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Quark confinement for tetraquarks

® Conventional quark model: sum of two-body confinement
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- induce long-range color van der Waals force cvdW & — —
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® Confinement on the lattice
connect quarks by strings with the minimal lengths
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String confinement model

® “Reconnection of strings and quark matter”,
H. Miyazawa, Phys. Rev. D20, 2953 (1979)
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o———0
the spatial configuration of the quarks
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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 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> Makoto Oka®,>*" and Daisuke Jido®**
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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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Confinement + short-range potential

® Short-range Coulomb + spin-spin forces are superimposed.

Vcen(r i j) = Veoul + Vhyp
g 87ras o \3 —2r2.
= — - e ’JSi . Sj
rij 3m;m; \\/7

# Parameters are determined to fit to the charmonium masses
and to reproduce the two meson thresholds

Mass spectrum (MeV)

Parameter 25411, Meson EXP THE
a; 0.5461 1So M 2983.9 2984
b [GeV?]  0.1425 38, Iy 3096.9 3092
m. [GeV]  1.4794 3Py X0 34147 3426
o [GeV] 1.0946 3P, Zel 3510.7 3506
P, h.(1P) 35254 3516
3P, X 3556.2 3556
1S, n.(28)  3637.5 3634
38, w(2S)  3686.1 3675
38, w(3S)  4039.0 4076
38 w(4S)  4421.0 4412
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Tetra-charms with novel confinement

# Complex scaling spectra of the spin-aligned 2+ states

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)
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# The SR OgE interactions play minor role here.
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cccc spectrum with novel confinement

conventional confinement —

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)
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bbbb spectrum with novel 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)




cccc spectrum with novel confinement

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