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We study the masses of light tetraquark states udūd̄ , usūs̄ and sss̄s̄ with exotic quantum numbers JPC = 2+−

using the method of QCD sum rules. It is found that there is no tetraquark operator with two Lorentz indices
coupling to the 2+− quantum numbers. To investigate such tetraquark states, we construct the interpolating
tetraquark currents with three Lorentz indices and without derivative operator. We calculate the correlation
functions up to dimension 10 condensates, and extract the 2+− invariant functions via the projector operator. Our
results show that the masses of the udūd̄, usūs̄ and sss̄s̄ tetraquark states with JPC = 2+− are about 3.3−3.5 GeV,
3.5 − 3.6 GeV and 3.6 GeV, respectively. We further discuss the strong decays of these light tetraquarks into
the two-meson and baryon-antibaryon final states, and suggest to search for them in the ρπ, ωπ, ϕπ, b1π, h1π,
KK̄∗,KK̄1, ∆∆̄, Σ∗Σ̄∗, Ξ∗Ξ̄∗, ΩΩ̄ channels in the future.

PACS numbers: 12.39.Mk, 12.38.Lg, 14.40.Ev, 14.40.Rt
Keywords: Tetraquark, Exotic quantum numbers, QCD sum rules

I. INTRODUCTION

Quantum chromodynamics (QCD) is the fundamental theory to describe the strong interaction among quarks and gluons in a
SU(3) gauge symmetry. In the traditional quark model, hadrons are qq̄ mesons and qqq baryons [1–3]. However, QCD allows for
the existence of hadron states beyond the quark model, such as tetraquarks, pentaquarks, hexaquarks, dibaryons, hybrid mesons,
glueballs and so on [4–11].

A compact tetraquark is made of a pair of diquark and anti-diquark. In QCD the light scalar mesons σ(600), κ(800), a0(980)
and f0(980) have been considered as the candidates of light tetraquark states [12–16]. In 2006, the BaBar Collaboration observed
ϕ(2170) in the e−e+ → ϕ f0(980) process [17], which was confirmed by latter experiments [18–24]. Since its observation, this
vector resonance with JPC = 1−− was considered as the candidate of a fully strange sss̄s̄ tetraquark state [25–28], although
some other interpretations have not been excluded [29, 30]. Similarly, the X(2239) structure observed by BESIII [31] was also
interpreted the light tetraquark state [32, 33].

The conventional q̄q mesons are forbidden to carry exotic quantum numbers, such as JPC = 0−−, even+−, odd−+. However,
they can be reached in the tetraquark and hybrid meson configurations. To date, the only observed exotic JPC quantum numbers
appear for the isovector π1(1400) [34], π1(1600) [35] and π1(2015) [36] with IG JPC = 1−1−+ and the isoscalar η1(1855) with
IG JPC = 0+1−+ [37, 38], in which π1(1400) and π1(1600) were also considered to be the same state [39, 40]. During the past
several decades, these exotic structures have been extensively investigated as the best candidates for hybrid mesons [4, 10, 41–
47]. Nevertheless, they can also be interpreted as the light compact tetraquarks and hadronic molecules [48–58]. The light
tetraquark states have also been studied for the JPC = 0−− [59, 60] and 0+− [61–64] exotic channels.

Recently, there are some theoretical investigations on the exotic hadrons with JPC = 2+−. In Ref. [64], the fully strange
sss̄s̄ tetraquark state with such quantum numbers was studied in QCD sum rules and its mass was calculated to be around 3.1
GeV. The nonstrange and strangeonium light one-gluon hybrid mesons with JPC = 2+− were studied by Lattice QCD and QCD
sum rules to give the mass predictions about 2.4 − 2.7 GeV [65–67], which are much heavier than the results in the flux tube
model [68]. In Refs. [69–72], the exotic 2+− glueballs were investigated by Lattice QCD and QCD sum rules with diverse mass
predictions. A new type of double-gluon hybrid mesons with exotic quantum numbers was proposed recently in QCD sum rules
in Refs. [73–78]. In this work, we shall further study the mass spectra of the udūd̄, usūs̄ and sss̄s̄ tetraquark states with exotic
quantum numbers JPC = 2+− by constructing the interpolating tetraquark currents with three Lorentz indices in the method of
QCD sum rules.

This paper is organized as follows. In Sec. II, we construct the three-Lorentz-indices interpolating tetraquark currents that
can couple to physical hadron states with JPC = 2+−, and compose the projector operator to extract the invariant functions. In
Sec. III, we calculate the correlation functions and spectral densities for these interpolating currents, and establish the mass sum
rules for the udūd̄, usūs̄ and sss̄s̄ tetraquark systems. In Sec. V, the numerical analyses will be performed to obtain the tetraquark
mass spectra. The last section is a brief summary and discussion.
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TABLE I: The spins and parities of the diquark fields.

qT CΓq JP States

qT
a Cγ5qb 0+ 1S 0

qT
a Cqb 0− 3P0

qT
a Cγµqb 1+ 3S 1

qT
a Cγµγ5qb

{ 0+ if µ = 0

1− if µ = 1, 2, 3

1S 0

3P1

qT
a Cσµνqb

{ 1− if µ, ν = 1, 2, 3

1+ if µ = 0, ν = 1, 2, 3

1P1

3S 1

qT
a Cσµνγ5qb

{ 1+ if µ, ν = 1, 2, 3

1− if µ = 0, ν = 1, 2, 3

3S 1

1P1

II. INTERPOLATING CURRENTS AND PROJECTORS

In this section, we construct the diquark-antidiquark interpolating currents coupling to the light tetraquark states with JPC =

2+−. As a matter of fact, one can not construct a JPC = 2+− current with two Lorentz indices by using the Dirac gamma matrices
only. To construct a current without derivative operator in such channel, one needs to consider the interpolating current with more
than two Lorentz indices [67]. We consider the diquark fields qT

a Cγ5qb, qT
a Cqb, qT

a Cγµγ5qb, qT
a Cγµqb, uT

a Cσµνqb, qT
a Cσµνγ5qb

and the corresponding antidiquark fields, where a, b are color indices, and T the transpose of the matrices.
The spin-parities of the diquark fields with various Lorentz structures are shown in Table I. One can construct a tetraquark

operator as

Oi j = (qT
a CΓiqb)(q̄aΓ jCq̄T

b ) , (1)

where the color structures of the diquark and antidiquark fields depend on their Lorentz structures. It is easy to find the following
identity under the charge conjugation transform [79]

COi jC
−1 = OT

i j . (2)

One can find the tetraquark operators with even and odd C-parities as

S = Oi j + OT
i j , A = Oi j − OT

i j . (3)

Considering a tetraquark operator with two symmetric Lorentz indices Oi j = O{µ,ν}, it can couple to the spin-2 hadron state with
the following possible Lorentz structures without derivative

{Γi,Γ j} = {γµ, γν}, {γµγ5, γνγ5}, {σµα, σαν}, {σµαγ5, σανγ5}, {γµγ5, γν}, {σµαγ5, σαν} . (4)

However, all of these tetraquark operators can not achieve the exotic quantum numbers JPC = 2+−. In this work, we construct
the following 2+− interpolating tetraquark currents with three Lorentz indices

J1
αµν = uT

a Cγαdb

(
ūaσµνCd̄T

b − ūbσµνCd̄T
a

)
− uT

a Cσµνdb

(
ūaγαCd̄T

b − ūbγαCd̄T
a

)
,

J1′
αµν = uT

a Cγαdb

(
ūaσµνCd̄T

b + ūbσµνCd̄T
a

)
− uT

a Cσµνdb

(
ūaγαCd̄T

b + ūbγαCd̄T
a

)
,

J2
αµν = uT

a Cγαγ5db

(
ūaσµνCd̄T

b − ūbσµνCd̄T
a

)
− uT

a Cσµνdb

(
ūaγαγ5Cd̄T

b − ūbγαγ5Cd̄T
a

)
,

J2′
αµν = uT

a Cγαγ5db

(
ūaσµνCd̄T

b + ūbσµνCd̄T
a

)
− uT

a Cσµνdb

(
ūaγαγ5Cd̄T

b + ūbγαγ5Cd̄T
a

)
,

J3
αµν = uT

a Cγαdb

(
ūaσµνγ5Cd̄T

b − ūbσµνγ5Cd̄T
a

)
− uT

a Cσµνγ5db

(
ūaγαCd̄T

b − ūbγαCd̄T
a

)
,

J3′
αµν = uT

a Cγαdb

(
ūaσµνγ5Cd̄T

b + ūbσµνγ5Cd̄T
a

)
− uT

a Cσµνγ5db

(
ūaγαCd̄T

b + ūbγαCd̄T
a

)
,

J4
αµν = uT

a Cγαγ5db

(
ūaσµνγ5Cd̄T

b − ūbσµνγ5Cd̄T
a

)
− uT

a Cσµνγ5db

(
ūaγαγ5Cd̄T

b − ūbγαγ5Cd̄T
a

)
,

J4′
αµν = uT

a Cγαγ5db

(
ūaσµνγ5Cd̄T

b + ūbσµνγ5Cd̄T
a

)
− uT

a Cσµνγ5db

(
ūaγαγ5Cd̄T

b + ūbγαγ5Cd̄T
a

)
,

(5)
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in which the currents J1
αµν, J2

αµν, J3
αµν and J4

αµν have the color structure 3 ⊗ 3̄, while J1′
αµν, J2′

αµν, J3′
αµν and J4′

αµν have the color
structure 6̄ ⊗ 6.

For the fully strange sss̄s̄ tetraquark systems, there are only two interpolating currents survived since the symmetric flavor
structures

J s1
αµν = sT

a Cγαsb

(
s̄aσµνCs̄T

b

)
− sT

a Cσµνsb

(
s̄aγαCs̄T

b

)
,

J s3
αµν = sT

a Cγαsb

(
s̄aσµνγ5Cs̄T

b

)
− sT

a Cσµνγ5sb

(
s̄aγαCs̄T

b

)
,

(6)

in which both of them have the antisymmetric color structure 3 ⊗ 3̄.
To investigate the physical states with definite quantum numbers, we consider the couplings between the interpolating current

and different hadron states as follows〈
0
∣∣∣Jαµν∣∣∣ 0(−P)C(p)

〉
= Z0

1 pαgµν + Z0
2 pµgαν + Z0

3 pνgαµ + Z0
4 pαpµpν , (7)〈

0
∣∣∣Jαµν∣∣∣ 0PC(p)

〉
= Z0

5εαµντp
τ , (8)〈

0
∣∣∣Jαµν∣∣∣ 1PC(p)

〉
= Z1

1ϵαgµν + Z1
2ϵµgαν + Z1

3ϵνgαµ + Z1
4ϵαpµpν + Z1

5ϵµpαpν + Z1
6ϵνpαpµ , (9)〈

0
∣∣∣Jαµν∣∣∣ 1(−P)C(p)

〉
= Z1

7εαµντϵ
τ + Z1

8εαµτλϵ
τpλpν + Z1

9εαντλϵ
τpλpµ , (10)〈

0
∣∣∣Jαµν∣∣∣ 2(−P)C(p)

〉
= Z2

1ϵαµpν + Z2
2ϵανpµ + Z2

3ϵµνpα , (11)〈
0
∣∣∣Jαµν∣∣∣ 2PC(p)

〉
= Z2

4εαµτθϵ
τ
ν pθ + Z2

5εαντθϵ
τ
µ pθ , (12)〈

0
∣∣∣Jαµν∣∣∣ 3PC(p)

〉
= Z3

1ϵαµν , (13)

where ϵα, ϵαµ, ϵαµν are the polarization tensors for the spin-1, spin-2 and spin-3 states, respectively. It should be noted that the
interpolating currents in Eq. (5) and (6) can not couple to any spin-3 state since their last two Lorentz indices are antisymmetric
while the spin-3 polarization tensor ϵαµν is completely symmetric.

Since the parities for the currents J1
αµν, J1′

αµν, J4
αµν, J4′

αµν, J s1
αµν and J2

αµν, J2′
αµν, J3

αµν, J3′
αµν, J s3

αµν are opposite, they couple to the
2+− tetraquark states via different coupling relations in Eq. (11) and Eq. (12), respectively. For the currents J2,2′,3,3′,s3

αµν , we can
rewrite the coupling in another way〈

0
∣∣∣J2,2′,3,3′,s3
αµν

∣∣∣ 2+−(p)
〉
= Z2

4εαµτθϵ
τ
ν pθ + Z2

5εαντθϵ
τ
µ pθ

= f +
(
εαµτθϵ

τ
ν pθ + εαντθϵ τµ pθ

)
+ f −

(
εαµτθϵ

τ
ν pθ − εαντθϵ τµ pθ

)
= f −

(
εαµτθϵ

τ
ν pθ − εαντθϵ τµ pθ

)
,

(14)

in which the Lorentz indices µν are antisymmetric in the last step to be consistent with those in the interpolating currents. One
can construct the normalized projector operator for the 2+− state

P(α1, µ1, ν1, α2, µ2, ν2) =
1

20

∑(
εα1µ1τ1θ1ϵ

τ1
ν1

pθ1 − εα1ν1τ1θ1ϵ
τ1
µ1

pθ1
) (
εα2µ2τ2θ2ϵ

τ2∗
ν2

pθ2 − εα2ν2τ2θ2ϵ
τ2∗
µ2

pθ2
)
/p2 , (15)

where the summation over polarization of the tensor ϵαβ is∑
ϵα1β1ϵ

∗
α2β2
=

1
2

(ηα1α2ηβ1β2 + ηα1β2ηβ1α2 −
2
3
ηα1β1ηα2β2 ) , (16)

with

ηαβ =
pαpβ

p2 − gαβ . (17)

One may wonder that there should be a coupling corresponding to the Lorentz structure εµντθϵταpθ in Eq. (12). As a matter of
fact, the projector constructed by this structure is the same as that from the antisymmetric part in Eq. (14), so that there are only
two independent tensor structures in Eq. (14).

For the currents J1,1′,4,4′,s1
αµν , the coupling relation in Eq. (11) can be rewritten as〈

0
∣∣∣J1,1′,4,4′,s1
αµν

∣∣∣ 2+−(p)
〉
= Z2

1ϵαµpν + Z2
2ϵανpµ + Z2

3ϵµνpα

= Z2
1ϵαµpν + Z2

2ϵανpµ
= f −′(ϵαµpν − ϵανpµ) .

(18)
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with the normalized projector operator

P′(α1, µ1, ν1, α2, µ2, ν2) =
1
20

∑(
ϵα1µ1 pν1 − ϵα1ν1 pµ1

) (
ϵα2µ2 pν2 − ϵα2ν2 pµ2

)
/p2 . (19)

In our calculations, we find that the 2+− tetraquark states extracted from the currents J1,1′,2,2′,s1
αµν are the same with those from

J3,3′,4,4′,s3
αµν , respectively. In the following analyses, we consider only the interpolating currents J1

αµν, J1′
αµν, J2

αµν, J2′
αµν and J s1

αµν to
investigate the mass spectra of the 2+− tetraquark states.

III. FORMALISM OF QCD SUM RULES

The two-point correlation function of the current in Eq. (5) can be written as

Πα1µ1ν1,α2µ2ν2 (p2) = i
∫

d4xeip·x
〈
0
∣∣∣∣T [Jα1µ1ν1 (x)J†α2µ2ν2

(0)
]∣∣∣∣ 0〉 . (20)

We shall investigate only the JPC = 2+− tetraquark states in this work, which can be extracted by applying the projection operator
defined in Eq. (19)

Π2(p2) = P(′)(α1, µ1, ν1, α2, µ2, ν2)Πα1µ1ν1,α2µ2ν2 (p2) , (21)

At the hadronic level, the correlation function Π2(p2) can be usually described via the dispersion relation

Π2(p2) =
(p2)N

π

∫ ∞
0

ImΠ2(s)
sN (s − p2 − iϵ

)ds +
N−1∑
n=0

bn(p2)n , (22)

where the bn is the subtraction constant. In QCD sum rules, the imaginary part of the correlation function is defined as the
spectral function

ρ(s) ≡
1
π

ImΠ2(s) = f 2m2
Hδ(s − m2

H) + QCD continuum and higher states , (23)

in which the “one pole plus continuum” parametrization assumption is used. The parameters f and mH are the coupling constant
and mass of the lowest-lying hadron state H, respectively.

To improve the convergence of the OPE series and suppress the contributions from continuum and higher states, Borel trans-
formation can be performed to the correlation functions in both hadron and quark-gluon levels. The QCD sum rules are then
obtained as

Π2

(
s0,M2

B

)
= f 2m2

He−m2
H/M

2
B =

∫ s0

0
dse−s/M2

Bρ(s) , (24)

where MB is the Borel mass introduced via the Borel transformation and s0 is the continuum threshold. Since the Borel mass is
an intermediate parameter, it should not be relevant to the physical state. These two parameters can be determined by requiring
a suitable OPE convergence and a big enough pole contribution in the QCD sum rule analyses. Then the hadron mass of the
lowest-lying tetraquark state can be extracted as

mH

(
s0,M2

B

)
=

√√√√√ ∂
∂(−1/M2

B)Π2

(
s0,M2

B

)
Π2

(
s0,M2

B

) . (25)

We evaluate the correlation functions for the light tetraquark states with JPC = 2+− up to dimension 10 condensates. We
list the results in the Appendix since these expressions are relatively complicated. For the nonstrange udūd̄ systems, we have
neglected the masses of light quarks in the chiral limit so that there is no contribution from odd dimensional condensates, such
as the quark condensates and quark-gluon mixed condensates. For the usūs̄ and sss̄s̄ systems, the strange quark mass will be
taken into consideration.
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FIG. 1: OPE convergence for the udūd̄ tetraquark state with JPC = 2+− extracted from the current J1
αµν.

IV. NUMERICAL ANALYSES AND MASS PREDICTIONS

In this section, we perform the QCD sum rule analyses for the light exotic tetraquark states with JPC = 2+−. We use the
following values for various QCD parameters [3, 80–82].

mu = md = mq = 0 ,

ms = 93+11
−5 MeV ,〈

q̄q
〉
= −(0.24 ± 0.01)3 GeV3 ,〈

s̄s
〉
= (0.8 ± 0.1) ×

〈
q̄q
〉
,〈

gsq̄σGq
〉
= −(0.8 ± 0.2) ×

〈
q̄q
〉

GeV2 ,〈
gs s̄σGs

〉
= (0.8 ± 0.2) ×

〈
gsq̄σGq

〉
,〈

αsGG
〉
= (6.35 ± 0.35) × 10−2 GeV4 .

(26)

We take J1
αµν as an example to show the details of our numerical analyses for the nonstrange udūd̄ tetraquark state. To extract

the output parameters, the Borel parameter M2
B should be large enough to guarantee the convergence of OPE series. We require

the contribution from the high dimension D > 8 condensates to be less than 1%, i.e

RD>8 =

∣∣∣∣∣∣∣∣
ΠD>8

(
M2

B,∞
)

Πtot
(
M2

B,∞
)
∣∣∣∣∣∣∣∣ < 1% . (27)

This requirement leads to the lower bound on the Borel parameter M2
B ≥ 2.42 GeV2. We show the contribution ratios from

various condensates in Fig. 1, from which one finds that the convergence of OPE series can be well ensured. In this udūd̄

tetraquark system, the dominant nonperturbative effect comes from the dimension 6 four-quark condensate
〈
q̄q
〉2

, since the

contributions from the quark condensate
〈
q̄q
〉

and quark-gluon mixed condensate
〈
gsq̄σGq

〉
vanish in the chiral limit. To get the

upper bound on M2
B, we need to fix the value of s0 at first. As mentioned in Sec. III, the hadron mass mH should be irrelevant

to the intermediate parameter M2
B. In Fig. 2(a), we show the variations of mH with respect to the continuum threshold s0 for

various Borel parameter M2
B. It is shown that the variation of mH with M2

B can be minimized in the parameter working region
13.5 ≤ s0 ≤ 16.5 GeV2. Then the upper bound on M2

B can be determined by requiring the following pole contribution (PC) be
larger than 50%

PC =
Π
(
M2

B, s0

)
Π
(
M2

B,∞
) > 50% . (28)

Finally, the working region of the Borel parameter can be determined to be 2.42 ≤ M2
B ≤ 2.98 GeV2. We show the Borel curves
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H
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(b)

FIG. 2: Variation of mH with s0 and M2
B corresponding to the JPC = 2+− udūd̄ tetraquark state extracted from current J1

αµν.

in the above parameter working regions in Fig. 2(b), in which the QCD sum rules are stable enough to predict the hadron mass
of udūd̄ tetraquark state as

m1
udūd̄ = 3.38+0.13

−0.12 GeV . (29)

The errors are mainly from the uncertainties of the continuum threshold s0, various QCD condensates
〈
q̄q
〉
,
〈
αsGG

〉
and〈

gsq̄σGq
〉
. The error from the Borel mass is small enough to be neglected.

Replacing d to s quark field, one can perform similar QCD sum rule calculations and analyses for the hidden-strange usūs̄
tetraquark systems. As mentioned in Sec. IV, the correlation functions for usūs̄ system contain the contributions from the
dimension 3 quark condensates and dimension 5 quark-gluon mixed condensates. In Fig. 3, we show the OPE convergence for
the usūs̄ tetraquark state from the current J1

αµν, from which one finds that the dominant nonperturbative effect is still from the
four-quark condensates. However, the contribution from the quark condensates is significant and even larger than the four-quark
condensates for the big values of M2

B. This is very different from the situation in the udūd̄ system, where the quark condensates
and quark-gluon mixed condensates give no contribution to the correlation function.

For the usūs̄ system with J1
αµν, the parameter working regions can be obtained as 2.48 ≤ M2

B ≤ 3.15 GeV2 and 14.5 ≤ s0 ≤

17.5 GeV2 after similar numerical analyses, where the Borel window is slightly broader than that for the udūd̄ system. Then the
hadron mass can be predicted as

m1
usūs̄ = 3.48+0.12

−0.12 GeV , (30)

which is about 100 MeV higher than the udūd̄ tetraquark state. We show the corresponding mass curves in Fig. 4.
For the fully strange system, we show the OPE convergence for the sss̄s̄ tetraquark state from the current J s1

αµν in Fig. 5, from
which one finds that the dominant nonperturbative effect is from the dimension 3 quark condensate rather than from the four-
quark condensates, and the dimension 5 quark-gluon mixed condensate also plays an important role in the numerical analysis.
For this current, the parameter working regions can be obtained as 2.48 ≤ M2

B ≤ 3.33 GeV2 and 15.5 ≤ s0 ≤ 18.5 GeV2. After
similar numerical analyses, the hadron mass can be predicted as

msss̄s̄ = 3.59+0.10
−0.09 GeV , (31)

which is about 100 MeV higher than the usūs̄ tetraquark state. We show the corresponding mass curves in Fig. 6. For all
interpolating currents in Eq. (5) and Eq. (6), we collect the numerical results for the udūd̄, usūs̄ and sss̄s̄ tetraquark states with
JPC = 2+− in Table II.

V. CONCLUSION AND DISCUSSION

We have investigated the mass spectra of the light tetraquark states udūd̄, usūs̄ and sss̄s̄ with exotic quantum number JPC =

2+− in QCD sum rules by constructing the interpolating currents with three Lorentz indices. We evaluate the correlation functions
and spectral functions up to dimension ten condensates. Our results show that the most important nonperturbative contributions
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FIG. 3: OPE convergence for the usūs̄ tetraquark state with JPC = 2+− extracted from the current J1
αµν.

MB
2=2.48 GeV2

MB
2=2.82 GeV2

MB
2=3.15 GeV2

10 15 20 25 30

3.0

3.5

4.0

4.5

s0 [GeV
2]

m
H
[G
eV

]

(a)

s0=14.5 GeV
2

s0=16.0 GeV
2

s0=17.5 GeV
2

1.5 2.0 2.5 3.0 3.5 4.0
3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

MB
2 [GeV2]

m
H
[G
eV

]

(b)

FIG. 4: Variation of mH with s0 and M2
B corresponding to the JPC = 2+− usūs̄ tetraquark state extracted from current J1

αµν.
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FIG. 5: OPE convergence for the sss̄s̄ tetraquark state with JPC = 2+− extracted from the current J1
αµν.

come from the dimension 6 four-quark condensates and dimension 3 quark condensate for the udūd̄ and sss̄s̄ tetraquark systems,
respectively. For the usūs̄ system, the contributions from the quark condensates and four-quark condensates are comparable.

The isospin can be I = 0, 1, 2 for the nonstrange udūd̄ system, I = 0, 1 for the usūs̄ system, and I = 0 for the fully strange sss̄s̄
system. In the SU(2) symmetry, we don’t differentiate the up and down quarks in our calculations so that the states in the same
tetraquark system with different isospins are degenerate. The predicted hadron masses for the udūd̄, usūs̄ and sss̄s̄ tetraquark
states with JPC = 2+− are about 3.3 − 3.5 GeV, 3.5 − 3.6 GeV and 3.6 GeV, respectively.

The 2+− tetraquarks can decay into the two-meson final states via the strong interaction in the spontaneous dissociation
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FIG. 6: Variation of mH with s0 and M2
B corresponding to the JPC = 2+− sss̄s̄ tetraquark state extracted from current J s1

αµν.

TABLE II: Predicted tetraquark masses and the corresponding parameters for all interpolating currents.

Current s0(GeV2) M2
B(GeV2) Mass(GeV) PC(%)

udūd̄

J1
αµν 15.0 ± 1.5 2.42 − 2.98 3.38+0.13

−0.12 57.9

J1′
αµν 16.5 ± 1.5 2.21 − 3.33 3.51+0.11

−0.10 64.7

J2
αµν 15.0 ± 1.5 2.36 − 2.98 3.39+0.13

−0.12 58.6

J2′
αµν 14.5 ± 1.5 2.45 − 2.87 3.34+0.14

−0.12 55.8

usūs̄

J1
αµν 16.0 ± 1.5 2.48 − 3.15 3.48+0.12

−0.12 59.2

J1′
αµν 18.0 ± 1.5 2.32 − 3.60 3.64+0.11

−0.10 66.2

J2
αµν 16.5 ± 1.5 2.43 − 3.27 3.53+0.11

−0.12 61.1

J2′
αµν 16.0 ± 1.5 2.50 − 3.15 3.48+0.12

−0.12 59.1

sss̄s̄ J s1
αµν 17.0 ± 1.5 2.48 − 3.33 3.59+0.10

−0.09 60.8

mechanism and annihilation mechanism, as depicted in Fig.7(a) and Fig.7(b) respectively. In Table III, we list some possible
two-meson decay modes for these udūd̄, usūs̄ and sss̄s̄ tetraquarks with different IG quantum numbers. It is clearly that all the
final states are P-wave mesons for the S-wave decay modes, while a P-wave plus an S-wave mesons for the P-wave decay modes.
For the D-wave decay modes, the final states can be all S-wave mesons, such as the ρπ, ωπ, ϕπ,KK̄∗ channels. Such peculiar
decay properties may result in relative narrow decay widths for these 2+− tetraquark states.

As shown in Fig.7(c), the predicted tetraquark masses in Table II also allow some baryon-antibaryon decay channels by the
creation of a light quark-antiquark pair, so that the udūd̄, usūs̄ and sss̄s̄ tetraquark states with JPC = 2+− may be observed in
the ∆∆̄, Σ∗Σ̄∗, Ξ∗Ξ̄∗, ΩΩ̄ decay modes. We suggest to search for these 2+− light tetraquark states in the ρπ, ωπ, ϕπ, b1π, h1π,
KK̄∗,KK̄1, ∆∆̄, Σ∗Σ̄∗, Ξ∗Ξ̄∗, ΩΩ̄ channels in future experiments such as BESIII, BelleII, GlueX, LHCb and so on.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science Foundation of China under Grant No.12305147 and No.12175318, the
National Key R&D Program of China under Contracts No. 2020YFA0406400, the Natural Science Foundation of Guangdong
Province of China under Grant No. 2022A1515011922.



9

TABLE III: Some possible two-meson decay modes for the tetraquarks with IG(JPC) = 0−(2+−), 1+(2+−) and 2−(2+−).

IG(JPC) 0−(2+−) 1+(2+−) 2−(2+−)

S-wave K∗0 K̄∗2 ,
a1,2b1, f1,2h1

K∗0 K̄∗2 ,
a1,2h1, f1,2b1

a1,2b1

P-wave
KK̄1, KK̄∗2 , K∗K̄∗0 , K∗K̄1, K∗K̄∗2 ,

h1η, b1π, f0,1,2ω ,
f0,1,2ϕ, a0,1,2ρ

KK̄1, KK̄∗2 , K∗K̄∗0 , K∗K̄1, K∗K̄∗2 ,
b1η

(′), h1π, f0,1,2ρ,
a0,1,2ω, a1,2π, b1ρ

b1π, a0,1,2ρ

D-wave KK̄∗,
ρπ,ωη(′), ϕη(′)

KK̄∗,
ωπ, ρη(′), ϕπ ρπ

(a) (b) (c)

FIG. 7: Three possible strong decay mechanisms of the 2+− light tetraquark states.

Appendix: Expressions of correlation functions

In this appendix, we show the expressions of correlation functions for the interpolating currents J1
αµν, J1′

αµν, J2
αµν, J2′

αµν and J s1
αµν.

For the nonstrange udūd̄ tetraquark system, the correlation functions after Borel transformation are

Π1
d(M2

B, s0) =
∫ s0

0

 s4

26880π6 −

〈
αsGG

〉
s2

1152π5 −

〈
q̄q
〉2

s

6π2 −

〈
gsq̄σGq

〉〈
q̄q
〉

9π2

 e
− s

M2
B ds +

5
〈
gsq̄σGq

〉2
144π2 +

〈
αsGG

〉〈
q̄q
〉2

27π
, (32)

Π1′
d (M2

B, s0) =
∫ s0

0

 s4

13440π6 −

〈
αsGG

〉
s2

576π5 −

〈
q̄q
〉2

s

3π2 −
5
〈
gsq̄σGq

〉〈
q̄q
〉

36π2

 e
− s

M2
B ds +

〈
gsq̄σGq

〉2
36π2 +

2
〈
αsGG

〉〈
q̄q
〉2

27π
, (33)

Π2
d(M2

B, s0) =
∫ s0

0

 s4

26880π6 −

〈
αsGG

〉
s2

1152π5 −

〈
q̄q
〉2

s

6π2 −
7
〈
gsq̄σGq

〉〈
q̄q
〉

72π2

 e
− s

M2
B ds +

〈
gsq̄σGq

〉2
36π2 +

〈
αsGG

〉〈
q̄q
〉2

27π
, (34)

Π2′
d (M2

B, s0) =
∫ s0

0

 s4

13440π6 −

〈
αsGG

〉
s2

576π5 −

〈
q̄q
〉2

s

3π2 −
17
〈
gsq̄σGq

〉〈
q̄q
〉

72π2

 e
− s

M2
B ds +

11
〈
gsq̄σGq

〉2
144π2 +

2
〈
αsGG

〉〈
q̄q
〉2

27π
.

(35)
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For the usūs̄ tetraquark system, the correlation functions after Borel transformation are

Π1
s(M2

B, s0) =
∫ s0

0

 s4

26880π6 +
11
〈
s̄s
〉
mss2

320π4 −

〈
αsGG

〉
s2

1152π5 −

〈
q̄q
〉2

s

12π2 −

〈
s̄s
〉2

s

12π2 +

〈
gsq̄σGq

〉
mss

384π4 +
59
〈
gs s̄σGs

〉
mss

1152π4

−
5
〈
gsq̄σGq

〉〈
q̄q
〉

96π2 −
5
〈
gs s̄σGs

〉〈
s̄s
〉

96π2 −

〈
q̄q
〉〈

gs s̄σGs
〉

288π2 −

〈
gsq̄σGq

〉〈
s̄s
〉

288π2 +
7
〈
αsGG

〉〈
q̄q
〉
ms

1152π3

+

〈
αsGG

〉〈
s̄s
〉
ms

1152π3

 e
− s

M2
B ds +

〈
gsq̄σGq

〉2
64π2 +

〈
gs s̄σGs

〉〈
gsq̄σGq

〉
288π2 +

〈
αsGG

〉〈
gsq̄σGq

〉
ms

1152π3

−
2
〈
q̄q
〉2〈

s̄s
〉
ms

3
+

〈
αsGG

〉〈
q̄q
〉2

54π
+

〈
αsGG

〉〈
s̄s
〉2

54π
+

〈
gs s̄σGs

〉2
64π2 +

5
〈
αsGG

〉〈
gs s̄σGs

〉
ms

3456π3 ,

(36)

Π1′
s (M2

B, s0) =
∫ s0

0

 s4

13440π6 +
11
〈
s̄s
〉
mss2

160π4 −

〈
αsGG

〉
s2

576π5 −

〈
q̄q
〉2

s

6π2 −

〈
s̄s
〉2

s

6π2 −
7
〈
gsq̄σGq

〉
mss

384π4 +
109
〈
gs s̄σGs

〉
mss

1152π4

−
3
〈
gsq̄σGq

〉〈
q̄q
〉

32π2 −
3
〈
gs s̄σGs

〉〈
s̄s
〉

32π2 +
7
〈
q̄q
〉〈

gs s̄σGs
〉

288π2 +
7
〈
gsq̄σGq

〉〈
s̄s
〉

288π2 −
49
〈
αsGG

〉〈
q̄q
〉
ms

1152π3

−
19
〈
αsGG

〉〈
s̄s
〉
ms

1152π3

 e
− s

M2
B ds +

5
〈
gsq̄σGq

〉2
192π2 −

7
〈
gs s̄σGs

〉〈
gsq̄σGq

〉
288π2 −

7
〈
αsGG

〉〈
gsq̄σGq

〉
ms

1152π3

−
4
〈
q̄q
〉2〈

s̄s
〉
ms

3
+

〈
αsGG

〉〈
q̄q
〉2

27π
+

〈
αsGG

〉〈
s̄s
〉2

27π
+

5
〈
gs s̄σGs

〉2
192π2 +

〈
αsGG

〉〈
gs s̄σGs

〉
ms

3456π3 ,

(37)

Π2
s(M2

B, s0) =
∫ s0

0

 s4

26880π6 +
11
〈
s̄s
〉
mss2

320π4 −

〈
αsGG

〉
s2

1152π5 −

〈
q̄q
〉2

s

12π2 −

〈
s̄s
〉2

s

12π2 −

〈
gsq̄σGq

〉
mss

384π4 +
59
〈
gs s̄σGs

〉
mss

1152π4

−
5
〈
gsq̄σGq

〉〈
q̄q
〉

96π2 −
5
〈
gs s̄σGs

〉〈
s̄s
〉

96π2 +

〈
q̄q
〉〈

gs s̄σGs
〉

288π2 +

〈
gsq̄σGq

〉〈
s̄s
〉

288π2 −
7
〈
αsGG

〉〈
q̄q
〉
ms

1152π3

+

〈
αsGG

〉〈
s̄s
〉
ms

1152π3

 e
− s

M2
B ds +

〈
gsq̄σGq

〉2
64π2 −

〈
gs s̄σGs

〉〈
gsq̄σGq

〉
288π2 −

〈
αsGG

〉〈
gsq̄σGq

〉
ms

1152π3

−
2
〈
q̄q
〉2〈

s̄s
〉
ms

3
+

〈
αsGG

〉〈
q̄q
〉2

54π
+

〈
αsGG

〉〈
s̄s
〉2

54π
+

〈
gs s̄σGs

〉2
64π2 +

5
〈
αsGG

〉〈
gs s̄σGs

〉
ms

3456π3 ,

(38)

Π2′
s (M2

B, s0) =
∫ s0

0

 s4

13440π6 +
11
〈
s̄s
〉
mss2

160π4 −

〈
αsGG

〉
s2

576π5 −

〈
q̄q
〉2

s

6π2 −

〈
s̄s
〉2

s

6π2 +
7
〈
gsq̄σGq

〉
mss

384π4 +
109
〈
gs s̄σGs

〉
mss

1152π4

−
3
〈
gsq̄σGq

〉〈
q̄q
〉

32π2 −
3
〈
gs s̄σGs

〉〈
s̄s
〉

32π2 −
7
〈
q̄q
〉〈

gs s̄σGs
〉

288π2 −
7
〈
gsq̄σGq

〉〈
s̄s
〉

288π2 +
49
〈
αsGG

〉〈
q̄q
〉
ms

1152π3

−
19
〈
αsGG

〉〈
s̄s
〉
ms

1152π3

 e
− s

M2
B ds +

5
〈
gsq̄σGq

〉2
192π2 +

7
〈
gs s̄σGs

〉〈
gsq̄σGq

〉
288π2 +

7
〈
αsGG

〉〈
gsq̄σGq

〉
ms

1152π3

−
4
〈
q̄q
〉2〈

s̄s
〉
ms

3
+

〈
αsGG

〉〈
q̄q
〉2

27π
+

〈
αsGG

〉〈
s̄s
〉2

27π
+

5
〈
gs s̄σGs

〉2
192π2 +

〈
αsGG

〉〈
gs s̄σGs

〉
ms

3456π3 .

(39)
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For the fully strange sss̄s̄ tetraquark system, the correlation functions after Borel transformation are

Πs1
ss(M2

B, s0) =
∫ s0

0

 s4

26880π6 +
11
〈
s̄s
〉
mss2

160π4 −

〈
αsGG

〉
s2

1152π5 −

〈
s̄s
〉2

s

6π2 +
31
〈
gs s̄σGs

〉
mss

288π4 −

〈
gs s̄σGs

〉〈
s̄s
〉

9π2

+

〈
αsGG

〉〈
s̄s
〉
ms

72π3

 e
− s

M2
B ds −

4
〈
s̄s
〉3

ms

3
+

〈
αsGG

〉〈
s̄s
〉2

27π
+

5
〈
gs s̄σGs

〉2
144π2 +

〈
αsGG

〉〈
gs s̄σGs

〉
ms

216π3 .

(40)

[1] M. Gell-Mann, Phys. Lett. 8, 214 (1964)
[2] G. Zweig, An SU(3) model for strong interaction symmetry and its breaking. Version 2, 22–101 (1964)
[3] R. L. Workman et al., PTEP 2022, 083C01 (2022)
[4] C. Meyer and E. Swanson, Prog. Part. Nucl. Phys. 82, 21 (2015)
[5] H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu, Phys. Rep. 639, 1 (2016)
[6] H. Clement, Prog. Part. Nucl. Phys. 93, 195 (2017)
[7] F.-K. Guo, C. Hanhart, U.-G. Meißner, Q. Wang, Q. Zhao, and B.-S. Zou, Rev. Mod. Phys. 90, 015004 (2018)
[8] Y.-R. Liu, H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu, Prog. Part. Nucl. Phys. 107, 237 (2019)
[9] N. Brambilla et al., Phys. Rep. 873, 1 (2020)

[10] H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, and S.-L. Zhu, Rept. Prog. Phys. 86, 026201 (2023)
[11] M.-Z. Liu, Y.-W. Pan, Z.-W. Liu, T.-W. Wu, J.-X. Lu, and L.-S. Geng (2024)
[12] R. L. Jaffe, Phys. Rev. D 15, 267 (1977)
[13] D. Black, A. H. Fariborz, F. Sannino, and J. Schechter, Phys. Rev. D 59, 074026 (1999)
[14] L. Maiani, F. Piccinini, A. D. Polosa, and V. Riquer, Phys. Rev. Lett. 93, 212002 (2004)
[15] H.-X. Chen, A. Hosaka, and S.-L. Zhu, Phys. Rev. D 76, 094025 (2007)
[16] S. Prelovsek and D. Mohler, Phys. Rev. D 79, 014503 (2009)
[17] B. Aubert et al., Phys. Rev. D 74, 091103 (2006)
[18] M. Ablikim et al., Phys. Rev. Lett. 100, 102003 (2008)
[19] M. Ablikim et al., Phys. Rev. D 91, 052017 (2015)
[20] M. Ablikim et al., Phys. Rev. D 99, 012014 (2019)
[21] B. Aubert et al., Phys. Rev. D 76, 012008 (2007)
[22] B. Aubert et al., Phys. Rev. D 77, 092002 (2008)
[23] J. P. Lees et al., Phys. Rev. D 86, 012008 (2012)
[24] C. P. Shen et al., Phys. Rev. D 80, 031101 (2009)
[25] C. Deng, J. Ping, F. Wang, and T. Goldman, Phys. Rev. D 82, 074001 (2010)
[26] Z.-G. Wang, Nucl. Phys. A 791, 106 (2007)
[27] H.-W. Ke and X.-Q. Li, Phys. Rev. D 99, 036014 (2019)
[28] H.-X. Chen, C.-P. Shen, and S.-L. Zhu, Phys. Rev. D 98, 014011 (2018)
[29] J. Ho, R. Berg, T. G. Steele, W. Chen, and D. Harnett, Phys. Rev. D 100, 034012 (2019)
[30] C. Deng, J. Ping, Y. Yang, and F. Wang, Phys. Rev. D 88, 074007 (2013)
[31] M. Ablikim et al., Phys. Rev. D 99, 032001 (2019)
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