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Today’s point

Q: Where and how can we see the quark degrees of freedom in

the low-energy region? Where can we see the quark
) ) degrees of freedom more
A: By looking into the symmetry. cIearIy’?
There are 10 spm 3/2 baryons but the number of spm 1/2 b A

Some of the two- baryon systems have a Iarge short- range reiollsion )
i caused by the Pauli-blocking. '
(Experlments Quark models the Lattlce QCD)

; hadron systems get a Iarge short range attractlon bec luse hadrons
| are composed of multlple uarks (many-body effect). |
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€&’ _may be seen in the di-J/¥ mode 1?___
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Motivation

The interaction between the hadrons originated from the quark
deg rees of freedom consists of

(A) Pauli-Blocking Y wvetorme ) (o1 0
effects between di-J/ systems f, ( )qq. VMV
quarks b | coupling
(A) (C) | (D)
‘ XcJ !
CN'D
(B) Interference of the (C) uon color-spin *
hadrons by the quark  interaction (as a residual | _ | (E) meson 7 etc .
rearrangement Nt of the gluon effec:ts) exchange
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Quark potential to Hadron potential (How to derive (a) and (b))

Hamiltonian for quarks:

Makoto Oka, Kiyotaka Shimizu, Koichi Yazaki
PTP Supplement, Volume 137, 2000, Pages 1-20,

® ‘Kinetic + color-Coulomb + confinement + color-spin

Hq:Ho—l-Vq

2 2
Ho=3 (mit5t) =5 €

2Mm; 2ma

2

This comes from the OgE.
However, since we assume the
quark exchange occurs only In

rij

vJ

DV Ve N\ - N0 - O 9
Vq:Z< 4 L Ai * AjlconfTij X U]O‘S -

4

53(7‘z'j))

the (Os) state, one does not

Wave functions:

Jly and . mesons consist of c¢, confined in the meson

¢Os(b129 ?12) | Qalgaz; aa)

——— actually have to assume the
shape of the potentials.

two c¢c mesons with the relative motion wave function, antisymmetrized over the

q ua rkS : (spin,color,flavor)
Y(a)=d, >

A,

l//(?ab) ¢Os(b 12> ?12) | qaléaz; aa>i~¢05(b 34> ?34) | qu3QC¥4; ab>

04
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Quark potential to Hadron potential (How to derive (a) and (b))

= Nonlocal hamiltonian for the mesons is obtained by mtegratlng the

iInternal motions of the hadrons:
N (P, q) = &P 1nd’ P ud’ D, ¢ (b1za P 12)45 (b34» P34)5(Pa — P )

non-orthogonal

(1 B 24)45(1912, P 12)45(1934» 4 34)53(19 a” q) -

Assumption: the hadrons
are quark clusters
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Quark potential to Hadron potential (How to derive (a) and (b))

= Nonlocal hamiltonian for the mesons is obtained by mtegratlng the internal

motions of the hadrons: |
Zy(P,q)= J'd3?12d3734d37 Cb (b129 P 12)45 (b34» 34)5(19 a ” P)

P12 P34 Pa
( Z m; + | ) (1 - P24)¢(b12, P 12)45(1734» I3 34)53(19 a” 9 )
; 2Uu1p 2pzy zﬂa =%

= (2 m; + K, + K34> NP, )+ F(p,q) Assumption: the hadrons
. s are quark clusters

non-orthogonal
= Schrodinger equation written by the hadron coordinates becomes

(M/V+%—E/V)l//=0
M+ FHNT—E) /oy =0
(M + K+ Vi — E) w =0 potential written by the hadron coordinates

or

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024
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Quark potential to Hadron potential (How to derive (a) and (b))

= [he kinetic term can be expanded by ns-harmonic oscillator wave
function of the hadron size as

hawg [

K =—2[ +1/3(000. DI 0. D) + b1 0. TWLB.D)) +

Kinetic term mix the Os and 1s states. (function of the
relative hadron coodinates)

= Or

wo are the free parameters of the model

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Quark potential to Hadron potential (How to derive (a) and (b))

s V.= /12 % /-2 - K can be expanded by ns-harmonic oscillator

wave function of the hadron size as
Ve T) = T2/u — D2 (00, PV 0. T+ 0, L0, D)

Pauli effect pushes the particle from Os to 1s,
v={a|1-PX¥|p) which means the effect can be expressed by modifying

s Or the Os-1s mixing in the kinetic term.
Os s . 2s
attractive v > 0
hay nho effect v=1
2 repulsive v <0

L depends on the systems, and wo are the free parameters of the model.

When all the 4 guark masses are equal, the above expansion is exact.
XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



The effects (a)+(b) give a node In the phase shift

= \When we assume 1/mb* = w,, the effects are written by w,.

v ={(a|l-PL|p) (will be shown later)
Ty =2 H, d*(2380) Y= i I ] we have to check ths effects
- on di-J/yY ---
C3 ''''''' - (B) 4/3 |
N’ v=1/9: NZ(1/2 0) (A) 2/3
(Q M - = —_—
O ;‘A) T:TLT;}W
— W 200 0,
./ X Oy =1/9
\\ B
. Forbiddenchamnel ____

(A): ccce total spin 2, 1, and total spin O-cc-spin-1 component | Hcb. Science Bulletin 65
(B): ccce total spin O-cc-spin-0 component (2020) 1983-1993
XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



The effects (a)+(b) give a node In the phase shift

= \When we assume 1/mb* = w,, the effects are written by w,.

v ={(a|l-PL|p) (will be shown later)
=7 -
Ty=2:H, d*(2380) Y 3/ we have to check ths effects
= on di-J/ ¢ -
<=\ -(B) 4/3 220
N v=1/9: NZ(1/2 0) (A) 2/3 > 290F LHCh P
Q — s 180 —— Resona
R T~ % 160 E- ———
N e e L =
- ' S 120F —— NRS
A - Wy Ta}o 30)0 S 100 i i |
N J v=1/9 = S0RK/ TN\ tH |
R - g o0 f +
Forbidden channel_ _ ___ : YE
— U + T T —— 8200 7000 8000 9000
M1y (MeV/c?)
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The effects (a)+(b) may give a bound state in some case.

= my/mg =5 diJ/yY v.s. Tcc

v=4/3, m/m;=5 18 [CC
——= 2/3A)

.......... v =4/3, mq/mq= I |B) diJ/w

o 0 (rad.) S

(A’):mc/mu=5 Tcc, cc spin-1 component
(B’):mc/mu=5 Tcc, cc spin-0 component

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Size of the effects (a)+(b) Is size of 7/

Wave function normalization is taken to be 1 when R - .

. c s s 1
= ¢°systems: 6!=313121x 10, (P5) = 1/3,(P) > ([33]| P |[33]) = —5

v={(q°| | q° = (BB|(1 —9P5) | BB) <2 %

q SA
A— . _ sf sf _ 1 A

" g'g systems: 4! =3!x4, (P34) > ([31]\P34\[31]) = —3 i
A

B ) 4 9/, A
v =(q*q1 4,14*G) = (BB|(1 — 3P3,)| BB) < — %
W ED

o 3
" gqqq systems: d,of, = (1 — Pi3)(1 — Pyy) = (1 — Pyy)(1 + PyyuPy3)

v={q°q" | A4, | q°G") = (MM | (1 — P3) | MM)

q

1
= —((1 = P)(1 + P) + (1 + P)(1 — P1))

Jly c/, N 9 ,
C 1 y o) ; 4 color singlet 4/3
= —((1 + PP +=((1 = PF)) <— =
) 3 (1 + 13)> + 3 (( 13)> =7 213 éb%r_ccbar
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V. Potential shape (nonlocal)

_ h 2
ccec(J =1, 2) Vi(r, 1) = ;)O( 3" 1)\@ (gbOS(b, NG| (b, 1) + ¢ (b, 1), (b, r’))
with wy, = S00MeV,b = 1/, /m.w, o
Vir,r')rr'b (MeV) : / / //
r (fm) ﬂ
. an®
—-1/6 1/4/12
ForJ=0 (nn.,Jiylly), v—1= [\/ﬁ e ] 0.0 - Q 10\ 3

the orbital dependence is the same.

r’ (fm)
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Born-phase-shift equivalent local potential

Phase shift with Born approximation is essentially Fourier
transformation of the potential. By the inverse transformation,
we can obtain a local potential (something familiar) from the
nonlocal potential (something not so familiar).

o0

Jo(kr)2p, Vi (r, r’)jo(kr’)zrzdrr’zdr’

, tan 5°(k) = — k[ jo(kr)22/4hV£ C(r)rzdr

2 2 g o oo<2a DI W , e
» < . - _ L z

tan 6°(k) = — k

(a little bit) different from the one
m from the inverse scattering method,

but the analytic form can be obtained
in this way:--

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



V. Potential shape

_ I 2 2
ccec(J =1, 2) VE = 12w,(y/2/3 - 1)—(1 —gﬁ)exp[——z]
0 VK(F, r’) rr'b (M@V) _ (mca) )_1/2
/ 10+ m lac(r ) (M@V) 0
We ‘are going to use this as it is. 200 -
] // / /’ 100 I
05~ | ﬂ iw l
r (fm) ﬂ’ S
‘ ></—-——\ 1.0
1()><<%~>< 1001 r (fm)
“ 5 -200:-
of'o - -3001 wy = S00MeV, b = 1/y/m.wq

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



V. Potential, summary

Size of the effects can be evaluated by u}jf;f,
® p < 1. (a) Pauli-blocking effect

Os-1s mixing reduces — repulsion at low p
= y> 1: (b) Quark many body effects

Os-1s mixing enhances — attraction at low p

= v is determined by the color-flavor-spin symmetry v = (hh'Os| o/ | hh'Os) = (hh'| (1 — nyny, PEYYC) [ R o,

= Examples:
Two baryon systems (g°-¢°) 0<% <2
Pentaquarks (¢°-¢4) 0<uyfi<s
Two meson systems (¢g-¢q) <Y<

s taking one hadron out of 2 hadrons’ is different from ‘taking ggq out of gqqq (+g) or qg out of ¢gqg.’
XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Dynamical calculation

Two (not so) free parameters:
= charm quark mass m. = 1500 MeV.

= mass-scaled meson size, mb* = ;'

When we assume mb* = w;"' , we can explain the fact that the 1st excitation energies of hadrons

are almost flavor independent.
We employ two values for w,

= [he excitation energy ~ 600 MeV, which corresponds to 1.7a, for the linear confinement,
—a(A. ) r.
haw, ~ 350MeV
Corresponding size parameter of nucleon can be obtained

1000 MeV Hadron spectrum

Meson, the 1st excitation (1s-0s)

by mb* =w;': m,,=313MeV ~ b, ;, = 0.6fm 500 Me\é @ p E*D D* ¢ D, _;k n. w I?C ;; T
= nucleon size b, ;= 0.5fm with m, , = 313MeV gives w, ~ 500MeV '
1 f
— = wy ~ 350 — 500MeV 0 MeV! PDG
pb?

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Phase shift of cc-c¢ scattering by VK

The simplest channel

f Phase shifts cece JE = 27
(J=2) 2 — Vi, wo = 500MeV
= Phase shift has anode = § ) Ve = S
3 =4 £
at e above the g o
R e

O .
threshold. ) EGev) |7

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



S-matrix poles from Vg

L Cxu=2 A 10/9 T X u=0 A 2/3
_(a) Imélf >c§ 3/2 O 1.001 - -(b) Imé{? ><§ 179 0 0.999 -
| X  Rebk - ~ Rebk
4 3 . f 1 3 4 4 3 2% | K2 3 4
>®A 1 A@ || |
&\ &
S} -3 R - @& -3 @@
2 -4 5 !&(& -4 @f&l
8 v > 1 3 v < 1

X| 2: the S-matrix poles of Vi, for ag = 1, and (a) v=2(x), 1.5(0), 10/9(A), 0.001(0O),
and (b) ¥=0.999(00) v=2/3(A), 1/9(0), 0(x). k stands for the momentum multiplied
bv the size parameter between the two clusters. bk.
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S-matrix poles from Vg

The pole is around E = 6400 — 300/2i (J=2)

E =6453 — 191

It has a large width, but the poles
are really there. They surely
contribute to the observed
spectrum.

poles from the potential shape /|

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024

(wy = 500MeV), E = 6377 — 1331

(wy = 350MeV)

|Tm bk

4 3 2 A A 2 3 4

Re bk
A\ JAN
A\ JAN

! A 31 A ]

JAN JAN
JAN A\
T rv=2/3~%4




Phase shift of cc-cc scattering by Vv

Phase shifts céce by Vi, JE = 0121

T
) — T =0 (nu7.) wo = 350MeV
— J =0 (JaJp)
—J =1
~ T L
‘-C‘é S
S 4
) —
QS - e AT,
0 , e~ ----:-:.-_-_-
7
',‘ ) // p 6. E( Ge V)
\ \/ ’
\\__/,\.__/'
T
4 Elasticity cccec J& =07

— Viin wo = 350MeV

Phase shifts céce by Vi, J& = 0127

— J =0 (nn:) wo = 500MeV

— J =0 (JRJIA)
—J=1

g

/
\ ‘\ 7’ ,/
\\—f&-—",

4 Elasticity cece JE = 07
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Do they produce the structure in di-J/y spectrum?

They produce a broad
resonance, or a broad
structure, in the final di-

J/y states.

J
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—I—I Data
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XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



QM N EE R
T4 E... I e =
.............. AR P R e R Db 770
2_'__'_ &% = e —77(:77(:
E=6273 =234 =% 7} o s
2. b8 L = | = e e | - J//Q/)w
(Ortega et al) g G S G RS S B M ZC;Z’”
8 G.6 [ e {7y,
corresponds to the 4 | :
present work’ 621 il Ll e AT/ J
: R e NeJ /3
RNt RN it M O M Ve N) (MR M Ve S RN O e 0 NSRS UMttt (LR MU NIVl I e N N o ncnc

i oot o

1 i 9 ol an

P. G. Ortega, D. R. Entem and F. Fernandez
Phys.Rev.D 108 (2023) 9,094023

JPC'
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Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)
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(c) gcqc color-spin interaction

Assumptions:
= color-spin potential between quarks V< affects those only In

the relative (0s) configuration.
= \/ is proportional to 1-1c- o
= ¢’'S are c-numbers, and obtained from the hadron hyper-
splitting,
obtained from the observed 5 -J/yw mass dift.

s /N — fil; /
Vlj (l”lja I’lj) — (/11-./1]-)(01- : 0]) CO <rzj ‘ OS)(OS ‘ I”U->

S
XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Channel dependence of the color-spin interaction

They can be expressed by the mass difference btw J/y and 5. as:

We fold the interaction by the hadron clusters.
That also gives the threshold difference.

ccec(J = 2)
V.=0
ccec(J = 1) |
Vs = My (D)

Mostly repulsive.
ccec(J = 0)

0.61 —0.19 ,
Yo =M\ _o19 051 >¢Os(r) o)

M, = m(J/yw) —m(n.) (observed)

XVIth Quark Confinement and the Hadron Spectrum @ Cairns, Aug 22, 2024



Phase shift of cc-cc scattering by Vv

Phase shifts céce by Vi, JE = 0121

T
) — T =0 (nu7.) wo = 350MeV
— J =0 (JaJp)
—J =1
~ T L
‘-C‘é S
S 4
) —
QS - e AT,
0 , e~ ----:-:.-_-_-
7
',‘ ) // p 6. E( Ge V)
\ \/ ’
\\__/,\.__/'
T
4 Elasticity cccec J& =07

— Viin wo = 350MeV

Phase shifts céce by Vi, J& = 0127

— J =0 (nn:) wo = 500MeV

— J =0 (JRJIA)
—J=1

g

/
\ ‘\ 7’ ,/
\\—f&-—",

4 Elasticity cece JE = 07
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Phase shift of cc-c¢c scattering by Vi + VC

Phase shifts cece by Viin + Vee J& = 0127

T
) —J =0 (n:n:) wog = 350MeV
—J =0 (JWJW)
— ] =
=¥
3 4
N’
R T — -
0 3 =3
. eV)
N’/
/
_f \\‘ 4///
4 Elasticity ccce J& =0t

— szn + ‘/;S Wy — 350MeV

Phase shifts cécec by Viin + Vs J& = 012

U
2 —J =0 (ncnc)
—— T =0 (JApJA) we = 500MeV
_— ] —
/-.\ T i T
g o J
S 4
) ——
Q

JT N h _:’/
_Z Elasticity ccce J& = 0t

— Viin + Ves wog = 500MeV
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Summary and Outlook

= \We study the quark Pauli-blocking effects and the quark interchange
effects in the ‘simplest’ cccc multiguark systems.

®= They can be expressed by the non-local potential with Os-1s mixing.
= For the di-J/y states, the mixing is mostly repulsive.

s | he effects give a structure around 3200+0.75@w, ~ 6500 MeV with

I' ~ 300 MeV for each total spin J=0, 1, 2. Corresponding poles appear
In the S-matrix.
= By investigating the effects in ccec’s, or in other multiquark states, or

their decay or production etc., we can construct comprehensive picture
of the exotic states -
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Quark potential to Hadron potential (How to derive (a) and (b))

orbital excitation does not depend on the flavors.
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Quark potential to Hadron potential (How to derive (a) and (b))

What can we learn from these?

= Evaluation of the excited energy by the Gaussian wave function with size

parameter b. to 1

H, = H, ~— + or

3 r
1 4a, 1 1 1
(1s|H,|1s) —(Os|H,|Os) = | Fo——Db

ub? 33\/_19 \/7_[

4o, 2
(lslHllOS)—— \/ o\/ b
ub? 3z b 37

The size parameter becomes small as the mass becomes large. But, if we take

ub* ~ const., the excited energy will depend on the mass only weakly. (we are not
claiming that gaussian is good.)

1
— = @, ~ 350 — 500MeV

ub? One of the two free parameters in our model
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