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These charged charmoniumlike
states go beyond conventional

cC meson picture and could be

tetraquark systems udcé due to
carrying one charge.

FIG 1: Charmonium meson
spectrums include some
charmonium-like XYZ states.[1]

[1]Olsen, S. L. (2015). XYZ meson spectroscopy. In Flroceeamgs, 53rd International Winter Meeting on Nuclear Physics
(Bormio 2015): Bormio, Italy, January 26-30, 2015.
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Tetraquark are states of two quarks and two antiquarks. (eg. gcgc, cccc and gqqq)

The construction of tetraquark wave function is guided by:

The tetraquark wave function should be a color singlet. (for gcgc, cccc and ggqqq)
The tetraquark wave function should be antisymmetric under any permutation
between identical quarks. (for cccc and gqgq)

It demands that the color part of tetra-quark wave function must be [222]
singlet.

‘//[szz] T




i A Introduction

X/ W
AT
" ergmy oS

Construct tetraquark wave function

Summary

* The color part for two quarks in tetraquark states is

O=0-H e

* The color part for two anti-quarks in tetraquark states is

3-6- 8-

* The color wave function should be a color singlet.
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Color wave function
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* The total wave function should be antisymmetric for gg or cc cluster.

 The total wave function for gg or cc can be represented as

l//total 8 l//spatiall//spinl// ﬂavorl//color

* Listed in tables below are all the possible configurations of spatial-spin-flavor
part of the gg and cc cluster.

S
.1/1[2]"”[2 l//[llll//[Z

Cc S

e
W[Z]W[z V¥
l//[11]‘//[211//[1111//[11]

C

Vi) W[Z]W[Z]w 2]

Wio(qq) = B 1/12]1// 11 lV[Z]‘”[Z]'?”[u]

ke c osf
l//[cll](qm 8k ¢ W[11]W[2 l//[ml//[Z]l//[Z]

E c 0 S 3 12
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c osf 0 s 3
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Jacobi coordinate for tetraquark

I 1 nmqry + mxr MAr~ + m,r

V2

Reduced mass:

2mms 2m,my (my + my)(m, + my)
mo.l — n/la2 — mi —
my + mjy m, + ny mp + nmy + msy + ny

for gcgc :

[2]E. Santopinto and G. Galata. Spectroscopy of tetraquark states. Phys. Rev. C75, 045206(2007).
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Spatial wave function

* We construct the complete bases by using the harmonic oscillator wave function.
 The total spatial wave function of tetraquark, coupling among the ¢/, 6, and 4
harmonic oscillator wave functions, may take the general form,

Ui = D Ay 1y Ly Loy DY X (51) @ 1 (52) @ g (4)
in;,l;}

ok
— —
= Z Cn(,l,lo.l,mgl,ngz,lgz,mgz,nﬂ,lﬁ,mﬂ X l//n(,1161m61( Ol )l//ngzlo.zm(,z( Ols )Wn,llﬂmﬁ( A )

{nl’>ll‘7mi}

e The complete bases of the tetraquarks are listed in table

NLM =200 | ¥00(60%000(02) %000 Po0o@)P 100002 %000 Po00()P000(62)¥ 100D

F200(61) ¥000(02) Fo00(d)  Fo00(01)¥200(02)F00(d)  Fo00(1) F00(62) F200(4)

NLM = 400
100061 ¥100(02) Fo00(D)  ¥100(01) F000(02) ¥ 100(A)  Fo00(a1)¥100(62)'F190(4)
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The non-relativistic Hamiltonian we study multiquark system reads:

N p N

1 Pr 5 C C Bl]
M=) (GMPTF T ) C A A AT =)

k=1 k i<j ij

The hyperfine interaction term takes the form:
Hyy, = = G 2 A ’ljca - 0
i<j

Solving the Schrédinger equation: H |y, ., > = E |y, ,; >

3 mass-dependent coupling parameters are proposed:

Aj=a+ bmij
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The non-relativistic Hamiltonian we study the meson system reads:
P 3 B
H=M,, + F i (—E)ﬂlﬂz(A” = 7) + Hyy,  Hpyp = — Chidio0;

ave

4 model coupling constants and 4 constituent quark masses are fitted:

a=67413(MeV?) b =35MeV)  B,=31.6635(MeV2)  C,=—188.765(MeV>?)
m, = m; = 420MeV m, = 550MeV m, = 1270MeV my, = 4180MeV

Ours Exp Ours

11680 1660 :

. s A .- ;- 1770779 |-1.211450: 1436
[3]P Zyla et al. (Partlcle Data Group) Prog Theor Exp. Phys. 2020 083CO1 (2020).
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Ours Data

Data
Z(4020)

Ours Data Ours Data Ours Data Ours

w, (1S) 4202 : Z(4250) : 3925 : X(3915) : 4162 : Z(4200) : 4024 4221

Z(4055) !

4584
4233
4634

2(4430) : 4388
' X(4160) : 4154 ' X(4160) '
4555

e (25) 4566 4289 : X(4350) : 4526
y3_5(1S) 4033 | Z(4050) : 4114 | Z(4100) : 4113
W3 3(2S) 4434 4516 4514

Table I. Masses, widths, J-C, and processes of X and Z states in the c¢ region.

name in PDG M(MeV) r Jre Process Experment
Xc0(3860) 38627355119 20171154488 0+ ete™ — J/Y(DD) Belle
X (3915) 39184+ 1.9 20+ 5 0/2FF B — K(J/Yw) Belle
X (3940) 394277 + 6 37138 £18 777 ete™ — J/(DD") Belle
X (4160) 4156150 £ 15 1391 £ 21 777 ete” — J/¢(D*D¥) Belle
X (4350) 4350.6150 +0.7 1375% £ 4 7! Yy = ¢J /1 Belle
X<0(4500) 4506 £ 11112 92 4+ 21127 Bt — (J/vp)KT LHCb
Xc0(4700) 4704 + 10135 120 £ 31732 Bt — (J/vo)K™ LHCb
Z(3900) 3888.4 + 2.5 28.3+2.5 ete” — (DD*)tm™ BESIII
X (4020)* 4024.1 + 1.9 13+5 7! ete™ = 7 (" he) BESIII
X (4050)* 4051138 82159 & B - K~ (7% xe1) Belle
X (4055)* 4054 + 3.2 45 413 - ete™ = (nt(29)) Belle
X (4100)* 4096 + 28 152780 B° = Kt (77 n.) LHCb
Z.(4200) 4196133 3701190 B° = K~ (x"J/v) Belle
X (4250)* 42481190 1771320 & B° = K~ (7" xe1) Belle
Z.(4430) 4478115 181 + 31 B° — K~ (ntJ/4) Belle

NONON N NONON N[ B e e e

AN TN TN N TN N N N

[3]P. Zyla. et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).
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configurations

Data
X2(1980)

Data
h1(1595)

Ours
1669

Data
b1(1960)

Data
- f0(1500)

Data

VQié(lS)

f0(2020)
f0(1710)

b1(2240)
b1(1960)

f0(1710) 1856 :b1(1960): 1954 : X2(1930)

Table I.

! £0(2100) |

Masses, widths, JF'¢

+ £0(2200)

f0(2200)

b1(2240)

' h1(1965) + £2(2300)

! b1(2240) ;

| £2(2340)

and processes of the light tetraquark candidates in the light-unflavored meson region.

States

M(MeV)

r

JPC

Process

Experiment

£0(1500)
£0(2020)
£o(1710)
fo(2100)
£o(1710)
£0(2200)

1473+ 5
2037 £ 8
1759 + 6112
2081 + 1312%
1760 + 15113
2170 20" 19

108 +9
296 + 17
172 + 10132

+27+70
273—24—23

125 + 25712
220 + 60+49

O++
0++

pp — (nm)m
pp — (mm)m
J/ — ~v(mm)
J/ = ~v(nm)

P(28) > yr T (KTK™)
P(28) >yt (KTK™)

E835[14]
E835[14]
BESIII[15]
BESIII[15]
BES][16]
BES][16]

h1(1595)
h1(1965)
b1(1960)
b1(2240)

1594 + 15139
1965 + 45
1960 =+ 35
2240 + 35

384 4+ 60779,
345 + 75
230 =+ 50
320 + 85

T p — (wn)n

pp — wn, w7r07r0

0 +

+

_ 0
PP — W, wnNT, T

pp — wwo,wn'iro,'ir

T

T

BNL-E852[17]
SPEC/[18]
SPEC[19]
SPEC[19]

X>(1930)
£2(2340)
X»(1980)
£2(2300)

1930 + 25

23621551 53°

1980 £2 + 14
2327 +9+6

450 £ 50

+62+165
334—54— 100

207 £12£6
275 £ 36 =20

" p — (mm)n
J/ — ~v(mm)
vy = (KTK™)
vy = (KTK™)

GAMS[20]
BESIII[15]
BELL/[21]
BELL[21]

[3]P. Zyla. et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).
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FIG. 2. Invariant mass spectra of weighted di-J/y candidates. Adapted from figure 7 in [4].

[4] R. Aaij and et al. (LHCb Collaboration), Sci. Bull. 65, 1983 (2020), arX
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All model parameters were predetermined by comparing the theoretical
and experimental masses of light, charmed and bottom mesons.

The tetraquark wave functions are constructed. We derived color wave
function in the Yamanouchi basis framework with permutation group.

We have evaluated the masses of ground and first radial excited gcgc and

qqqq tetraquark states and of ground and first and second radial excited
states of the cccc tetraquark states.

We have made 2 tentative matchings between the predicted ground and first
radial excited gcgc, and gqqq tetraquark states and the experimental data.

The work suggests that the X(6900) observed by LHCb is likely the first radial
excited cccc tetraquark state, with J°¢ = 117, in the 3. ® 3. configuration.

Thank you for your attention.
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A charged state was observed by BESIIl in 2017 with a mass around 4030 MeV
(Phys. Rev. D 96, 032004 (2017)), which has similar mass with Z (4020)*. But this

charged state was observed in the same process of Z.(4055)" which was
observed by Belle in 2015 (Phys. Rev. D 91, 112007 (2015)).

Z,.(4100)” was observed as a charged resonant state by LHCb in 2018. (Eur. Phys. J.

C 78, 1019 (2018))

Last year, the LHCb Collaboration presented evidence for the observation of at

least one resonance in the J/y-pair spectrum at about 6900 MeV. (Sci. Bull. 2020, 65
(2020))
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Spin wave function

. For gcgc and gqqg, the possible spin combinations are [wﬁ"zl] 0% wqul]] , [%C:l] ® l//[q_f:()]
=012

and y1_y ® '/fgf:oy The explicit spin wave functions wfééiq)gg@g)) of gcgc and gqqq are listed:
AR 1 o L e et
Wion=1111, wgy=g(11T1+111T-11TT-11711),
1 = ——1 - =ls - = B
wﬁﬁyrgg[TTll—E(TlTl+TllT+lTTl+lTlT)+llTTL

1 - — > L
Woso = 5 (TETI=1LIT -1 TI+111T)

For cccc, the explicit spin wave functions l//(SS((quf)gS(qa) of [2](c;c,) @ [22](c;5¢,) configuration is
listed

For cccce, the explicit spin wave functions l//(SS((qug%S(qa)) of [11](c;cy) @ [211](c5¢,) configuration
is listed

1 11 == = = S e =
=—3[TTll—5(TlTl+TllT+lTTl+lTlT)+llTT],

\/_




AN Introduction Construct tetraquark wave function

2% S 5
X/ W

AT
Ui

Color matrix element
Color Ay MAs Ay AyAs AyAy

Summary

- Ay

<L l0lwa > | (=B i3 | -3 [ |48 | |48

SR aE T

<bpd 0wkl Lol AJ31 S o8 B L T0/3 I S0/3 Sl qo/3
Spin matrix element of gcgc and gqqq

Spin e 0400 0103 i 10104 0703 0704

e

<wgég|a|w®o>. S E [ U0 D

< w1®?|0|l//1®1 1 1 = —2 -2 -2

<W1®QIO|W1®0> 1

<W1®1|0|W1®1 Eat 1

<‘//1®%|0|W1®1> : 1

Spin matrix element of cccc
Spin . 010, + 0103

C,5+0 0 114C.5=0
< ey Oy
l//(6®6)(0<§§0) 101y

(6®6)(0R0) ~ -3

<Y:
l/j(3®3)(1<§§)1)

(BR3)(1®1) 1
€=l | A

Dl ol

= 3
¥ Ge3)(Iel) 1

(BR3)(1R1)

(@5E I O | WC,S:Z S 1

S =
uf (B®3)(1R1)

(BR3)(1R1)




