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Light tetraquark states with the exotic quantum number JP¢=3-+
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We apply the method of QCD sum rules to study the sgsq tetraquark states with the exotic quantum

number J7¢ = 37*, and extract mass of the lowest-lying state to be 2.337'/? GeV. To construct the
relevant tetraquark currents we need to explicitly add the covariant derivative operator. Our systematical
analysis on their relevant interpolating currents indicates that (a) this state well decays into the P-wave
pd/weg channel but not into the pf,(1525)/wf,(1525)/¢f,(1270) channels, and (b) it well decays into
the K*(892)K3(1430) channel but not into the P-wave K*(892)K*(892) channel.
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I. INTRODUCTION

There have been many candidates of exotic hadrons
observed in particle experiments, which cannot be well
explained in the traditional quark model [1-10]. Many of
them still have “traditional” quantum numbers that tradi-
tional gg mesons and gqq baryons can also have. This
makes them not so easy to be clearly identified as exotic
hadrons. However, there exist some “exotic” quantum
numbers that traditional hadrons cannot have, such as
the spin-parity quantum numbers J©¢ = 07", 07—, 1=+,
27, 377, etc. These exotic quantum numbers are of
particular interest, because the hadrons with such quantum
numbers cannot be explained as traditional hadrons any
more. Such hadrons are definitely exotic hadrons, whose
possible interpretations are tetraquark states [11-17],
hybrid states [18-23], glueballs [24-26], etc. Note that
these different exotic structures may mix together, and there
would exist various possibilities whenever there is found a
state in experiment with some exotic quantum number.

Among the above exotic quantum numbers, the hybrid
states of JPC = 17" have been extensively studied, since
they are predicted to be the lightest hybrid states [18] and
there are some experimental evidence on their existence
[27-29]. The light tetraquark states of J*¢ = 1=F have also
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been studied in Refs. [11,12] using the method of QCD
sum rules, and their masses and possible decay channels
were predicted there for both isospin-0 and isospin-1 states.
Later, the same QCD sum rule method was applied to
extensively study light tetraquark states of J*¢ =07~ in
Refs. [13—15], and those of J¢ = 0"~ in Refs. [16,17].

In this paper we shall investigate the exotic quantum
number J€ = 3~F, and the other one J¢ = 2+~ will be
studied in the future. We shall investigate the light ¢sgs
(¢ = up/down and s = strange) tetraquark states with such
a quantum number. They may exist in the energy region
around 2.0 GeV. With a large amount of the J/y sample,
the BESIII Collaboration is carefully examining the physics
happening in this energy region [30-36]. The Belle-II [37]
and GlueX [38] experiments also do this. Hence, these
states are potential exotic hadrons to be observed in future
experiments. There has not been any theoretical study
directly on this subject. In Ref. [39] the authors used the
one-boson-exchange model to study the D*D3 molecular
state of JP¢ = 3=+, They found that the isoscalar (I = 0)
state has the most attractive potential, suggesting that this
D*D; molecular state of J’¢ =3~" may exist, and the
K*(892)K3%(1430) molecular state of J©¢ =3~ might
also exist. Besides, there was a Lattice QCD study on
the 37" glueball, but this was done forty years ago [40].

In this paper we shall investigate the gsgs tetraquark
state with the exotic quantum number J©¢ = 3= using the
method of QCD sum rules. Recently, we have applied this
method to study the ss55 tetraquark states of J¢ = 1%~ in
Refs. [41-43]. In the present study we shall improve it by
explicitly adding the covariant derivative operator in order
to construct the gsgs tetraquark currents of J©€ =37+,
This will be discussed in detail in the next section.
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This paper is organized as follows. In Sec. II, we
systematically construct the gsg5s tetraquark currents with
the exotic quantum number J©¢ = 3=*. Then we use them
to perform QCD sum rule analyses in Sec. III, and perform
numerical analyses in Sec. IV. The results are summarized
and discussed in Sec. V, where we discuss their special
decay behavior.

II. INTERPOLATING CURRENTS

In this section we construct the ¢sgs (¢ = up/down
and s = strange) tetraquark currents with the exotic
quantum number JP¢ = 3=F, This quantum number is
exotic, and cannot be simply composed by using one
quark and one antiquark. Moreover, we cannot use only
two quarks and two antiquarks without derivatives,
and two quarks and two antiquarks together with at least
one derivative are necessary to reach such a quantum
number.

Besides, the ss35 tetraquark currents of JFC€ =3+
cannot be constructed using two quarks and two anti-
quarks with just one derivative; in the present study
we shall not investigate the gggg tetraquark currents, since
the widths of the ¢gsgs tetraquark states (if they exist)
are probably narrower, making them easier of being
observed.

First let us consider the diquark-antidiquark [gs][gs]
construction. In principle, the derivative can be either inside
the diquark/antidiquark field or between the diquark and
antidiquark fields, i.e.,

n = gL CT\Dysp) (g1, C5Y), (1)
' =(q4CT5,)[q T>CD,5Y]. (2)
0" = [(q5CT35,)Dy (3 T4C5))]. (3)

where [XBQY] = X[D,Y| — [D,X]Y, with the covariant
derivative D, = 0, + ig,A,; a---d are color indices,
and the sum over repeated indices is taken; I'j,34
are Dirac matrices. However, we find that only the

former construction can reach the quantum number
JPC =3+,

Altogether we find six nonvanishing diquark-antidiquark
currents of JP€ = 37+:

Moy, = €°7€°% X S{[qlCa, D, 55)(qc¥, C5))
+ (CIZCJ’a, sb) MCJ/(IZ CD(I} 55]}’ (4)
’7(21](12(13 :(5M5hd + 6ad5bc) X S{ [qgcyalDa@ sb](éc}'az CEdT)

+ (94 Cra,5)[3c7 0, CDo, 551} (5)

Mooz, = €€ % S{[7Cry 15D ey 51 (8 a,75C5F)
+ (@1 Cra,755)[@e7ay75CDa, 551} (6)
T oy, = (89604 4 Sodsbe)
X S{[1Cr, 75Dy 50 (@7, 75C5)

+ (94 CYa,7555)[ Y0y Y5CDy, 551} (7)

Moy = €764 X ¢ S{[ql Co4,,D 4, 55) (404, C5])
+ (qgcaalusb)[zlcgazuCDog 3‘5}}7 (8)

— (5ac5bd 4 5ad5bc)

6
Moy ayas

X ¢S{[44CuyuDay55) (000, C5)

ap

+(94C00,55)18c00,,CDa,5q]} ©)

where S denotes symmetrization and subtracting the trace

terms in the set {a;aa3}. Three of them 77111]3&25(13 have

the antisymmetric color structure (gs)3_(g5)s., and the

other three nf,ﬁ;f% have the symmetric color structure
(95)6,(5)g,- Considering that the diquark fields
58Cy,5p/55Cy,y55p/ 55 Co,, s, have the quantum numbers
JP = 1% /17 /1%, respectively, the first current 17},](,2(,3 has
the most stable internal structure and may lead to the best
sum rule result.

Besides the above diquark-antidiquark currents, we can
construct six color-singlet-color-singlet mesonic-mesonic
currents of JP€ = 3=F:

<>

5{111(12(13 = S{(Z]aya] qa)Da3 (EbYazsi)}’ (10)

<>

310203 = S{(Z]a}/a]}/SQu)D%(Eb}/azySSb)}’ (11)

5;10{203 = gﬂy‘s{(zlaaal;tqy)l)ag (gbaazusb>}’
glazo@ = S{[z]aya] Da3sa](§b7a2qb>

- (Qayul sa)[gbyazD@ qb]}’ (12)

(511112(13 = S{ [Zla},{z]ySDa3sa](§hyazy5qb)

~(@aYa,Y554) 367, 75Dy 1) } (13)

<~
glaza3 = gﬂy‘s{[QaaaluD%Sa](gbaazvqb)

- (QQG(Xlﬂsa>[gbGGQDDa3qb:|}‘ (14)

The former three fé;%;fa3 have the quark combination

[qq][5s], and the derivatives are between the two
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quark-antiquark pairs; the latter three 52’150;260,3 have the quark
combination [gs][5¢], and the derivatives are inside the
quark-antiquark pairs. This difference is useful when
investigating their decay properties, which will be dis-
cussed in Sec. V.

We can further construct six color-octet-color-octet
mesonic-mesonic currents, which can be related to the
above color-singlet-color-singlet mesonic-mesonic currents
through the Fierz transformation. Moreover, we can apply
the Fierz transformation to derive the relations between
diquark-antidiquark and mesonic-mesonic currents:

’7(1] a0 - % % % - % % % é:a] a0
1 1 1 1 1 1

Moy -3 32 3 3 T3 T3 §a1a2a3
1 1 1 1 1 1

Moy N 35 T3 3 T3 3 T3 éa]azag

n 1 _1 1 1 _1 1 4

a 03 2 2 2 2 2 2 a 03

Nayayas 110 1 1 0 Soanay

Nayayay 1 1 0 -1 -1 0 éa]a2a3

(15)

Therefore, these two constructions are equivalent, and in
the following we shall only use ”alazag to perform QCD
sum rule analyses. Note that this equivalence is just
between diquark-antidiquark and mesonic-mesonic cur-
rents, while compact diquark-antidiquark tetraquark states
and weakly bound meson-meson molecular states are
totally different. To exactly describe them, one needs
nonlocal interpolating currents, but we are still not capable
of using such currents to perform QCD sum rule analyses.

III. QCD SUM RULE ANALYSIS

In this section we use the currents ;70,10(20,3 to perform

QCD sum rule analyses. We assume that they couple to
some exotic state X through

<0|77a|a2a3|X> :eralaQay (16)

where fx is the decay constant and €, 4,4, i the traceless
and symmetric polarization tensor, satisfying the following:

€a|a2a3€;'l/}2ﬂ3 = S/[galﬁlgazﬁzgasm]' (17)

In this expression §,, = g, — 9,9,/ g%, and S’ denotes
symmetrization and subtracting the trace terms in the sets

{aymas} and {f,52f3}.

Based on Eq. (16), we study the two-point correlation
function

Halazassﬂlﬂzﬁz <q2)
= i/‘d4xeiq)c<O|T[i10t10(20,3 <x)’7;1ﬂzﬂ3 (0)]10)

= (_I)Jsl[galﬁl §02ﬁ2§a3ﬁ3]n(q2>7 (18)

at both hadron and quark-gluon levels.
At the hadron level we use the dispersion relation to
express Eq. (18) as

M(q?) = A: P _pq(;)_ —ds. (19)

where p(s) is the spectral density. Then we parametrize it
using one pole dominance for the ground state X and a
continuum contribution:

= 365 = M2) Ol ol 0)

= f%8(s — M%) + continuum. (20)

At the quark-gluon level we insert 17(,],,2(,3 into Eq. (18)
and calculate it using the method of operator product
expansion (OPE). After performing the Borel transforma-
tion to Eq. (18) at both hadron and quark-gluon levels, we
can approximate the continuum using the spectral density
above a threshold value sy, and obtain the sum rule
equation

Y
(0. M}) = e s = [ e Plips)as. 1)
g

We can use it to further evaluate My, the mass of X,
through,

o g (s0. M3)
(so, M )

S0 s/MBS s
:f4 p(s)ds (22)

e e ep(s)ds

M%(s0.Mp) =

In the present study we have calculated OPEs up to the
tenth dimension, including the perturbative term, the
strange quark mass, the gluon condensate, the quark
condensate, the quark-gluon mixed condensate, and their
combinations:
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50 $ m2s* 179(42GG) mé my(qq) my(5s)\ ,
I, = 6~ +1- st 6~ e e
4m? 169120075 143367 58060807° ' 20167° 7202* ' 1512z
L (3UEGG)ms _ 91m,{g,GoGq)  milgq) _mi(5s)  (49)(55)
1228807° 307207 8074  2407* ' 6072
L (_{8GG)ms | 3milg,40Gq)  5{g:GGIm,(aq) _T(g;GG)ms(5s) | 5(g,40Gq)(Ss) _ m3{dq)(5s)
1843275 2567 34567 86407 28872 1272
| 5(24){950Gs) (5:GG)m(9,GoGq) mi(9,GoGq)(qq) K (:GG)mi(ss) 3mi(g,GoGq)(Ss)
28872 46087* 1272 138247 12872
_(9:GG)(aq)(5s) | 17(9,30Gq)(9,50Gs) _mi(aa){9s50Gs)\ ] _ymr 4
32472 345672 576>
m3(9,qoGq)* | 2my(9,G0Gq)(aq)(5s)
_ A s s N , 23
+< 2472 N 9 > 23)
s 5 2 1 2 4 - -
I, — / 0 s . m; (- 99<gsGG2 L i _ms(q? +ms(ss4> 3
4m? | 34560075 71687 58060807° ' 1008z° 360z = 756
41mi(g;GG) 239m(g,GoGq) mi(gq) mi(ss) (qq)(5s)\ ,
6 ra i = 7t )8
1228807 307207 407 120x 30
L (_3migiGG) | Tmilg,qoGy) _ 5m{a9)(g;GG) _ ms(55)(3GG) | 13(55)(9,30Gq) _ mi(55)(qq)
184327 2567 34567 10807* 28872 61>
13(29)(9:50Gs)\ , (49(9:40Gq){9,50Gs) _5mi(aq)(9;50Gs) _m(:GG)(9,q0Gq) _mi(a9)(9:40Ga)
28872 345672 576> 46087* 67>
5m3(55)(5:GG) _ Tm3(55)(9:40Ga) | (a9)(SHRCG)\] o 4
1382474 12872 32472
N _m?<gséaqu>2 4my(55)(29)9,49G9)\ (24)
127 9
50 5 m?2s* 179(42GG) mi my(Gq) =~ m(ss)
| — _ _ s nm s 3
3 Amz P 6912007 1433670 < 58060802° T 20162~ 7202 T 1512n’4>
GGG)m | 91m,(g,GoGq) _m3{gq) _mi(Ss) _ (Gq)(5s))
1 228 807° 307207 807 24074 607>
n G)mi 3mi(g,GoGq) 5(5;GG)my(qq) T(;GG)my(5s) 5(g,q0Gq)(5s) +M3<51q><ES>
1 84327‘[ 25674 345674 86407 28872 1272
_5(aq){gs50Gs)\ - (_(5:GG)my(9:q0Gq) _mi{9:40Gq)(qq)  (:GG)m3(Ss) | 3mi(9,G0Ga)(5s)
28872 46087 1272 382470 12872
(9:6G)(aq)(5s) _17{9:40Gq)(9,50Gs) | m3(@q)(9:50Gs)\ | e
32472 34567 5761
2(0,G0GaY>  2my{g,G0Gq)(Gq) (5
_ms<g‘;q02Gq> L 2ms(9,30G9)(q9)(55)\ (25)
247 9
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) s m2s* 199(4?GG) m? mg(qq)  m(Ss)
H = _ s s K K 3
“ Am {345600;:6 716875 | < 580608070 | 100875 © 3607% 756;;4)5

<41m? (9:GG) | 239m,(9,GoGq) _ms(qa) _ms(Ss) _ (qq) <S“S>) 2

1228807° 30720x* 407 12074 3072
L (_5mi{giGG) _ Tmilg,4oGq) | 5my(qq){g:GG) _ m,(55)(g;GG) _ 13(55)(9,d0Gq) _m3(55)(d9)
184327° 25674 34567 108074 288712 67
_ 13(2q)(9,50Gs)) | (m{9:GG){9,40Gq) | Smi(g;GG)(Ss) _ mi(Gq){g,40Gq)  Tmi(5s){9,G9Gq)
28872 460874 138247* 67 12872
(55)(9)(9;GG) _ 49(9,0Ga){g;30Gs) | 5m;(3q)(9;50G)\ ] s/
- 5 - 5 > e Bds
324r 34567 576x
4my(qq) (s goG 2(9,q6Gq)?
L (#ms{aq)(35)(95q0 q>_ms<gsqa2 q) ’ (26)
9 127
s 3 254 73(g?GG 4 +(5s 2GG)m? 3ss
H55:/0+ S 9 >6+ m6+m<4> g1 (Y >’6"—m<4> s
am? | 3456007 71687° 14515202°  1008z° 7567« 20487 1207
L (LB GGm: _2(GGG)m,(5s) - milg,30Gq)(Ss) | (GGGImGs)] o
- - - e Msds
115207° 172807* 61> 69127
L (-mil9,30Gq)? | 4m,(9,30Gq)(qq)(5s) (27)
1272 9 '
s § m2s* 25(?GG mé  my(3s Om2(g?GG) m3(5s
H66:/0 6~ s~ o 6>+ 5T <4>S3+ o e>_ <4> s?
am | 1728007%  35847° 290304z°  504z° 378z 10240~ 607
_mHGGG) _43m,(RGG)(5)\ _ mil9,40Ga)(@q) | SmURGE) 5] s
230475 172807* 3n? 69127*
m2(g,goGq)* 8m,(9,50Gq){(qq)(5s
L (- .<g‘qg q)° | 8my(9,90Gq){q9)(5s)\ (28)
67 9
|
Based on these expressions, we shall perform numerical To begin with, we show Egs. (23)-(28) in Fig. 1
analyses in the next section. as functions of the threshold value s,. We find that
I33(M3%, s9) and T4, (M3, sy) are both negative when s
IV. NUMERICAL ANALYSES is around 6 GeV?. This suggests that they are both

nonphysical in this energy region, so we shall not inves-
: 3 4
tigate 175, gy, ANd 7g,q,q, ANy mMore.

The mass My depends on two free parameters, the

In this section we use the sum rules given in
Egs. (23)—(28) to perform numerical analyses. The follow-
ing values are used for various quark and gluon parameters

[1,44-50]: threshold value sy and the Borel mass Mp. To find their
’ ’ proper working regions, we investigate three aspects:
m,(2 GeV) = 96+8 MeV., (a) the OPE convergence, (b) the pole contribution, and
. (c) the mass dependence on Mp and sy.
(9;GG) = (0.48 £0.14) GeV*, Taking the current nélaz% as an example, whose sum
(gq) = —(0.240 +0.010)> GeV?, rules are given in Eq. (23), we first investigate the
~ convergence of OPE, which is the cornerstone of a reliable
(55) = (0.8 +0.1) x (g9), QCD sum rule analysis. We require the D = 10 term to be
(9,goGq) = —M} x (gq), less than 5%:

(9s56Gs) = —M3 x (5s), P=19(50, M2)
C CVG)=| L 07BN <59, (30
M2 = (0.8 +0.2) GeV?2, (29) onvergence (CVG) ' My, (s0. M3) |~ (30)
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~ 5 //\\\ g - = //
N = © — \\
- ofF T o= T~ e PO = 0
C [ AN - [
\\__’/
. ‘ ‘ N R ‘ ‘ : : I ‘ ‘ . 45
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
S0 [GeV?] S0 [GeV S0 [GeV
FIG. 1. The two-point correlation functions, TT;;(sy, M%) (left-solid), Ty (sy, M%) (left-dashed), Tls3(sg, M%) (middle-solid),

M,y (sg, M%) (middle-dashed), Tlss(sy, M%) (right-solid), and Tl (so, M%) (right-dashed), as functions of the threshold value s.

These curves are obtained by setting M% = 1.4 GeV>.

As shown in Fig. 2 using the solid curve, the lower bound
of the Borel mass is determined to be M% > 1.32 GeV?,
when setting s, = 7.2 GeV?2.

Then we investigate the one-pole-dominance assumption
by requiring the pole contribution (PC) to be larger
than 45%:

HU(SO?M%})
Hll(oo’ M%)

PCE’ > 45%. (31)

15% 135%

)
9 £
> =
2 10% 190% .2
g =
=i 2
5] =}
5 5% 45% S
> @]
g 2
© £

0 ] - : 0

1.0 12 132 145 1.6 1.8

Borel mass?[GeV?]

FIG. 2. CVG [solid curve, defined in Eq. (30)] and PC
[dashed curve, defined in Eq. (31)] as functions of the Borel
mass Mp. These curves are obtained using the current n;]%()@
when setting s, = 7.2 GeV?>.

3.0r ‘ . . 230
: I |
2.7 l I I 2.7
= l I I |
& 24 ; ! | 24
- ] |
s 21 NS l | I 2.1
| I |
[ I |
1.8 l l I 1.8
l I l
15" 115
30 42 52 62 72 82 92 100
s, [GeV?]

As shown in Fig. 2 using the dashed curve, the upper bound
of the Borel mass is determined to be M% < 1.45 GeV?,
when setting s, = 7.2 GeV>.

Altogether we obtain the Borel window to be
1.32GeV? < M% < 1.45GeV? when setting s, =7.2 GeV?.
Redoing the same procedures by changing s,, we find
that there are nonvanishing Borel windows as long as
5o > 6.7 GeV2.

Finally, we study the mass dependence on My and s.
We show the mass My in Fig. 3 with respective to these
two parameters. It is stable around sy ~ 7.2 GeV?, and its
dependence on Mjy is weak in the Borel window
1.32 GeV? < M% < 1.45 GeV?. Accordingly, we choose
the working regions to be 6.2 GeV? < s, < 8.2 GeV? and
1.32 GeV? < M% < 1.45 GeV?, where the mass My is
evaluated to be

M, =233 GeV. (32)
Here the central value corresponds to s, = 7.2 GeV? and
M?% = 1.38 GeV?, and the uncertainty comes from M, s,
and various quark and gluon parameters listed in Eq. (30).

Similarly, we use nglam to perform numerical analyses.
We show the mass extracted in Fig. 4 as a function of
the threshold value s, (left) and the Borel mass My (right).

3.0- ; . 3.0
| |
2.7 | I 2.7
| |
E 24— = — — — '~— - —— — -~ 2.4
=TT Lemoo |
= 1 |
E 2.1 : : 2.1
| |
1.8 | : 1.8
| |
| |
15" 15
1.0 12 132 145 16 18

Borel Mass? [GeV?]

FIG. 3. Mass calculated using the current 7, \ayay» 88 @ function of the threshold value s, (left) and the Borel mass M (right). In the left
panel the short-dashed/solid/long-dashed curves are depicted when setting M7 = 1.32/1.38/1.45 GeV?, respectively. In the right panel
the short-dashed/solid/long-dashed curves are depicted when setting s, = 6.2/7.2/8.2 GeV?, respectively.
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3.0 3.0

2.7 27

5 24" 24

2’ 21 21

1.8+ 1.8

1.5 : : ' 1.5
3.0 46 56 66 76 86 10.0

s,[GeV?]

3.0 : ; 3.0
|
_ ! 2.7
SRS S - — =
o - Te=Z
O 2.4 S A 24
o | ]
= 2.1 l ! 2.1
| |
[} |
1.8 ; 1 1.8
[} |
15 : : ! : 15
1.0 12 133 148 16 1.8

Borel Mass? [GeV?]

FIG. 4. Mass calculated using the current nilam, as a function of the threshold value s, (left) and the Borel mass M (right). In the left
panel the short-dashed/solid/long-dashed curves are depicted when setting M% = 1.33/1.40/1.48 GeV?, respectively. In the right panel
the short-dashed/solid/long-dashed curves are depicted when setting s, = 6.6/7.6/8.6 GeV?, respectively.

After extracting the working regions to be 6.6 GeV? <
5o < 8.6 GeV? and 1.33 GeV? < M3 < 1.48 GeV?, we
obtain

M, =245507 GeV, (33)

where the central value corresponds to sy, = 7.6 GeV?
and M% = 1.40 GeV?>.

The same procedures are applied to analyses of the
currents 712,]“2(,3 and nglam, but the masses extracted from
them are significantly larger than those from nélam and
nglazaz. We summarize all the results in Table L.

It is interesting to investigate the mixing of nélam and
nglw, since the possibly existing physical state may have a
structure much more complicated than those described by
these two single currents [41-43]:

ﬂgl,iém (6) = COs el/lzlxlazag + sin 9’751@% . (34)

However, we find that the mass minimum is arrived just at
_ . 1 _ 1 . . .

0 = 0°, that is #7554, (0°) = 74 4, Hence, this mixing

does not change the extracted mass, and we shall use the

results extracted from the current 17},1(,20,3 to draw conclu-

sions in the next section.

TABLE 1. Masses extracted from the currents n},ﬁ;f;g.

Currents M2 [GeV?] s, [GeV?] Pole [%] Mass [GeV]
N s 1.32-145  72+1.0 44.9-533 2337009
Moa, ~ 133-148  7.6+10 451-541 245407
Mopa, 146160  9.6+£10 451-534  272+0]]
Mo, ~ 145-158  94£10 452-531  2,67+0)]

V. SUMMARY AND DISCUSSIONS

In this paper we use the method of QCD sum rules
to study light tetraquark states with the exotic quantum
number JP¢ =37, We find that two quarks and two
antiquarks together with at least one derivative are neces-
sary to reach such a quantum number; besides, the quark
content can be ¢sgs (¢ = up/down and s = strange), but
cannot be sss5.

Altogether we have constructed six diquark-antidiquark
interpolating currents, where the derivative can only be
inside the diquark/antidiquark field, i.e.,

n = [qDs](g5) + [g5](aDs]. (35)

We use them to perform QCD sum rule analyses, and the
results are summarized in Table I. The lowest mass,

M, =233%017 GeV,

is extracted from the current ;7},],,2(,3, which is defined
in Eq. (4). From its definition, we clearly see that it
contains one “good” diquark of s, =1 and one “good”
antidiquark of sz; = 1 [51], with one of them orbitally
excited:

|[JFC =375, =555 = Lil,y = lorlz =1).  (36)

qs qs

Since the derivative cannot be between the diquark and
antidiquark fields, this combination is the most stable one,
phenomenologically.

In the present study we have also constructed six
meson-meson interpolating currents, as defined in
Egs. (10)—(14). Three of them have the quark combination
[Gq][5s], and the derivative is between the two quark-
antiquark pairs,

£ = [3q)D[5s]; (37)
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the other three have the quark combination [gs][5¢], and the
derivative is inside the quark-antiquark pairs,

¢ = [gDs|[sq] — [25][3Dg]. (38)

Hence, a special decay behavior of the sg5g tetraquark
states with JP€ = 3~* is that (a) they well decay into
the P-wave (§q) s wave (55)s.wave final states but not into the
(qq)S-wave(gs)P—wave or (EIQ>P—W3V6<§S>S—wave final states, and
(b) they well decay into the (gs).wave (5¢) p-wave final states
but not into the P-wave (Gs)g yave(53¢)swave final states.

Especially, we use the Fierz transformation given in
Eq. (15) to investigate the light sg3g tetraquark state
defined in Eq. (36). It is well coupled by the current
né]azag, and its mass has been calculated to be
2.33f8.'112 GeV. Its isospin can be either / =0 or [ =1,
which cannot be differentiated in the present study. It has
the following special decay behavior: (a) it decays well
into the P-wave p¢/w¢ channel but not into the
pf2(1525)/wf,(1525)/¢f-(1270) channels, and (b) it
decays well into the K*(892)K’(1430) channel but not
into the P-wave K*(892)K*(892) channel. Note that some
of these features can also be derived by analyzing quantum
numbers of the initial and final states.

This state lies very close to the K*(892)K};(1430)
threshold. Theoretically, it is not so easy to differentiate
them, since we do not yet understand the K% (1430) meson
well. However, experimentally, one may be able to do

this, since the K*(892) and K7%(1430) mesons are both not
very narrow, i.e., I'g(gor) =50.3+0.8MeV and
FK;(1430> =98.5+2.7 MeV [1]. We propose to investi-
gate the P-wave p¢/w¢ channel in future BESIII,
Belle-II, and GlueX experiments. If there existed a
narrower resonance of JPC¢ =3~T, it would be more
likely to be a compact sq35g tetraquark state other than
a K*(892)K3(1430) molecular state. For completeness, in
the present study we have also studied its partner state
with the quark content gggg, whose mass is extracted to
be 2.27707% GeV.

To end this paper, we note that the BESIII Collaboration
is possibly able to analyze some of the above decay
channels simultaneously. For example, in Ref. [36] they
performed a partial-wave analysis for the process
ete™ - KK n%2°. They analysed the four subprocesses
KT (1460)K-,  K{(1400)K~,  K{(1270)K-,  and
K**(892)K*~(892), where they clearly observed the
$(2170)/Y(2175) in the former two processes but not in
the latter two processes.
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