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Ground-State Hadrons

# Quark model prediction: GS=(no orbital excitation, 072®)
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g=(u,d.s) 9+9 3+3 3+3
c 3+3 1+1 141 B!
— not yet-gbserved
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flavor yspin qq9 Qqq QQq QQQ
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# The masses and quantum numbers of all the observed 29 mesons
and 48 baryons are consistent with the quark model prediction.
# The missing GS meson (B) and baryons (Q%, . .) should be found as

predicted.
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Excited states

® The quark model works well for excited heavy mesons below the
two-hadron threshold.
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S.N. Mukherjee et al., Phys. Rep. 231 (1993)
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Excited states (scalar nonet)

The hierarchy problem of the lowest scalar nonet

m(fo) < m(Ko) < m(ao) ~ m(fp) fo(980)  ao(980)

inconsistent with qq nonet

solved by Jaffe’s tetra-quark picture, Ko(700)
R.L. Jaffe, PRDI15, 267 (1977)

fo = udud no s (ideal mixing)
_ 500

K =udus K =udds 1s fo(500)
1 __ - = g

ag = ﬁ(usus — dsds) ag = usds a, = dsus 2s
1 _

) = —(usus + dsds
fO \/i( ) 2s
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Light Baryons: Excited states

B The lowest negative-parity baryon is A(1405).
The LS splitting is abnormally large.
# The 1st positive-parity excited state N(1440) lower than N(1535)

A*(1520)

N*(1440)

=(1318)

(1193 A(1232) 3/2-
o Negatlve Parity
A(1116)

N(940)

1/2+ 3/2*

Positive Parity

# Molecular structures, A(1405) ~ NK , N¥(1440) ~ No, may
explain the non-QM behaviors of the excited states.

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Exotic Multiquark Hadrons

# Hadrons that do not fit the simple quark model picture
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Exotic Multiquark Hadrons

® Fully charmed tetra-quark resonances X(cccc) — JIy+ J/y

observed at LHC (quantum numbers unknown)
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Current status summary

® Quark model works excellently for the ground states and excited
states below the two-hadron threshold.

® Multi-quark and/or molecular components play key roles for the
excited/exotic states. The other ingredients (constituent gluon,
diquark, . .) may be significant.

# Couplings to (S-wave) thresholds for two- (or more-) hadrons are
critically important in understanding hadron spectra and
structures.

® We focus on the Confinement Mechanism of Multi-Quark System
and the couplings to two-hadron scattering states.
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Confinement of Quarks

in Multi-Quark States
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Quark confinement for tetraquarks

® Conventional quark model: sum of two-body confinement

V=3 (- A)(ary) () =D AN 4 - 3

i<j

- satisfy color saturation |

- induce long-range color van der Waals force cvdW & — —

3
T. Appelquist, W. Fischler, Phys. Lett. B77, 405 (1978) R
R.S. Willey, Phys. Rev. D18, 270 (1978)
S. Matsuyama, H. Miyazawa, Prog. Theor. Phys. 61, 942 (1979)

® Confinement on the lattice
connect quarks by strings with the minimal lengths

- need string rearrangements o o, °
to allow color singlet mesons PP o
split away il
1
Q, Q, 05/
Lattice QCD Wilson loop for tetra quarks O - -
FE. Okiharu, et al., J. Mod. Phys. 7,774-789 (201¢) 2 * © & 1) 12141618 2
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Quark confinement for tetraquarks

m Reconsider the quark confinement potential for the quark model
from the QCD viewpoints.
Sum of two-body confinements v.s. String-like confinement

® We propose to extend the color configuration space of the
conventional quark model with a hidden-color |hc)) state.
Its mixing induces extra short-range attraction among the multi-
quark systems.

#m Test the new model by applying it to the fully charmed
tetraquarks.

PHYSICAL REVIEW D 108, L071501 (2023)

Quark confinement for multiquark systems:
Application to|fully charmed tetraquarks

Guang-Juan Wang ,1’2’* Makoto Oka ,3’2’T and Daisuke Jido®**
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“Check” the confinement potentials

# Fully heavy tetraquarks, such as cccéc and bbbb, are ideal objects
to check the validity of the quark model and confinement
mechanism of multiquarks.

# Possible J©¢ quantum numbers for the S-wave cccc or bbbb states
are 0**, 11—, 2%,

® We apply the Gaussian expansion method (GEM) to the full 4-
quark calculation. The AL1 potential model is emplyed.

B We use the complex scaling method to distinguish resonance states
from scattering states in the finite size basis calculation, i.e.,
rotating the variables into complex plane as 7 — re’’, p — pe™*

Qi Meng, Guang-Juan Wang, MO, ArXiv:2404.01238

G.J. Wang, Qi Meng, MO, Phys. Rev. D106, 096005 (2022)
Qi Meng, et al., Phys. Lett. B 846, 138221 (2023)
Qi Meng et al., Phys. Lett. B814, 136095 (2021)
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Quark Model Hamiltonian

® Non-relativistic (NR) quarks with constituent masses
Linear + Color Coulomb + Color Magnetic interactions

m “AL1” potential by Silvestre-Brac, Few-Body Syst. 20, 1 (1996)
2 e N\

b;
2m; —~ 4
1<)
3 o 2mwa/
Vij =—~ <07“z'j— + f(Tij,TOij)(O'z"O'j)—A)

4 Tij Smimj
2 /.2 -B
_exp(—r?/rg) - 2m;m;
flr,rg) = 737273 roi; = A (mi m,

My q = 0.315GeV, mg = 0.577GeV, m. = 1.836GeV, my = 5.227GeV

o =0.1653GeV?, a = 0.5069, o’ = 1.8609
B = 0.2204GeV, A = 1.6553GeVP ™1 A = 0.8321GeV
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GS Meson Spectrum

9 Tlb b
QM (AL1)
2 (Q. Meng, S. Ohno)
7
- (B) B
6 be Be
By B, B B
Lattice QCD
4 (PACS-CS 2011)
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GeV

3.5}

Heavy Baryon Spectrum

2.57

b partner

not observed yet

Quark model
T. Yoshida et al., Phys.Rev. D92, 114029 (2015)
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cccc spectrum for conventional confinement potential
Qi Meng, Guang-Juan Wang, MO, ArXiv:2404.01238
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e No bound state, 6 resonances: 3 (0**,17,2**) broad resonances around
7 GeV, and 3 sharp ones around 7.2 GeV.
® They are more than 100 MeV above the observed resonances.
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bbbb, bbcé spectrum (no exp. data)
Similar resonance structures are seen but not low-lying
resonances.
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E [MeV]

The same Hamiltonian applied to the doubly heavy tetraquarks,

Too = 00qq (1=0, 1), and gives 2 bbiid and 1 cciid bound states.
Qi Meng et al., Phys. Lett. B814, 136095 (2021)
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String confinement model

® “Reconnection of strings and quark matter”,
H. Miyazawa, Phys. Rev. D20, 2953 (1979)

Oo—e
“String Flip-Flop” model ] l o |
with reconnections of strings according to

o———0
the spatial configuration of the quarks
‘/;tring =0 X Mln Tlink >/D/< - >\Z\<
links

® Similar “string-type” confinement potential models for multi-
quark systems were discussed by

O.W. Greenberg, J. Hietarinta, Phys. Lett. B 86, 309 (1979)

N. Isgur, J. E. Paton, Phys. Lett. B 124, 247 (1983)

M. Oka, Phys. Rev. D 31, 2274 (1985).

F. Lenz, et al., Annals Phys. 170, 65 (1986).

Y. Koike et al., Nucl. Phys. A449, 635 (1986), PTP S137, 21 (2000).
G.A. Miller, Phys. Rev D37, 2431 (1998).

J. Vijande, A. Valcarce, J.M. Richard, Phys. Rev. D 85, 014019 (2012).
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String flip-flop model

# The string FF model works well for the U(1) charge, but for the
color SU(3) theory, color recombination becomes nontrivial.
Coupling of hidden color channels is unavoidable.

ﬁI l B Ro—eB Hidden Color channel

R B ReLoB

# QCD predicts flip-flop in the strong coupling expansion

1) <¢E§¢<—> S/\‘<1’>

® Two states are independent and transferred dynamically. This
“string dynamics” can not be implemented in the conventional
quark model.
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Quark model - color configurations

# Only two independent color states are allowed in Quark Model.

3®3®3®3:‘2X1}@4X8@10@10@27

® Color singlet Q1 Q2 QsPar Qg4bar system is described by
Two singlets (mesons) states: QU@ ® Q.

1) = |(Q1Q3)1(Q2Q4)1) 1) = [(Q1Q4)1(Q2Q3)1)

Singlet + hidden color states:

1) = |(Q1Q3)1(Q2Q4)1) |8) = [(Q1Q3)s(Q2Q3)s) QO O Q.

Diquarks with color 3bar and 6:
3) = [(Q1Q2)3(Q3Q4)3) 16) = |(Q1Q2)6(Q3Q4)5) Qe ® Q:

w These bases are all equivalent.

:\/213>+\/?6> \[IS \/7]6 Q0 O Qs

# Two-meson states are not orthogonal. (1]1")
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Novel string-like potential

m If the quarks are the only carriers of color charges, the quark
model does not have enough freedom for color configurations.

® We propose to extend the color Hilbert space of the quark model
that can incorporate the color dynamics for multiquark systems.

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)

® For a tetra-quark systems, we choose 3 color basis states:

Qe oq. L0 q QO—@Q:

r13 24

QO 0Q: QO 7GQBQQZ BLO—07Q,

1) = (@1 — Q3)1(Q2 = Qa)1)
1) = [(Q1 = Q4)1(Q2 = Q3)1) orthogonal bases
lhe)) = [(Q1 < Q2)3 + (@3 <> Qu)3)
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Novel string-like potential

# The string confinement potential

(1|Vsr[1)) = o(r13 + 724), o: string tension
(V'|Vor|1') = o(r1a + r23).

® Transitions by quantum tunneling filled the area by gauge field
(1|Vsr|1") = ke™°®  §: Minimal surface area ®@ O @O

Y. Koike, O. Morimatsu, K. Yazaki, PTP S137, 21 (2000) S <> S
© @ o9
# Confinement in |hc)) channel

(113 +To4 +T14+T23 T2+ T34 QO @Q;
4 + 2

(1[Vsrlhe) = (V|Vsrlhe) = £ exp(-0S) &' =8k @O OTQ,
# 3-channel confinement potential (full 4-body potential)

(hc|Vsr|he) = o

o(ri3 + r24) ke 73 K'e=7" 1)
Vep = o—0S o (14 + T23) —k/e=% 1))
K,,B_US —fs’e“’S %[1"13 + 724 + T14 + 723 + 2('7'12 + T34)] |hc))
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Born-Oppenheimer effective potential

B A rectangle configuration of 0000

# QM confinement for the non-orthogonal |1), |1) bases

v 201 (2/3)o(x +y — /22 + y?)
(2/3)o(x +y — /22 + y?) 20y

® String confinement for the orthogonal |1)), 1)), |hc)) bases
20 ke %Y ke %Y
Vsr(z,y) = | ke "™ 20y —K'e” 7"
K'e 7™ —k'e 7 g(ZTY 4 V2 +12)

One free parameter x (v’ = \/g k), which is not determined from
the meson spectrum.
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Born-Oppenheimer effective potential

# Novel String-like confinement: adiabatic potential at fixed x

V(GeV)

# A short-range attraction due to the large mixing of the hidden
color (hc) state. Compact tetra-quark configurations become

important at short distances.

# The only free parameter x will take a value in
0 <K' =8k <20an~ 2o ~1GeV —> £k <0.3GeV
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cccc spectrum with novel confinement

conventional confinement —

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)

(7300 —
_______ ) 7273.5(49.8) 7281.3(91.2) X(7200)
7202.2(60.6)
moop O _ X(7200)
| |7055.1077.8) 7049.6(69.4) 7068.5(83.6)J
(6900 6928.8(37.4) X(©590)
> 6881.1(31.4) 6922.4(404) T 1X(6900) X(6900)
é’ ---------------------------------------------------------------------------------------------------------------- Jlyy(2S)
[ e n.28)Jy
T . SN S nw(2S)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ﬂch(ZS)
6584.2(85.2) 6582.2(108.4 X(6600)
6500} 6582.2(108.4) X(6600)
6502.1(77.8)
novel confinement (k = 0.10 GeV’,
6300 /i ( ) X(6400)
--------------------------------------------------------------------------------------- Jlyd!
Bound states ——» e
T nJly
6058.2
\ 4 """""""""""""""""""""""""" ncnc
9900" *+ 1+~ 2++ LHCb CMS ATLAS

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



bbbb spectrum with novel confinement

conventional confinement )
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cccc spectrum with novel confinement

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)
# Complex scaling spectra of the spin-aligned 2+ states
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®# 2+ bound and resonance states
K Bound state | Binding Ene. 1st Res 2nd Res
(GeV) (MeV) (MeV) E (I'/2) (MeV) E (I/2) (MeV)
0.08 6180 4 6550 (41) 6913 (17)
0.10 6166 16 6582 (54) 6929 (19)
0.12 6140 42 6631 (51) 6944 (16)
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cccc spectrum with novel confinement

#m Pole positions of the 2+ charmed tetraquark in complex & plane

i c=0.14 GeV ¥ e k=006 |

8 e k=0.08

— | k=0.12GeV ¢ & ¢ k=009

>> 6 = e k=0.10 ]

> | 5 o

2 I o k=0.12 |

— 47 k=0.10GeV|e S . k=0.14 -

SO S |

S

=z 2 x=0.08 GeV ¢ !

E - 2nd resonance-
0 Ty | T j

- . .;. Ist resonance L

~20 ~10 0 10 20
Re[k/+/ 2 u 1 [MeV!/?]

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Summary

# Confinement in the tetra(multi)-quark system is not trivial nor
well established from the quark model viewpoints.

m String-like confinement potential is proposed by extending the
color configuration space of the conventional quark model with a
compact hidden-color state.

Qi . Q Qs Q@@ Q4 Q @@ Q2

Q3O 0 QL QOO0 WO 0
1) 1) |hc))
® Mixing of the | hc)) state induces strong attraction among the
multi-quark systems.

® The model is applied to the fully-charmed tetra-quark system. A
bound state appears due to the attraction of HC. Complex scaling
method provides us with two or more resonances that seem
consistent with experiment.
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