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

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

Form of Hadron
Hadron Spectroscopy, Tomography
Hadron at High-T, High-rho

BB Int. (2BF, 3BE, ...)

Q>
BB scattering, Nuclear Structure
Nuclear Matter: EoS

Atom->Molecule g :
- Star->Galaxy->Universe Nuclear Resp.onse, Single Particle Energy
Nuclear Synthesis

Magic No., Drip-line, S.H.E.,...

~ Dense Mystery of Heavy NS:
Nucl. Matter NS Merger as a Factory of H.E. 4




Prof. T. Nakamura'’s Slide at the KICKOFF Symposium

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

Fundamental Question But Unresolved
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Prof. T. Nakamura'’s Slide at the KICKOFF Symposium

Clustering: Key to understand hierarchy in qguantum world?

Systems with
EM interactions

: Nucleus
MDIEC“' Electron%} Charge=0 W Systems with Strong interactions

Interatomic force << 4| 2Atom cluster=>Molecul
Nucleus-atom int. ——\made of atom clusters -
- SleTee 4 ALY Nucleus: € nucleons

Atom | iip .
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Nuclear force << |
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Hadronm'“'“; —>Color charge=0
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Clusters and Semi-Hierarchy

Conventional Hierarchy
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Clusters and Semi-Hierarchy

Conventional Hierarchy
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How Hadrons are formed?

High £ =—

— ' 1000

at AQCD

Quarks drastically change themselves below Aqp.



How Hadrons are formed?

Hight =———— Low E

L

N
/

’ Baryon

Meson

Ag = 00
at AQCD

Quarks drastically change themselves below Aqp.
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How Hadrons are formed?

Hight =———— Low E

‘

“Effective DoF”

Ba ryon

Meson

“Constituent Quarks” seem to work rather well

as good building blocks of hadrons...
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How Hadrons are formed?

Hight ———— Low E

Hall AICLAS
> JLab CLAS (2008)
v JLab CLAS (2014)
<4 DESY HERMES
v CERN COMPASS

— -

a4  CERNOPAL

> SLAC E142/E143
< SLAC E154/E155
& JLab RSS

B Fermilab

“Effective DTS

OE== Qum

k [GeV]

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

Saturation of “Effective Charge” at low k. 12
(PRD96,054026(2017)



How Hadrons are formed?

N
/

“Exotic hadrons” require a new aspect

in describing hadrons beyond the “standard picture”.
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Low E
Tetraquark?

“Effective DoF”
Pentaquark?



How Hadrons are formed?
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“Composite (or Colored) Quasi-Particle?”



Hadron Physics at J-PARC

%0

.') How are they excited?

: s = 0 \ .
High E at AQCD Low E

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 o .
Q hadron (colorless cluster)

g
Diquark?
(Colored cluster)
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Classification of Hadrons

Mass Spectrum Mass, Width Particle state Classification

(pole:M, — il'/2) Resonant state

Angular Correl. Spin, Parity
(decay)

18



Ba ryOn Fam||y 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

EEE ] - P]] EEE L] =i P]] EEEE ) A{l EEE L]
}—C P]] EEEE] = p]] EEEE ] A(T{Q.':)q\"')] t Fk ¥
g | X Py AR L Z(1630) Py R g (0505)1 A
« | I(1385) Py FHEE | =(1600) * Ac(2785)7 *
5(1480) * =(1690) ] A(2880) HEr
¥ (1560) * =(1820) Dy M| A (2940) *hx
#x | £(1680) Dy ¥ =(1950) ] 5.(2455) ok
k% [ 2(1620) S ** ={2030) ] 2 (2520) ¥
S(1660) P A | =(2120) * £.(2800) ok
S(1870)  Dyy A | =(2250) * =t #hk
» (1690) 3 =(2370) ** = Hhk
A(1950) : sk | T(1750)  S;p | Z(2500) * -—:'_' Hkk
; AQO0D)  Fi M (1770) P ¥ -0 .
N(2000)  Fis  ** |apise) s, T(I775) D5 P02 B e -—:_.:(2(,45) ok
N{ZOSD} Bl *¥ ﬂ{2200) Gy * Y{ISAO] P13 * 9(2250) *4% _ {Q?qo) S
- — ("
N(2090) Sy * A(2300) Hyp * | E(1880) P M | 2(2380) N E (2815) e
N(2100) Py A(2350) D;; * S(1915)  Fy5  deer | 2(2470)° #% __‘(2qu) .
N(2190) Gy  *¥# A(2390)  Fyp  * I(1940)  Dny M -_{.-{2980) *rk
N(2200) D5 ** | A(2400) Gy ** | Z(2000) S * ——{'-{3055) ¥
N(2220)  Hig ¥ | A(2420)  Hyyp FREH ¥(2030) Fiq A% ;(5080) 4k
N(2250)  Gig ¥ [ A750)  fpyy  * ¥(2070) Fis _—‘:{3125) *
N(600)  hai Y| Aos0)  Kays #+ | Z(2080) Py P Her
N(T00)  Kips ** Z(2100) Gy * 2.(2770)° o
A Py Mk [ (2250 HAx -
A(1405) Son #kx | T (2455) ** —1 +
A(1520) Dy *** | X(2620) ** .
A(1600) Py #+* | X(3000) * A0 K
A(1670) Sat k% | 37(3170) * }_r; ¥k
A(1690)  Dgy  **x# Iy rrE
11(1800) SC] F*k __?J :f; *¥%
A(ISIO) PC] Fk ¥ (el L
A(1820)  Fgy  HHRH ’
/1(1850) D,S EEE L]
A(1890) Pas EEEE
A(2000) *
A(2020)  Fgr  *
A(2100) Ggy  FF¥F .
o110y Fe e http://ccwww.kek.jp/pdg/
A(2325)  Dgy  *
A(2350)  Hpe  *HE
A(2585) b

19



Baryon Family

4499

Baryon Summary Table

This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. On\y the baryons WIth j

or 4-star status are included in the main Baryon Summdry Table. Due to insufficient data or uncertain i
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Meson Family

qg

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

Introduced Q
Fractional electric charge
Color charge

q+tq+q

Baryon Family Meson Family

Hadron



Mediating “Force” l |
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Quark Mass

http://www-pdg.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 !(JP) — 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 i’: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.

e 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)

q

o

Y Q)

e Cornel Potential: V=ar-b/r



How are quarks confined ?

* Force independent in a distance (Linear Potential)
* Coulomb-like in a close distance (1/r Potential)

1.2F
08F

04F

ﬂ =

04}

0.8

A2

16 i i
1 1.5

%5 r (fm]

e Cornell Potential: V=ar-b/r



Neutral X, Y Zo states

— . Rich Forms of Hadrons
9999 S o
e S o Intheir Excited States
00 : P f
qq o X (4350)
— : o Thresholds
qq 6 _ 1) At ﬁif}?ﬁ % — %
= s S SR Y )
___________________________________________________________________________________ V2(3823)(D) popo| =
i T 22
_ Xc2(1P) *
— ' ) xe1(1P)
&) qq Xe0(1P)
| — Observed exotic candidates
- Predicted and observed
e Predicted but not yet observed
o0 qq | \ , .
| —— 1 +— o++ 1++ 2++ 92—
JPC-*
Slides from Prof. Hosaka _ |
KEK Workshop HN Physics. Jan. 7-10, 2017 3
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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 Olsen’s Talk Slide
| Mp+Mpe-Mysgs, | ICNFP2017 @Crete




Coupled to DD*, Produced like Y’

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

X(3872) decay channels

=~
@
o
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£
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Q

d

\&1 0" E_Hypennmn @Auc
'C: [“(rescaled from Pb- Pp

10'?‘

Rua=5 1

lll llk l I

ALICESPL B754 3601(@016) EE) ?F
ATLAS JHEPO1 717 (2017)
PRC 93 029917 (2%%5‘69\,)

Steve Olsen’s Talk Slide, ICNFP2017@Crete




Mass Spectrum

Angular Correl.
(decay)

Level structure

Production Rate
(Diff. Cross Sect.)

Partial Width

Form of Hadrons

Mass, Width
(pole:M, — il'/2)

Spin, Parity

Response Function
(Transition) Form Factor

Internal Correlation
(Wave function)

Particle state
Resonant state

Internal (effective) DoF

Reaction Mechanism
Internal Motion/Corr.

Decay Mechanism
Internal Motion/Corr.

Classification

Form
(Dynamics of
effective DoF
in Hadron)




How Hadrons are formed?

Hight =———— Low E

L

N
/

’ Baryon

Meson

Ag = 00
at AQCD

Quarks drastically change themselves below Aqp.
33



Quark Mass

Light Quark Heavy Quark
“Bear”
Quark ud S c b t
(E>>Aqcp) L ® e o o
. 1 IVI%V J l AilCD 1 %ev l 1 TeV
: v
pAIe
“Dressed” @ o ®
Quark e ® o |c b t
(E<Aqep) ud s

-+

Proton
2m2 = m.{gd W Z
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Constituent Quark Model

e Successful to describe nature of hadrons in
the ground state

— Mass
— Spin-Isospin(flavor) classification
— Magnetic moment of baryons

e Sometimes fails in excited state
— Missing resonance problem
— Exotic states

* Provides a Good Guide Line to insight Hadrons

36



Classification of Light Meson
SUK3)




Classification of Light Meson
SUK3)

* 3®3 =168




Classification of Light Baryon
SUA3)
* qqq~(u,d,s)®(u,d,s)®(u,d, s)
n(udd) p(uud) A~ AO=% FAEE TeA TS
: : (d ) (dd‘u) (duU)( u)




Classification of Light Baryon
SUK3)

e 3®03®3 =10p8p8P1
n(udd) p(uud) A- AO=% CpAHET A
: : (d ) (dd‘u) (duu)( u)




Classification of Light Baryon
SUF(4)Z (heavily broken due tom, > m,, 4 ¢)

* qqq~(u,d,s,c)®(u,d,s,c)®(u,d,s,c)




Relativistic Quark Model

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

Red: ROM
Green: Exp.

 unobserved states
* unexpected states

42



Exotic Baryon: OF




Magnetic Moment of Octet Baryons

v' Constituent Quark Model Picture works welll
In the framework of spin-flavor SU(6)
Hg = <B

il =qus§h/mq
q

i,

B)

Only 3 parameters: m,, m,, m,

v'Spontaneous y Symmetry Breaking
Current quark:m,~0 -> Constituent quark:m,~My/3

Partial restoration of y Sym. in finite density?



Magnetic Moment

* 1 of Dirac particle o< spin X charge/mass

proton neutron

{0 ]
X X

o e
Ky 2Mpyc




Magnetic Moment

* u of Dirac particle o< spin X charge/mass

proton neutron

o O
O¢g Og

2.79, -1.91u,

e CQM explains the measured values of nucleons



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

—_—

=
2

3

3.9
3.0
2.0
2.0
1.5
1.0
0.5
0.0
-0.5
—-1.0
=13
—<2.0
—2.5

In cooperation with ChPT

I

ol . QM [su(e)] 1

- 7.:§ -]

I / / \ A

- \ _

| EXP, FullQCD, QQCD i

B egox oW om® ™

1 B on’ N

i : . ]
] | — ] I 5 ] I | I

p n X X E EZ AN u; u,

D. B. Leinweber et al., PRL94, 212001(2005).
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Essence of
Non-relativistic Formulation in CQM

H=Hy+V.+ Vs +Vsg+ Vs ..
— Hj: kinematic term
— V..: confinement potential
— Vis: spin-spin interaction
— Vso: spin-orbit interaction (LS force)

— V@ Tensor interaction

g g Coordinate: ry, r,, r3
2 p=(—1)/N2
| , A= (r +1, —2r3)/V6
Hp = Mg

3 Uy = 3mgmg/(2mg + my) .5



Schematic Level Structure of Heavy Baryons
* A and p motions split (Isotope Shift)

* HQ spin multiplet (Syo % Jprown Muck)

O %:\/ 3mg —>\/§(mQ—>oo)

hw) 2mg +my

(e]e)

Spin-dep. Int.

ma=m mQ>mq
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Confinement

e H=Hy+V, + Vi + -

W~y,xs¢;(color) — symmetrize (anti-symm.)

e V.=k/2 Zrl%- — analytic (<-> cornell potential Z(% + b?‘ij ))

Tij

3mq mg

My _”lq)

w,—l,p = \/Bk/m,—l’p, <m/1 =

qu +mg

k = 0.33°m;/3, at my = 1.5 GeV/¢

1y e
f 1th~AC(2 )ZZAC(Z )—AC (§+)~0.33 GeV/ e
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P-wave (p, A-mode excitations)

isotope shift

o, w, = .[3m, /(2m, +m,) —=" /3

R

3.5

Mg (GeV/c?)

p-mode
——————
A-mode
4 4.5 5
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Spin-spin Interaction

e H=Hy+V, + Vi + -

W~y,xs¢;(color) — symmetrize (anti-symm.)

* Ve=k/287

3mgmg
Wy, = \/Sk/ml,p, m; = T , My =M,

S
* Vs =¢s X m]j5(Tij) (xsVeslxs):

mi

+
A (% ) = wg — SCS/mCZI (S, x?) : “qq”-spin anti-symm.

+ o 12} O
ZG )= an +c5( = — ) (S, x™M) : “qq"-spin symm., [qqQ]'/?

2
mq mme

+ o » .
) (% )= W, +cs( =+ — ) (S, x%) : “qqQ” spin symm.

mg MgmqQ
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Spin-spin Interaction

e H=Hy+V, + Vi + -

Y~y xsd;(color) - symmetrize (anti-symm.)

. =k/22r£-

3mme
Wy, = \/Sk/ml,p, m; = 2y + g , My =My

* I/SS:CSZ

O'i'O'j .
e §(rij)  CslVislas):

1+
A(E )=w0—305/m621
" | oy 4
(1) = n + oo o) }4 A
3

N £\ 4 2 ~0.2 GeV/c?
(E ) = Wy + Cg (mczl + mme)




Spin-spin Interaction

e H=Hy+V, + Vi + -

W~y,xs¢;(color) — symmetrize (anti-symm.)

* Ve=k/287

* VS‘S:CSZ

A(
A(

3mq mg

Wy, p =\/3k/ml,p, (ml = A ,mp:mq)
q Q

2

1 S

2

2

o,

O'l"O'j .
mm; §(rij)  CxslVislxs):

1 3
- =

/

\

!

-
W, + Cs (nig, — m;nQ) =1, 3% f—1 |
o1~ et L= 1. 1) b 14

2

2 ) =w,+c (ni?, + mme) =120 o |4
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A(P y) (p, A-mode excitations w/ V)

1/mg — 4/mgmy
->1/mg (mgy->o0)

2 Mg —>© 2
l/mq +2/mme Q—>llmq

A \
/
6/mg | : <
/‘ /i\rp.;(“)
B < SO TYITII XS (i g EpEp
- Isotopershift
\\ AP, 2°) M
0] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
2
Mg (GeV/c?)

| 4/mg

|

I—3/m§.
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Lambda Baryons (P-wave)

A(1830, 5/2°)

A(1690, ??)
A(1670, 1/2°)

A(1520, 3/2°)

A(1405, 1/2°)

A(GS)

strange

charm

A(2940, ??)

 A,(2880, 5/2%)

A or X2 (2765, ?%)
A (2625, 3/27)

A (2595, 1/27)

A (GS)

bottom

A, (5920, 3/2")

A, (5912, 1/27)

A, (GS)




A(1830, 5/2°)

A (2940, ??)

A(1690, ?7)

A(1670, 1/27)

(2880, 5/2+)

A or X2 (2765, ?%)

A(1520, 3/27) 400 “& A(2625,3/2")
A(1405, 1/2°) 300 b . — A.(2595,1/2)
200 B I8 e A s Al ke
100 R
/
A(GS) O ol c
0O 05 1 15 2 25 3 S5 4 45 5

MQ [GeV/c?]

non-rel. QM:H=H,+V, -+ VstV 4V

p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,

,(5920, 3/2°)
,(5912, 1/2°)

> >

Phys. Rev. D92, 114029(2015) &5y




AN2(P y) (p, A-mode mixing w/ V)

— e ==

m

C

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015) 58



AN2(P y) (p, A-mode mixing w/ V)

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015) 59



AN2(P y) (p, A-mode mixing w/ V)

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015) 60



%(P.y) (p, A-mode excitations w/ V)

0 0.5 1 1.5 p 2.5 3 3.5 4 4.5 5

Mg (GeV/c?)
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A,2(1/2-) (p, A.-mode excitations w/ V)
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CQM calculation (P-wave Sigma)

Strange baryons c c Charmed baryons
800
2(1/27,3/2°,5/7) I s.(1/2-,3/2)
%(1/27,3/27) s 200 R S S S R A
2(1/2,3/2) = L i" l [ 1 [ [ ... z(1/27,3/2",
Q D R e L LY -
> 500 s(1/23/2) )
vy 400
S
................ 300 -~
* [l oY Y N (S A S S O R
>- 200 I el i e
llllllllllllllll 100 ,/’
A(1/27) 0 05 1 15 2 25 3 35 4 45 5 A(1/2)
MQ [GeV/c?]

non-rel. QMZH=H0+Vconf+V55+V,_5+VT T. Yoshida et al.,

p—A mixing (cal. By T. Yoshida) Phys. Rev. D92, 114029(2015) &3




A,(5920, 3/2")
A, (5912, 1/27)

A(1830,5/27) =
S700 4 P A (2940, ??)
A(1690, ??) v 600
A(1670,1/27) — 2 P A (2880, 5/27)
L 0 A or 3 (2765, ??)
> A NN
A(1520,3/27) #0077 “% A (2625, 3/2")
?» A(1405, 1/27) 300 F - —— A(2595, 1/27)
200 | I i L e ek el el
100 .2
B /
A(GS) 0 AN I TN AR R lAL'c'(IGS) ||||||||||||||

A (GS)

O 05 1 15 2 25 3 35 4 45 5
Mq [GeV/c?]

non-rel. QM:H=H,+V, -+ VstV 4V

p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,

Phys. Rev. D92,

114029(2015) ¢4







Level Structure of double-strange baryons

* A and p mode excitations interchange
0,Cqq: SO

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

=(1/2-,3/2-)
P-wave D
=(1/2-, 3/2-)
=(3/2+)
G.S. P S—

—L L s

.
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Confinement

e H=Hy+V, + Vi + -

W~y ,xs(Isospin * color) — symmetrize (anti-symm.)

* Ve=k/287

3mgom,
Wy, = \/Bk/ml'p, my = T , My =My
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P-wave (p, A-mode excitations)
isotope shift

0.7 o, o, =,/3m, /[(2m, +m ) ———0

0 0.5 1 1.5 p 2.5 3 3.5 4 4.5 5

Mg (GeV/c?)
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Spin-spin Interaction

e H=Hy+V.+V, + -
W~y ,xs(Isospin * color) — symmetrize (anti-symm.)

2
* Ve=k/2X T
3mgom,
0 = [3k/map (= .

ZmQ+mq
* Vs :CSZ

O'l"O'j .
— 8(rij)  CxslVaslxs):

[1]

(%Jf) = wq t+ Cg ( 1 4 ) (S, ¥ : “QQ”-spin symm., [QQq]1/2

mg  mgmq

[1]

* §+ — 1 2 S\ ., « » c
(2 ) = Wg Tt Cs (mé + mme> (S, x°) : “QQQq” spin symm.
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Spin-spin Interaction

e H=Hy+V.+V, + -
W~y,xs(Isospin * color) — symmetrize (anti-symm.)

* Ve=k/287

3mgom,
Wy, = \/Bk/ml'p, my = T , My =My

S
© Ves~cs X 11,5(7”1']') (xsVeslxs):

(1‘ 3_) il (fp = 1, x7)
Z\5 05 ) = 1 4
2 2 >

R Gt IORERS

[1]

1~ 35 1 A
G ol )—wﬁcs(mémq%) (=115
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= (p, A-mode excitations w/ V)

N
AN
RN
\ T ‘&\
- =t
A5.2) =
\‘
0.5 1 1.5 2 2.5 3 3.5 4.5

Mg (GeV/c?)
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Level Structure of double-strange baryons

* A and p mode excitations interchange

G,Caqar SO

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

e B(1/2-,3/2)
=(1/2-, 3/2-)

="(3/2+)

o E(1/24)
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Structure and Decay Partial Width
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Mass Spectrum

Angular Correl.
(decay)

Level structure

Production Rate
(Diff. Cross Sect.)

Partial Width

Form of Hadrons

Mass, Width
(pole:M, — il'/2)

Spin, Parity

Response Function
(Transition) Form Factor

Internal Correlation
(Wave function)

Particle state
Resonant state

Internal (effective) DoF

Reaction Mechanism
Internal Motion/Corr.

Decay Mechanism
Internal Motion/Corr.

Classification

Form
(Dynamics of
effective DoF
in Hadron)







