　color　　　　　　　   spin：


S-wave color 3bar diquarks: S(0+) and A(1+)


Spin dependent force from magnetic gluon exchange predicts 
strong attraction in S(0+). 
Color-Magnetic Interaction 
　 
 
　S(0+) color 3bar   ΔCM = – 8 
    A(1+) color 3bar  ΔCM = + 8/3 
M(A)-M(S) = (2/3) [M(Δ)- M(N)] ~ 200 MeV
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Diquark in Lattice QCD

Hess, Karsch, Laermann, Wetzorke, PR D58, 111502 (1998) 
quench, Landau gauge fixed 
  M(0+) ~ 694 MeV, M(1+) ~ 810 MeV

Alexandrou, de Forcrand, Lucini, PRL 97, 222002 (2006) 
From Qqq system, quench, gauge invariant 
  M(1+) - M(0+) ~ 200-220 MeV, R(S) ~ 1 fm

Babich, et al., PR D76, 074021 (2007) 
quench, Landau gauge 
  M(1+) - M(0+) ~162 MeV, M(0+) - 2mq ~ -200 MeV

Yujiang Bi, et al., Chinese Physics C40 (2016) 073106 
full QCD, Landau gauge 
 M(1+) - M(0+) ~290 MeV, M(0+) - mq ~ 310 MeV
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HQ spin symmetry
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Probabilities of λ and ρ modes v.s. heavy quark mass 
in the lowest P-wave ΛQ(1/2-) state
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Quark model calculation by Yoshida, et al., PRD 92, 114029 (2015) 
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Diquarks in exotic hadrons/matter

Diquark may form doubly heavy tetraquark bound states. 
TQQ = QQ (qbarqbar) 

Diquarks may form BE condensate  
in dense hadronic matter. 
=> color-superconducting phase
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Chiral Effective Theory of Diquarks

Goal: to explore properties of light diquarks under SU(3)×SU(3) 
chiral symmetry and answer questions such as


What are the chiral partners of diquarks and their implications to 
hadron spectroscopy?


How do we observe the chiral properties of diquarks?


How do diquarks behave in matter, where chiral symmetry is 
partially restored?

Some previous works on ChET for diquarks: 
D.K. Hong, et al., PL B596 (2004) 191, IJMP A27 (2012) 1250051. 
	 Non-linear chiral Diquark effective theory for penta/tetraquarks 
T. Hatsuda, M. Tachibana, N. Yamamoto, G. Baym, PRL 97, 122001 (2006), 
PR D76, 074001 (2007).  
	 Chiral/Diquark effective theory and the axial anomaly in dense QCD 
Y. Kawakami, M. Harada, PR D97 (2018) 114024, PR D99 (2019) 094016. 
	 Chiral effective theory of Single Heavy Baryons (HQ symmetry)
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Chiral Effective Theory of Diquarks

9

M. Harada, Y.R. Liu, M.O., K. Suzuki, “Chiral effective theory of diquarks and 
UA(1) anomaly”, Phys. Rev. D101, 054038 (2020) 
	 Chiral effective Lagrangian for the scalar (0+) and psudoscalar (0-) diquarks


Y. Kim, E. Hiyama, M.O., K. Suzuki, “Spectrum of singly heavy baryons from a 
chiral effective theory of diquarks”, Phys. Rev. D102, 014004 (2020) 
	 Diquark-heavy-quark model of singly heavy baryons with scalar diquark	

Y. Kawakami, M. Harada, M.O., K. Suzuki, “Suppression of decay widths in singly 
heavy baryons induced by the UA(1) anomaly”, Phys. Rev. D102, 114004 (2020) 
	 Goldberger-Treiman relation and decays of the P-wave excited state of Λc baryon

Y. Kim, Y.R. Liu, M.O., K. Suzuki, “Heavy baryon spectrum with chiral multiplets 
of scalar and vector diquarks”, Phys. Rev. D 104, 054012 (2021)  
	 Chiral effective theory of axialvector (1+) and vector (1-) diquarks and its application  
	 to the spectrum of singly heavy baryons


Y. Kim, M.O., K. Suzuki, “Doubly heavy tetraquarks in a chiral-diquark picture”, 
Phys. Rev. D 105, 074021 (2022)  
	 Chiral effective theory applied to QQ+diquark systems
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Chiral Effective Theory of Diquarks

Linear representation of chiral SU(3)R x SU(3)L


Scalar chiral diquarks (color 3bar)


Parity eigenstates: 0+, 0- diquarks
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(3̄, 1) + (1, 3̄)
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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
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for

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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The mass eigenstates are given by 
 
Scalar diquark 
 
 
 
 
Pseudo-scalar diquark 
 

Chiral Effective Theory of Diquarks
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UA(1) anomaly in the diquark effective theory 
 
 

non-anomalous term

UA(1) anomaly
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3 left quarks and 3 right antiquarks 
flavor antisymmetric

induces anomalous singlet current

�µJµ0
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Chiral Effective Theory of Diquarks

SU(3) breaking and inverse mass hierarchy
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Diquark-Heavy-Quark model

Single-Heavy-Baryon with a Q-dq potential: 
 

Double-Heavy-Tetraquarks with  
	 Q-Q and Q-dqbar potentials 

15

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 for Baryons
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Y. Kim, E. Hiyama, M. O., K. Suzuki, Phys. Rev. D 102, 014004 (2020)
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Axialvector/Vector Diquarks

The 1+/1- diquarks in (3,3) representation


All the terms are chiral and UA(1) invariant.
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Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
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Axialvector/Vector Diquarks

Using the masses of the 6-irrep single charm baryons, we 
determine the diquark masses.


The diquark masses satisfy the generalized “Gell-Mann-Okubo” 
mass formula approximately.
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Mass crossing of S(0+) and A(1+)

Mass crossing of the 0+ and 1+ diquarks under chiral restoration
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Doubly Heavy Tetraquarks

TQQ states with I=0 (Flavor 3)
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Excitation

of QQ bond 

Y. Kim, M.O., K. Suzuki, Phys. Rev. D 105, 074021 (2022)

Excitation

of diquark 

Bound state
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Conclusion

Chiral effective theories of Scalar/Pseudoscalar diquarks and 
Axialvector/Vector diquarks are formulated. 

UA(1) anomaly is found to give the inverse mass  
hierarchy in the pseudoscalar diquark spectrum. 

Spectrum of Single Heavy Baryon is calculated based on the chiral 
picture of diquarks. Inverse mass hierarchy appears in ρ-mode 
excited states, and make the ΛQ and ΞQ spectra largely different.

Under chiral restoration, we find the mass crossing of the scalar 
and axialvector diquarks. This may give significant effects in the 
behaviors of heavy baryons in dense matter.

Applying to doubly heavy tetraquarks, we find 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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