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* 3 states observed in experiments with the exotic quantum number
IGJPC =

@ =(1400) (PLB 205 (1988) 397)

2 7(1600) (PRL 81 (1998) 5760-5763),

@ 7(2015) (PLB 595 (2004) 109-117)

» candidates of hybrid mesons (Rept.Prog.Phys. 86 (2023) 2, 026201)

1;(1855) observed by BESIII with the exotic quantum number
ICJPC = 071~ in 5y’ decay process (PRL129 (19) (2022) 192002, PRD 106

(7) (2022) 072012)
candidate of hybrid mesons (Rept.Prog.Phys. 86 (2023) 2, 026201)
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Tetraquark are states of two quarks and two antiquarks. (eg. gcgc, qqqq, cccc)

The construction of tetraquark wave function is guided by:

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

It demands that the color part of tetraquark wave function must be [222] singlet.
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* The color part for two quarks in tetraquark states is
[lell] =r=a ] 3@3=386 (1)

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

H®H=—|—@_ 3@3=6@3

* The color wave function should be a color singlet.
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Color wave function

111 1 2 o 1 St
antitriplet-triplet state: ¥3 ;= E[E(rg — gr(F8 = 47) E(br — rb)(bF — rb) + E(gb — bg)(gb — bg)] (5)

4| 1 Pl
sextet-antisextet state: ¥e_g= %[m’f’ + 8888 + bbbb + 5(1"8 + gr)(rg + 8r) + E(rb + br)(rb + br)
(6)

1 ot i
+5(gb + bg)(gb + bg)]
3
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 The total wave function for gg or cc can be represented as

l//total = l//spatial l//spinl// ﬂavorl//color

« The total wave function should be antisymmetric for gg or cc cluster.

* 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 W[llll//[Z
Cc S

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

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]

C

Vi) W[Z]W[Z]w

E c 0 S 3 12
pecol=FH] . = ‘//[z]‘//[n ‘//[21‘//[2]‘//[11] W[Z]W[Z]l//[ll]W[Z]

c osf 0 s 3
Wiin(ee) = = YW ‘//[11]‘//[2]‘//[2]1// WiV 2¥ e
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Spin wave function

» For gcgc and gqqq, the possible spin combinations are:

Q142] ® wquﬂzi] = 2, [?9122] ® l//[q;q?)]' and l/j%%] ® l//[qsﬂé(l)]

» For ccce, the possible spin combination of color (6 ® 6),. configuration is

l//[s—O] ® W[s =0]

» For cccc, the possible spin combinations of color (3 ® 3).. configuration is:

[w[c:? 1] ® W[S 1]] $=0,1,2
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Jacobi coordinate for tetraquark (PRC 75, 045206)

1
x1=—(7‘1—1"3) x2=—(l’2—l"4)

V2 V2

myry + msrs My + myiy
X3 — .

m1+m3 m2+m4

Reduced mass:

2mm; 2m,my _ (my + m3)(my + my)

m, = 5 ml =

T omy+my B omy+my +msy+my

for gcgc

x1=

[7]E. Santopinto and G. Galata. 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 x;, x, and x;
harmonic oscillator wave functions, may take the general form,

YnL = Z Ay, ny, 13, by, b, 1) Xy, () @ W, 1, (00) @ . (X3) (16)
{nyl;}

* For example, the complete bases of the P-wave tetraquark are listed as follows:

Vi o1060) P o) Po(xa) Foo(x1) P 1 (x2) Pp(x3) Foo(x1) P o) P (x3)
I W1 o)W o (x) Wo(x3) W00e) W1 (x0) Wo(x3) W 0Ce) W oo () W (X3)
Wor (o)W 19(x0)W(x3) Yoo 1(xx0) W) Yoo )W 19(0) W (x3)

Wo10e)Woo(x) Wio(x3) WooGe)Wo1 () Wi0(x3) WooCe) Woo(x) Wi (x3)
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The non-relativistic Hamiltonian we study multiquark system reads:

H = Z M""e+2—mk + 2 (——/10 /lc> (V(”z'j) +HSS+HLS> (17)

i<j
3

Here M, denotes the spin-averaged mass as ZMPS + ZMV' my, are the constituent quark masses, and A/

is the color operator in SU(3)

The Cornell potential and the spin dependent interaction:

V(I"l]) . l]rl] e W e
rlj

where A, is string tension coefficient, and B;; is Coulomb coefficient.

1 P iy ZBU € U UGI] : —> —1>

l ] 2y J
m;m; Sml-mj\/J_r

where m; and m; are the constituent quark masses of ith and 4th quark. ©; is the spin operator in SU(2), and

o, is hyperfine interaction coefficient.
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TS

(20)

- l l_ .] ] =25 ge .
=T X P =1 . §; is the spin operator.
i yJ m: + m: k
i

* 3 coefficients are proposed to be mass-dependent:

Aj=a+bmy | B, - 0= oymy,

where my; is the reduced mass of ith and jth quarks, m;; = 2 .a, b, By, and ¢, are constants.
m; e mJ

* 3 coupling constants and 4 quark masses are imported (PRD 103, 116027), and ¢, is fixed:

a = 67413(MeVY) | [b=35(MeV) | By=3L7MeV "D T [ o5 =085
m, = m; = 420MeV m, = 550MeV m. = 1270MeV my, = 4180MeV
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e < =

TS

(20)

- l l_ .] ] =25 ge .
=T X P =1 . §; is the spin operator.
i yJ m: + m: k
i

Ajj j o @ o

where my; is the reduced mass of ith and jth quarks, m;; = 2 .a, b, By, and ¢, are constants.
m; e mJ

* 3 coupling constants and 4 quark masses are imported (PRD 103, 116027), and ¢, is fixed:

a = 67413(MeVY) | [b=35(MeV) | By=3L7MeV "D T [ o5 =085

m, = m; = 420MeV m, = 550MeV m. = 1270MeV my, = 4180MeV
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Meson states applied to fit the model parameters.
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Tetraquark Parity (PRC 75, 045206)

ne total angular momentum |L — S| <J<|L+ S|

ne parity for tetraquark P = (— 1)~
ne C-parity for tetraquark C = (— e
L is the total orbital angular momentum S is the total spin angular momentum

C JPC
o 01
e 15
i i 2+—|—
« PRD 103, 116027 -+ PRD 105, 036001
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1~ Light Tetraquark States

oo LS| <J<I|LL 8| P= (1A C=(—1)E (prr 75 04520k
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1~* Charmoniumlike Tetraquark States

- i : : - c S=1 C S=1 c S=1
 Eigenstates for S=1 are linear combinations of Y323%(180) ' Y33 (101) ' Yege?(100) !
c S=1
and Y ee¥(i®1)

: s=1 g | =1 o=
o Mixed state | W§®3W(1®0)9 W§®3W(1®1)’ l//6c®6w(1®0)’ W6C®6w(1®1)>

E1 ‘ E2 ‘ E3 E4 ‘

1~ Fully-Charm Tetraquark states

e E1

Se=
| l//§®3l//(1®1)>
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The lowest 177 light tetraquark state is around 2 GeV, which is significantly
far from the observed 7,(1400), 7;(1600) and 7,(1855) state.

The observed state 7;(2015) is situated within the lowest 1~ light tetraquark

range. More experimental data and theoretical studies are essential for
making unambiguous assignments.

The lowest 171 charmoniumlike tetraquark state is around 4.3 GeV,

might be observed in 7y,,, y.;, and yh. decay processes.

The lowest 177 fully-charm tetraquark state is around 6.8 GeV, might be
observed in J/yh, decay process.

Thank you.
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* For the charmoniumlike tetraquark, the hypertine interaction H,,,, in

Hamiltonian may mix up different color-spin configurations due to the cross
terms,

g
HSS TR

3mm\/_

 Eigenstates for S=1 are linear combinations of l//§®3l//(512}0) , l//§®3l//(51§3}1) , l//g®5llf(ﬁ:1

®0)
S=1
and wg(g)él/j(l@l)'

AiAjGiT |"/’3®3¢(1®0)> |¢3®3¢(1®1)> |¢6®6¢(1®0)> |¢6®6¢(1®1)>
|¢3®3¢(1®0) ( 3 Oa Oa Oa Oa 8) (O, - 4\3/_, 4\3/—7 4\3/—a 4?3/53 0) (07 07 0’ 0’ 0’ 0) (07 47 47 4a 4a 0)
sestinh) (0,—92, -4, 52, 42,0)  (-5,4,4,4,4,-9) (0, —4,4, —4,4,0) (0,2v2, —2v/2, —2+/2, 2V/2, 0)

|¢6®6w(1®0) (07 07 07 07 07 O) (07 _47 47 _47 47 O) (_ %, O, O’ 07 07 _4) (O, - 103:/57 - 10;;/57 103\,/5, 103\/53 O)

|¢6®6¢(1®1) (0,—4,4,—-4,4,0) (0,2\/5, —2v/2, —24/2,2/2, 0) (0, _ 105/5’ _ 105/5’ 103\/5, 10:;/5,0) (431’ 130’ 130, 130, 130, §
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Jacobi coordinate for tetraquark (PRC 75, 045206)

1
x1=—(7‘1—1"2) x2=—(l’3—l"4)

V2 V2

SHe myry + myry, Mgy + Myiy
—— 45

m1+m2 m3+m4

Reduced mass:

2mm, e 2msmy 5 (my + m,)(ms + my)

mxl —

X3_

m+m, P myt+my my + m, + msy + my

for gcgc

1 1 Mmri+mir,—mpr,—m.r
xlz—(rl—r3) X2=_(7’2—I"4) 5= u'l g2 u'3 c' 4

V2 V2 me +m,

2m, m,. 2m, m, _ (m,+m)

m = m, = =
2m, + 2m,

mx3

3 X
' om,+m, > om,+m,

[7]E. Santopinto and G. Galata. Phys. Rev. C75, 045206(2007).




