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Nucl. Matter

How does Matter Evolve in the Universe?
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QCD dynamics
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Hadron Spectroscopy, Tomography
Hadron at High-T, High-rho
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Prof. T. NakamuraΩs Slide at the KICKOFF Symposium
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How Hadrons are formed?
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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… 
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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

‌ Њ
at LQCD

High E Low E

How are theyexcited? 

How do they change 
properties in medium?

Quasi-Particles (= Effective DoF) emerging at Low E describe 
hadron properties effectively.
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What aregood building blocksof Hadrons?

Constituent Quark
q

q
q

q

q

Diquark?
[qq]

q
(Colored cluster)

hadron(colorless cluster)

q

q
q

q

q
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Classification of Hadrons 

18

Observable Relevant Physics Quantity What we learn

MassSpectrum Mass,Width
(pole:ὓὙ ὭɜȾς)

Particle state
Resonantstate

Classification

Angular Correl.
(decay)

Spin,Parity
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Baryon Family qqq

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



20

Baryon Family qqq

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

Λ hyperon

ΞhyperonΣ 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 MesonFamily

Introduced
Fractional electric charge
Colorcharge

ή ή ή ή ή

Hadron

Quantum
Chromo
Dynamics
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Quark Mass

Quarks forming proton and neutron

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

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


PDG

ÅQuarks are confined in hadron



Why are quarks confined

ÅForce independent in a distance (Linear Potential) 

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

ÅCornel Potential: V=ar-b/r

ή ή



How are quarks confined

ÅForce independent in a distance (Linear Potential) 

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

ÅCornell Potential: V=ar-b/r

ή ή



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)
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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

MassSpectrum Mass,Width
(pole:ὓὙ ὭɜȾς)

Particle state
Resonantstate

Classification

Angular Correl.
(decay)

Spin,Parity

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

ProductionRate
(Diff. Cross Sect.)

Response Function
(Transition)Form Factor

ReactionMechanism
InternalMotion/Corr.

PartialWidth Internal Correlation
(Wavefunction)

DecayMechanism
InternalMotion/Corr.
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How Hadrons are formed?
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‌ Њ
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

Ὢά ά ήή
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Constituent Quark Model

ÅSuccessful to describe nature of hadrons in 
the ground state
ïMass

ïSpin-Isospin(flavor) classification

ïMagnetic moment of baryons

ÅSometimes fails in excited state
ïMissing resonance problem

ïExotic states

ÅProvides a Good Guide Lineto insight Hadrons

36



Classification of Light Meson
SUF(3)
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Classification of Light Meson
SUF(3)
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Classification of Light Baryon
SUF(3)
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Classification of Light Baryon
SUF(3)
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Classification of Light Baryon
SUF(4): (heavily broken due to ά ḻά ȟȟ)

ÅήήήͯόȟὨȟίȟὧἆόȟὨȟίȟὧἆόȟὨȟίȟὧ

╜ ╢



Relativistic Quark Model

Åunobserved states

Åunexpected states
42

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

Red: RQM
Green: Exp.



Exotic Baryon: Ű

sudud

usdsd

+Q

+*N0*N

+S*

dsusu

+X*--X*

-S* 0*S

-X* 0*X

sss

-W

0*X-X*

+S*-S* 0*S

ddd uuu

++D-D 0D +D

10 10

qqq
qqqqq
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Magnetic Moment of Octet Baryons

VConstituent Quark Model Picture works well!

ä=
q

q

q

zqz msq /Ĕ >m

In the framework of spin-flavor SU(6) 

BB zB mm Ĕ=

Only 3 parameters: mu, md, ms

VSpontaneous cSymmetry Breaking

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

Partial restoration of c Sym. in finite density?



Magnetic Moment

Åmof Dirac particleӒ spin charge/mass

μN

neutronproton

0

‘ὔ
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Magnetic Moment

Åmof Dirac particleӒ spin charge/mass

ÅCQM 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. Leinweberet al., PRL94, 212001(2005).

QM [SU(6)]



Essence of

Non-relativistic Formulation in CQM

Ὄ Ὄ ὠ ὠ ὠ ὠȣ

ïὌ : kinematic term

ïὠ: confinement potential

ïὠ : spin-spin interaction

ïὠ : spin-orbit interaction (LS force)

ïὠ: Tensor interaction

48

Q3

rq1 q2

l

Coordinate: r1, r2, r3

” ὶ ὶȾς

‗ ὶ ὶ ςὶȾφ
‘ ά

‘ σά ά Ⱦςά ά



Åλand ρmotions split (Isotope Shift)

ÅHQ spin multiplet ί

SchematicLevel Structure of Heavy Baryons
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λmode

ρmode

G.S.

P-wave

Q

l

[qq]

Q

r(qq)

mQ= mq mQ> mq

q

q

q
ί

...
...

Spin-dep. Int.

ᴐ‫

ᴐ‫

σά
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Confinement 

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ…‰ ὧέὰέὶᴼsymmetrize (anti-symm.)

Åὠ ὯȾςВὶᴼanalytic(<-> cornellpotential В ὦὶ )

‫ȟ σὯȾά ȟȟ ά
σά ά

ςά ά
ȟά ά

Ὧ πȢσσάȾσ,  at  ά ρȢυGeV/ c2

c.f.  ρᴐͯ‫ ɤ ~ 0.33 GeV/ c2
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P-wave (r, l-mode excitations)
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Spin-spin Interaction

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ…‰ ὧέὰέὶᴼsymmetrize (anti-symm.)
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Ὓȟ… ȡ Ȱqqȱ-spin anti-symm.

Ὓȟ… ȡ Ȱqqȱ-spin symm., [qqQ]1/2

Ὓȟ… ȡ ȰqqQȱ ÓÐÉÎ symm. 



Spin-spin Interaction

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ…‰ ὧέὰέὶᴼsymmetrize (anti-symm.)
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Spin-spin Interaction

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ…‰ ὧέὰέὶᴼsymmetrize (anti-symm.)

Åὠ ὯȾςВὶ
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LambdaBaryons(P-wave)
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Sc(1/2+) 

Sc
*(3/2+) 
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Lb(GS)

strange charm bottom
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s c

non-rel. QM:H=H0 +Vconf+VSS+VLS+VT

r-lmixing  (cal. By T. Yoshida)
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T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)



L,S(P,c) (r, l-mode mixing w/ Vss)
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ⱬ
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T. Yoshida et al.,Phys. Rev. D92, 114029(2015)



L,S(P,c) (r, l-mode mixing w/ Vss)
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T. Yoshida et al.,Phys. Rev. D92, 114029(2015)



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

60

ⱬ

ⱦ

T. Yoshida et al.,Phys. Rev. D92, 114029(2015)
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L,S(1/2-) (r, l-mode excitations w/ Vss)
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s c

non-rel. QM:H=H0 +Vconf+VSS+VLS+VT

r-lmixing  (cal. By T. Yoshida)
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Sc(3/2+) 

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

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

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

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

S(1/2+) 

L(1/2+)

S(3/2+) 

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

l

r

Strange baryons Charmed baryons

l

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)
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Åλand ρmode excitations interchange

sqsQQ, SO

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

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

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

X*(3/2+) 

X(1/2+)

Level Structure of double-strange baryons

Q
Q

Q

λmode

ρmode

G.S.

P-wave

66
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Confinement 

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ… ὍίέίὴὭὲὧzέὰέὶᴼsymmetrize (anti-symm.)

Åὠ ὯȾςВὶ

‫ȟ σὯȾά ȟȟ ά
σά ά

ςά ά
ȟά ά
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Spin-spin Interaction

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ… ὍίέίὴὭὲὧzέὰέὶᴼsymmetrize (anti-symm.)
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Ὓȟ… : ȰQQȱ-spin symm., [QQq]1/ 2

Ὓȟ… ȡ ȰQQqȱ ÓÐÉÎ symm. 



Spin-spin Interaction

ÅὌ Ὄ ὠ ὠ Ễ
ɰͯ ‪Љ… ὍίέίὴὭὲὧzέὰέὶᴼsymmetrize (anti-symm.)
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X(r, l-mode excitations w/ Vss)
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Åλand ρmode excitations interchange

sqsQQ, SO

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

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

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

X*(3/2+) 

X(1/2+)

Level Structure of double-strange baryons

Q
Q

Q

λmode

ρmode

G.S.

P-wave

72

q

l
QQ

r Q-Q

q



Structure and Decay Partial Width

73
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Form of Hadrons

Observable Relevant Physics Quantity What we learn

MassSpectrum Mass,Width
(pole:ὓὙ ὭɜȾς)

Particle state
Resonantstate

Classification

Angular Correl.
(decay)

Spin,Parity

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

ProductionRate
(Diff. Cross Sect.)

Response Function
(Transition)Form Factor

ReactionMechanism
InternalMotion/Corr.

PartialWidth Internal Correlation
(Wavefunction)

DecayMechanism
InternalMotion/Corr.
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