Spectrum of the fully-heavy tetraquark
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Background

¢ Since the discovery of X(3872) in 2003, numerous exotic structures “XYZ” have

been observed in experiments.
C. Z. Yuan, Int.J.Mod.Phys. A33,1830018

® The theoretical interpretations of “XYZ” include the loosely bound molecular
states, the compact tetraquark states, and the hybirds, etc.

CW 2881

molecule tetraquark hybird

H.X. Chen et al., Phys. Rept. 639, 1
F. K. Guo et al., Rev. Mod. Phys., 015004
Y. R. Liu et al., Prog.Part.Nucl.Phys. 107 237-320
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Motivation

e PhD thesis result using CMS data:
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Motivation

e Theoretical works: existence of the stable fully-heavy tetraquark state

v Positive: bbbb ~ 18 — 20 GeV, cccc ~ 5 — 7 GeV:

arXiv:1612.00012, Eur. Phys. J. C 78, 647, EP) Web Conf. 182, 02028,
Phys. Lett. B 718, 545, Phys. Rev. D 70, 0140009 ...

v Negative: no stable QQQQ states exist.
Phys. Rev. D 97, 094015, Phys. Rev. D.97.054505, arXiv:1901.02564 ...

e A fully-heavy tetra-quark state:

v’ Two color configurations: 3, ® 3, = 1.and 6, ® 6, = 1..
v Short-range one-gluon-exchange (OGE) potential dominates.
v' A good candidate for compact tetraquark state.
v Nonrelativistic quark model.
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Quark model

e Model |
Ao\
V%j (Tz'j) — 5? (Vcoul + V;:onf + Vhyp + ‘/cons)
Ai Aj [as  3b 8o 12,2 73
= —=—=| — — —r;; — S; - Sj€ —5 + Vi
2 2 (Tij 47 3mm; " m3/2
9 127
(@) (33 —2N;) In(A + Q?/B?)
e Model Il

For antiquark — A

P o
Vig(reg) = = Z@"j( BB L AT

r; j

exp(—77;/r5) | All the mass
3/2,3 Ot J) information

B. Silvestre-Brac, Few Body Syst. 20, 1

k' (1 —exp(—rij/Te))
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Quark model

e The parameters <@ Mass spectra of the mesons

TABLE I. The values of parameters in quark model I and model II.

Model T m.[GeV]  my[GeV] b[GeV?]  7[GeV]  Vions|GeV] A B[GeV]
1.776 5.102 0.18 0.897 0.62 10 0.31
Model II P re  me[GeV]  my[GeV] K K’ A[GeV?] A[GeV] A[GeVEP!] B
1 0 1.836 5.227 0.5069 1.8609 0.1653 0.8321 1.6553 0.2204

TABLE II. The mass spectra of the heavy quarkonia in units of MeV. The M., M},, and M}! refer to the mass spectra of
mesons from PDG, in model I , and in model II, respectively.

Mex ML, ML Mex M, M
B. 6274.9 63194  6293.5
Ne 2983.9  3056.5  3006.6 b 9399.0 0497.8  9427.9
ne(28)  3637.6  3637.6  3621.2 | T(1S)  9460.30  9503.6  9470.4
J/v 30969 30851  3102.1 | T(2S)  10023.26  9949.7  10017.8
$(2S)  3686.1 36524  3657.8 | T(3S)  10355.2  10389.8  10440.6

Guang-Juan Wang

Phys.Rev.D 98, 030001
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Wave function

e Wave function of tetraquark state: No. of basis N3 = 23.
Vig. = D [Pnata(T12: Ba) @ Pryiy (T34, Bp) @ dNL,, (x. 8)] 5

e Basic wave function of each Jacobi coordinate
Ja
PrgJaMa = [Prals (T125 Ba)Xsalag, XfXca

Xs,fc: the wave function in the spin, flavor, and color space.

o3 Q3
e Gaussian function:
A7 n 62 12
— 'la la a~a 3/4
gbnalama(rl%ﬁa) =1 r12\/(2la+1)”( - ) g I's4
X (2ng82) 1/ 2e7 Banal2y L ()
()2 Q4

C. Y. Wong, Phys.Rev.C69,055202; Emiko Hiyama et.al., Prog.Part.Nucl.Phys. 51 223-307
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S-wave tetraquark state

e S-wave tetraquark states: J = S

v The ground S-wave state: [, =1, = L, =0
v’ The couple with higher orbital excitations is neglected.

e Color-flavor-spin configuration of QQQ’Q’: <4mmmm Fermi statistics

° JPC’ — 1—|——

X1 = HQQ]%C [QQ]%’»C]? ) ; X1 = [[QQ]gc[QQ]3J 1. °
vz = [[QQI3, Q01 ]| o JPC = ot+

Guang-Juan Wang Hadron2019 8



Hamiltonian

4 2 2
_ Pj _ D
H = %+Zmi+sz o Vit b+ hag,
=1 7 1<) ~
Ql Q3
With
Vi = Vig + Vig + Vaz + Vay,
P2, I12
hij B QU;‘ Vij A mi 4 my, r s
® hi,/h3, : diagonal in the color-flavor-spin space. D, 0,

e /; :the mixing between different color-spin-flavor configurations.

e Solving the Schrodinger equation by variational method.
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]PC — O++

Model I 6483 19330
— ———83 . — Model I
64808 | _ __ Model II / —.e.= Model II
:" ~ 19 305
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cccc bbbb
12960f ++ . . 5
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R ode S . .
6., @ 6, configurations.
~ [ 6c—6c_,_._._ 12019 . _
o 12920 3 Tdec, oo RAL o :
g 12915 \‘
2 N 12886 .
S 12880} e The two quark models lead to similar mass
_ 12863 . 12 866
33 - spectra up to tens of MeV.
6.6,
12840F 12850 12847
0+t
bbcc

The left (right) half: without (with) mixing between 3, ® 3. and 6, ® 6,
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]PC — O++

e cccc and bbbb : M(3, ® 3. )> M(6, ® 6,) in two quark models.

e bbcc: M(3. ® 3. )>M(6, & 6.) in model |;
M(3, ® 3. )<M(6, ® 6.)in model Il;

5 :
— =, attractive
6

I Compete

. . 1 .
> =3 repulsive
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]PC — O++

e The mixture:

JPC = ott Model I M [GeV] 3.® 3. 6. ® 6. Model II M [GeV] 3.® 3. 6. ® 6,
Bo=pPp=04,=06 6377 11% 89% | Bo=pB =05 8=07 6371  43% 5%
Yo = = 0.4, v7=0.7 6.425  89%  11% | Ya=7% =0.5,7=0.8 6.483  57%  43%
Ba=Pp=07,8=09 19215 1%  99% | Ba=pP =09, 4=11 19243 17%  83%
Yo = =07,vy=09  19.247 9% 1% Ya=7=0.8v=12 19305 83% 1%

Ba=06,8,=05,3=0.7 12847 14%  86% |B.=0.7,8,=0.5,=08 12.88  53%  47%

Yo =0.6,7 =04,y =0.9 12866 8%  14% |7 =0.7,7 =0.5,v=0.9 12946 47%  53%

ccce

bbbb

bbce

e 6. @ 6, is important even dominant in the ground state.

e The proportions in the two models are quite different. The mixing is more stronger
in model .

e S-wave tetraquark state Q; 0,00 :
v’ Orthogonality of . ‘ Color interactions do not contribute to the mixing.
v Only the hyperfine interaction contributes to the couple-channel effects.
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Mixture

e A tetragquark state is an admixture of different color configurations.

° Fora Q10,0304 (Q1 # Q2 & Q3 # Qy):
4
(2 An)2|Xi,j> =0

(Xi|(ﬂ1 +/12)2|Xj>
()(il(AS +/14)2|Xj>

0 ) (x;|(A + 2) (A5 + /14)|Xj> =0
0

OGE Coulomb as(m;,m;) constant k¥ X
Linear confinement constantb X constant 4 X
Hyperfine as(m;,m;) v constant k' v/
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Scattering state vs tetraquark state

JPC =0t Model I
N? =2% |After mixing|3c ® 3|6 ® 6¢ |1 @ 1. [8: ® 8:|1/(r?,) fm \/(r§4) fm \/<T2) fm \/(rfg) fm|\/(r2,) fm|/(r"?) fm
cece 6.377 1% | 89% | 90% | 10% 0.54 0.30 0.49 0.38
bbbb 19.215 1% | 99% | 7% | 25% 0.35 0.19 0.31 0.25
bbce 12.847 14% | 86% | 92% | 8% 0.39 0.50 0.26 0.41 0.32
0.8 o ris Qs
' 0** ccee Model | O——p—0
0.6 . r A
S '/.
O e — N3=13 -=-= r N3=13 O > ]
S 04 /i rialfze ' 1 Q2 a4 Q4
g s — l’13/l’24 N3=23 ——=— p' N3=23
L nsiderable 8. ® 8.
Fialras NB=3?  ——— ' N3=33 e Considerable 8, ® 8
0.2+ ri3/rag N3=43 ----- r' N3=43 i ¢ Sma” Trms
I e Stable spatial extension
0.0 - ; :
0.0 0.5 1.0 1.5 2.0 Compact tetraquark states
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]PC — 1+— and 2++

e Only one color configuration: 3, & 3,

e The mass spectra of ccc¢, bbbb and bbc¢ states

ModelI nS JP¢ =1t JP¢=2%t | ModelIl nS JF¢=1t— JPC=2%t
cccé | Bo=04 18 6.425 6.432 Bo=05 18 6.450 6.479
By =04 28 6.856 6.864 By=05 28 6.894 6.919
B=06 38 6.915 6.919 B=0.6 38 7.036 7.058
bbbb | o =0.7 1S 19.247 19.249 Ba=10 18 19.311 19.325
By =07 28 19.594 19.596 By=10 28 19.813 19.823
=09 38 19.681 19.682 =11 38 20.065 20.077
bbce | Ba=0.7 1S 12.864 12.868 Bo =07 18 12.924 12.940
By=05 28 13.259 13.262 By=05 28 13.321 13.334
=07 38 13.297 13.299 =07 38 13.364 13.375

e Results in two quark models are similar.

e The mass difference of two states arises from the hyperfine potential.
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Numerical results
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..... Modelt|  -------l33H TTTooToEAg
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13200+
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13000}
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3386612886 - e
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................................. 125498 _________._.__________lpp
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v The lowest 0% states are located
about 300 ~ 450 MeV above the
lowest scattering state.

v No bound states exist in the two
guark models

Guang-Juan Wang
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mg-denpendence

* The constituent quark mass dependence of the tetraquark spectra

— B I _
0** QQQQ s 0447 0+ aaoQ
20} ﬁ;ﬁ"”
= e 3 0.4
[} ,;’6/ <
9. 15+ ",’6’ c:z
3 5‘}£’ Et
- L |
2 B S 0.361
w 6/6’ -0~ nana --A- QQQQ <]
10 —;65; gc’
e
3 032" —O0— MaqqaMiqne
&
5. 67 . - S S S S
2 3 4 5 6 2 3 4 5 6
mq [GeV] mq [GeV]

(a)The mass spectra of the tetraquark states QQQQ with

JFPC = ot+,

(b)The mass difference between the tetraquark states and

the mass threshold of ngng.

e The M(QQQQ) > M(no7): no bound tetraquark states exist.

Guang-Juan Wang
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Summary and Outlook

> The mass spectra of tetraquark states QQQ'Q’ in two quark models,
e 6. @ 6, isimportant even dominant in the ground state.

e Only the hyperfine potential contributes to the mixing between different color
configurations.

e No bound ccéé, bbbb, and bbc¢ (or cchb) states exist in the two quark models.
> The extension to the Q;Q,0Q50Q, state.

> The confinement mechanism for multi-quark system need more investigation.

> The existence of the tetraquark resonances with narrow decay width.
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Thank you for your attention!

Hadron2019 19



Backup slides
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Wave function

@ Q3 Q1 1y Q3 o Q3
O > @
I'iq
12 ra3
I3q r' A
r
rH
O > )
(2 o (oF 24 o (2 o
FIG. 1. The Jacobi coordinates in the tetraquark state.

e The Jacobi coordinates transfer as
, b
rji =Tj — T =T + ;12 + CjTa,
Cji: transform coefficients

miry + moro mars + 1mqyry
ms -+ my

r =
mi + mo
(m1m3 - m27n,4)r + Mrpuyorio — Mpusggrsy
b)

/
r =
(mq + my)(mo + mg3)
o (mymy — mama)r + Mpuiariy — Mpugrag
o (m1 + mg)(mQ + m/l) ’

21

e Use the first coordinate configuration.
Hadron2019
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Numerical results

e The dependence of the mass spectra on the number of the expanding base.

7AF . 1
. 17" cccce ]
[ O __ ]
7.00 it - ST ]
L il @ T 0
6.9 . — > —o— —0
s | " e 5.
S 6.8} T ]
@ [
=z 6.7 —O— Model-11S -0 Model-ll1S | -
—A— Model-128 -7~ Model-I2S | -
6.6" —O— Model-135 ~O- Model-lI3S | - / N3 =23
6.5/ ]
] - ]
:% -—-t ----------- E ____________ E- ------------ n:
6.4 — ¢ — 2
1 2 3 4 5
NA3

FIG. 2. The dependence of the mass spectrum on the number
of Gaussian basis N°. The line and dashed line represent the
numerical results in model I and model II, respectively.

Guang-Juan Wang Hadron2019 22



TABLE III. The coefficient c;;.

a a a a b b b b
C14 C13 Ca3 Coq C14 C13 Ca3 Cogq
mo mo _ mq _ mq ms3 _ magy _ mag m3

mi1+m2 mi1+msa mi1+ms2 mi1+ms2 m3—+my m3—+my m3—+my m3—+my

TABLE IV. The configurations of the diquark (antiquark)
constrained by Pauli principle. “S” and “A” represent sym-
metry and antisymmetry.

JP=1" QQ | JF=0" QQ
S-wave(L=0) S S-wave(L=0) S
Flavor S Flavor S
Spin(S=1) S Spin(S=0) A
Color(3.) A Color(6.) S

Guang-Juan Wang Hadron2019 23



0.8 . . . — — — 0.8 . . .
0** cccc Model | | 0** cccc Model Il

0.6+

L 7
0.6 3
li
,,".
,’1
3 i 13
So4r ! 1%04
= :'- rya/rag N°=1%  -=-= r N®=13 k=Y ria/rsg N°=1®  -=-= r N®=13
L "1 ri2/rss N°=2® ——— r N®=2° L ri2/rsa N°=2°  ——— rN°=2°
!12/!34 N3=33 ———T N3=33 !11/’34 N'-‘=33 ———r N‘-‘=33
0.2+ ri2/rsg N3=43 -~~~ r N3=43 1 0.2+ ri2/rq N3=43  ----- r N°=43
0.0 ' - A = 0.0 ' * :
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r [fm] r [fm]
(a) Model I. (b) Model II.

FIG. 1: The dependence of the root mean square radius \/(ri2) (1/(r34)) and /(r) on the extension of the

wave function.

p(r) = /W(le, raa, )| 2diy2dissdi

p(ri2) = /|1/)(7"12, raq, 7)|2dFdissdi s
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TABLE VIIL. The comparison of the mass spectra of 07" ccéé and bbbb from Ref. [48] and our results using the same quark
model. In the right table, we remove the constrains on the wave functions used in Ref. [48].

Ref.

[48]

without constrains

JPC = ott w = 0.325

M [GeV] 3. ® 3 6. @ 6.

M [GeV] 3. ® 3¢ 6. ® 6.

Ba = By = 0.49, B = 0.69
Ya = Yb = 049, ¥ = 0.69

ccee

6470 66%  34%
6559 34%  66%

Ba=Pr=04,3=0.6 6417 33%  67T%
Yo =7 =04, y=0.7 6509 67%  33%

Ba=Pp=0.88, =124
Ya =7 = 0.88, v =1.24

bbbb

19268  66%  34%
19306  34%  66%

Ba= PG =0.7,3=09 19226 18%  82%
Yo=Y =0.7,7y=0.9 19268 82% 18%

[48] M.S. Liu et.al., PhysRevD.100.016006.
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