XVIth Quark Confinement and the Hadron Spectru r

Heavy hadrons
In a chiral-diquark picture

Kel Suzuki (JAEA)

[1] M. Harada, Y.-R. Liu, M. Oka, and KS, Phys. Rev. D101, 054038 (2020). [scalar diquarks]
] Y. Kim, E. Hiyama, M. Oka, and KS, Phys. Rev. D102, 014004 (2020). [spectrum]

] Y. Kawakami, M. Harada, M. Oka, and KS, Phys. Rev. D102, 114004 (2020). [decays]

] Y. Kim, Y.-R. Liu, M. Oka, and KS, Phys. Rev. D104, 054012 (2021). [vector diquarks]

] Y. Kim, M. Oka, and KS, Phys. Rev. D105, 074021 (2022). [tetraquarks]
JoY
1Y

. Kim, M. Oka, D. Suenaga, and KS, Phys. Rev. D107, 074015 (2023). [decays]
. Kim, M. Oka, and KS, in preparation. [higher-order terms]



Contents

=] CRRCIRE S

Introduction: Recent status of diquarks
Chiral effective model of scalar diguarks

M. Harada, Y.-R. Liu, M. Oka, and KS, Phys. Rev. D101, 054038 (2020)
Y. Kim, E. Hiyama, M. Oka, and KS, Phys. Rev. D102, 014004 (2020)

. Vector diguarks

Heavy baryon spectrum

. Tetraquark spectrum

Chiral symmetry restoration
Summary



N Go osehdiquark (il v )

V Attractive force is enhanced by CM Int.
ViSSupoenC =MD N & #Sf 7 €
V Color superconductor




ﬁ B a (diaﬁ\)ector)diquark (I VJ|||= )

V Repulsive by CM int.
ViSSP RGN0 T o BB PR R 7
V D DA X (U D )X 200MeV (Jaffe,2005)



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

Diquark masses from lattice QCD
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Diquark masses from lattice QCD
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Diguarks with negative parity
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Negative-parity diguarks from lattice QCD

V Quench simulations
V A gauge-invariant approach with static quark
V Ata =645MeV
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Negative-parity diguarks from lattice QCD

V Simulations with 2+1 dynamical domain-wall fermion

V Diquark correlators with Landau gauge

V Chiral extrapolation from & * 313 MeV

V Pseudoscalar (11 ) and vector(p ) is obtained only in larger &
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Negative-parity diguarks from lattice QCD

V Simulations with 2+1 improved Wilson fermion
V A gauge-invariant approach
V Extrapolation from a =164MeV ¢ talk by A. Francis (Tue,8/20)
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Diguarks with negative parity

Positive parity Negative parity
(Scalar,0) (Pseudoscalar,0)
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t Positive/negative parity states can be connected to each
other by the chiral transformation (Chiral partner structure)
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Chiral effective model of diquarks

V Implementation of spontaneous chiral symmetry
breaking and U(1), anomaly (instanton effect) In
diquarks

Pe s
.
e

*

)
V Construction of chiral effective theory (cf. non-linear
rep., Hong-Sohn-Zahed, 2004)
V Input of diguark masses from recent lattice QCD
simulations (Bi et al., 2016)

V Relation between diquarks and charmed baryons
(cf. Kawakami-Harada, 2018,2019)
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Chiral effective model of diquarks
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Mean-field approximation

Meson-nonet:
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Mean-field approximation

Before Meson field
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e, /1 s Chiral condensate
(N n )
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Mean-field approximation
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Diquark mass formulas
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Estimate of parameters ohx hi hi
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What is difference between non-strange and strange?
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Tt Chiral condensate
[ -quark mass effect
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Inverse hierarchy of diquark masses

Standard hierarchy: s-quarks + hadron mass increases

Inverse hierarchy: Only u/d-quarks + hadron mass increases (Y U(1),
anomaly / instanton effects)
t Inverse hierarchy (6 ‘Q 0 i for negative-parity diquarks
t Inverse hierarchy (¥* (%) for negative-parity charmed-baryons
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Charmed baryon excited states

Heavy-Light-Light systems+ Two kinds of

@ C l.IJ (P excitations,n#o d e 0 anod e}
[Isgur-Karl(1977,1978), Copley-Isgur-Karl(1979)]
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Spectrum of charmed baryons
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Comparison with experiments
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Chiral partners of scalar digquarks

® ® e e

scalar pseudoscalar
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Chiral partners of vector diquarks

axialvector vector
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Chiral effective model of vector diquarks
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Enhanced hierarchy of diguarks

Chiral effective model for axialvector/vector diquarks
For vector diquarks, no U(1), anomaly
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Spectrum of charmed baryons

“¥] Enhanced hierarchy:

b (¥ )L b (H) 8

EC (1/2_3 p)
(3209)

s i
Sen 3P partner  —— Zei(3/27. )= 0,127, 1

(2926)

_ (2989)
Aoy (1/27, p) — 2 A(3/27, A
(2894) ) _p()géil(/ ) (29261)(1/2 ,A)
Acp(1/27, p)— 3/27,2) H,_. (3/2 AT :cA(l/Z ,A)
(2890) (278 ('_57( 1/2- A
D= 2,0/ EaMTD_ g

partner A(1/27 2. 1) (2755)

@740 — 0, (1/27)
(2754)
As(3/25, 4) , W o 3/2+ (2700)
(26625) 2 (z()ﬁé( /27)
Acs(1/27,R) ' ea(1/2%) 'y
(2589) (2\82

S Z.,(3/27)
(2516)

— Zi(1/2%)
(2452)

Acs(1/27)
(2286)




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

Comparison with experiments
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Introducing chiral symmetry restoration

In our model, finite-temperature/density effects can be directly introduced
But, for simplicity, we parametrize the chiral symmetry by one parameter
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Chiral symmetry vs Diquark mass
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Chiral symmetry vs Baryon mass
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Chiral symmetry vs q|1itetraquark
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Chiral symmetry vs Baryon decay
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Including an additional term
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Including an additional term
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Summary

A Chiral effective model of diguarks
A Chiral partner structure of scalar diquarks
- Inverse hierarchy by U(J)anomaly
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A Chiral symmetry restoration
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