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We study the masses of light tetraquark states udūd̄, usūs̄, and sss̄ s̄ with exotic quantum numbers
JPC ¼ 2þ− using the method of QCD sum rules. It is found that there is no tetraquark operator with two
Lorentz indices coupling to the 2þ− quantum numbers. To investigate such tetraquark states, we construct
the interpolating tetraquark currents with three Lorentz indices and without a derivative operator. We
calculate the correlation functions up to dimension-ten condensates and extract the 2þ− invariant functions
via the projector operator. Our results show that the masses of the udū d̄, usū s̄, and sss̄ s̄ tetraquark states
with JPC ¼ 2þ− are about 3.3–3.5, 3.5–3.7, and 3.67 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, ΔΔ̄, Σ�Σ̄�, Ξ�Ξ̄�, and ΩΩ̄ channels in the future.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the fundamental
theory to describe the strong interaction among quarks and
gluons in an 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 diquark and anti-

diquark pair. In QCD, the light scalar mesons σð600Þ,
κð800Þ, a0ð980Þ, and f0ð980Þ have been considered as
light tetraquark state candidates [12–16]. In 2006, the
BABAR Collaboration observed ϕð2170Þ in the e−eþ →
ϕf0ð980Þ process [17], which was confirmed by later
experiments [18–24]. Since its observation, this vector
resonance with JPC ¼ 1−− was considered as the candidate
for a fully strange sss̄ s̄ tetraquark state [25–28], although
some other interpretations have not been excluded [29,30].
Similarly, the Xð2239Þ structure observed by BESIII [31]
was also interpreted as a light tetraquark state [32,33].
The conventional q̄q mesons are forbidden to carry

exotic quantum numbers, such as JPC ¼ 0−−, evenþ−,
odd−þ. However, they can be reached in the tetraquark

and hybridmeson configurations. To date, the only observed
exotic JPC quantum numbers appear for the isovector
π1ð1400Þ [34], π1ð1600Þ [35], and π1ð2015Þ [36] with
IGJPC ¼ 1−1−þ and the isoscalar η1ð1855Þ with IGJPC ¼
0þ1−þ [37,38], in which π1ð1400Þ and π1ð1600Þ were
also considered to be the same state [39,40]. Over 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 light compact tetraquarks and hadronic
molecules [48–58]. Light tetraquark states have also been
studied for the JPC ¼ 0−− [59,60] and 0þ− [61–64] exotic
channels.
There have been recent theoretical investigations on the

exotic hadrons with JPC ¼ 2þ−. In Ref. [64], the fully
strange sss̄ s̄ tetraquark state with such quantum numbers
was studied using 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 ¼
2þ− were studied using lattice QCD and QCD sum rules to
give a mass prediction of 2.4–2.7 GeV [65–67], which is
much heavier than the results in the flux tube model [68]. In
Refs. [69–72], the exotic 2þ− glueballs were investigated
using 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 using
QCD sum rules in Refs. [73–78]. In this work, we further
study the mass spectra of the udūd̄, usūs̄, and sss̄s̄
tetraquark states with exotic quantum numbers JPC ¼ 2þ−

by constructing the interpolating tetraquark currents with
three Lorentz indices using the method of QCD sum rules.
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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 ¼ 2þ− and compose the projector operator to extract
the invariant functions. In Sec. III we calculate the
correlation functions and spectral densities for these inter-
polating currents and establish the mass sum rules for the
udū d̄, usū s̄, and sss̄ s̄ tetraquark systems. In Sec. V we
perform numerical analyses to obtain the tetraquark mass
spectra. The last section contains a brief summary and
discussion.

II. INTERPOLATING CURRENTS
AND PROJECTORS

In this section, we construct the diquark-antidiquark
interpolating currents coupling to the light tetraquark states
with JPC ¼ 2þ−. As a matter of fact, one cannot construct a
JPC ¼ 2þ− current with two Lorentz indices by using the
Dirac gammamatrices only. To construct a current without a
derivative operator in such a channel, one needs to consider
the interpolating current with more than two Lorentz
indices [67]. We consider the diquark fields qTaCγ5qb;
qTaCqb; qTaCγμγ5qb; qTaCγμqb; uTaCσμνqb; qTaCσμνγ5qb and
the corresponding antidiquark fields, where a, b are color
indices and T is 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

Oij ¼ ðqTaCΓiqbÞðq̄aΓjCq̄TbÞ; ð1Þ

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 trans-
form [79]:

COijC−1 ¼ OT
ij: ð2Þ

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

S¼OijþOT
ij; A¼Oij−OT

ij: ð3Þ

Considering a tetraquark operator with two symmetric
Lorentz indices Oij ¼ Ofμ;νg, it can couple to the spin-2
hadron state with the following possible Lorentz structures
without derivatives:

fΓi;Γjg ¼ fγμ; γνg; fγμγ5; γνγ5g; fσμα; σανg;
× fσμαγ5; σανγ5g; fγμγ5; γνg; fσμαγ5; σανg: ð4Þ

However, all of these tetraquark operators cannot achieve
the exotic quantum numbers JPC ¼ 2þ−. In this work, we
construct the following 2þ− interpolating tetraquark cur-
rents with three Lorentz indices:

J1αμν ¼ uTaCγαdb
�
ūaσμνCd̄Tb − ūbσμνCd̄Ta

�
− uTaCσμνdb

�
ūaγαCd̄Tb − ūbγαCd̄Ta

�
;

J10αμν ¼ uTaCγαdb
�
ūaσμνCd̄Tb þ ūbσμνCd̄Ta

�
− uTaCσμνdb

�
ūaγαCd̄Tb þ ūbγαCd̄Ta

�
;

J2αμν ¼ uTaCγαγ5db
�
ūaσμνCd̄Tb − ūbσμνCd̄Ta

�
− uTaCσμνdb

�
ūaγαγ5Cd̄Tb − ūbγαγ5Cd̄Ta

�
;

J20αμν ¼ uTaCγαγ5db
�
ūaσμνCd̄Tb þ ūbσμνCd̄Ta

�
− uTaCσμνdb

�
ūaγαγ5Cd̄Tb þ ūbγαγ5Cd̄Ta

�
;

J3αμν ¼ uTaCγαdb
�
ūaσμνγ5Cd̄Tb − ūbσμνγ5Cd̄Ta

�
− uTaCσμνγ5db

�
ūaγαCd̄Tb − ūbγαCd̄Ta

�
;

J30αμν ¼ uTaCγαdb
�
ūaσμνγ5Cd̄Tb þ ūbσμνγ5Cd̄Ta

�
− uTaCσμνγ5db

�
ūaγαCd̄Tb þ ūbγαCd̄Ta

�
;

J4αμν ¼ uTaCγαγ5db
�
ūaσμνγ5Cd̄Tb − ūbσμνγ5Cd̄Ta

�
− uTaCσμνγ5db

�
ūaγαγ5Cd̄Tb − ūbγαγ5Cd̄Ta

�
;

J40αμν ¼ uTaCγαγ5db
�
ūaσμνγ5Cd̄Tb þ ūbσμνγ5Cd̄Ta

�
− uTaCσμνγ5db

�
ūaγαγ5Cd̄Tb þ ūbγαγ5Cd̄Ta

�
; ð5Þ

in which the currents J1αμν, J2αμν, J3αμν, and J4αμν have the color structure 3 ⊗ 3̄, while J10αμν, J20αμν, J30αμν, and J40αμν have the color
structure 6̄ ⊗ 6.

TABLE I. Spins and parities of the diquark fields.

qTCΓq JP States

qTaCγ5qb 0þ 1S0
qTaCqb 0− 3P0

qTaCγμqb 1þ 3S1

qTaCγμγ5qb
�
0þ if μ ¼ 0

1− if μ ¼ 1; 2; 3

1S0
3P1

qTaCσμνqb
�
1− if μ; ν ¼ 1; 2; 3
1þ if μ ¼ 0; ν ¼ 1; 2; 3

1P1
3S1

qTaCσμνγ5qb
�
1þ if μ; ν ¼ 1; 2; 3
1− if μ ¼ 0; ν ¼ 1; 2; 3

3S1
1P1
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For the fully strange sss̄ s̄ tetraquark systems, only two
interpolating currents survive since both of the symmetric
flavor structures

Js1αμν ¼ sTaCγαsb
�
s̄aσμνCs̄Tb

�
− sTaCσμνsb

�
s̄aγαCs̄Tb

�
;

Js3αμν ¼ sTaCγαsb
�
s̄aσμνγ5Cs̄Tb

�
− sTaCσμνγ5sb

�
s̄aγαCs̄Tb

� ð6Þ

have the antisymmetric color structure 3 ⊗ 3̄.
To investigate the physical states with definite quantum

numbers, we consider the couplings between the interpo-
lating current and different hadron states as follows:

h0jJαμνj0ð−PÞCðpÞi ¼ Z0
1pαgμν þ Z0

2pμgαν þ Z0
3pνgαμ

þ Z0
4pαpμpν; ð7Þ

h0jJαμνj0PCðpÞi ¼ Z0
5εαμντp

τ; ð8Þ

h0jJαμνj1PCðpÞi ¼ Z1
1ϵαgμν þ Z1

2ϵμgαν þ Z1
3ϵνgαμ

þ Z1
4ϵαpμpν þ Z1

5ϵμpαpν þ Z1
6ϵνpαpμ;

ð9Þ

h0jJαμνj1ð−PÞCðpÞi ¼ Z1
7εαμντϵ

τ þ Z1
8εαμτλϵ

τpλpν

þ Z1
9εαντλϵ

τpλpμ; ð10Þ

h0jJαμνj2ð−PÞCðpÞi¼Z2
1ϵαμpνþZ2

2ϵανpμþZ2
3ϵμνpα; ð11Þ

h0jJαμνj2PCðpÞi ¼ Z2
4εαμτθϵν

τpθ þ Z2
5εαντθϵμ

τpθ; ð12Þ

h0jJαμνj3PCðpÞi ¼ Z3
1ϵαμν; ð13Þ

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 Eqs. (5) and (6) cannot
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 J1αμν, J10αμν, J4αμν, J40αμν,

Js1αμν and J2αμν, J20αμν, J3αμν, J30αμν, Js3αμν are opposite, they
couple to the 2þ− tetraquark states via different coupling
relations in Eqs. (11) and (12), respectively. For the currents
J2;20;3;30;s3αμν , we can rewrite the coupling in another way,

h0jJ2;20;3;30;s3αμν j2þ−ðpÞi¼Z2
4εαμτθϵν

τpθþZ2
5εαντθϵμ

τpθ

¼fþ
�
εαμτθϵν

τpθþεαντθϵμ
τpθ

�
þf−

�
εαμτθϵν

τpθ−εαντθϵμ
τpθ

�
¼f−

�
εαμτθϵν

τpθ−εαντθϵμ
τpθ

�
; ð14Þ

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 2þ− state,

Pðα1;μ1;ν1;α2;μ2;ν2Þ¼
1

20

X
ðεα1μ1τ1θ1ϵν1 τ1pθ1

−εα1ν1τ1θ1ϵμ1
τ1pθ1Þðεα2μ2τ2θ2ϵν2 τ2�pθ2

−εα2ν2τ2θ2ϵμ2
τ2�pθ2Þ=p2; ð15Þ

where the summation over the polarization of the tensor
ϵαβ is

X
ϵα1β1ϵ

�
α2β2

¼ 1

2

�
ηα1α2ηβ1β2 þηα1β2ηβ1α2 −

2

3
ηα1β1ηα2β2

�
;

ð16Þ
with

ηαβ ¼
pαpβ

p2
− gαβ: ð17Þ

One may wonder whether there should be a coupling
corresponding to the Lorentz structure εμντθϵ

τ
αpθ in

Eq. (12). As a matter of fact, the projector constructed
using this structure is the same as that from the antisym-
metric part in Eq. (14), so that there are only two
independent tensor structures in Eq. (14).
For the currents J1;10;4;40;s1αμν , the coupling relation in

Eq. (11) can be rewritten as

h0jJ1;10;4;40;s1αμν j2þ−ðpÞi ¼ Z2
1ϵαμpν þ Z2

2ϵανpμ þ Z2
3ϵμνpα

¼ Z2
1ϵαμpν þ Z2

2ϵανpμ

¼ f−0ðϵαμpν − ϵανpμÞ; ð18Þ

with the normalized projector operator

P0ðα1;μ1;ν1;α2;μ2;ν2Þ¼
1

20

X
ðϵα1μ1pν1 − ϵα1ν1pμ1Þ

× ðϵα2μ2pν2 − ϵα2ν2pμ2Þ=p2: ð19Þ

In our calculations, we find that the 2þ− tetraquark states
extracted from the currents J1;10;2;20;s1αμν are the same as those
from J3;30;4;40;s3αμν , respectively. In the following analyses, we
consider only the interpolating currents J1αμν, J10αμν, J2αμν,
J20αμν, and Js1αμν to investigate the mass spectra of the 2þ−

tetraquark states.

III. FORMALISM OF QCD SUM RULES

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

Πα1μ1ν1;α2μ2ν2ðp2Þ¼ i
Z
d4xeip·xh0jT½Jα1μ1ν1ðxÞJ†α2μ2ν2ð0Þ�j0i:

ð20Þ
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We investigate only the JPC ¼ 2þ− tetraquark states in this
work, which can be extracted by applying the projection
operator defined in Eq. (19),

Π2ðp2Þ¼Pð0Þðα1;μ1;ν1;α2;μ2;ν2ÞΠα1μ1ν1;α2μ2ν2ðp2Þ: ð21Þ

At the hadronic level, the correlation function Π2ðp2Þ
can usually be described via the dispersion relation

Π2ðp2Þ¼ ðp2ÞN
π

Z
∞

0

ImΠ2ðsÞ
sNðs−p2− iϵÞdsþ

XN−1

n¼0

bnðp2Þn;

ð22Þ

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

ρðsÞ≡ 1

π
ImΠ2ðsÞ ¼ f2m2

Hδðs −m2
HÞ

þ QCD continuum and higher states; ð23Þ

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 operator product

expansion (OPE) series and suppress the contributions from
continuum and higher states, a Borel transformation can be
performed on the correlation functions at both the hadron
and quark-gluon levels. The QCD sum rules are then
obtained as

Π2ðs0;M2
BÞ ¼ f2m2

He
−m2

H=M
2
B ¼

Z
s0

0

dse−s=M
2
BρðsÞ; ð24Þ

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

mHðs0;M2
BÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂

∂ð−1=M2
BÞ
Π2

�
s0;M2

B

�
Π2

�
s0;M2

B

�
vuut : ð25Þ

We evaluate the correlation functions for the light
tetraquark states with JPC ¼ 2þ− up to dimension-ten
condensates. The contribution from operators with higher
dimensions are extremely small and we do not take
them into consideration in this work. We list the results
in the Appendix since these expressions are relatively

complicated. For the nonstrange udū d̄ systems, we neglect
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 usū s̄ and sss̄ s̄ systems, the strange quark mass is
taken into consideration. For the high-dimension conden-
sates, we use the factorization assumptions and set the
factors to be 1 in our analyses.

IV. NUMERICAL ANALYSES
AND MASS PREDICTIONS

In this section, we perform the QCD sum rule analyses for
the light exotic tetraquark states with JPC ¼ 2þ−.We use the
following values for various QCD parameters [3,80–82]:

mu ¼ md ¼ mq ¼ 0;

ms ¼ 93þ11
−5 MeV;

hq̄qi ¼ −ð0.24� 0.01Þ3 GeV3;

hs̄si ¼ ð0.8� 0.1Þ × hq̄qi;
hgsq̄σGqi ¼ −ð0.8� 0.2Þ × hq̄qi GeV2;

hgss̄σGsi ¼ ð0.8� 0.2Þ × hgsq̄σGqi;
hαsGGi ¼ ð6.35� 0.35Þ × 10−2 GeV4: ð26Þ

The above condensate values are taken at the energy
renormalization scale μ ¼ 1 GeV, while the s-quark mass
is taken at μ ¼ 2 GeV. Tomaintain energy-renormalization-
scale consistency, we use the renormalization group to run
the s-quark mass at μ ¼ 1 GeV, as adopted in Ref. [83].
We take J1αμν as an example to show the details of our

numerical analyses for the nonstrange udū d̄ 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.,

FIG. 1. OPE convergence for the udū d̄ tetraquark state with
JPC ¼ 2þ− extracted from the current J1αμν.
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RD>8 ¼
����Π

D>8
�
M2

B;∞
�

Πtot
�
M2

B;∞
�
���� < 1%: ð27Þ

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 udū d̄ tetraquark system, the dominant
nonperturbative effect comes from the dimension-six four-
quark condensate hq̄qi2, since the contributions from the
quark condensate hq̄qi and quark-gluon mixed condensate
hgsq̄σGqi vanish in the chiral limit. To get the upper bound
onM2

B, we first need to fix the value of s0. 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 ofmH with respect to the continuum threshold s0
for various values of the Borel parameter M2

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

B can be minimized in the
working parameter region 13.5 ≤ s0 ≤ 16.5 GeV2. Then,
the upper bound onM2

B can be determined by requiring the
following pole contribution to be larger than 50%:

Pole Contribution ¼ Π
�
M2

B; s0
�

Π
�
M2

B;∞
� > 50%: ð28Þ

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

m1
udū d̄

¼ 3.38þ0.13
−0.12 GeV: ð29Þ

The errors are mainly from the uncertainties of the
continuum threshold s0, various QCD condensates hq̄qi,

hαsGGi, and hgsq̄σGqi. The error from the Borel mass is
small enough to be neglected.
Replacing d with the s-quark field, one can perform

similar QCD sum rule calculations and analyses for the
hidden-strange usū s̄ tetraquark systems. As mentioned in
Sec. IV, the correlation functions for the usūs̄ system
contain the contributions from the dimension-three quark
condensates and dimension-five quark-gluon mixed con-
densates. In Fig. 3, we show the OPE convergence for the
usū s̄ tetraquark state from the current J1αμν, 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 large values ofM2

B. This is very
different from the situation in the udū d̄ system, where the
quark condensates and quark-gluonmixed condensates give
no contribution to the correlation function.
For the usūs̄ system with J1αμν, the working parameter

regions can be obtained as 2.51 ≤ M2
B ≤ 3.13 GeV2 and

14.5 ≤ s0 ≤ 17.5 GeV2 after similar numerical analyses,

FIG. 2. Variation of the tetraquark mass mH with (a) the continuum threshold s0 and (b) the Brorel mass M2
B, corresponding to the

JPC ¼ 2þ− udū d̄ tetraquark state extracted from current J1αμν.

FIG. 3. OPE convergence for the usū s̄ tetraquark state with
JPC ¼ 2þ− extracted from the current J1αμν.
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where the Borel window is slightly broader than that for the
udū d̄ system. Then, the hadron mass can be predicted as

m1
usū s̄ ¼ 3.50þ0.13

−0.12 GeV; ð30Þ

which is about 100 MeV higher than the udū d̄ tetraquark
state. We show the corresponding mass curves in Fig. 4.
For the fully strange system, we show the OPE con-

vergence for the sss̄ s̄ tetraquark state from the current Js1αμν
in Fig. 5, from which one finds that the dominant non-
perturbative effect is from the dimension-three quark
condensate rather than from the four-quark condensates,
and the dimension-five quark-gluon mixed condensate also
plays an important role in the numerical analysis. For this
current, the working parameter regions can be obtained
as 2.53 ≤ M2

B ≤ 3.40 GeV2 and 16.0 ≤ s0 ≤ 19.0 GeV2.
After similar numerical analyses, the hadron mass can be
predicted as

msss̄ s̄ ¼ 3.66þ0.10
−0.09 GeV; ð31Þ

which is about 100 MeV higher than the usū s̄ tetraquark
state. We show the corresponding mass curves in Fig. 6. For
all interpolating currents in Eqs. (5) and (6), we collect the
numerical results for the udūd̄, usūs̄, and sss̄ s̄ tetraquark
states with JPC ¼ 2þ− in Table II.

V. CONCLUSION AND DISCUSSION

We investigated the mass spectra of the light tetraquark
states udūd̄, usūs̄, and sss̄s̄ with exotic quantum number
JPC ¼ 2þ− using QCD sum rules by constructing the
interpolating currents with three Lorentz indices. We
evaluated the correlation functions and spectral functions
up to dimension-ten condensates. Our results show that the
most important nonperturbative contributions come from
the dimension-six four-quark condensates and dimension-
three quark condensate for the udūd̄ and sss̄ s̄ tetraquark
systems, respectively. For the usūs̄ system, the contribu-
tions from the quark condensates and four-quark conden-
sates are comparable.

FIG. 4. Variation of the tetraquark massmH with (a) the continuum threshold s0 and (b) the squared Brorel massM2
B, corresponding to

the JPC ¼ 2þ− usūs̄ tetraquark state extracted from current J1αμν.

FIG. 5. OPE convergence for the sss̄ s̄ tetraquark state with
JPC ¼ 2þ− extracted from the current Js1αμν.

TABLE II. Predicted tetraquark masses and the corresponding
parameters for all interpolating currents. The pole contributions
are evaluated at the central values of s0 and M2

B.

Current s0 ðGeV2Þ
M2

B

ðGeV2Þ
Mass
(GeV)

Pole
contribution (%)

udūd̄

J1αμν 15.0� 1.5 2.42–2.98 3.38þ0.13
−0.12 57.9

J10αμν 16.5� 1.5 2.21–3.33 3.51þ0.11
−0.10 64.7

J2αμν 15.0� 1.5 2.36–2.98 3.39þ0.13
−0.12 58.6

J20αμν 14.5� 1.5 2.45–2.87 3.34þ0.14
−0.12 55.8

usūs̄

J1αμν 16.0� 1.5 2.51–3.13 3.50þ0.13
−0.12 58.4

J10αμν 18.0� 1.5 2.36–3.60 3.66þ0.11
−0.10 65.1

J2αμν 16.5� 1.5 2.46–3.25 3.55þ0.12
−0.11 60.3

J20αμν 16.0� 1.5 2.53–3.14 3.50þ0.12
−0.12 58.2

sss̄s̄ Js1αμν 17.5� 1.5 2.53–3.40 3.66þ0.10
−0.09 60.9
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The isospin can be I ¼ 0, 1, 2 for the nonstrange udūd̄
system, I ¼ 0, 1 for the usūs̄ system, and I ¼ 0 for the
fully strange sss̄ s̄ system. In the SU(2) symmetry, we did
not 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 ¼ 2þ− are about 3.3–3.5, 3.5–3.7, and 3.67 GeV,
respectively.
The 2þ− tetraquarks can decay into the two-meson final

states via the strong interaction in the spontaneous

dissociation mechanism and annihilation mechanism, as
depicted in Figs. 7(a) and 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 clear that all of the final states are P-wave
mesons for the S-wave decay modes, while they areP-wave
plus 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, and KK̄� channels. Such
peculiar decay properties may result in relatively narrow
decay widths for these 2þ− 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 sss̄ s̄ tetraquark states with JPC ¼ 2þ−

may be observed in the ΔΔ̄, Σ�Σ̄�, Ξ�Ξ̄�, and ΩΩ̄ decay
modes. We suggest searching for these 2þ− light tetraquark
states in the ρπ;ωπ;ϕπ, b1π, h1π, KK̄�; KK̄1, ΔΔ̄, Σ�Σ̄�,
Ξ�Ξ̄�, and ΩΩ̄ channels in future experiments such as
BESIII, BelleII, GlueX, LHCb, and so on.
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TABLE III. Some possible two-meson decay modes for the
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�
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a1;2b1, f1;2h1
K�

0K̄
�
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,

b1ηð0Þ, h1π, f0;1;2ρ,
a0;1;2ω, a1;2π, b1ρ

b1π, a0;1;2ρ

D-wave KK̄�,
ρπ, ωηð0Þ, ϕηð0Þ

KK̄�,
ωπ, ρηð0Þ, ϕπ

ρπ

FIG. 6. Variation of the tetraquark massmH with (a) the continuum threshold s0 and (b) the squared Brorel massM2
B, corresponding to
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APPENDIX: EXPRESSIONS OF CORRELATION FUNCTIONS

In this appendix, we show the expressions for the correlation functions for the interpolating currents J1αμν, J10αμν, J2αμν, J20αμν,
and Js1αμν. For the nonstrange udū d̄ tetraquark system, the correlation functions after Borel transformation are

Π1
dðM2

B; s0Þ ¼
Z

s0

0

�
s4

26880π6
−
hαsGGis2
1152π5

−
hq̄qi2s
6π2

−
hgsq̄σGqihq̄qi

9π2

�
e
− s
M2
Bdsþ 5hgsq̄σGqi2

144π2
þ hαsGGihq̄qi2

27π
; ðA1Þ

Π10
d ðM2

B; s0Þ ¼
Z

s0

0

�
s4

13440π6
−
hαsGGis2
576π5

−
hq̄qi2s
3π2

−
5hgsq̄σGqihq̄qi

36π2

�
e
− s
M2
Bdsþ hgsq̄σGqi2

36π2
þ 2hαsGGihq̄qi2

27π
; ðA2Þ

Π2
dðM2

B; s0Þ ¼
Z

s0

0

�
s4

26880π6
−
hαsGGis2
1152π5

−
hq̄qi2s
6π2

−
7hgsq̄σGqihq̄qi

72π2

�
e
− s
M2
Bdsþ hgsq̄σGqi2

36π2
þ hαsGGihq̄qi2

27π
; ðA3Þ

Π20
d ðM2

B;s0Þ¼
Z

s0

0

�
s4

13440π6
−
hαsGGis2
576π5

−
hq̄qi2s
3π2

−
17hgsq̄σGqihq̄qi

72π2

�
e
− s
M2
Bdsþ11hgsq̄σGqi2

144π2
þ2hαsGGihq̄qi2

27π
: ðA4Þ

For the usū s̄ tetraquark system, the correlation functions after Borel transformation are

Π1
sðM2

B; s0Þ ¼
Z

s0

0

�
s4

26880π6
þ 11hs̄simss2

320π4
−
hαsGGis2
1152π5

−
hq̄qi2s
12π2

−
hs̄si2s
12π2

þ hgsq̄σGqimss
384π4

þ 59hgss̄σGsimss
1152π4

−
5hgsq̄σGqihq̄qi

96π2
−
5hgss̄σGsihs̄si

96π2
−
hq̄qihgss̄σGsi

288π2
−
hgsq̄σGqihs̄si

288π2
þ 7hαsGGihq̄qims

1152π3

þ hαsGGihs̄sims

1152π3

�
e
− s
M2
Bdsþ hgsq̄σGqi2

64π2
þ hgss̄σGsihgsq̄σGqi

288π2
þ hαsGGihgsq̄σGqims

1152π3

−
2hq̄qi2hs̄sims

3
þ hαsGGihq̄qi2

54π
þ hαsGGihs̄si2

54π
þ hgss̄σGsi2

64π2
þ 5hαsGGihgss̄σGsims

3456π3
; ðA5Þ

Π10
s ðM2

B; s0Þ ¼
Z

s0

0

�
s4

13440π6
þ 11hs̄simss2

160π4
−
hαsGGis2
576π5

−
hq̄qi2s
6π2

−
hs̄si2s
6π2

−
7hgsq̄σGqimss

384π4
þ 109hgss̄σGsimss

1152π4

−
3hgsq̄σGqihq̄qi

32π2
−
3hgss̄σGsihs̄si

32π2
þ 7hq̄qihgss̄σGsi

288π2
þ 7hgsq̄σGqihs̄si

288π2
−
49hαsGGihq̄qims

1152π3

−
19hαsGGihs̄sims

1152π3

�
e
− s
M2
Bdsþ 5hgsq̄σGqi2

192π2
−
7hgss̄σGsihgsq̄σGqi

288π2
−
7hαsGGihgsq̄σGqims

1152π3

−
4hq̄qi2hs̄sims

3
þ hαsGGihq̄qi2

27π
þ hαsGGihs̄si2

27π
þ 5hgss̄σGsi2

192π2
þ hαsGGihgss̄σGsims

3456π3
; ðA6Þ

Π2
sðM2

B; s0Þ ¼
Z

s0

0

�
s4

26880π6
þ 11hs̄simss2

320π4
−
hαsGGis2
1152π5

−
hq̄qi2s
12π2

−
hs̄si2s
12π2

−
hgsq̄σGqimss

384π4
þ 59hgss̄σGsimss

1152π4

−
5hgsq̄σGqihq̄qi

96π2
−
5hgss̄σGsihs̄si

96π2
þ hq̄qihgss̄σGsi

288π2
þ hgsq̄σGqihs̄si

288π2
−
7hαsGGihq̄qims

1152π3

þ hαsGGihs̄sims

1152π3

�
e
− s
M2
Bdsþ hgsq̄σGqi2

64π2
−
hgss̄σGsihgsq̄σGqi

288π2
−
hαsGGihgsq̄σGqims

1152π3

−
2hq̄qi2hs̄sims

3
þ hαsGGihq̄qi2

54π
þ hαsGGihs̄si2

54π
þ hgss̄σGsi2

64π2
þ 5hαsGGihgss̄σGsims

3456π3
; ðA7Þ
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Π20
s ðM2

B; s0Þ ¼
Z

s0

0

�
s4

13440π6
þ 11hs̄simss2

160π4
−
hαsGGis2
576π5

−
hq̄qi2s
6π2

−
hs̄si2s
6π2

þ 7hgsq̄σGqimss
384π4

þ 109hgss̄σGsimss
1152π4

−
3hgsq̄σGqihq̄qi

32π2
−
3hgss̄σGsihs̄si

32π2
−
7hq̄qihgss̄σGsi

288π2
−
7hgsq̄σGqihs̄si

288π2
þ 49hαsGGihq̄qims

1152π3

−
19hαsGGihs̄sims

1152π3

�
e
− s
M2
Bdsþ 5hgsq̄σGqi2

192π2
þ 7hgss̄σGsihgsq̄σGqi

288π2
þ 7hαsGGihgsq̄σGqims

1152π3

−
4hq̄qi2hs̄sims

3
þ hαsGGihq̄qi2

27π
þ hαsGGihs̄si2

27π
þ 5hgss̄σGsi2

192π2
þ hαsGGihgss̄σGsims

3456π3
: ðA8Þ

For the fully strange sss̄ s̄ tetraquark system, the correlation functions after Borel transformation are

Πs1
ssðM2

B; s0Þ ¼
Z

s0

0

�
s4

26880π6
þ 11hs̄simss2

160π4
−
hαsGGis2
1152π5

−
hs̄si2s
6π2

þ 31hgss̄σGsimss
288π4

−
hgss̄σGsihs̄si

9π2

þ hαsGGihs̄sims

72π3

�
e
− s
M2
Bds −

4hs̄si3ms

3
þ hαsGGihs̄si2

27π
þ 5hgss̄σGsi2

144π2
þ hαsGGihgss̄σGsims

216π3
: ðA9Þ
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