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Dense 
Nucl. Matter

How does Matter Evolve in the Universe?
- Roles of the Strong Int. -

Quark

Nucleus

QCD

BB Int. （2BF, 3BF, …）
BB scattering, Nuclear Structure

Nuclear Matter: EoS
Nuclear Response, Single Particle Energy

Nuclear Synthesis
Magic No., Drip-line, S.H.E.,…

Q
Q

Q Hadron

Atom→Molecule
→Star→Galaxy→Universe

Mystery of Heavy NS: 
NS Merger as a Factory of H.E.

QCD dynamics
QGP at High-T, High-rho, Phase Border

Form of Hadron
Hadron Spectroscopy, Tomography
Hadron at High-T, High-rho
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Prof. T. Nakamura’s Slide at the KICKOFF Symposium
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Prof. T. Nakamura’s Slide at the KICKOFF Symposium
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Prof. T. Nakamura’s Slide at the KICKOFF Symposium
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Prof. T. Nakamura’s Slide at the KICKOFF Symposium

Form of 
Hadron?

A02



How Hadrons are formed?
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𝛼𝑠 = ∞
at LQCD

High E Low E

Quarks drastically change themselves below LQCD. 

Meson

Baryon
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How Hadrons are formed?

11

High E Low E

Meson

Baryon

“Effective DoF”

“Constituent Quarks” seem to work rather well
as good building blocks of hadrons… 



How Hadrons are formed?
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High E Low E

Meson

Baryon

“Effective DoF”

“Constituent Quarks” seem to work rather well
as good building blocks of hadrons… 
Saturation of “Effective Charge” at low k.

(PRD96,054026(2017)



How Hadrons are formed?
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High E Low E

Pentaquark?

Tetraquark?

“Effective DoF”

“Exotic hadrons” require a new aspect
in describing  hadrons beyond  the “standard picture”.



How Hadrons are formed?
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High E Low E

“Composite (or Colored) Quasi-Particle?”
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Hadron Physics at J-PARC

𝛼𝑠 = ∞
at LQCD

High E Low E

How are they excited? 

How do they change 
properties in medium?

Quasi-Particles (= Effective DoF) emerging at Low E describe 
hadron properties effectively.
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What are good building blocks of Hadrons?

Constituent Quark
q

q
q

͞q

q

Diquark?
[qq]

q
(Colored cluster)

hadron (colorless cluster)

q

q
q

͞q

q



Contents

Part I: Introduction

I-1: Standing Point of this Lecture

I-2: Basic Introduction of Hadrons

Part II:   Experimental Study of Hadrons

II-1:  Λ（1405） and KbarN Interaction

II-2: Charmed Baryon and diquark correlation

17



Classification of Hadrons 

18

Observable Relevant Physics Quantity What we learn

Mass Spectrum Mass, Width
(pole:𝑀𝑅 − 𝑖Γ/2)

Particle state
Resonant state

Classification

Angular Correl.
(decay)

Spin, Parity
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Baryon Family qqq

http://ccwww.kek.jp/pdg/

陽子

中性子
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Baryon Family qqq

http://ccwww.kek.jp/pdg/

Λ hyperon

Ξ hyperonΣ hyperon
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Meson Family qq

http://ccwww.kek.jp/pdg/

Mediator of 
Nuclear Force

suus ,
sdds ,



In 1964 Quark Model
M. Gell-mann（Nobel Prize in 1969）
G. Zweig

Baryon Family Meson Family

Introduced
Fractional electric charge
Color charge

𝑞 + 𝑞 + 𝑞 𝑞 + ത𝑞

Hadron

Quantum
Chromo
Dynamics
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Z, W±

（G）

Quark

Lepton

Gauge Boson

Strong

Electro-
magnetic

Weak

gravity

+2/3

-1/3

-1

0

charge

Elementary particle Mediating “Force”

+Anti-particle（opposite charge, same mass）

Higgs



Quark Mass

｝Quarks forming proton and neutron

http://www-pdg.lbl.gov/

http://www-pdg.lbl.gov/


PDGのクォークのページの最後

• Quarks are confined in hadron



Why are quarks confined？

• Force independent in a distance (Linear Potential) 

• Coulomb-like in a close distance (1/r Potential)

• Cornel Potential: V=ar-b/r

𝑞 ത𝑞



How are quarks confined？

• Force independent in a distance (Linear Potential) 

• Coulomb-like in a close distance (1/r Potential)

• Cornell Potential: V=ar-b/r

𝑞 ത𝑞



qq

qq

Slides from Prof. Hosaka

Rich Forms of Hadrons 
In their Excited States

qq qq
qqqq

qqqq
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X(3872)

X(3872)



30

X(3872): Consensus?

Steve Olsen’s Talk Slide
ICNFP2017@Crete
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Coupled to DD*, Produced like Y’

Steve Olsen’s Talk Slide, ICNFP2017@Crete



Form of Hadrons

Observable Relevant Physics Quantity What we learn

Mass Spectrum Mass, Width
(pole:𝑀𝑅 − 𝑖Γ/2)

Particle state
Resonant state

Classification

Angular Correl.
(decay)

Spin, Parity

Level structure Internal (effective) DoF Form
(Dynamics of 
effective DoF
in Hadron)

Production Rate
(Diff. Cross Sect.)

Response Function
(Transition) Form Factor

Reaction Mechanism
Internal Motion/Corr.

Partial Width Internal Correlation
(Wave function)

Decay Mechanism
Internal Motion/Corr.

32



How Hadrons are formed?

33

𝛼𝑠 = ∞
at LQCD

High E Low E

Quarks drastically change themselves below LQCD. 

Meson

Baryon



Quark Mass
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1 MeV 1 GeV 1 TeV
LQCD

u d s c b t
“Bear”
Quark

(E>>LQCD)

“Dressed”
Quark

(E<LQCD) u d s
c b t

Proton
(uud)

W
±

Z

Heavy QuarkLight Quark

𝑓𝜋
2𝑚𝜋

2 = 𝑚𝑞 𝑞 ത𝑞



物質の質量の起源のなぞ

1965年 「カイラル対称性の自発的破れ」提唱
南部陽一郎による。
ある対称性が破れることによってもともと
質量がなかった粒子に質量が生じる機構を
解明。粒子に働く相互作用によって対称性
が破れ、同時に質量が生じる。

ハドロン（陽子や中性子など）形成のなぞ：
クォーク間の強い相互作用によって、
真空中にｑと反ｑが凝縮して質量を獲
得。同時に、自身の相互作用でクォーク
はハドロン内部に閉じ込められる。

ハドロン
クォークが単独で取り出せない理由。

メカニズムの検証はまだ不十分



Constituent Quark Model

• Successful to describe nature of hadrons in 
the ground state
– Mass

– Spin-Isospin(flavor) classification

– Magnetic moment of baryons

• Sometimes fails in excited state
– Missing resonance problem

– Exotic states

• Provides a Good Guide Line to insight Hadrons

36



Classification of Light Meson
SUF(3)

• ത𝑞𝑞~(ത𝑢, ҧ𝑑, ҧ𝑠)⨂(𝑢, 𝑑, 𝑠)

𝜋−

(ത𝑢𝑑)

𝐾−(ത𝑢𝑠) 𝐾0( ҧ𝑠𝑑)

𝐾0( ҧ𝑑𝑠) 𝐾+( ҧ𝑠𝑢)

𝜋+

( ҧ𝑑𝑢)

𝜋0
𝜂′

𝜂



Classification of Light Meson
SUF(3)

• ത3 ⨂ 3 = 1⨁8

𝜋−

(ത𝑢𝑑)

𝐾−(ത𝑢𝑠) 𝐾0( ҧ𝑠𝑑)

𝐾0( ҧ𝑑𝑠) 𝐾+( ҧ𝑠𝑢)

𝜋+

( ҧ𝑑𝑢)

𝜋0
𝜂′

𝜂



Classification of Light Baryon
SUF(3)

• 𝑞𝑞𝑞~(𝑢, 𝑑, 𝑠)⨂(𝑢, 𝑑, 𝑠)⨂(𝑢, 𝑑, 𝑠)

𝑛(𝑢𝑑𝑑)

Ξ−(𝑑𝑠𝑠)

Λ, Σ0

(𝑢𝑑𝑠)

𝑝(𝑢𝑢𝑑)

Σ−

(𝑑𝑑𝑠)
Σ+

(𝑢𝑢𝑠)

Δ−

(𝑑𝑑𝑑)
Δ++

(𝑢𝑢𝑢)

Ω−(𝑠𝑠𝑠)

Σ∗−

(𝑑𝑑𝑠)

Ξ0(𝑑𝑠𝑠)

Ξ∗−

(𝑑𝑠𝑠)

Ξ∗0

(𝑑𝑠𝑠)

Σ∗+

(𝑢𝑢𝑠)
Σ∗0

(𝑢𝑑𝑠)

Δ0

(𝑑𝑑𝑢)

Δ+

(𝑑𝑢𝑢)



Classification of Light Baryon
SUF(3)

• 3 ⨂ 3 ⨂ 3 = 10⨁8⨁8⨁1

𝑛(𝑢𝑑𝑑)

Ξ−(𝑑𝑠𝑠)

Λ, Σ0

(𝑢𝑑𝑠)

𝑝(𝑢𝑢𝑑)

Σ−

(𝑑𝑑𝑠)
Σ+

(𝑢𝑢𝑠)

Δ−

(𝑑𝑑𝑑)
Δ++

(𝑢𝑢𝑢)

Ω−(𝑠𝑠𝑠)

Σ∗−

(𝑑𝑑𝑠)

Ξ0(𝑑𝑠𝑠)

Ξ∗−

(𝑑𝑠𝑠)

Ξ∗0

(𝑑𝑠𝑠)

Σ∗+

(𝑢𝑢𝑠)
Σ∗0

(𝑢𝑑𝑠)

Δ0

(𝑑𝑑𝑢)

Δ+

(𝑑𝑢𝑢)



Classification of Light Baryon
SUF(4): (heavily broken due to 𝑚𝑐 ≫ 𝑚𝑢,𝑑,𝑠)

• 𝑞𝑞𝑞~(𝑢, 𝑑, 𝑠, 𝑐)⨂(𝑢, 𝑑, 𝑠, 𝑐)⨂(𝑢, 𝑑, 𝑠, 𝑐)

𝟐𝟎𝑴
𝟐𝟎𝑺



Relativistic Quark Model

• unobserved states

• unexpected states
42

T. Melde, W. Plessas, and B. Sengl
Phys. Rev. D77, 114002(2008)

Red: RQM
Green: Exp.



Exotic Baryon: Θ＋

sudud

usdsd



*N0*N

*

dsusu

**

* 0*

* 0*

sss



0**

** 0*

ddd uuu

 0 

10 10

qqq
qqqqq
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Magnetic Moment of Octet Baryons

 Constituent Quark Model Picture works well!


q

q

q

zqz msq /ˆ m

In the framework of spin-flavor SU(6) 

BB zB mm ˆ

Only 3 parameters: mu, md, ms

Spontaneous c Symmetry Breaking

Current quark:mq~0 -> Constituent quark:mq~MN/3

Partial restoration of c Sym. in finite density?



Magnetic Moment

• m of Dirac particle ∝ spin×charge/mass

μN

neutronproton

0

𝜇𝑁＝
𝑒ℏ

2𝑀𝑁𝑐

μN

𝜇𝑁＝
𝑒ℏ

2𝑀𝑁𝑐



Magnetic Moment

• m of Dirac particle ∝ spin×charge/mass

• CQM explains the measured values of nucleons

2.79μN -1.91μN

neutronproton
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Magnetic Moment of Octet Baryons
Analytically deduced, based on Lattice QCD data

In cooperation with ChPT

EXP.,  Full QCD,  QQCD

D. B. Leinweber et al., PRL94, 212001(2005).

QM [SU(6)]



Essence of

Non-relativistic Formulation in CQM

𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + 𝑉𝑆𝑂 + 𝑉𝑇 …

– 𝐻0: kinematic term

– 𝑉𝑐: confinement potential

– 𝑉𝑠𝑠: spin-spin interaction

– 𝑉𝑆𝑂: spin-orbit interaction (LS force)

– 𝑉𝑇: Tensor interaction

48

Q3

rq1 q2

l

Coordinate: r1, r2, r3

𝜌 = (𝑟1 − 𝑟2)/ 2

𝜆 = (𝑟1 + 𝑟2 − 2𝑟3)/ 6
𝜇𝜌 = 𝑚𝑞

𝜇𝜆 = 3𝑚𝑞𝑚𝑄/(2𝑚𝑞 + 𝑚𝑄)



• λ and ρ motions split (Isotope Shift)

• HQ spin multiplet （ റ𝑠𝐻𝑄 ± റ𝑗𝐵𝑟𝑜𝑤𝑛 𝑀𝑢𝑐𝑘）

Schematic Level Structure of Heavy Baryons

49

λ mode

ρ mode

G.S.

P-wave

Q

l

[qq]

Q

r(qq)

mQ = mq mQ > mq

q

q

q
റ𝑠𝐻𝑄 ± റ𝑗𝐵𝑀

...
...

Spin-dep. Int.

ℏ𝜔𝜌

ℏ𝜔𝜆
=

3𝑚𝑄

2𝑚𝑞 + 𝑚𝑄
→ 3 (𝑚𝑄 → ∞)



Confinement 

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆𝜙𝐼 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2 → analytic (<-> cornell potential σ(

𝑎

𝑟𝑖𝑗
+ 𝑏𝑟𝑖𝑗 ) )

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑞𝑚𝑄

2𝑚𝑞 + 𝑚𝑄
, 𝑚𝜌=𝑚𝑞

𝑘 = 0.332𝑚𝜆/3,  at  𝑚𝑄 = 1.5 GeV/c2

c.f.  1ℏ𝜔𝜆~
Λ𝑐

1

2

−
+2Λ𝑐

3

2

−

3
− Λ𝑐

1

2

+
~ 0.33 GeV/c2

50

[



P-wave (r, l-mode excitations)

51

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

w
 (

G
eV

)

MQ (GeV/c2)

l-mode

r-mode

isotope shift

3)2/(3/  
Qm

QqQ mmmlr ww



Spin-spin Interaction

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆𝜙𝐼 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑞𝑚𝑄

2𝑚𝑞 + 𝑚𝑄
, 𝑚𝜌=𝑚𝑞

• 𝑉𝑠𝑠 = 𝑐𝑠 σ
𝜎𝑖∙𝜎𝑗

𝑚𝑖𝑚𝑗
𝛿 𝑟𝑖𝑗 𝜒𝑆 𝑉𝑠𝑠 𝜒𝑆 :

Λ
1

2

+
= 𝜔0 − 3𝑐𝑠/𝑚𝑞

2

Σ
1

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑞
2 −

4

𝑚𝑞𝑚𝑄

Σ∗ 3

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑞
2 +

2

𝑚𝑞𝑚𝑄

52

[

(𝑆, 𝜒𝜌) : “qq”-spin anti-symm.

(𝑆, 𝜒𝜆) : “qq”-spin symm., [qqQ]1/2

(𝑆, 𝜒𝑠) : “qqQ” spin symm. 



Spin-spin Interaction

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆𝜙𝐼 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑞𝑚𝑄

2𝑚𝑞 + 𝑚𝑄
, 𝑚𝜌=𝑚𝑞

• 𝑉𝑠𝑠 = 𝑐𝑠 σ
𝜎𝑖∙𝜎𝑗

𝑚𝑖𝑚𝑗
𝛿 𝑟𝑖𝑗 𝜒𝑆 𝑉𝑠𝑠 𝜒𝑆 :

Λ
1

2

+
= 𝜔0 − 3𝑐𝑠/𝑚𝑞

2

Σ
1

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑞
2 −

4

𝑚𝑞𝑚𝑄

Σ∗ 3

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑞
2 +

2

𝑚𝑞𝑚𝑄

53

[

→
Σ + 2Σ∗

3
− Λ = 𝑐𝑠

4

𝑚𝑞
2

~0.2 GeV/c2
}



Spin-spin Interaction

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆𝜙𝐼 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑞𝑚𝑄

2𝑚𝑞 + 𝑚𝑄
, 𝑚𝜌=𝑚𝑞

• 𝑉𝑠𝑠 = 𝑐𝑠 σ
𝜎𝑖∙𝜎𝑗

𝑚𝑖𝑚𝑗
𝛿 𝑟𝑖𝑗 𝜒𝑆 𝑉𝑠𝑠 𝜒𝑆 :

Λ
1

2

−
,

3

2

−
= ൞

𝜔𝜌 + 𝑐𝑠
1

𝑚𝑞
2 −

4

𝑚𝑞𝑚𝑄

𝜔𝜆 − 3𝑐𝑠/𝑚𝑞
2

(ℓ𝜌 = 1, 𝜒𝜆)

(ℓ𝜆 = 1, 𝜒𝜌)

Λ
1

2

−
,

3

2

−
,

5

2

−
= 𝜔𝜌 + 𝑐𝑠

1

𝑚𝑞
2 +

2

𝑚𝑞𝑚𝑄
(ℓ𝜌 = 1, 𝜒𝑠)
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0.2
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0.7
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Isotope shift

L(P,c) (r, l-mode excitations w/ Vss)

55

L(Pr,cs)

L(Pr,cl)

L(Pl,cr)

22 /1/2/1 q

m

Qqq mmmm Q  


6/𝑚𝑞
2

4/𝑚𝑞
2



Lambda Baryons (P-wave)

56

c(1/2+) 

c
*(3/2+) 

Lc(2595, 1/2)
Lc(2625, 3/2)

Lc oｒ c (2765, ??)

Lc(2880, 5/2)

Lc(2940, ??)

Lc(GS)

L(1520, 3/2)

(1/2+) 

L(1/2+)

*(3/2+) 
L(1405, 1/2)

L(1830, 5/2)

L(1690, ??)
L(1670, 1/2)

L(GS)

b(1/2+) 
b

*(3/2+) 

Lb(5920, 3/2)
Lb(5912, 1/2)

Lb(GS)

strange charm bottom
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Lambda Baryons (P-wave)
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s c

non-rel. QM:H=H0 +Vconf +VSS+VLS+VT
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c(1/2+) 

c
*(3/2+) 

Lc(2595, 1/2)
Lc(2625, 3/2)

Lc oｒ c (2765, ??)

Lc(2880, 5/2)

Lc(2940, ??)

Lc(GS)

L(1520, 3/2)

(1/2+) 

L(1/2+)

*(3/2+) 
L(1405, 1/2)

L(1830, 5/2)

L(1690, ??)
L(1670, 1/2)

L(GS)

l

r

b

r

b(1/2+) 
b

*(3/2+) 

Lb(5920, 3/2)
Lb(5912, 1/2)

Lb(GS)

Q

qq

l

r

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)



L,(P,c) (r, l-mode mixing w/ Vss)
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L,(P,c) (r, l-mode mixing w/ Vss)
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L,(P,c) (r, l-mode mixing w/ Vss)
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L,(1/2-) (r, l-mode excitations w/ Vss)
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rl mixing  (cal. By T. Yoshida)
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rl mixing  (cal. By T. Yoshida)
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• λ and ρ mode excitations interchange

sqsQQ, SO

(1/2-,3/2-) 

(1/2-, 3/2-, 5/2-)

(1/2-, 3/2-)

*(3/2+) 

(1/2+)

Level Structure of double-strange baryons

Q
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λ mode

ρ mode

G.S.

P-wave
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Confinement 

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆 𝐼𝑠𝑜𝑠𝑝𝑖𝑛 ∗ 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑄𝑚𝑞

2𝑚𝑄 + 𝑚𝑞
, 𝑚𝜌=𝑚𝑄
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Spin-spin Interaction

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆 𝐼𝑠𝑜𝑠𝑝𝑖𝑛 ∗ 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑄𝑚𝑞

2𝑚𝑄 + 𝑚𝑞
, 𝑚𝜌=𝑚𝑄

• 𝑉𝑠𝑠 = 𝑐𝑠 σ
𝜎𝑖∙𝜎𝑗

𝑚𝑖𝑚𝑗
𝛿 𝑟𝑖𝑗 𝜒𝑆 𝑉𝑠𝑠 𝜒𝑆 :

Ξ
1

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑄
2 −

4

𝑚𝑞𝑚𝑄

Ξ∗ 3

2

+
= 𝜔0 + 𝑐𝑠

1

𝑚𝑄
2 +

2

𝑚𝑞𝑚𝑄
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(𝑆, 𝜒𝜆) : “QQ”-spin symm., [QQq]1/2

(𝑆, 𝜒𝑠) : “QQq” spin symm. 



Spin-spin Interaction

• 𝐻 = 𝐻0 + 𝑉𝑐 + 𝑉𝑠𝑠 + ⋯
Ψ~𝜓ℓ𝜒𝑆 𝐼𝑠𝑜𝑠𝑝𝑖𝑛 ∗ 𝑐𝑜𝑙𝑜𝑟 → symmetrize (anti-symm.)

• 𝑉𝑐 = 𝑘/2 σ 𝑟𝑖𝑗
2

𝜔𝜆,𝜌 = 3𝑘/𝑚𝜆,𝜌, 𝑚𝜆 =
3𝑚𝑄𝑚𝑞

2𝑚𝑄 + 𝑚𝑞
, 𝑚𝜌=𝑚𝑄

• 𝑉𝑠𝑠~𝑐𝑠 σ
𝜎𝑖∙𝜎𝑗

𝑚𝑖𝑚𝑗
𝛿 𝑟𝑖𝑗 𝜒𝑆 𝑉𝑠𝑠 𝜒𝑆 :

Ξ
1

2

−
,

3

2

−
= ൞

𝜔𝜌 − 3𝑐𝑠/𝑚𝑄
2

𝜔𝜆 + 𝑐𝑠
1

𝑚𝑄
2 −

4

𝑚𝑞𝑚𝑄

(ℓ𝜌 = 1, 𝜒𝜌)

(ℓ𝜆 = 1, 𝜒𝜆)

Ξ
1

2

−
,

3

2

−
,

5

2

−
= 𝜔𝜆 + 𝑐𝑠

1

𝑚𝑄
2 +

2

𝑚𝑞𝑚𝑄
(ℓ𝜆 = 1, 𝜒𝑠)
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 (r, l-mode excitations w/ Vss)
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• λ and ρ mode excitations interchange

sqsQQ, SO

(1/2-,3/2-) 

(1/2-, 3/2-, 5/2-)
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*(3/2+) 

(1/2+)

Level Structure of double-strange baryons
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λ mode
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P-wave
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Structure and Decay Partial Width
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Form of Hadrons

Observable Relevant Physics Quantity What we learn

Mass Spectrum Mass, Width
(pole:𝑀𝑅 − 𝑖Γ/2)

Particle state
Resonant state

Classification

Angular Correl.
(decay)

Spin, Parity

Level structure Internal (effective) DoF Form
(Dynamics of 
effective DoF
in Hadron)

Production Rate
(Diff. Cross Sect.)

Response Function
(Transition) Form Factor

Reaction Mechanism
Internal Motion/Corr.

Partial Width Internal Correlation
(Wave function)

Decay Mechanism
Internal Motion/Corr.
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