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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) — (cc)(cc)
J/y-J/w resonances observed at LHC
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Exotic Multiquark Hadrons

# Why are the multi-quark hadrons exciting and important?

# What do they add to our understanding of QCD?
Color configuration in multi-quark (Nz4) systems is not unique.
Corresponding confinement mechanism is not well specified.
The tetra-quark, the simplest multi-quark, will clarify the quark
color dynamics and will tell us how quarks are confined.

B We propose
String-like confinement potential by extending the color
configuration space of the “quark model”.

Contributions of compact multi-quark states vs two-meson molecular
states can be separated.
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String flip-flop model

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

Oo—e
“String Flip-Flop” model I l o .
based on the Born-Oppenheimer approach
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® 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 for the U(1) charge, but in the color
SU(3) theory, hidden-color channels are automatically mixed.

= Ro—©B

R B
I I | ’ Hidden Color channel
R

B
# In QCD, the transition between two color configurations is
dynamically generated, and the HC channel is regarded as an

independent configuration. .u
@@ «—>

Re1loB

Strong coupling expansion of QCD

# In the quark model, only 2 independent color states are allowed.

_ __
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Quark model - color configurations

m Color singlet Q1 Q2 Qsbar 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) = [(Q10)1(Q204)1)  18) = [(Q105)8(Q205)s) BO O Qu

Diquarks with color 3Par and 6:

13) = (Q1Q2)3(Q3Q4)3) |6) = [(Q1Q2)6(Q3Q4)5) Q@ ® Q:

® These bases are all equivalent.

|1>:\/§|3>+\/g\6> |8>:—\/g!3>+\/§|6> BO—0Q.

# Two-meson states are not orthogonal.

. Qe Q Q. Qe QO Q. 1

1) = ) = 1
QO @ Q> QO @ Q:

1)
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Novel string-like potential

# Three color basis states in the tetraquark system
Q® 0% Qe—H0qW Qe-reQ:

13 24

BLO O0Q: QO chz BLO—07Q,

1) = (@1 — Q3)1(Q2 = Qa)1)
1) = [(Q1 — Q4)1(Q2 = Q3)1) orthogonal bases
lhe)) = [(Q1 <> Q2)3 + (Q3 <> Qu4)3)
# The string confinement potential
(1|VsT|1)) = o(r13 + 7r24), o: string tension
(1'|Vsr|1")) = o(r14 + T23). ® O @ O
transition by quantum tunneling S > S
filled the area by gauge field © @ oo

(1|Vsr|1) = ke™°°  S: Minimal surface area

Y. Koike, O. Morimatsu, K. Yazaki, PTP S137, 21 (2000)

Makoto Oka (ASRC, JAEA) 8



Novel string-like potential

# Confinement in |hc)) channel

(713 +To4 +T14 +T23  Tio+ T34
hc|Varlhe)) =
(he|Vsrlbe) = o | - :

(1|Vsr|he)) = (1'|Virlhe) = #’ exp (—aS)

# 3-channel confinement potential

o(r13 + 7r24) re =75 K'e™o> i
Vo = ke S o(ria + r23) —K'e™7" ) 1)
H’G_US —n’e“’s %[7’13 + 794 + T14 + 723 + 2(7’12 + 7"34)] |hC>>

Local 4-body potential
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Quark model confinement potential

®# Quark model with conventional confinement

3 _ _

V=-—0 > (T Ty)ry; Qi Qs Q @O Qs

T:(Q) = % Ti(Q) = —% Qs Q2 Qi O—-@ Q2
Vi = ( o(r13 + 124) (0/3)(r13 + 124 + 114 + 123 — 712 — 7‘34)) 1)
QM (0/3)(r13 + 724 + 114 + T23 — T12 — T'34) o(r14 + T23) 1)

=> induces long-range color van der Waals force
via color-octet P-wave polarized intermediate states

_ [(8[V[1)[? 1
Yeaw = =R X T g

T. Appelquist, W. Fischler, Phys. Lett. B77, 405 (1978)

Makoto Oka (ASRC, JAEA)



Born-Oppenheimer potential

# For the QM conventional confinement,

y-dependence of the adiabatic potential for a fixed x: y
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Born-Oppenheimer potential

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

41 No coupling | 1))
3t
2f 5
S >
() X ©)
S g
; 1))
Or
~1f
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Born-Oppenheimer potential

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

V(GeV)

# There appears a strong attraction at short distances with a large
mixing of the hidden color (hc) state. The compact tetra-quark

configurations become important at short distances.

The range of the free parameter
0< k' =8k <20an~ 20 ~1GeV —> k <0.3GeV
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Tetraquark states

# Next step is to compute the spectrum of realistic tetra-quark
systems with different choices of confinement and compare them
with experiment and/or lattice QCD results.

(1) Fully heavy tetraquark, QQ()(_)
(2) Doubly heavy tetraquark, Too = QQqq

B As an example, X(6900), a candidate of fully charmed tetra-quark

250 F - ——— = - 2
Sb 250 LHCb proton-lproton collision —+ Data - mb[X (6900)] - 6905 il § = MCV/ ¢
L, =9f"' @/s=7,8and 13 TeV sesTotal N . )
:E: 200 = Structure significance > 5 o :}T{l(lf:s(:l(l)ldBWI _: FBW[X(6900)] = 80 i 19 i 33 MeV/c
S _ My [X(6900)] = 6905 + 117 MeV/c? . Lhreshold BW2
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g 1505 | ) — Drsneses
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Tetra-Charm states

# With one-gluon exchange interaction
Coulomb + spin-spin interaction

® Parameters to fit to the charmonium masses
— reproduce the two meson thresholds

Mass spectrum (MeV)
Vcen(r ij ) = VCoul + Vlin + Vhyp

; Parameter 25+, Meson EXP THE

— ﬁ_ébr,, — 8na, < o ) e 0TS, - a, 0.5461 1S, Ne 2983.9 2984
rij 4 ! 3mimj N b b [GeV?]  0.1425 38, Iy 3096.9 3092
m, [GeV]  1.4794 3P, X0 34147 3426

o [GeV] 1.0946 3P, Zel 3510.7 3506

L : 516

b = o(conf) = 0.1425 GeV?2 = 0.722 GeV /fm w M e s
1S, n.(28) 36375 3634

38, w(2S)  3686.1 3675

38, w(3S)  4039.0 4076

38 w(4S)  4421.0 4412

# The conventional confinement cannot reproduce the tetra-charm
spectrum.

# Replace the linear confinement by the string-like confinement
to calculate the tetra-charm states.
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Tetra-Charm states

# Fully charmed tetraquarks

73007
7273.5(49.8) 7281.3(91.2) X(7200)
7202.2(60.6)
2100l X(7200)
7035.1(77.8) 7049.6(69.4) 7068.5(83.6)
6900 Quark model with X(6900)
% __conventional confinement _ X(@6900) X(6900)
ettt ettt eeeeeeeeeeeeeeeee e
L L OO
X(6600)
65001 X(6600)
6300}
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" X(6200)
8100 e i
5900% (ot 1+ 2+t LHCb CMS ATLAS

Makoto Oka (ASRC, JAEA)

Jlyy(2S)
n.(28)J Iy
nw(2S)
n:1.(2S)

16




-I'/2 [MeV]

Makoto Oka (ASRC, JAEA)

# Complex scaling method for the spin-aligned 2+ states
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6.3 6.5 6.7 6.9 71 73 300 6.3 6.5 6.7 T — 73
E [GeV] E [GeV]
®# 2+ Bound and resonance states (*without SR OgE potential)
K (GeV) | BS* (MeV) | BS MeV) | BE(MeV) 1st Res 2nd Res
0.08 6180 6180 4 6550 (41) 6913 (17)
0.10 6168 6166 16 6582 (54) 6929 (19)
0.12 6142 6140 42 6631 (51) 6944 (16)

Tetra-Charms with novel confinement
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Tetra-Charms with novel confinement
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Summary

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

® In QCD string picture, two choices (| 1)), |1'))) of quark-antiquark
combinations are regarded as independent color configurations.
Furthermore, the hidden-color state (| hc))) can be introduced as an
independent component.

Qe 0% Qwe—oT Qe —0Q
I

0 0Q: T,o—ea oo
1)) 1) |hc))

® A new color confinement force is proposed and can be used for the
quark model of multiquark systems. Mixings of | hc)) state induce a
strong attraction among the quarks.

# A bound state below the two-charmonia threshold appears due to
the attraction. Furthermore, the complex scaling method provides
us with two or more resonances that are consistent with experiment.
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