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ñGoodò(scalar) diquark (█▼╬ )

V Attractive force is enhanced by CM Int.

V Spectrum of N, ȿ, ɂé

V Color superconductor
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V Repulsive by CM int.

V Spectrum of ȹ, Ɇ, Ɇ*,ɂ*,ɋé

V ὓ ὓ ͯ ὓ ὓ ͯ200MeV (Jaffe,2005)

ñBadò(axialvector) diquark (█▼╬ )
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5

M. Hess, F. Karsch, E. Laermann, and I. Wetzorke, Phys. Rev. D58 (1998) 111502 

Diquark masses from lattice QCD

Nucleon

Single quark

V From diquark correrator

V Landau gauge

V Signal of scalar diquark is stable

ñgoodò diquark

Ὠό



M. Hess, F. Karsch, E. Laermann, and I. Wetzorke, Phys. Rev. D58 (1998) 111502 

Diquark masses from lattice QCD

Single quark:

M~342MeV

ñbadò diquark:

ὓρ ͯ810MeV

Ў ñgoodò diquark:

ὓπ ͯ694MeV

Ὠό

V Chiral extrapolation from 

quark mass dependence

ὔ
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Diquarks with negative parity

Positive parity                    Negative parity

Ὠό

(Scalar,0+)                      (Pseudoscalar,0-)

(Axialvector,1+)                       (Vector,1-)
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C. Alexandrou, P. de Forcrand, and B. Lucini, Phys. Rev. Lett.97, 222002 (2006)

Negative-parity diquarks from lattice QCD

S (0+): stable AV (1+): stable

PS (0-)

PS (0-)

V (1-)

V (1-)

V Quench simulations

V A gauge-invariant approach with static quark

V At ά =645MeV



Y. Bi et al., Chin. Phys. C40, 073106 (2016) 

Negative-parity diquarks from lattice QCD

V Simulations with 2+1 dynamical domain-wall fermion

V Diquark correlators with Landau gauge

V Chiral extrapolation fromά 3ͯ13 MeV

V Pseudoscalar (π ) and vector(ρ ) is obtained only in larger ά

ὓπ : 725MeV at ά ᴼπ
ὓρ : 1022MeV at ά ᴼπ
ὓπ : 1393MeV at ά =414MeV

ὓρ : 1727MeV at ά =587MeV

PS (π V (ρ

ά =313MeV

AV (ρS (π
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A. Francis, P. de Forcrand, R. Lewis, K. Maltman, JHEP 05, 062 (2022) 

Negative-parity diquarks from lattice QCD

V Simulations with 2+1 improved Wilson fermion

V A gauge-invariant approach

V Extrapolation from ά =164MeV

vector(ρ - ñgoodò(π
~500MeV

scalar(π - ñgoodò(π

ñbadò(ρ - ñgoodò(π
~200MeV

ᵼtalk by A. Francis (Tue,8/20)
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Diquarks with negative parity

Positive parity                    Negative parity

ᵼPositive/negative parity states can be connected to each 

other by the chiral transformation (Chiral partner structure)

Ὠό

(Scalar,0+)                      (Pseudoscalar,0-)

(Axialvector,1+)                       (Vector,1-)
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Chiral effective model of diquarks

VImplementation of spontaneous chiral symmetry 

breaking and U(1)A anomaly (instanton effect) in 

diquarks

VConstruction of chiral effective theory (cf. non-linear 

rep., Hong-Sohn-Zahed, 2004)

VInput of diquark masses from recent lattice QCD 

simulations (Bi et al., 2016)

VRelation between diquarks and charmed baryons 
(cf. Kawakami-Harada, 2018,2019)
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Chiral effective model of diquarks

Kinetic term of diquarks

Ὠόό Ὠ
Ὠ

Ὠόό Ὠ

Ὠ

Chiral-invariant mass term

Coupling to one meson:

U(1)A-broken

Coupling to two mesons

Flavor index:

ὭȟὮȟὯȟὰȟάȟὲ ρὨίȟςίόȟσόὨ
13

Meson-nonet:

ɫ „ Ὥ“



M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

□ -term, □ -term, □ -term
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ά Ὠό

Ὠ
Chiral-invariant

U(1)A-broken
(equivalent to the 

KMT 6-point vertex)

14

ά

ά

Ὗρ anom.



M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Mean-field approximation

fl ȟ

ά

Ὢ
ὨȟɫὨȟ ὨȟɫὨȟ

‭ ‭ Ὠȟɫɫ Ὠȟ Ὠȟɫɫ Ὠȟ

Mean-field and SU(3) breaking:

ɫ ᴼ
ρ

Ὣ

ά πͯ π π
π ά πͯ π
π π ά

„ π π

π „ π

π π „Ӷ

Ὢͯ
ρ π π
π ρ π
π π ὃ

Strange quark mass 

effect: ὃͯ υȾσ

Meson-nonet:

ɫ „ Ὥ“
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Mean-field approximation
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Meson field

Chiral condensate

Before

After
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Mean-field approximation

Before

After
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Diquark mass formulas
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ίό Ὠί

Ὠί

ὓ π ά ά ὃά

ὓ π ά ὃά ά

ὓ π ά ά ὃά

ὓ π ά ὃά ά
Level repulsion:

ᵼheavier PS

fl ά ὨὨ ὨὨ

ά ὃά Ὠ Ὠ Ὠ Ὠ Ὑᴾὒ

ὃά ά Ὠ Ὠ Ὑᴾὒ

3(ud/us/ds)× 2(R/L) matrix

ᵼ6 mass formulas

Level repulsion

ᵼlighter S



M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Estimate of parameters ὃȟά ȟάȟά

Ὠό ίό Ὠόίό

ά ȟȟare determined by diquark 

mass from lattice (or experimental 

values of charmed baryons)

ᵼusually, ά ά

ὓ π ά ά ὃά

ὓ π ά ὃά ά

ὓ π ά ά ὃά

ὓ π ά ὃά ά

A~5/3: Constituent s-quark mass

ᵼNew diquark mass relation

ὓ π ὓ π ὓ π ὓ π

ὃ ρ ά ά



What is difference between non-strange and strange?

◊▀vs ◊▼▀▼diquarks in □ -term

Ὠόό ὨὨόό Ὠ

Ὠόό ίὨόό ί

Chiral condensate

ί-quark mass effect

ᵼά -term is enhanced

ᵼ level repulsion is also 

Only chiral condensate

ᵼnot enhanced

Ӷί ί

ӶὨ Ὠ

ὓ π ά ὃά ά

ὓ π ά ὃά ά

ὓ π ά ά ὃά

ὓ π ά ά ὃά
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Y. Kim, E. Hiyama, M. Oka, and K. Suzuki, Phys. Rev. D102, 014004 (2020)

Inverse hierarchy of diquark masses

Standard hierarchy: s-quarks ᵼhadron mass increases

Inverse hierarchy: Only u/d-quarksᵼhadron mass increases (ŶU(1)A 

anomaly / instanton effects)

ᵼInverse hierarchy (όὨ όί) for negative-parity diquarks

ᵼInverse hierarchy (ɤᶻ ɧᶻ) for negative-parity charmed-baryons

Ὠ
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ὧ

Ὠό ίό

Ὠό ίό

Ὠ ίό

700MeV 900MeV

5MeV 100MeV

Inverse hierarchyStandard hierarchy 1300MeV 1200MeV

Positive parity

Negative parity
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Charmed baryon excited states
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ɤᶻςυως

ɤ ςςψφ

where?

ɧᶻςχωσ

ɧ ςτφω

Heavy-Light-Light systems ᵼTwo kinds of 

excitations, ñɚ-modeò and ñɟ-modeò 
[Isgur-Karl(1977,1978), Copley-Isgur-Karl(1979)]

where?



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Spectrum of charmed baryons
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New degeneracy:

ɧȟ
ᶻ ɧͯȟ

ᶻ

ɤȟ
ᶻ

ɤȟ
ᶻ

ὧ
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ὧ

Ὠό

ɧ
ɤ Inverse hierarchy:

ὓ ɤȟ
ᶻ ὓɧȟ

ᶻ

partner

partner

23



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Comparison with experiments

ɤȟ
ᶻ

ɧɤ

ɧȟ
ᶻ

Our prediction:

ὓ ɤȟ
ᶻ ὓɧȟ

ᶻ

partner

partner
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M. Harada, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D101, 054038 (2020)

Y. Kim, E. Hiyama, M. Oka, and K. Suzuki, Phys. Rev. D102, 014004 (2020)

Chiral partners of scalar diquarks

ὨόὨό
Ὠ

ό

ὧὧ

Ὠόscalar pseudoscalar

Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Chiral partners of vector diquarks

Ὠό Ὠό

axialvector vector

ɤᶻ

ɤ ςςψφ

ὧ

Ὠό
Ὠ

ό

ὧɤᶻz
ɫ ςτωχ



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Chiral effective model of vector diquarks

Ὠό

Ὠό

axialvector

vector



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Enhanced hierarchy of diquarks

Chiral effective model for axialvector/vector diquarks

For vector diquarks, no U(1)A anomaly

ᵼEnhanced hierarchy (όὨḺόί) for negative-parity diquarks

ᵼEnhanced hierarchy (ɤzᶻḺɧz )z for negative-parity charmed-baryons

Ὠό ίό

Ὠ ίό

950MeV

5MeV 100MeV

EnhancedStandard hierarchy 1450MeV

Positive parity 1100MeV

Ὠό

1750MeV

ίό
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Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Spectrum of charmed baryons

partner

ὧ

Ὠό
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ίό
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ό

ὧ
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ὧ

partner

ɫ ɧ

ɧᶻz

ɤᶻz

Enhanced hierarchy:

ὓ ɤzᶻ Ḻὓ ɧzᶻ

28



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Comparison with experiments

ɫ

ɧ

partner

partner

ɧᶻz

ɤᶻz

Enhanced hierarchy:

ὓ ɤzᶻ Ḻὓ ɧzᶻ
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Y. Kim, M. Oka, and K. Suzuki, Phys. Rev. D105, 074021 (2022)

╣╬╬in a three-body (╬,╬, ▲▲) picture
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Y. Kim, M. Oka, and K. Suzuki, Phys. Rev. D105, 074021 (2022)

Spectrum of ╣╬╬

partner

partner

Inverse hierarchy:

ὓ Ὕᶻ ὓὝ Ӷ
ᶻ
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Y. Kim, M. Oka, and K. Suzuki, Phys. Rev. D105, 074021 (2022)

Spectrum of ╣╫╫

partner

partner
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Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

Introducing chiral symmetry restoration

fl ȟ

ά

Ὢ
ὨȟɫὨȟ ὨȟɫὨȟ

‭ ‭ Ὠȟɫɫ Ὠȟ Ὠȟɫɫ Ὠȟ

Mean-field with chiral restored parameter π ὼ ρ :

ɫ

ᴼ
ρ

Ὣ

ά πͯ π π
π ά πͯ π
π π ά

ὼ„ π π

π ὼ„ π

π π ὼ„Ӷ

In our model, finite-temperature/density effects can be directly introduced

But, for simplicity, we parametrize the chiral symmetry by one parameter



Y. Kim, Y.-R. Liu, M. Oka, and K. Suzuki, Phys. Rev. D104, 054012 (2021)

[updated:] Y. Kim, M. Oka, and K. Suzuki, in preparation 

Chiral symmetry vs Diquark mass

degenerate

Splitting due to

U(1)A anomaly

Ὠό

Ὠό

Ὠό

Ὠό

scalar

pseudoscalar

axialvector

vector

Broken vacuumRestored vacuum

Inversion of ground state
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Y. Kim, M. Oka, and K. Suzuki, in preparation 

Chiral symmetry vs Baryon mass

Broken vacuumRestored vacuum
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ɤ

ɫ

Inversion of ground state

ɫ



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

Chiral symmetry vs ╣╬╬tetraquark

ӶὨό

ὧὧ

ὧ ὧ

ӶὨό
Inversion of ground state

Broken vacuumRestored vacuum



Y. Kim, M. Oka, D. Suenaga, and K. Suzuki, Phys. Rev. D 107, 074015 (2023)

Chiral symmetry vs Baryon decay

prohibition

One-pion emission (ɫᴼɤ“) decays

ᵼɫ-mass: decreases, ɤ-mass: increases

ᵼProhibition of decays due to chiral symmetry restoration

Ὠ
ό
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ὧ
ό

ό

prohibition

Spin 3/2
Spin 1/2

Broken vacuumRestored vacuum



Y. Kim, M. Oka, and K. Suzuki, In preparation

Including an additional term 

ὓ π ά ὃ ρ‘ ά ὃά

ὓ π ά ὃ ρ‘ ὃά ά

ὓ π ά ὃ ρ‘ ά ὃά

ὓ π ά ὃ ρ‘ ὃά ά
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‘

Ὢ
Ὠ ɫɫ 4ÒɫɫὨ Ὠ ɫɫ 4Òɫɫ Ὠ

Chiral and U(1)A

invariant mass like

but, affected by 

chiral condensate

cf. Takeda-Suenaga-Harada-Hosaka-Oka, PRD108 054033 (2023)



Y. Kim, M. Oka, and K. Suzuki, in preparation

Including an additional term

Uncertainty by 

the new term

w/o the new term

Broken vacuumRestored vacuum
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Model parameters (scalar diquarks)


