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Introduction
e Charmonia and XYZ states
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Introduction
« Charmonia and XYZ states
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Introduction

Charmonium

Molecular or tetraquark states
Hybrid

Non-resonant interpretations

More states with exotic structures?
Here discuss with a simple model



The color-magnetic-interaction(CMI) model

* Mass splittings for S-wave states:

H = mi+» Ti+Vesy.

1
?}?i?;?j

I-"':gff — Z {41“”))\3 : )\j + B /\i . /\jG’i . r_’.Tj]

:> H = Zﬂl?ff—FHEff,

Herp = — ) Cijhi - Ajos - 0. —3» (q9)

Ma — My ~ 300 MeV



The CMI model

Drawbacks:
No Dynamics;
Effective quark masses;
Effective coupling constants;
Estimated masses and other problems

Few-body problem complicated

Simple for estimation of rough positions of
multiquark states

CMI model can catch basic features of spectra



The CMI model

(Hen) = qu \iG; - o)

?,Uf — (COZOT‘) R (Spm)5 (He) = ;C’i;(z\i - Aj)

0 : Pauli principle (Hs) = — ) Cij{oi-o3)
i<j
Hogaasen, Sorba,MPLA19,2403(2004).
* For (gqg...): M.Oka, NPA881,6(2012)

(-4 (o1 ) = |88+ 3505+ 1)+ 26,15U(3) ] ~4CIsU(6), |

* For (g9):
(Ag-As)(04-05)) =4 [Cz SU(3),] —gl [&E(scE +1) -%] 9



The CMI model

e Two schemes of estimation:
M=) m;+ (Hcy)
M=M,,;— (Hep)per + (Hem)

CMI Hadron CMI

«Upper limit
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Hidden-charm pentaquarks

PRL 115, 072001 (2015)—
LHCb
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Mp,(aas0) = 44498 £1.7 2.5 MeV,
FPC(445U) = 39+5+19 MeV.

M P.(4380) — 4380 4= 8 £ 29 MeV, 7 e
Do asso) = 205+ 18486 MoV, ity

my o [GeV]

 Wu, Molina, Oset, Zou,PRL105,232001(2010)

[n summary, we find two N states and four A} states
from PB and VB channels. All of these states have large cc
components, so their masses are all larger than 4200 MeV.
The widths of these states decaying to light meson and
baryon channels without ¢¢ components are all very small. 11



Hidden-charm pentaquarks
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Hidden-charm pentaquarks

* Interpretations: molecules, pentaquarks,
kinematical effects, triangle singularity, ...

* J/y N resonance?
4380-4035=345 MeV
(a=0.71 fm [Yokokawa et al, PRD74, 034504(2006)])

* Colored charm-anticharm pair?
(99q)s.(cC)s,

Dynamical calculation: Takeuchi, Takizawa, PLB 764, 254 (2017).

glky,
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Hidden-charm pentaquarks
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J. Wu, Y.R. Liu, K. Chen, Xiang Liu, Shi-Lin Zhu, PRD, 95, 034002 (2017), 14
“Hidden-charm pentaquarks and their hidden-bottom and Bc-like partner states”



Hidden-charm pentaquarks
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Hidden-charm pentaquarks

« SU(3) breaking:
Buccella, Hogaasen, Richard, Sorba, EPJC49,743 (2007).
* Narrow state

4639 ——— - 16?. DO i o i ;:5;:”: h
Ower than }-_Ldi']]““““}iiﬂﬁ = =i T"..I._
nossible O R o e (S2D, (S,
molecules

(b) [ = 1 (dashed) and I = 0 (solid) nnsct states



Hidden-charm pentaquarks

* Why low state possible?
(1) SU(3)_f symmetric case:

. 3
) ) ) 1 84(1): (Hep) =2C,4 +2C,  for (s =0,J= -)
10,: (HCM} =10C,, +2C.. for (SC;. =0.J = —) =
i qq 2 |

2
(Hep) = 2Cpg == Cop = 10(Cye + Cye).  for (s =1.J= —)

(H ) 10C 2 C 20 (C C,z) fo (S' 1.J l) ; :
= —=Cpz——= e — Cuz)s r|S.:.=1LJ==
em) 99 3 39 g 2 (Hey) =2C,, _%C(_Z, —4(Cye + Cyz).  for (s =1.J :%)
(Hew) = 10C,0 — = Coo + 2 (Cou = Ce). for [ Sex = 1.4 =2 : 5
\Hem/) — 99— 3 et T _T( qc qc/s Or | Jee = L./ = 2 ) (Hep) = 2Cy4 _§C<‘Z‘ +6(Cye + Cyz).  for (Sa—‘ =1.J= 5)
. \ 4C 20 C e o =0 _ 1 ; \ - - - . |
lf - \HCMf =—1 qu T C(‘E‘- for 5(-5 =0.J= 5 8)‘(2) \HCM/ = —2(.qq T 2(,[‘;_ for 5[‘5 =0.J :E
/ \ ~ 2 4 ~ - - ! [ V= 20 2. A(C ~ or [ S — 1.7 —
\HCMf :—14qu—acca—?(cqc"‘ ll(,qz) tO[‘ ;S[-(—-: IIZE \HCM/__ qu_gct'f'_ ((Jq(‘*(‘qf‘)- for ‘S(‘(—‘_ 1.J =
. 2 2 3 HoN— 20 _20 . N g
(Hey) = —14qu—;(:¢-z- *E(C‘?‘ + 11C,z),  for (S“ =1.J :E) (Hep) = =20y, 3 Cee 2(Cqe + Cge). Tor ( ce=1J

(2) Channel coupling — low mass
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More elaborate study

* Y. lIrie, M. Oka, S. Yasuli, “Flavor-singlet charm
pentaquark”, arXiv:1707.04544 [hep-ph].

OGE interaction
and instanton-
Induced interaction

Mass [MeV ]

A

46001 q 1m0, 1729 @, TM=(0, /> (1. T7)=(0. 3/2)
¥ E
P|ln:: 53 PE‘SS Pts&

4500 4
4400
4300 4
4200 4

4100

D*+Z, (4477)

D."+A, (4399)

D+=_ (4336)

D+, (4255)
Thp+A (4212

n.+A (4098)



A comparison for quark level

and hadron level calculations

« In PRL105,232001(2010) [Wu et all:
lowest Ncc is around 4261 MeV [here ~4287 MeV];
lowest Acc is around 4209 MeV [here ~4190 MeV].

(qqq)s.(cc)s,. ~ D A,— DA —BF D'y, — ]_:)S: — D*S:])

19
Y. Yamaguchi, E. Santopinto, PRD96, 014018 (2017) ?



Hidden-charm pentaquarks
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Triply-heavy mesons

« Can we distinguish compact tetraquarks
from molecules?

e.g. X(5568), states in J/wyd

* A system without light meson exchange?
e.g. long history QQQQ,

Y. Iwasaki, Prog. Theor. Phys. 54, 492 (1975).
K.T. Chao, Z. Phys. C 7, 317 (1981).

& not widely discussed QQQq

Y. Cui, X.L. Chen, W.Z. Deng, S.L. Zhu, HEPNP 31, 7 (2007).

21



Triply-heavy mesons

In the prediction of hidden-charm pentaquarks, an excited N around
4.3 GeV should contain a charm-anticharm pair.

Similarly, is it possible that an excited D, Ds, or other heavy-light
meson also contains a charm-anticharm pair?

1. bbbq, bbéq, cceq, ccbq,
2. bebg, beeq.

........................ 8211 rmmmmmen g ez (J/UDE o2

(J/pD*)oa2
LB0OT S (Dl )1 o
....................................... (J/9Dg)1.2

90000~ TTo RO 00 0000006060060 60F096IE0A0A00000G0G0050E0E00000 (WPD)U,Z
Q o -

K. Chen, X. Liu, Y. R. Liu, J. Wu, S. L. Zhu,
EPJA 53,5 (2017)
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Fig. 1. Proposed ccéq (left) and bbbg (right) tetraquark states. The solid (dashed) line corresponds to the case ¢ = u,d (g = s).
The dotted line indicates various meson-meson thresholds. When a number in the subscript of a meson-meson state is equal to 22
the spin of an initial state, the decay for the initial state into that meson-meson channel through S- or D-wave is allowed. The

masses are given in units of MeV.



Triply-heavy mesons

Table 9. Comparison for the masses of different meson systems
with only one light antiquark. The symbol (*) means that the
system is not constrained by the Pauli principle and the num-
ber of mesons is doubled compared to the states constrained by
the Pauli principle. The symbol ($) indicates explicitly exotic
tetraquark states.

System  Mass (GeV) | System  Mass (GeV)
bbb ~ 14.7
(*)ebbq ~ 11.5 ($)bbeq ~ 11.6
($)cchbq ~ 8.2 (*)beeg ~ 8.2
cceq ~ 5.0 bq ~ 5.3
cq ~ 2.0

A QCD sum rule study:
J.F.Jiang, W.Chen, S.L.Zhu,1708.00142 [hep-ph] 2
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Tcc related

Many works in the literature ...

T. Hyodo, Y.R. Liu, M. Oka, K. Sudoh, S.

Yasul, PLB 721, 56 (2013);

T. Hyodo, Y.R. Liu, M. Oka, S. Yasul,
1708.05169 [hep-ph].

S.Q. Luo, K. Chen, X. Liu, Y.R. Liu, S.L.
Zhu, 1707.01180 [hep-ph]
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Tcc related
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Tcc related
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Tcc related

» Color-mixing effects are relatively
Important for 0"+ states.

e Some mass relations:

Munoo + Mysop = 2Mpsoo

are found with our scheme of
estimation in the CMI model.

27



Tcc related

arXiv: 1707.01621 [hep-ex]
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« T.D. Cohen, P.M. Hohler, PRD 74, 094003 (2006);
* T.Mehen, 1708.05020 [hep-ph]. 28



Summary

* Lower heavy quark pentaquarks are
expected

* Triply-heavy mesons (excited D, Ds,B,Bs)
may be compact tetraguarks rather than
molecules

* Tcc: next intriguing finding after Zcc?

29



Thank you very much
for your attention!



