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We study the masses of light tetraquark states udiid, usis, and ss35 with exotic quantum numbers
JP€ = 2+~ using the method of QCD sum rules. It is found that there is no tetraquark operator with two
Lorentz indices coupling to the 27~ 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 2~ invariant functions
via the projector operator. Our results show that the masses of the udii d, usii 5, and 555 5 tetraquark states
with JP€ = 21~ 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 pz, wz, ¢, by, hyz, KK*, KK, AA, 2*E*, E*E*, and QQ 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 ¢gg mesons and ggq 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 &(600),
k(800), ay(980), and f((980) have been considered as
light tetraquark state candidates [12-16]. In 2006, the
BABAR Collaboration observed ¢(2170) in the e"et —
¢f(980) process [17], which was confirmed by later
experiments [18-24]. Since its observation, this vector
resonance with J”¢ = 17~ was considered as the candidate
for a fully strange ss5 § 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 as a light tetraquark state [32,33].

The conventional gg mesons are forbidden to carry
exotic quantum numbers, such as JP¢ = 07", even'™,
odd~*. However, they can be reached in the tetraquark
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and hybrid meson configurations. To date, the only observed
exotic JPC¢ quantum numbers appear for the isovector
71(1400) [34], #;(1600) [35], and 7;(2015) [36] with
[6JPC€ = 171" and the isoscalar ;,(1855) with 16JFC =
0t1=* [37,38], in which z;(1400) and x;(1600) 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 J°¢€ = 0=~ [59,60] and 07~ [61-64] exotic
channels.

There have been recent theoretical investigations on the
exotic hadrons with JP¢ =2+~ In Ref. [64], the fully
strange ss5 5 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 J©¢ =
27~ 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 27~ 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 udid, usis, and ss33
tetraquark states with exotic quantum numbers J©¢ = 2+~
by constructing the interpolating tetraquark currents with
three Lorentz indices using the method of QCD sum rules.

Published by the American Physical Society
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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
JP€ = 2%~ 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
udind, usiis, and ss35 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 JP€ = 2+~ As a matter of fact, one cannot construct a
JPC€ = 2%~ current with two Lorentz indices by using the
Dirac gamma matrices 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 gl Cysq,,
76C a1, 44Crur595> 96 Cudp s Co, 45, 45 Co,ysq, and
the corresponding antidiquark fields, where a, b are color
indices and 7 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

0;; = (4LCTiq,)(3.1,Ca}). (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 trans-
form [79]:

TABLE I. Spins and parities of the diquark fields.

q"CTlq JP States

25Crsqp 0" 'Sy

q5Cqp 0~ 3Py

74Crudy 1" S

1

v oo S

95 Crrsa 07 iftu=0 3P

= ifp=1,23 |

T = ifur=1,23 P,

Qaca/wqb . v =12 3S

1™ ifu=0v=1,2,3 1

r it =123 Sy

9a Cayu75qb . =12 1p

1 if u=0,v=1,2,3 1

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

_ T
A=0;;-0;;. (3)
Considering a tetraquark operator with two symmetric
Lorentz indices O;; = Oy, it can couple to the spin-2
hadron state with the following possible Lorentz structures
without derivatives:

{Fi’ F]} = {yw yy}’ {7;47/5’ 71,]/5}, {O-ﬂav Uav}’
X {O-,u(l}/59 G(w},S}’ {yﬂySv yy}’ {U,M(lyS’ U(ll/}‘ (4)

However, all of these tetraquark operators cannot achieve
the exotic quantum numbers J*¢ = 27~ In this work, we
construct the following 2%~ interpolating tetraquark cur-
rents with three Lorentz indices:

J}W =ulCy,d, (ﬁaam,CElg — u,,%cag) — ugCGde (ﬁayaCc_ig - ﬁbyaczlg),
Jé,;w =ul'Cy,d, (L'taam,Cc_iZ + L'tbam,Cc_iaT) - uaTCGde (ﬁayaC(_ig + ﬁbyaCc_ig),

ng, = ugcyaVSdb (ﬁaglwcag - ﬁbaﬂuc‘_jg) - uz;caﬂydb (ﬁaYaVS C(ji[]; - ubyaJ/S CEZZ)
Jg;w = MZ;CJ/(X)@ db (ﬁaa/w CEZZ; + ﬁbg/w Cc_ig) - Mg Caﬂudb (ﬁa7a75 Cc_lg + Upyals Cc_ig

’
’

Jg’t;w = ugcyadb (ﬁaa;wj@cal - ﬁbaﬂuySC(_ZZ;) - MZCGyL/YSdb (ﬁayacaz - ﬁbyacc_{g) s

JS/

J4

o — Mgcyadb (ﬁaa;wySCC_iZ + ﬁbo;w}/S Caz;) - ugCGquSdb (ﬁayacc_l; + ﬁbyacag) s
apuy — MZCJ/(IYSdb (ﬁuoﬂuyS CC_JZ; - ﬁbouyyﬁ CC_l'Z) - ugco;wySdb (ﬁayaySCZiZ - ﬁb?’a%CC_lZ) ’

Ji;w = ugcyaYS dh (ﬁaGﬂDyS CC_JZ + aho-/,u/yS CC_JZ) - MECU”U]/S db (ﬁu},ayS CEZZ + ﬁhy(l},S CaZ) ’ (5)

in which the currents J},,, J3,,, J3,,, and J;

- auv»
structure 6 ® 6.

& have the color structure 3 ® 3, while J\,, J2,, J3,,, and J&,, have the color
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For the fully strange ss5 5 tetraquark systems, only two
interpolating currents survive since both of the symmetric
flavor structures

I3 =5LCy 45, (5,0, C58) = sLCo,,5, (5,74C50)

3 - _ - —_
Jil/u/ = SZ;C}/asb (Sad;w}/SCSZ) - SZ;CO-;u/}/SSb (Sa}/acslj;) (6)
have the antisymmetric color structure 3 ® 3.

To investigate the physical states with definite quantum

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

<0|Jayy|0(_P)C<p>> = Z(])pag;u/ + ngﬂgau + ngugay
+ Z3PabyPo (7)

<0|Ja/w|opc(p)> = Z(s)gaﬂyrpf7 (8)

<0|Ja;w| 1PC(p)> = Zieag;w + Zéeugau + Zéevg(w
+ ZieaPupy + Zs€,Paly + Z§€,PaP -
9)

(0 a1 ()) = Zh e aue€” + Zieaure ' ps
+ Zégmfderplpw (10)

<0|Ja/w|2(_P)C(p>> = Z%eaﬂpy + deavpﬂ + Z%G/wpa’ (1 1)
<0|J(l;w|2PC(p)> = Zigauré}evfpe + Zggavré‘eurp97 (12)

(014 137(P)) = Ziesyu, (13)

where €,, €4, €4, are the polarization tensors for the spin-
1, spin-2, and spin-3 states, respectively. It should be noted
that the interpolating currents in Eqgs. (5) and (6) cannot
couple to any spin-3 state since their last two Lorentz
indices are antisymmetric, while the spin-3 polarization
tensor €, is completely symmetric.

Since the parities for the currents Jb,,, Ji.. Jaus Jaw,
Sk, and JZ,. %, T3, JY,. TS, are opposite, they
couple to the 2%~ tetraquark states via different coupling
relations in Egs. (11) and (12), respectively. For the currents

3 ¢ . . .
Jﬁ;ﬁ,’j 353 we can rewrite the coupling in another way,

<0|‘]37}421:’3‘3/VS3 |2+_ (p)> = Zézlgallré‘eufpe + deawﬂeﬂ‘rpe

:er (Sa,u‘rﬁevrpg + Sawé‘e;tfpa)
+f_ (g(wwefpg - gaurﬁeurpa)
_ - 0
_f (Sayrﬁeurp _gflwﬁeutpe)v (14)
in which the Lorentz indices yv are antisymmetric in the

last step to be consistent with those in the interpolating
currents. One can construct the normalized projector

operator for the 27 state,
1
_ 0
P(alvﬂl’yl’ab/"%UZ)_ZOE (Eaypyr,0,€0, " P7

Ty 1,0 Tyk 20,
—Eau17,0,€, 'p 1)(8012/4212026112 pr

_8a2y27292€/¢212*p62)/p27 (15)

where the summation over the polarization of the tensor
€qp 18

. 1 2
Zealﬂ] €orps :E <’7a1a2rlﬁ]ﬂ2 +’7a1/32’7ﬂ1“2 _§’101ﬁ1 nazﬁz) ’
(16)
with

Nap :pa—lzﬂ_gaﬂ- (17)
p

One may wonder whether there should be a coupling
corresponding to the Lorentz structure eﬂ,mgef,pg 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 Ju %! the coupling relation in

Eq. (11) can be rewritten as
(01277 (p)) = Ziewupy + Z3€mpy + Z3€uPa
= Z%eaypv + Z%E(wpy
= f_/(ellﬂpl/ - eaypy)’ (18)

with the normalized projector operator

1
P/(al’ﬂlvy]’aZ’/’Q?yZ) :%Z(ea]mpyl _eallllplll)

X (eazuzpuz _eazuzpﬂz)/pz' (19)

In our calculations, we find that the 27~ tetraquark states

extracted from the currents J. éﬁy”z'z"” are the same as those

from J, 3;435’4‘4"53 , respectively. In the following analyses, we
consider only the interpolating currents Jy,,, Jiu. Jau
J2,, and J3, 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

Halulvl,azuzvz (1)2) = i/d“xeip-x <0|T[Ja1;411/1 (x)‘];zllzl/z (O>] |0>

(20)
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We investigate only the J©€ = 2%+~ tetraquark states in this
work, which can be extracted by applying the projection
operator defined in Eq. (19),

Hz(Pz):P(/)(051’ﬂhV1vaz’ﬂz’VﬁHamly],azﬂzyg(P2)~ (21)

At the hadronic level, the correlation function IT,(p?)
can usually be described via the dispersion relation

NN foo
() =0 7

ImH2
d b,(
s +Z

n N(s—p? par

(22)

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

p(s) = L Imly(s) = f2m33(s — mi)

+ QCD continuum and higher states, (23)

in which the “one pole plus continuum” parametrization
assumption is used. The parameters f and my 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

Ty (59, M3) = f2m e/ Ms — /O Cdse™Mip(s),  (24)

where Mp is the Borel mass introduced via the Borel
transformation and s 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

a(— 1/M2)H2 (SOvMB)
I, (s9. M3)

mp(so. Mg) = (25)

We evaluate the correlation functions for the light
tetraquark states with JP¢ =2%~ 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 udii d 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 ust s and ss5§ 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 J¢ = 2=, We use the
following values for various QCD parameters [3,80-82]:

m, =myg=my =0,
mg = 9371 MeV,
(Gq) = —(0.24 = 0.01)* GeV3,
(s5) = (0.8 +0.1) x (qq),
(g,goGq) = —(0.8 £ 0.2) x (gq) GeV?,
(9,56Gs) = (0.8 £0.2) x (g,GgoGq),
(a,GG) = (6.35+£0.35) x 1072 GeV*.  (26)

The above condensate values are taken at the energy
renormalization scale y = 1 GeV, while the s-quark mass
istaken aty = 2 GeV. To maintain energy-renormalization-
scale consistency, we use the renormalization group to run
the s-quark mass at 4 = 1 GeV, as adopted in Ref. [83].
We take J(W as an example to show the details of our
numerical analyses for the nonstrange udiid tetraquark
state. To extract the output parameters, the Borel parameter
M? 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.,

1.0
0.8}
= 0.6 B
g
E [0
Eo4p
0.2} \
AN ~
S~ T S
0'9.5 2.0 2.5 3.0 3.5 4.0
M3 [GeV?]
FIG. 1. OPE convergence for the udiid tetraquark state with

JPC =27 extracted from the current J},,,.
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3 3 4.4
450 : —M2=242GeV?|{ b e $0=13.5 GeV?
| I S R e M2=2.70 GeV? a2t $o=15.0 GeV?2
H 2_ 2 f;\ e g = 2
ol | Mg=298GeV*| |, of 50=16.5 GeV
; : et \“
[0} \
I
€ 35)
B O S s
n l‘ I L 3.9 1 1 L L
10 15 20 25 30 5 2.0 25 3.0 35 40
So [GeV] M2 [GeV?]

(a)

(b)

FIG. 2. Variation of the tetraquark mass m; with (a) the continuum threshold s, and (b) the Brorel mass M%, corresponding to the

JPC =2+~ udi d tetraquark state extracted from current J,,.

HD>8 (MZ , 00)

T (M%, oo) < 1%.

(27)

Rp-g :‘

This requirement leads to the lower bound on the Borel
parameter M% > 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 uditd tetraquark system, the dominant
nonperturbative effect comes from the dimension-six four-
quark condensate (gg)?, since the contributions from the
quark condensate (g¢q) and quark-gluon mixed condensate
(9,GoGq) vanish in the chiral limit. To get the upper bound
on M%, we first need to fix the value of s,. As mentioned in
Sec. III, the hadron mass my should be irrelevant to the
intermediate parameter M%. In Fig. 2(a), we show the
variations of my with respect to the continuum threshold s,
for various values of the Borel parameter M3. It is shown
that the variation of my with M% can be minimized in the
working parameter region 13.5 < sy < 16.5 GeV?. Then,
the upper bound on M?% can be determined by requiring the
following pole contribution to be larger than 50%:

I1(M3, o)

H(M%,oo)

Finally, the working region of the Borel parameter can be
determined to be 2.42 < M% < 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 udiid tetraquark state as

Pole Contribution = >50%.  (28)

m! - =338%017 GeV. (29)

The errors are mainly from the uncertainties of the
continuum threshold s, various QCD condensates (gg),

(a,GG), and (g,goGgq). 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 usu § tetraquark systems. As mentioned in
Sec. 1V, the correlation functions for the usiis 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
usi § tetraquark state from the current J, rlmw 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 of M%. This is very
different from the situation in the udii d system, where the
quark condensates and quark-gluon mixed condensates give
no contribution to the correlation function.

For the usis system with Jj,, the working parameter
regions can be obtained as 2.51 < M% < 3.13 GeV? and

14.5 < sy < 17.5 GeV? after similar numerical analyses,

M/ Motall

15 2.0 25 3.0 35 4.0
M2 [GeV?]

FIG. 3. OPE convergence for the usis tetraquark state with

JPC =2+~ extracted from the current JLIW.
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:
45 —— M3=2.51 GeV? 4.4 so=14.5 GeV/?
----- M2=2.82 GeV? 42f % 50=16.0 GeV?
...... 2_ 2 4 = 2
40 MB_§.13 GeV a0l 50=17.5 GeV
= s
8 gas -
T T
€35 £36
3.4
3.0 3.2
j 39
10 15 20 25 30 5 2.0 25 3.0 3.5 4.0
50 [GeV?] M2 [GeV?]

(a)

(b)

FIG. 4. Variation of the tetraquark mass my with (a) the continuum threshold s, and (b) the squared Brorel mass M3%, corresponding to

the J7€ = 2%~ usii§ tetraquark state extracted from current J3,, .

1.0~

0.8

0.6

0.4

(M Miotall|

0.2

0.0

M3 [GeV?]

FIG. 5. OPE convergence for the sss5 tetraquark state with

JPC€ = 2+~ extracted from the current J;i}w.

where the Borel window is slightly broader than that for the
udii d system. Then, the hadron mass can be predicted as
GeV,

1
Mysis

=3.50513 (30)
which is about 100 MeV higher than the udii d tetraquark
state. We show the corresponding mass curves in Fig. 4.
For the fully strange system, we show the OPE con-
vergence for the ss5 § tetraquark state from the current J ;}w
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 < M% <3.40 GeV? and 16.0 < sy < 19.0 GeV~.
After similar numerical analyses, the hadron mass can be

predicted as
M55 = 3.667 000

GeV, (31)

which is about 100 MeV higher than the usii 5 tetraquark
state. We show the corresponding mass curves in Fig. 6. For
all interpolating currents in Eqgs. (5) and (6), we collect the
numerical results for the udiid, usiis, and sss5 tetraquark
states with JP€ = 2%~ in Table II.

V. CONCLUSION AND DISCUSSION

We investigated the mass spectra of the light tetraquark
states udid, usis, and ss35 with exotic quantum number
JP€ = 2%~ 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 uditd and ss55 tetraquark
systems, respectively. For the usu§ system, the contribu-
tions from the quark condensates and four-quark conden-
sates are comparable.

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

M3 Mass Pole
Current s, (GeV?) (GeV?)  (GeV) contribution (%)
Jhyw 150+15 242298 338013 57.9
did Jh, 165+15 221-333 35101 64.7
JZ, 150+15 236-2.98 3397013 58.6
J¥, 145115 245287 3347013 55.8
Ji, 160+15 251-3.13 3.507913 58.4
__Jh, 180+ 15 236-3.60 3.6670 65.1
usus '
J2, 165415 246-325 3551012 60.3
J2, 160+15 253-3.14 3507012 58.2
ss55 Jsl,  175+£15 2.53-3.40 3.66100 60.9
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45 —— M3=2.53 GeV?
----- M2=2.97 GeV?
e M3=3.40 GeV? |
4.0 —
>
[0
<
I
€35
3.0

15 20
so [GeV?]

(a)

25

4 '“‘-‘ ————— 50=16.0 GeV?
42 o 5=17.5 GeV?
40 \\é ----- $0=19.0 GeV?
38 el
36F e
34
3.2
%95 2.0 2.5 3.0 3.5 4.0
M2 [GeV?]
(b)

FIG. 6. Variation of the tetraquark mass m; with (a) the continuum threshold s, and (b) the squared Brorel mass M%, corresponding to

the JP€ = 2%~ 5555 tetraquark state extracted from current J3},.

VAN

(@)

FIG. 7. Three possible strong decay mechanisms of the 27~ light tetraquark states: (a) spontaneous dissociation mechanism, (b)

annihilation mechanism, (c) baryon-antibaryon decay channels.

The isospin can be I = 0, 1, 2 for the nonstrange udiid
system, [ =0, 1 for the usiis system, and / = O for the
fully strange ss5 5 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 udiid, usus, and ss535 tetraquark states with
JPC€ = 2%~ are about 3.3-3.5, 3.5-3.7, and 3.67 GeV,
respectively.

The 27~ tetraquarks can decay into the two-meson final
states via the strong interaction in the spontaneous

TABLE III. Some possible two-meson decay modes for the
tetraquarks with 76 (JP€) = 0=(2¥7), 17(2*7) and 2=(2+7).
16(JPC) 0-(2t) 17(2%7) 27(2%7)
S-wave KK, KK, ajab
aaby, fiah aiahy, f120)
P-wave KK, KK;, K*K;, KK, KK}, K*K};, b7, ag;.p
K*I_(l’ K*I?Z, K*I_(l, K*I_(E,
hn, biz, foro0, b, bz, fo,0p,
Sfoi20, ao12p ap 120, Ay o7, bip
D-wave KK*, KK*, pr
pr, on), gy wr, pn"), pn

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 udiid,
usits, and ss55 tetraquarks with different /¢ quantum
numbers. It is clear that all of the final states are P-wave
mesons for the S-wave decay modes, while they are P-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 pz, wr, ¢z, and KK* channels. Such
peculiar decay properties may result in relatively narrow
decay widths for these 27~ 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
udind, usius, and ss55 tetraquark states with J©C = 2+~
may be observed in the AA, ¥*¥*, Z*Z*, and QQ decay
modes. We suggest searching for these 21~ light tetraquark
states in the pz, wr, ¢pr, bz, hyw, KK*, KK, AA, *%*,
E*E*, and QQ channels in future experiments such as
BESIII, Bellell, GlueX, LHCb, and so on.
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APPENDIX: EXPRESSIONS OF CORRELATION FUNCTIONS

In this appendix, we show the exlzressions for the correlation functions for the interpolating currents J, }W, J ,l,;w, J ,ZW, J(Z,;w,
and J ;}w. For the nonstrange udii d tetraquark system, the correlation functions after Borel transformation are

B 14472 277

s ! GG)s* (qq)*s (9,90Gq)(qq)\ - 5(g9,q0Gq)* | (a,GG)(qq)*
(M3, =/° M - . Yids + 2% . . (Al
a(Mp. o) 2688075 11522° 612 92 e rds (A1)

Y (M3 50) — A SO( st _(aGG)s®  (qq)’s 5(9566GQ><5M>>6—@1S | {9.a0Ga)? | 2aGGYaq)”  y)

134407° 57625  32° 3672 3612 27n ’

(M3, 50) — / 0( st (a,GG)s? <Z1q>2s_7<9‘Y516G61><é61>)e—ﬁj—g is + (9:9069)° | (@GG)@a)® .5

268807° 115275 612 7272 3672 27r

: ; ‘ GG)s> (qq)*s 17(9,G6Gq)(aq)\ ==,  11{g,goGq)*> 2(a,GG){gq)*
2 M2’ :/ ’ § _<as — _ s M3 d s s ) Ad
aMa-50)= |\ 302008~ 57605 32 7272 ¢ St T 27x (A4)

For the usu § tetraquark system, the correlation functions after Borel transformation are

(M2 50) = /So s4 N 11 (5s)mes®  (a,GG)s>  (qq)*s _ (5s)’s N (9,goGq)mys N 59(g,56Gs)mys
BT )y \ 2688048 320x* 115275 122> 122° 384z* 11527*
_3(9,0Gq){qq) _ 5(9,50Gs)(5s) _ (49)(9550Gs) _ (9,90Gq)(5s) | T{a,GG){gq)m,
967* 967* 2887? 28872 115273
| (a,GG)ss)my\ = (9,40Ga)® | {9,50Gs){9,G9Ga) | (a,GG){9,goGg)m,
115273 641° 2887° 115273
2000 {5sm (6660, (80653 (050G 58,60 soGm, "
3 S54rn 54rn 64rn 3456z«
Vi 5o st 11(5s)mgs>  (a,GG)s* {(gq)*s (5s)’s 1(9,goGq)mgs  109(g,56Gs)mys
II§ (M. s0) = 6 T 5~ 2 T 2 ) 7
134407 1607 576x (Y3 (Y3 384r 11527
_3(9,G0Gq)(aq) 3{gs30Gs)(ss) 7(aq)(g,50Gs)  7(9,qoGq)(3s) 49(a,GG)(qq)m
327 327 28812 28872 11527°
_190a,GG) (3s)my\ =i 5(9,49G9)? _ 7{9,50Gs){9,G0Ga) _ 7(a,GG){g,goGg)m,
115273 19272 2887? 115273
40P ishm, | (0.66)(ag? | (0,6O)6 | S(5oGs)? (566 psoGsim, "
3 2% 27x 1927 3456n
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I (M3, s0) = 6 . 57 > T >~ 7 2
0o \26880x 320z 11527 127 127 384rx 11527
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967? 967? 28872 2887° 115273
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For the fully strange ss35 tetraquark system, the correlation functions after Borel transformation are
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