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How does Matter Evolve in the Universe?
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1 QCD dynamics
m QGP at HigiT, Highrho, Phase Border
Form of Hadron
W Hadron Spectroscopy, Tomography
Hadron atHighT,Highrho

BBInt. 2BFo. C2 X

BB scattering, Nuclear Structure
NuclearMatter: EoS

Nuclear Respons8&jngle Particl&nergy
NuclearSynthesis

Magic No., Drig A Yy S { &l @

G

Atom->Molecule
->Star->Galaxy->Universe

e /

Dense Mystery of HeavyNS:
Nucl Matter NSMerger as a Factory of H.E. .




Prof. T. Nakamur@& Slide at the KICKOFF Symposiu

Why hierarchy is formed in guantum particles ?
N iﬁﬁ?ﬁﬂﬂ*ﬂ?@iﬁﬁfiﬂ@%%iﬁﬁf&*ﬁL,"Cﬁ?-ﬁéht@);ﬁ\

Fundamental Question But Unresolved

Molecule
0.1~1nm

—-Not necessarily investigated
» Research Areas . Independently evolved
» Connection between hierarchies: Unclear

Science in 20" Century
9SIAAIUN 3SIBAI

~380KY : Clear up of the Universe =8 D E LAY
Nucleus+electrons = Atom—=> Molecule

Nucleus
fm~10fm

~3min: Big Bang Nucleosynthesis E w2 /\> TR & RL

- nucleon (p, n) =2*He nucleus
= T
(T wn
HEE
E | |5 |~0.01ms: QCD Phase Transition QCDTHERF%
__ w||c
Y =4
2|8
o | 5
T _'Big Bang



t NEFD ¢ bl 1 YdzNF Q& {f A

Clustering: Key to understand hierarchy in qguantum world?
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How Hadrons are formed?
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Quarks drastically change themselves beloyy,



How Hadrons are formed?
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How Hadrons are formed?

HghkE =—————— LowE
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How Hadrons are formed?
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How Hadrons are formed?
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What aregoodbuilding block®f Hadrons?
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Jassification of Hadrons

MassSpectrum  Mass,Width Particle state Classification

(polev v "@IC) Resonanttate
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BaryOﬂ Famlly qqq Baryon Summary Table

This short table gives the name, the quantum numbers {where known), and the status of baryons in the Review. Only the baryons with 3-
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in
able are not established baryons. The names with masses are of baryons that decay strongly. For IV, A, and = resonances, the
eated by the symbol 5 o), where [ is the orbital angular momentum (S, B, D, ...), /is the isospin, and Jis the

and ¥ resonances, the KNV partial wave is labeled £ o, The nucleon is a pol(, in the P11 wave, and similar
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BaryOﬂ Famlly qqq Baryon Summary Table

This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-
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Meson Family JQ

Meson Summary Table
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In 1964 Quark Model
M. Gellmann Nobel Prize in 1969

G. Zweig
Introduced Q
Fractional electric charge @ |
Colorcharge D /
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Baryon Family MesonFamily
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Quark Mass

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

u] 1P = 331

my, = 23" g:; MeV Charge = % e IL=+3
m,/my = 0.38-0.58

d] IP) = 3(3+)

mg=48"05MeV  Charge=-%e L =-3

mg/my = 17-22
m = (my+mg)/2 = 35757 MeV

[5] I(JP) = o3 )

ms = 05 +5 MeV  Charge = —% e Strangeness = —1
ms [ ((my + mg)/2) =275+ 1.0

Quarks forming proton and neutron

c 1JF) =03
me = 1.275 + 0.025 GeV Charge = % e Charm = +1 3 !(JP) _ 0(,174—}
2
m J'(_J'P) — D(%"‘} Charge =5 ¢ Top = +1
Ch 1 5 Mass (direct measurements) m = 173.21 + 0.51 + 0.71 GeV [2.5]
age= -3¢ ottom = —1 Mass (MS from cross-section measurements) m = 1603 GeV 2l

L Mass (Pole from cross-section measurements) m = 176.7 ‘;’:g GeV
mp(MS) = 4.18 + 0.03 GeV m, — mz=-02+05GV (S=11)
mp(1S) = 4.66 £ 0.03 GeV Full width I = 2.0 + 0.5 GeV

[(Wb)/[(Wq(q = b, s, d)) = 0.01 + 0.04



http://www-pdg.lbl.gov/
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Free Quark Searches

All searches since 1977 have had negative results.

A Quarks are confined in hadron



Why are quarks confined

A Force independent in a distance (Linear Potenti:
A Coulomblike in a close distancé/¢ Potential)

N
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A Cornel Potential: \Var-b/r



How are quarks confined

A Force independent in a distance (Linear Potenti:
A Coulomblike in a close distance (1/r Potential)
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A Cornell Potential: \ar-b/r



Neutral X, Y Zo states

- " wwm  Rich Forms of Hadrons
In their Excited States
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X(3872). Consensus?

most of the time looks

Specific model by like a D9D*? molecule

Takizawa & Takeuchi, PTEP 9, 093D01

M

X(3872) ~ my -

|BE|=8 MeV

M, o =11y =1, = A
X(BS"JJ DU D:-:U :.“0 D+D*_ _
d ° =15fm

drms - 21 |BE ' ‘BE <0.2 MeV
/,\J‘u D‘ l d”?" >10 fm

reduced
mass

Steve Ol sen
| Mp+mMpe-Myses, | ICNFP2017@Crete




Coupled to DD*, Produced liké Y

See Esposito et al.,, PRD 92 034028 (2015(

X(3872) decay channels
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Form of Hadrons

MassSpectrum  Mass,Width
(poled  "@1C)

Angular Correl.  Spin,Parity
(decay)

Level structure

ProductionRate = Response Function
(Diff. Cross Sect.) (Transition)Form Factor

PartialWidth Internal Correlation
(Wavefunction)

Particle state
Resonanttate

Internal (effective)DoF

ReactionMechanism
Internal Motion/Corr.

DecayMechanism
Internal Motion/Corr.

Classification

Form
(Dynamics of
effectiveDoF
in Hadron)




How Hadrons are formed?
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Quark Mass

Light Quark Heavy Quark

“Bear’
Quark U d S C b t
(E>% o C ) 9 ® o PS
L CD
. 1 M%VJ l E 1 JSeVl | 1TeV
1 R ‘
i
“Dressed” @ o ®
Quark e e o C Db t
(EL ocd ud s
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Constituent Quark Model

A Successful to describe nature of hadrons in
the ground state

I Mass
I Spinlsospin(flavor) classification
I Magnetic moment of baryons

A Sometimes fails in excited state
I Missing resonance problem
| Exotic states

A Provides aGood Guide Lint® insight Hadrons

36



Classification of LigiMeson
SU3)
Anrk oRdiga oRcH




Classification of LigiMeson

SU(3)

Acd o pauw




Classification of Light Baryon

SK3)
AR rrnohch a oich a ohch
EOQQ ﬂOOQ3~ % 3 3

Q QQQO Qo 0/ 6




Classification of Light Baryon

SW3)
Acd cad o prd Y& Wi p
EOQQ r]ooQ 3 3 3 3

Q QQQO Qo 0/ 6




Classification of Light Baryon
SU(4): (heavily broken due té | & fp)




Relativistic Quark Model

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

Red: RQM
Green: EXp.

3+

IoF 3 :
Y/

=

o

A unobsewred states
A unexpected states
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Exoti c Baryon: U
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Magnetic Moment of Octet Baryons

V Constituent Quark Model Picture works well!
In the framework of sphkilavor SU(6)
m = (B|#&|B)
L =é§ 0,S;>/ m,
Only 3 parameters: m, my, m,

V Spontaneous ¢ Symmetry Breaking

Current quark:m ~0 -> Constituent quark:m,~M/3

Partial restoration of ¢ Sym. In finite density?



Magnetic Moment

A mof Dirac particle A spin chargémass
proton neutron

] ]




Magnetic Moment

A mof Dirac particle A spin chargémass
proton neutron

o O
O¢g Og

L A i LY T

A COM explains the measured values of nucleon:



Magnetic Moment of Octet Baryons

Analytically deduced, based on Lattice QCD data
In cooperation with  ChPT

3.5 g l,

3.0 L QM[SUE)] 1
2.5

212 i /7/ N\ g-'li i

~ 10 |- EXP, FUIQCD, QQCP _

2 05 F | .
3 0.0 g

_05 B og* -9 g*=. om?

oy

~1.0. EEPLINN .
=15 | | .
_2.0 | ..!. ....... |
_25 ] | — | | —0 | — | | |

pr n X x = = AN u; u,

D. B.Leinweberet al., PRL94, 212001(2005).



Essence of

NonrelativisticFormulation in CQM
O 0 w w w w38
I "'O: kinematic term
i w: confinement potential
I W : spinspin interaction
I w :spinorbit interaction (LS force)
I w : Tensor interaction

g

Coordinate: 1, r,, I3
K> e
i 1 d Wo
o
oa a 7 qa a
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Schematid_evel Structure of Heavy Baryon:

A A and p motions split (Isotope Shift)
A HQ spimmultiplet i

Spinrdep. Int.

mQ> mq

49
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Confinement
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P-wave (, | -mode excitations)

0.8
0.7
0.6
=05
O 0.4
= 0.3
0.2
0.1

Isotope shift

w, Iw, = [3m, I(2m, +m,) %1535~ /3
r -mode
~F- e e e g B A P
AI mode
0.5 1.5 2 ) 3 35 4 4.5 5

Mo (GeV/E)
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Spinspin Interaction

~

A 0O w w E
W [ .. %o(0 € &) © Bymmetrize (antsymm)
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Spinspin Interaction

~
=

A 0O w w E
W [ .. %o(0 € &) © Bymmetrize (antsymm)

Aw QcBi
- , oa a .,
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Spinspin Interaction

~
=

AO O w w E

W[ s %0(0 € Q) @ Bymmetrize (antsymm)
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L (Pc) (r, | -modeexcitations w/\/,)

0.8
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=05
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= 0.3
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0

1/mg — 4/mgmy

/ ->1/mg (mgy->o0)
NP J
(6! 4
s -t ' 74
I S B s R ek T —
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LambdaBaryong P-wave)
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GOM calculation (Rvave Sigma)

Strange baryons
800

S(1/2-,3/2- 5/2") 700

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

Charmed baryon

S.(1/2°,3/2")
S.(1/2-,3/2,

S(1/2 312y %)

- en e am e - e
i
=

/

L(1/2%)

0 051 152 253 35 4 45 5
MQ [GeV/E]

L (1/2%)

non-rel. QMH=H +V.

cont T Ve VistVr
r-1 mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys Rev. B2, 114029(2015) &3




L (2940, ?)

L (2880, 5/2)

L.o S, (2765, ?)

L (2625, 3/2)
L_(2595, 1/2)

. 800
L (1830,5/27) _ 2
s 700 | - \I‘
L(1690,7 % 600
L (1670 1/2°) — > T
( ) > 500 [~
g- ANN
L (1520, 3/2) > 400 L —~ /\
’7» L (1405, 1/2) 300 | -
200 1=
100 2

/

P p—— i 9
B
=

II/I

non-rel. QMH=H +V.

con

0 051 15 2 25 3 35 4 45 5

Mo [GeV/e]

HVsgtV otV

r-1 mixing (cal. By T. Yoshida)

T. Yoshida et al.,

L, (592Q 3/2")
L, (5912, 1/2)

Phys Rev. B2, 1140292015 ¢4







Level Structure of doubistrang

e baryons

A X and p mode excitations interchange

S Sqe SO

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

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

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

X*(3/2+)

X4

66



Confinement
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P-wave (, | -mode excitations)

Isotope shift
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Spinspin Interaction
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Spinspin Interaction
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X (r,| -mode excitations wk,)
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Level Structure of doubistrange baryons
A X andp mode excitations interchange
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Structure and Decay Partial Width

r mode (QQ) | mode[QQ)]




Form of Hadrons

MassSpectrum  Mass,Width
(poled  "@1C)

Angular Correl.  Spin,Parity
(decay)

Level structure

ProductionRate = Response Function
(Diff. Cross Sect.) (Transition)Form Factor

PartialWidth Internal Correlation
(Wavefunction)

Particle state
Resonanttate

Internal (effective)DoF

ReactionMechanism
Internal Motion/Corr.

DecayMechanism
Internal Motion/Corr.

Classification

Form
(Dynamics of
effectiveDoF
in Hadron)







