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First observation of  baryonΩ
BNL AGS K- beam  
Hydrogen bubble chamber
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First observation of  baryonΩ

This supported Murray 
Gell-Man’s Nobel Prize 
in Physics 1969. 
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Properties of  baryonΩ

  

Mass:        1672.45 ± 0.29 MeV         [PDG2020] 
Mean Life:  (0.821 ± 0.011) 10-10 s  [PDG2020] 

I (JP) = 0 (3
2

+

)
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Properties of  baryonΩ
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From the semi-leptonic decay:  the form factor may be observed if we can produce many  
Size information of   may be obtained. 

Ω

Ω

Non-leptonic  
weak decays



J-PARC HEF-ex WS, July 9, 2021 

Features of  baryonΩ
Only the stable spin 3/2 state 
Valence quark component is sss. 
Flavor W.F. is symmetric -> Spin W. F. is 
symmetric 
-> all the diquark pairs are “bad” diquarks. 
If light (u,d) sea quark component is negligible, 
 cannot couple with the pion.  

-> no pion cloud 
-> simple structure? 
-> smaller than other hyperons? 

Ω
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Features of  baryonΩ
No instanton induced interaction 
Large Nc behavior may be different from 
Nucleon (soliton made of pion field) 
Skyrmion -> bound three kaon system? 
Clear decuplet state since no decay to 
octet baryon + NG boson
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 (1P state)Ω(2012)−
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Properties of  baryonsΩ(2012)−
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PDG 2020

JP is not determined.

Small width

340 MeV above  gsΩ Observed in 2018 at Belle 
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Properties of  baryonsΩ(2012)−
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PDG 2020
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Properties of  baryonsΩ(2012)−
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J. Yelton et al., PRL 121, 052003
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 of  state JP Ω(2012)−

Theoretical models predict a  and 
 pair of excited  state in this 

mass region. 
 with  is restricted to decay to 
 via a d wave, whereas a state with 

 could decay via s wave.  
The rather narrow width prefers 
interpretation.

JP = 1/2−

JP = 3/2− Ω−

Ω*− JP = 3/2−

ΞK

JP = 1/2−

JP = 3/2−
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Hadronic molecule interpretation of  state Ω(2012)−

 as a  hadronic molecule 
 
 
 
Threshold: 2025.5 MeV, 13.1 MeV above 

 mass   
A large decay width for 

Ω(2012)− KΞ(1530)

Ω(2012)−

Ω(2012)− → KπΞ
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Properties of  baryonsΩ(2012)−
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S. Jia et al., PRD 100, 032006

Ω(2012)

No significant signals  
are observed.

This result strongly disfavors  
the molecular interpretation.



Other  statesΩ*−
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Other  states Ω*−

JP is not fixed in any state.

18

State Mass (MeV) Width (MeV) Decay mode

2252±9 55±18

2380±9±8 26±23

2474±12 72±33

Ω(2250)−

Ω(2380)−

Ω(2470)−

Ξ−π+K−

Ξ(1530)0K−

Ξ−π+K−

Ξ(1530)0K−

Ξ−K̄*(892)0

Ω−π+π−



Constituent Quark Model as  
Effective  Theory of  
Low-Energy QCD
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Revival of the constituent quark model
Constituent quark: quasiparticle corresponding 
to the dynamical chiral symmetry breaking 
-> NJL model picture or Instanton Liquid 
picture 
Current quark masses give explicit chiral 
symmetry breaking. 
Constituent quark couples to NG bosons by 
Goldberger-Treiman relation  
Constituent quarks are bound to a hadron by 
the linear confinement + Coulomb force
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Modern view of the constituent quark model
Constituent quarks with Nambu-Goldstone bosons: 
Manohar-Georgi, NPB234  (1984) 189

 

An effective theory for 0.2 fm < r < 1 fm (confinement)  
with Important building blocks:  

           Constituent quarks in the “core region” and pions (cloud) 

→ ℒ = ψ̄(iD+V )ψ + gAψ̄Aγ5ψ−mψ̄ ψ+
1
4

f 2
π tr∂μU∂μU†−

1
4

FμνFμν + ⋯
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Baryon spectrum in the constituent quark model

S. Capstick and N. Isgur, 
PRD34 (1986) 2809 
Relativistic Kinematics with 
string + Coulomb spin 
independent interactions + 
hyperfine spin-spin + tensor 
interactions +spin-orbit 
interactions 

Most of the parameters are 
determined from meson 
sector. S. Godfrey and N. 
Isgur, PRD 32 (1985) 189
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Baryon spectrum in the constituent quark model
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 baryon mass is not used for the determination of the model parameters.Ω
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 spectrum in the constituent quark modelsΩ
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 strong decays in the constituent quark modelΩ*
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6.4

Exp.

~23

Strong decay widths are well reproduced. 



Spin-Orbit 
Interaction (LS force)
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LS force: Long-standing problem 

Systematics of spin-orbit interaction 
Disappears in   
(OGE/Instanton Induced Interaction (III) cancelled) 
Appears in  (OGE only)

N*

Λ*c(b)
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LS force in  Ω*
III: no contribution  
III is flavor antisymmetric 
wavefunction: sss flavor symmetric -> no contribution 

2 body LS force: no contribution 
wavefunction: 
color antisymmetric 
flavor symmetric (ss) 
orbital antisymmetric (P-wave) 
-> spin should be antisymmetric (S = 0), threfore, no LS force 

3 body LS force is introduced in some constituent quark models

28

: total spin of baryon,   
: total orbital angular momentum of baryon

S

L
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In order to understand LS force 
Search for the LS partner of  is important 
-> missing mass spectroscopy is very strong method  
for the states search 

Determination of the spin-parity of   is important 
-> high statistics, high resolution measurement is necessary 

K10 beam line is suitable for these purposes 
-> Shirotori-san’s talk

Ω(2012)−

Ω(2012)−
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Roper-like state 
 (2S state)
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Roper-like state: Long-standing problem 

Systematics of Roper-like states  
(Radial excitation 2S states) 
Mass universality (independent of flavors)?  
What deteremines the width of them? 
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Decay width ~ Narrow in the quark model 

                            ~ 6 - 10 MeV in contrast with the others

⟨p2
i ⟩ ∼

1
⟨r2⟩

Quark internal momentum

ℒπqq =
gq

A

fπ
q̄γμγ5λaq ∂μϕa

+
gq

A

fπ ( m2
π

8m2
q

⃗σ ⋅ ⃗q +
1

4m2
q

⃗σ ⋅ ( ⃗q − 2 ⃗p i) × ( ⃗q × ⃗p i))

→
gq

A

fπ ( ⃗σ ⋅ ⃗q +
ωπ

2mq
( ⃗σ ⋅ ⃗q − 2 ⃗σ ⋅ ⃗q ))

𝒪(1/mq)𝒪(1)

𝒪(1/m2
q)

Small in former calculations

 Suppressed: selection rule𝒪(1)

 large𝒪(1/m2
q)

Roper-like resonance G.S. 

π

⃗p i

Arifi et al, PRD 103 (2021) 9, 094003ΓΩ(Roper) ∼ 50 − 100 MeV
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Roper-like state in  Ω*
Mass ~ 1670 + 400 = 2070 MeV? 

Not observed in this mass region 
, , , ,  

Width ~ 50 - 100 MeV? 
information of the baryon size.  
sensitive to the spatial extent of the wavefunction

Ω(2012)− Ω(2250)− Ω(2380)− Ω(2380)− Ω(2470)−
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In order to understand Roper-like states 
Search for the Roper-like states of  and  is important 
-> missing mass spectroscopy is very strong method  
for the states search 

Measurement of large-width (50 - 100 MeV) state 
-> high statistics, high resolution measurement is necessary 

Systematic study of Roper-like states from light flavor to 
heavy flavor is important 
-> high momentum beam line to K10 beam line 

K10 beam line is suitable for these purposes 
-> Shirotori-san’s talk

Ω*− Ξ*
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 interactionΩN
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 interaction in the quark cluster modelΩN

No Pauli blocking effect. 
No One Pion Exchange Potential 

 J=2 state decays to  by D-wave. 
Origin of the attraction is  
Color Magnetic Interaction.

ΩN ΛΞ
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 interactionΩN

37

M. Oka, PRD 38 (1988) 298

Quark cluster  model
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 interaction in lattice QCDΩN
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HAL QCD, Phys. Letts. B 792 (2019) 284

No short-range repulsion
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 interactionΩN
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If the effective degrees of freedom of baryon is like 

http://ppssh.phys.sci.kobeu.ac.jp/~yamazaki/lectures/07/ 
modernphys-yamazaki07.pdf

Short range baryon-baryon interaction may be non-trivial

No short-range repulsion in  is  
understandable in the quark cluster model

ΩN(5S2)

Constituent quarks may be  
the effective degrees of freedom

s

ss u u

d
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Physics impacts of  baryon spectroscopyΩ

We can attack the two long-standing 
problems in hadron physics: 
Spin-Orbit interaction and Roper-like states 
from  baryon spectroscopy 

Clarify the role of a topological gluon 
configuration: instanton in low-energy QCD 

Clarify the effective degrees of freedom in 
low-energy QCD 

Ω
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Observed Hadrons from PDG

44

•

• π± − −

• π − −

• η −

•

• ρ −−

• ω − −−

• η′ −

•

• −

• φ − −−

• − −

• −

• −

•

•

• η −

• π − −

• −

•

• π − −

• η −

• − −

−

•

• ω − −−

• −

• ρ −−

• η −

•

• ′

ρ −−

− −

• π − −

• −

• η −

• ω − −−

• ω − −−

• π − −

• φ − −−

• ρ −−

• ρ −−

• −

•

η −

• π − −

−

• φ − −−

• η −

• π − −

ρ −−

−

•

• −

ρ −−

π − −

•

•

π − −

ρ −−

• φ − −−

η −

ρ −−

•

•

ρ −−

±

• ± −

• −

• −

• −

• ∗

• ∗ −

•

•

• ∗ −

• ∗

• ∗

−

−

• ∗ −

• −

• ∗ −

• −

−

∗

∗

• ∗

−

∗ −

−

±

• ± −

• −

• ∗ −

• ∗ ± −

• ∗

∗ ±

•
±

• ∗

• ∗ ±

∗

∗ ±

∗ −

±

• ± −

• ∗±

• ∗ ±

• ±

• ±

• ∗

• ∗ ± −

∗ ± −

∗ ± −

sJ
±

±

• ± −

• −

• ±

• ±

cb ub

• ∗ −

•

•
∗

• ∗

• ∗

•

•

± ∓

• −

• ∗ −

±

•

• ∗

∗
sJ

±

• −

± −

• η −

• /ψ − −−

• χ
• χ

• − −

• χ

• η −

• ψ − −−

• ψ − −−

• ψ − −−

• ψ − −−

χ

• χ

• −

•

• χ

• ± −

• ψ − −−

± −

± −

± −

• χ
• ψ − −−

−

• ψ − −−

−−

± −

ψ − −−

• χ

• ψ − −−

ψ − −−

• ψ − −−

• −

χ

• ψ − −−

χ

• η −

• − −−

• χ

• χ
• − −

• χ

η −

• − −−

• − −−

• χ
• χ

− −

• χ

• − −−

• χ

• χ
• − −−

• −

• −

−−

• − −−

• − −−

JP

JP

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

≥

−

− −

−

−

−

−

−

−

′

′

−

−

cc

−

−

∗

−

−

′ −

−

−



J-PARC HEF-ex WS, July 9, 2021 

Observed Mesons from PDG
214 mesons have been observed. 
10% of mesons have no fixed JP. 
79 light flavored mesons  
21 strange mesons 
17 charmed mesons 
10 charm-strange mesons 
12 bottom mesons 
6 bottom-strange mesons 
2 bottom-charm mesons 
39 ccbar mesons + non qqbar 
22 bbbar mesons + non qqbar
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Observed Baryons from PDG
168 baryons have been observed. 
23% of baryons have no fixed JP. 
51 light flavored baryons  
51 s = -1 baryons 
12 s = -2 baryons 
5 s = -3 baryons:  
10 c = 1 baryons 
12 c = 1, s = -1 baryons 
7 c = 1, s = -2 baryons 
1 c = 2 baryons 
9 b = -1 baryons 
5 b = -1 s = -1 baryons 
1 b = -1 s = -2 baryons

Ω
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No u,d-valence quarks
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Features of  baryonΩ
Where can we observe the bad diquark 
properties of  baryon? 
-> production rate of  may be 
smaller than usual baryon pairs. 
 
When the color string breaks to diquark 
and anti-diquark pair, bad diquark pair 
production less likely to happen.

Ω

e+e− → ΩΩ
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 spectrum in the constituent quark modelΩ*
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FxF F Spin e.g.
8x8 1 [222] J=0 H

8S [321] J=0
8A [321] J=1
10bar [33] J=1
10 [411] J=1
27 [42] J=0

FxF F Spin e.g.
8x10 8 [321] J=1,2

10 [411] J=1
27 [42] J=2
35 [51] J=1

FxF F Spin e.g.
10x10 10bar [33] J=1,3 d∗(2380)? 

27 [42] J=0,2
35 [51] J=1
28 [6] J=0 ΩΩ

Baryon-baryon Flavor symmetry 

Find spin state(s) that satisfies 
  F x [f1f2](spin) x [222](color) = 
[111111]total 
so that the six quarks can be in (0s)6.

New Flavor Symmetry

New Spin States J = 2


