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We perform a systematic QCD sum rule study of light tetraquark states with J*C¢ = 17" in the
diquark-antidiquark picture. A complete set of local interpolating currents is constructed and projected
onto six flavor-isospin configurations (¢ = u/d): the isoscalar qqq g, qsgs, and ss55 sectors, the
isovector gqg g and gsg5 sectors, and the isotensor gqg g sector. From the nonderivative currents
studied in the present work, the extracted masses of the gqgq g, ¢sq 5, and ss5 5 configurations lie in the
ranges 1.53-2.37 GeV, 1.86-2.51 GeV, and 2.46-2.60 GeV, respectively. For the ss55 vector sector,
we also quote the previous derivative-current result 2.3470'23 GeV as a complementary benchmark. We
further compare the present 17~ tetraquark spectrum with previous QCD sum rule results for the
1~ tetraquark and hybrid states [N. Su, E.-L. Cui, Y.-W. Jiang, and H.-X. Chen, Eur. Phys. J. C 86,
724 (2026).], aiming to provide useful information for distinguishing tetraquark and hybrid
configurations in the light hadron spectrum. As an additional improvement, we complete the previously

missing isotensor 17 tetraquark entry and obtain its lowest mass to be M = 2.1970'2° GeV, which is

included in the spectral comparison.

DOI: 10.1103/rpd1-1xvb

I. INTRODUCTION

A hadron is a composite subatomic particle made of
quarks and gluons and bound together by the strong
interaction. In the traditional quark model, mesons are
described as quark-antiquark bound states, while baryons
are composed of three quarks. This simple classification
scheme has achieved remarkable success in describing the
observed hadron spectrum and in organizing the properties
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of conventional hadrons [1]. Nevertheless, QCD also
allows more complicated color-singlet configurations, such
as tetraquark states, hadronic molecules, glueballs, and
hybrid states [2-24].

Among various quantum-number channels, the vector
channel with J?¢ = 1=~ plays a special role. Although
these quantum numbers are not exotic, vector states are
experimentally important because they can be directly
produced in electron-positron annihilation. The light vector
meson spectrum is already rather rich in the conventional
quark-antiquark picture, while additional multiquark com-
ponents may also contribute in the same energy region.
Therefore, a systematic study of light tetraquark states with
JP€ = 177 is useful for understanding the possible role of
compact four-quark configurations in the light vector
spectrum.

The present work is also motivated by the distinction
between tetraquark and hybrid configurations. In particu-
lar, the JP¢ = 1T channel has attracted considerable
interest because these quantum numbers are forbidden
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for conventional quark-antiquark mesons. Experimentally,
the isovector ;(1600) and the isoscalar #;(1855)
are important candidates with exotic quantum numbers
[25-27]. Their possible internal structures have been
discussed in various pictures, including hybrid states
[28-32], tightly bound tetraquarks [33], and hadronic
molecules [34-36]. However, distinguishing a hybrid state
from a compact tetraquark state remains a challenging
problem, since the two configurations may appear in
similar mass regions and may couple to similar hadronic
channels.

For this reason, it is useful to investigate tetraquark
and hybrid spectra in different quantum-number channels
within a common theoretical framework. The 1= chan-
nel provides a direct probe of exotic quantum numbers,
while the 17~ channel is experimentally accessible
through electron-positron annihilation. A combined study
of these two channels may therefore offer a broader
perspective on the similarities and differences between
tetraquark and hybrid configurations. In our previous
work we studied the 17 tetraquark and hybrid spectra
using QCD sum rules [37-43]. In the present work we
extend this line of investigation to the light 17~ tetra-
quark sector, while the corresponding 17~ hybrid states
will be investigated in future studies.

We systematically construct local diquark-antidiquark
interpolating currents for light tetraquark states with
JPC€ = 17=. Their flavor structures are classified into the
symmetric 6f ® éf, antisymmetric §f ® 3f, and mixed
(3, ®6/) ® (6, ® 3;) representations. We then project
these currents onto the isoscalar, isovector, and isotensor
channels, and perform QCD sum rule analyses for the
corresponding qqq g, qsqs, and ss5§ configurations. We
also compare the resulting mass spectrum with our previous
results for the 1~ tetraquark and hybrid states [37], thereby
providing a useful reference for future studies of light
tetraquark and hybrid systems.

This paper is organized as follows. In Sec. II we
construct the JP¢ = 17~ tetraquark interpolating currents
and classify them according to their flavor and isospin
structures. In Sec. III we formulate the QCD sum rules and
present the relevant operator product expansion. In Sec. IV
we perform the numerical analysis and extract the masses
and decay constants. Finally, Sec. V summarizes the main
results.

II. INTERPOLATING CURRENTS

In this section we construct the local interpolating
currents for the JPC¢ = 17" tetraquark states in the
diquark-antidiquark picture. Compared with conventional
quark-antiquark mesons, tetraquark systems possess much
richer internal structures. It is therefore necessary to
organize the corresponding interpolating currents system-
atically in terms of their flavor, color, and Lorentz

structures, rather than introducing them in an ad hoc
manner. Such a classification is particularly useful for
the present analysis, since the isospin sectors I =0, 1,
and 2 will be discussed separately below.

We first summarize the notation used throughout this
section. The symbol ¢ denotes a light u or d quark, while s
denotes a strange quark. The fields #,,, 5, £5., and £y
denote the quark and antiquark fields entering the formal
construction of the currents; the corresponding flavor
assignments will be specified explicitly once the isospin
channels are projected out. The indices a, b, ¢, d are color
indices, the superscript 7’ denotes transpose in Dirac space,
and C is the charge-conjugation matrix.

A. General (££)(€ ¢) currents and symmetry
decomposition

The general local derivative-free diquark-antidiquark
current can be written as

J/t ~ (fTaCl—‘leb)(z%FZﬂczé{d)’ (1)

where £; = u, d, s, and a, b, ¢, d are color indices. The
explicit form is determined by requiring the current to be a
color singlet carrying the quantum numbers J°¢ = 17",
There are two independent ways to couple the diquark and
antidiquark colors into a singlet,

3.3, 6.86,. (2)

In the explicit currents below, these two color structures
are realized through the antisymmetric and symmetric
combinations under the interchange of the color indices
a < b, respectively. In other words, the relative minus
signs in the color part project onto the 3. ® 3. con-
figuration, while the relative plus signs project onto the
6. ® 6, configuration.

To construct currents with definite charge-conjugation
parity, one should first classify the corresponding flavor
structures. Under charge conjugation, a diquark is trans-
formed into an antidiquark while its flavor symmetry is
preserved. Therefore, the diquark and antidiquark parts
must be combined in compatible flavor representations.
These flavor structures are illustrated in Fig. 1 through the
corresponding SU(3) weight diagrams. The S and A
flavor structures lead directly to currents with definite
charge-conjugation parity. By contrast, neither 3f ® (_Sf
nor 6, ® 3, alone has a definite C parity. A definite C
parity can only be obtained from suitable linear combi-
nations of these two mixed representations. The tetraquark
currents are thus organized into the three classes S, A,
and M. Their allowed isospin assignments can be sum-
marized as
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(q2)®(q9)=6, ®6, (S)

27,
ddss udss  uuss

dsss  usss

ssuu  ssud  ssdd

(99)®(qq)= §f ®3, (A) 8,
udus  udds

dsus;

(49)®(q9)=3,86, (M)
8f

USSs dsss

usdy dsiis

ds(uti-dd)  fis(uii-dd) usdd ds(uii+dd) Ts(uii+dd) dsiii

FIG. 1. Weight diagrams for 6, ® 6, (S) (top panel), 3; ® 3; (A) (middle panel), and 3; ® 6, (M) (bottom panel). The weight
diagram for 6, ® 3, (M) is obtained from the bottom panel by charge conjugation.

_ . . q934(A), I=0,
S=6 6.: S), I=0,1, A=3 3.
7 @60\ 4535(S) 7 ® 3 {qséE(A), 1=0.1,

q9gqgM), =1,

gsqgs(M), I1=0,1. (3)

ME(3f®6f)€9(6f®3f)?{

We now list the JP¢ = 17~ diquark-antidiquark currents explicitly. For the symmetric flavor structure 6 r ® 6 ¢ (S), there
are two independent (£7)(£ £) currents:
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‘l’fy =1 Cyst o (Caar,vsCCh + Capy,75Cl4,)
—1,Cruystap (Z3a15CCh + CapysCliy). (4)

lllgﬂ = f{a C}/HKZb <?3a6;u/C?Zb - ?3;30',“,6720)
- flTa Co-/wab (ESa}/DC?Zb - ?3b]/DC?Za). (5)

For the antisymmetric flavor structure 3 + ® 37 (A), there
are likewise two independent currents:

ll/f,, =7 1Ta Crsty (?3a7/4}/5 C?Zb - ?31;7;!}’ 5 C?A{a)
- f{a C7ﬂ75f2b(?3a75 sz{b - z3177’5 sza)’ (6)

W?,; = 1,Crty, (%a%ucgzb + ?%amCZ{a)
- Lﬂ{a Calﬂ/fﬂ? (2311]/” ngb + ?31)7/” C?Za) . (7)

For the mixed flavor structure (3f ® (_Sf) ® (6f ® 3f),
neither component alone has a definite charge-conjugation
parity. We therefore introduce the currents y}/" in 3, ® 6,
and the currents y}® in 6, ® 3;. The four independent
wiit currents are

W%L =¢1,Cy,l2(C3,CC, + £3,CEL,).

Yot = C1,Courstan(C3ar'ysCluy, + €37 1sCEL,),

‘I’%L = flTa C?y (%ﬂ,ﬁb% - ?3/7}’” C?Ia)’

‘/’%L =1,Cr"y502(6340,75CC L = 30,,YsCEL,).  (8)

Similarly, the four independent y}/® currents are

YR = O1,C0 (6347, CCh + C37,CCL,),

W%R = 1,Crys2,(340,,75CC LY + €340,,75CC L),
yif = 1, Crt 2 (63.CCY, — €3, CEL,),

‘/’%R =1 ,Co,v5Ca(Caar vsCC L — CanyvsCEL,).  (9)

The mixed currents y}/" and y}!* all have J* =17, but
they do not individually have definite charge-conjugation
parity. Currents with definite C parity can be formed as
wit =yt £y MR, (10)
where the ‘+’ and ‘—’ combinations correspond to positive
and negative charge-conjugation parity, respectively. Since
the present work is concerned with the J¢ = 17~ tetra-
quark states, only the negative-C combinations are used in
the following analysis. For simplicity, we omit the super-
script ‘=’ below and denote 1//%’_ simply as y/% .
The above construction provides a complete and linearly
independent (£7)(£¢) basis of local derivative-free
diquark-antidiquark currents with JP¢ = 17~ within the

present framework. These currents are obtained by combin-
ing the local Dirac structures of the diquark and antidiquark
fields and imposing the required Lorentz structure, parity,
charge-conjugation parity, flavor symmetry, color-singlet
condition, and the Pauli principle. Operators related by
gamma-matrix identities, index relabeling, or symmetry
constraints have been removed. We also note that local
meson-meson type operators, (££)(£¢), are related to the
diquark-antidiquark operators by Fierz transformations in
Dirac, color, and flavor spaces. Therefore, they do not
constitute an additional independent local derivative-free
operator basis, although they are useful for identifying
possible two-meson components coupled to the same
currents.

In the following subsections, these currents are projected
onto the isospin channels / =0, 1, and 2.

B. Isoscalar (I =0) currents

According to Eq. (3), the isoscalar sector receives con-
tributions from the symmetric (S), antisymmetric (A),
and mixed (M) flavor representations. More specifically,
the 7 = O currents arise from ¢qq q, ¢sq s, and ss5'5 in the
S representation, from ggg g and ¢sg s in the A represen-
tation, and from ¢sgs only in the M representation. We

denote the explicit isoscalar currents by llfs,(f )’I:O, where

R =S, A, M labels the flavor representation, f = gqg g,
qsqs, or ss5 5 specifies the flavor content, and i enumerates
the independent currents in each class.

For the symmetric flavor structure 6, ® 6 ¢ (8S), there are
six independent isoscalar currents:

T = s (g9q9)
~ ul Cysdy(iigy,ysCdf + iyy,ysCdy)
— uf Cy,ysdy(aysCdj + ayysCdy),
(11a)
yio, 10 =y (q979)
~ uZCy”db(ﬁaaﬂ,,C(_il - ﬁbaﬂyCZiZ)
— u} Co,,dy gy Cdfy — yy*Cdy),  (11b)
yi T =y (gs35)
~ ul Cyssy(itay,rsCsh + yy,ysC5,)
— uf, Cy,yss,(itaysCsj, + iysCsy),  (1lc)
w10 = yS (g5q5)
~ ul Cy*sy(it,0,,Cs} — ,0,,C5L)
— uiCo,ysp(,y* C5) — lpy* C5y),  (11d)
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wi(lssﬁ 5),1=0 = l//fﬂ (SSS‘ E)
= 55 Cys8p(5,7,75C5) + 57,75C5%)
— 58Cy,y55p(3475C5], + 5,7sC50),  (1le)
W;}er? 5),1=0 = Wgﬂ (SSS‘ E)
= 54,Cy"s;(5,0,,C5}, — 5,0,,C5Y)
— 50C0,,5,(5,r*C5}, — 5,7/ C50). (11f)

We use the symbol “~” to indicate that the quark
contents written here are only schematic. For example,

S(qsgs),1=0

in the current ) " , the component usii 5 alone does

not have definite isospin / = O; the proper isoscalar flavor
structure is the combination (usu s +dsds), i.e

S(gsgs).I=0 S
T = s (gsg )

= ul Cyss,(a7,r5C5) + Hpy,rsC5,)
— uf Cy,ysp(iaysCsh + iyysCsy)
+ d} Cyssy(day,ursCsh + dyr,rsCsy)
— diCy,yssp(dysCsh + dpysCsh).  (12)

In deriving the QCD sum rules, we work in the isospin
limit by neglecting the up- and down-quark masses and
taking (iu) = (dd). We also retain only connected
contractions of the quark fields. With these approxima-
tions, the u and d components in the above current have
identical connected operator product expansion (OPE)
expressions after the replacement u <> d, while the cross
contractions between the two flavor components are
absent. Therefore, the schematic component usits and
the full isospin combination lead to the same mass sum
rule in the present analysis, up to an overall normali-
zation of the current. However, this equality should
not be interpreted as an exact physical degeneracy.
Disconnected annihilation-type diagrams are not
included in the present calculation. Such contributions
may occur in isoscalar channels and can split the / =0
spectrum from the nonisoscalar ones. They may also
induce mixing with glue-rich configurations, conven-
tional gg mesons, and two-meson components. A quan-
titative treatment of these effects would require
additional disconnected correlators and is not included
in the present analysis.

For the antisymmetric flavor structure 3 r ® 37 (A), there
are four independent isoscalar currents:

q),I= _ _
i T =yl (943 3)
~ul Cysdy(ityy,ysCdl — iy ,ysCdl)

- uZCyﬂysdb(ﬁarsCEIZ —iyysCdyL),  (13a)

A(943§).1=0 _
yi D0 = yh (g9 9)
NMTC]/ db(lxla l“/Cd +Mb6 Cd )
— Ul Co,dy (i, Cal + i,y Cal),  (13b)
A(gsg5).01=0 _
yiPT0 = yd (gsg5)
~ 1 Cyssp(iay,rsC5y — iy, ysCsy)
— ul Cy,yssp(itysCsy, — iipysCsL),  (13c)
A(gsgs),I=0 .
Y PTM=0 = yd (gsg5)
~ ul Cy*sy(it,40,,C5} + i1,0,,C5h)
— ul Coyysp(it,y* Csh + ipy* Csh).  (13d)

For the mixed flavor structure (3; ® 6;) @ (6; ® 3;)
(M), the isoscalar sector is contributed by the gsg § channel
only. Following Eq. (10), the currents denoted by y/ below
are the negative-C combinations l//w - 1//,”R . The corre-
sponding four independent currents are

M(qsg3).1=0 _
Y BT = M (45g5)
~ ut Cy,s,(4,C5}, + i, Cs})
— ul Csp(it,y,C5h + iy, C5L),  (14a)
M(g535).1=0 _
Yo T = M (s 5)

~uyCoyssy(iy ysCs) + iy ysCsh)

— ul Cy*yssp(i1,0,,75CS) + ,0,,75C5Y),
(14b)
M(qsg5).0=0 _
A ST — M (455 5)
~ up Csp(ii,y,C5p — iy, C55)
—ul Cy,s,(u,Cs), — 1, C5Y), (14c)
§).1=0 _
Y PTHE0 = yM (s 5)
~ ul Cy*yssy(it,0,,75CS} — ,0,,75C5})
— u;Co,,yssy(T,y"ysCS) — fyy*ysCsy).
(14d)

C. Isovector (I=1) currents

According to Eq. (3), the isovector sector receives con-
tributions from the symmetric (S), antisymmetric (A), and
mixed (M) flavor representations. More specifically, the
I =1 currents arise from ¢gggg and g¢sgs in the
S representation, from ¢sg s in the A representation, and
from gqq g as well as ¢gsg s in the M representation. We

denote the explicit isovector currents by l//f;(f M=t

074028-5
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For the symmetric flavor structure 6, ® 6 ¢ (S), there are
four independent isovector currents:

S(qqq q).0=1 .
y 0 = s (g93q)
~ul Cysdy(ii,y,ysCdj, + iiyy,ysCdL)
- MZCmsdb(ﬁaysCZIZ +iyysCdy),  (15a)
S(¢933).I=1 -
yo, 1 = s (497 9)
~ul Cy¥dy(i,0,,Cd] — uy0,,CdY)
- uZCGdeb(ﬁa)/yCC_lZ - ﬁbyycag)? (ISb)
S(gsg5).0=1 __
BT = y8 (g5g5)
~ ulCyssy(i,y,7sCsh + yy,7sCsy)
— ul Cy,yssp(iiaysCsy, + ipysCsl),  (15c¢)
S(gsgs).0=1 -
T = yS (g5q5)
~ ul Cy*sy(i1,0,,Cs} — i,0,,C5h)
— ulCo,,sp,(i1,y" Cs) — ipy*Csh).  (15d)

Although the explicit flavor wave functions of the

current wi(tqqam’lzl in Eq. (15) and the current
S(q9q4).1=0 .

1 in Eq. (11) are different, the two currents have
the same Dirac and color operator structures. As explained
in Sec. II.B, under the isospin-symmetric and connected-
contraction approximations, their QCD sum rules coincide
up to overall flavor-normalization factors. Therefore, they
lead to identical numerical entries in Table I within the
present calculation.

For the antisymmetric flavor structure 3 + ® 3/ (A), there
are two independent isovector currents:

A(gsgs),I=1 S
Y PTE = A (gsg5)

~ ul Cyssy(it,y,ysCsh — py,ysCsh)

— ul Cy,yssy(ii,ysCsh — pysCsL),  (16a)
Algsg5).I=1 _
you T =y (g575)
~ ul Cy¥sy(i1,0,,Cs), + 0, Csh)
—ulCo,,sp,(it,y* C5), + py*Csh).  (16b)

For the mixed flavor structure (3, ®6,) & (6, ®3;) (M),
the isovector sector receives contributions from both
the qqq g and ¢sg5 channels. Again, the currents 1//?,’4’
displayed below are understood as the negative-C combi-
nations yj1" — y}7®. The corresponding independent cur-
rents are

M(qqq q).01=1 - -
yi T =y M (4497 )
~ulCy,dy(a,Cd} + i,CdL)
— ul Cdy(ity,Cdl + iy, CdL), (17a)
M(qqq q).1=1 - =
YD = M (44 )
~ulCo,ysdy(ii,y"ysCd} + ii,y'ysCdy)
—ul Cy*ysdy(i1,0,,75Cd} + iy0,,75CdY),
(17b)
M(qqq q).01=1 - -
yA DI = M (44 )
~ul'Cdy(it,y,Cdl — iy, CdY)
—ul Cy,dy(u,Cd} — u,Cd?), (17¢)
M qgq)l=1 — —
w1 D = M (44 g)
~ ugcynydb<ﬁao-;wy5cag - ﬁbdyUYScag)
—ulCo,ysdy(ii,y"ysCd} — iiyy*ysCdy),
(17d)
M(gsqs) =1 _
i ST = M (45g5)
~ulCy,sy(,C5), + 1, C5Y)
—ul Csy(it,y,C5p + iy, C5L), (17e)
M(gsqs) =1 _
AT =y M (45g5)

~ubCo,,yssy iy ysCs) + iyy*ysCsh)

- uZCyDYSSh(ﬁaGﬂDYSCEIY; + ﬁbGﬂyy5C§£),

(17f)
M(qsgs).I=1 - —
YA T =y M (4555)
~ul Csy(i,y,Csp — iy, C5L)
— ul;Cy,s,,(,C5} — i, C5), (17g)
M(gsgs).I=1 - _
yi P =y (45g5)

~ MZCYUVSSb(aaGMDySCEZ - ubo-ﬂnyCEg)
— 1 Co,ys58,(H,7"ysCS) — yy*ysCsy).
(17h)

D. Isotensor (I =2) currents

According to Eq. (3), the isotensor sector receives a
contribution only from the symmetric flavor representation
6, ® 6, (S), and only through the gqg g channel. There are

two independent currents, which we denote by wfﬂ(qq‘_’ @1=2,

074028-6
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TABLEL QCD sum rule results for the light tetraquark states with J*¢ = 17=. The quoted uncertainties are obtained by varying M,
5o, and the QCD input parameters within the ranges specified in the numerical analysis. The identical numerical entries for the gsg 5
I =0 and I =1 rows, as well as for the S-type ggg g rows with I =0, 1, and 2, arise from the isospin limit and the connected-
contraction approximation used in the present calculation; they should not be interpreted as exact physical degeneracies once possible
disconnected annihilation-type contributions are included.

spin Working regions Pole Mass Decay constant

Current State [I¢JFC] [GeV?] M3 [GeV?] 5o [GeV?] [%] [GeV] [GeV?]
ylaea )10 laqq g;0717") 6.8 1.86-2.03 74410 30-36 2375013 0.0150% 00047
l//i,ﬁm ).1=0 lg9qg;0~177) 6.3 1.77-1.92 6.8410 30-36 2.241012 0.0152- 500!
(07910 453 5:07177) 72 1.86-2.10 8.0 30-39 251501 0017570 004
310 lgsgs;07177) 6.7 1.76-1.98 74419 30-39 239701 0.0177150038
L0 |ss55;07177) 7.6 1.83-1.86 7.7 30-31 2607015 0.016320 003

i,ﬁ‘“ 5).1=0 |ss55;,07177) 7.1 1.74-1.78 72410 30-32 2467013 0.0165* 3038
l,/,‘lﬁm 7).1=0 lqq3 ;0" 17") 33 1.18-1.28 3,759 30-36 1641013 0.0028 05013
W;ﬂ;qqq 3).1=0 lgqgq q;:07177) 4.7 1.47-1.60 52518 30-37 1.887012 0.011950 0043
a0 lgsg5:07177) 4.7 1.39-1.52 52410 30-37 1.981043 0.0048* 00016
YAl lgsg5;,07177) 52 1.50-1.64 57410 30-37 2.03701 0.01371 0305
yl@a91=0 lgsg5;07177) 6.8 1.77-1.99 7.5410 30-38 2.421011 0.01501 05047

M(asi )10 lgsg5;07177) 4.3 1.32-1.46 4.8417 30-38 1.861 014 0.0099* 007

%(qsﬂ)lzo lgsG5;07177) 5.9 1.63-1.79 6.571 0 30-37 2211012 0.0075+9.9027

lasa3)1=0 l¢535;0717) 6.0 1.62-1.80 6.611¢ 3038 2247012 0.0136 50040
ylaaa )il lagq g:17177) 6.8 1.86-2.03 74410 30-36 2375013 0.0150% 00047
ySlaea )it laqg g:1"177) 6.3 1.77-1.92 6.8710 30-36 2241047 0015270002
(1! |gsg5:17177) 72 1.86-2.10 8.0 30-39 251501 00175700048

;}ﬁqsq §).0=1 lgsg5;17177) 6.7 1.76-1.98 7.4+10 30-39 2.3970 1 0.017710-5%58
W?,Eqsq §).0=1 lgsg5;17177) 4.7 1.39-1.52 5240 30-37 1.9870-13 0.004810-01¢

Algsgs) =1 lgsg5;1+17™) 52 1.50-1.64 57410 30-37 2.037014 0.01371 0305
l//?ff"‘” 7).0=1 lgqq g; 17177) 6.1 1.71-1.88 6.7119 30-37 2.241012 0.0119100042
yhilaaad = lgqg g:1+17") 3.0 1.13-1.26 35110 30-39 1.53+017 0.00607 50053
ngi(qqq a).1=1 lgqq g;17177) 5.4 1.61-1.76 6.07]9 30-37 2.07192 0.0066 10003}
y aaD lggq g;17177) 5.2 1.54-1.68 5740 30-36  2.037013 0.010250:0%5%
a9 = lgsg5;1%17™) 6.8 1.77-1.99 7.5010 30-38 2.421011 0.0150* 05047
Wgﬁqswzl lgsg5;17177) 4.3 1.32-1.46 4.8 30-38 1.867 014 0.0099* 007
ngl(qxq 5).0=1 lgsg5;17177) 59 1.63-1.79 6.5719 30-37 2217013 0.0075 100057
yll@sa9 1= |gsq 551717~ 6.0 1.62-1.80 66710 30-38 2247017 0.013670 0040
wf,(tm 7).1=2 lgqg g;27177) 6.8 1.86-2.03 74410 30-36 2.371°013 0.01501 00047
l//iff"[’ 4).1=2 lg9gg;27177) 6.3 1.77-1.92 6.8 30-36 2.241012 0.01520000
wi(quq .= _ v1,(9939) V/g;(tm 2.0=2 _ w3, (492 )

~ul Cysdy(ity,rsCdl + ityy,ysCdL)

- - ~ ugcyydb(ﬁao' vcaT — U0, ,/C(_ig)
—ulCyysdy(in,ysCdf + yysCdyl), (18a) e !

—ul Co,,dy(it,y*Cd}, — u,y*Cdl). (18b)
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Although the explicit flavor wave function of the current

]g,(,qu)’lzz in Eq. (18) is different from those of the
currents wf[(tqq‘”)’lzl in Eq. (15) and Wiﬁmﬂl:g 0

Eq. (11), these currents have the same Dirac and color
operator structures. Under the isospin-symmetric and con-
nected-contraction approximations discussed in Sec. 1I.B,
their QCD sum rules coincide up to overall flavor-nor-
malization factors, leading to identical numerical entries in
Table I within the present calculation.

III. QCD SUM RULES

Over the past several decades, the QCD sum rule
method has proven itself to be a powerful and effective
nonperturbative technique [44—48]. In sum rule analyses,
we focus on two-point correlation functions, which are
defined as

1,(p?) Ei/d4x€i”x<0|T(77,4(X)'13(0))|0>s (19)

where 7, represents the interpolating current associated
with the tetraquark state, denoted as Y. The Lorentz
structure of the correlation function can be simplified to

Puly Puly
Hw(pz)=< ;2 —9,4U>H“)(p2)+ ;2 o (p?). (20)

We compute T1(V)(p?) within the framework of the OPE
in QCD, truncating the expansion at a certain order to
extract the OPE spectral density popg(s). This result is
then matched with a hadronic parametrization to extract
information about hadron properties.

At the hadronic level, the correlation function is repre-
sented as a dispersion relation involving a phenomeno-
logical spectral function:

© phn<s)
nm(pz):/ s 21)

where s_ is the physical threshold. The spectral density
Pphen(s) is defined as

PuPv
pphen(s) X <# - g/ll/)
= (s — M3){0ln,|n)(n|ni|0)

= f36(s — M3 )e,€; + continuum, (22)

where the coupling constant f is defined via the matrix
element

Oln,Y) = frew (23)

with €, being the polarization vector.

In the second equation, we adopt the standard para-
metrization, assuming one-pole dominance for the ground
state ¥ and including a continuum contribution. The sum
rule analysis is then performed after applying the Borel
transformation to Eq. (21):

M(co, M}) = By T (p?) = / M (s)ds. (24)

S<

Assuming that the contribution from the continuum states
can be effectively approximated by the OPE spectral
density above a threshold value s, we obtain the following
sum rule equation:

M(so, M3) = fe /M — / "M pope(s)ds.  (25)

S

By differentiating this equation with respect to 1/M%, we
obtain the expression for the mass squared of the ground
state Y:

9 2 _
) a(—l/Mg)H(SO’MB) ffge S/MéspOPE(S)dS

= == . (26
! M(so, M) e e™/Mipopg (s)ds 2

N

Additionally, we arrive at the corollary:
13 = (s, M3) x M3/, 27)

In the next section, we will examine both Egs. (26) and (27)
as functions of the Borel mass My and the continuum
threshold s, for various tetraquark currents.

We have performed the OPE calculation up to dimen-
sion ten. Here, we present the OPE expression for the
representative current W%(QS?] 5), whose isoscalar and
isovector forms are given in Egs. (14b) and (17f),
respectively, while the results for other currents are
provided in Appendix:
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75 s 1 3m?2 11{(2GG) ~ 9m?  m,(5s)
HM(quS) ,M2 :/0 4 _ s 3 K s s 2
v oMy = | et T T (s | 2s6n T 32t )
Tmi{g;GG) _mi(5s) +ms<95516G61>_ms<gxiaGS> (q9)* +<5S>2 E
61447° 47t 967* 647 1272 1272
L (ms(6:GG)ag) _5m{giGG)(5s) _3mi(qq)®  mi(ss)® . (34)(9,d0Gq)
64t 2567* 272 872 167>
(aq)(gs50Gs)  (55)(9,q0Gq)  (35)(9,50Gs)\| _ p
_ — e B(ds
247> 247> 167>
5m}(g;GG)(3s)  5my(5;GG)(g,qoGq) 25m(5;GG)(g,56Gs) = 25(3;GG)(qq)*
115272 1152724 46087z* 172872
_3(g:GG){aq)(5s) | 25(g:GG)(5s)” | mi(gq)® _ Tmi(Gq){95GoGa)  m;(34){9,50Gs)
21672 172872 272 ’r2 1272
| 10m(qq)*(5s) _ (9,40Gq)(g,50Gs)
3 2472 ’

In the above equation, (gq) represents the D = 3 up/down
quark condensate; (g>GG) refers to the D =4 gluon
condensate; and (g,goGq) is the D =5 mixed conden-
sate. As is customary, the factorized approximation is
adopted for higher-dimensional condensates, such as
(01g9gq|0) ~ (0]g¢|0)(0|gq|0). The possible violation of
this approximation is further examined by introducing a
factorization parameter x« in the numerical analysis.

IV. NUMERICAL ANALYSIS

To reliably extract the mass using Eq. (26), it is essential
to determine the appropriate regions for the two free
parameters; the continuum threshold s, and the Borel mass
Mp. We present the result for the representative current
y/%(qsq 5), whose isoscalar and isovector forms are given
in Egs. (14b) and (17f), respectively. In the isospin limit and
within the connected-contraction approximation adopted in
this work, these two currents lead to identical mass sum
rules, differing only by their flavor combinations and
overall normalization.

In the numerical analysis, we adopt the following
QCD input parameters at the renormalization scale y =
2 GeV [1,49-54]:

(q) = —[(0.240 + 0.010) GeV]?,
(55) = (0.8 £0.1) x (3q),
mgy(2 GeV) = 9377 MeV,
(a,GG) = (6.35 +0.35) x 1072 GeV*,
M2 = (0.8 40.2) GeV?,
(9:q0Gq) = —MG x (qq).
(9,56Gs) = —M} x (3s). (28)

Here the gluon condensate is quoted in the convention
(a;GG). In the OPE expressions, where the convention
(?GG) is used, we make the conversion (§?GG) =
47(a,GG). All scale-dependent input parameters are taken
at 4 = 2 GeV, and the strange-quark mass is given in the
MS scheme.

Before applying the standard QCD sum rule criteria, we
first examine the behavior of the Borel-transformed corre-
lation function as a function of the continuum threshold s,.
This check is particularly useful in the J°¢ = 17~ channel,
since these quantum numbers are not exotic and the
tetraquark currents may in principle couple to ordinary
vector mesons, their radial excitations, and two-meson
continua. In the present sum rule framework, a physical
pole contribution below the continuum threshold s is
parametrized as f%exp(—M%/M%) and should give a
positive contribution to I(sq, M%).

As a representative example, Fig. 2 shows the behavior
of T(sg, Mp) for the current y/(gsg5) at several fixed

values of M%. One finds that the correlation function is
negative in the very low-s, region, and hence this region
cannot be matched to a physical single-pole contribution.
This observation provides a useful consistency check for
identifying an unphysical low-threshold region before
determining the working window. Nevertheless, it is
current-dependent and does not by itself separate compact
tetraquark configurations from conventional gg excitations
or two-meson continuum effects. The pole extracted below
should therefore be understood as an effective lowest
resonance coupled to the chosen tetraquark current, rather
than as direct evidence for a pure compact tetraquark state.

After this preliminary check, we proceed to impose the
standard QCD sum rule criteria. We first ensure good OPE
convergence by requiring that the combined contribution
from the dimension-8 and dimension-10 condensates be
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>
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50 [GeV?]

FIG. 2. The Borel-transformed correlation function I1(sy, M%)
as a function of the continuum threshold s, for the current
w3, (¢sq5). The curves are obtained by taking M3 = 1.3, 1.4,

1.5 GeV?. The negative behavior in the very low-s, region
indicates that this region cannot be matched to a physical
single-pole contribution.

less than 10% of the total:

HD:]0+8(OO, M%)
T1(c0. M3)

CVG10+8E’ <10%.  (29)

This condition imposes a lower bound on the Borel
mass: M% > 1.32 GeV>.

Second, to ensure a sufficient pole contribution, we
require that the pole contribution (PC) exceed 30%:

> 30%. (30)

PCE‘ H(s()v M%)
B

(00, M%)

For multiquark currents, the pole contribution is usually
smaller than that in conventional meson sum rules because
of the high dimension of the interpolating currents and the
rapid growth of the spectral density. We therefore use
PC > 30% as a minimal working criterion, together with
the requirements of OPE convergence and Borel stability.
We emphasize that this criterion is relatively loose, and the
resulting masses should be regarded as QCD sum rule
estimates rather than high-precision determinations. In
particular, for currents with very narrow Borel windows
and pole contributions close to this lower bound, the
extracted masses are less stable and should be treated with
caution. For the representative current q/g’/’l(qsfj 5), we find

that this condition is satisfied only when s, > sfin =
4.3 GeV?. Accordingly, we adopt a slightly larger value
of sy = 4.8 GeV?, resulting in a valid Borel window of
1.32 GeV? < M% < 1.46 GeV?, as shown in Fig. 3.
Finally, we require that the extracted mass exhibit only
mild sensitivity to variations in both the continuum thresh-
old s, and the Borel mass M%. As shown in Fig. 4, the mass
dependence on these parameters remains moderate within

40 | : ] 40
ﬁ?\:
| ! I
30+ : ' i 130
g T
) [ ! I Q\?‘
S 20¢ : : :: 120 =
&) | 1 1 8
> b | : I
QO Teeol : | ::
10+ el 0 ] 110
R
0 | T 0
1.2 1.3 1.4 1.5 1.6
Borel Mass [GeV?]
FIG. 3. OPE convergence and pole contribution for the current

w5t (gsq5) as functions of the Borel mass My at sy = 4.8 GeV?.

The dashed curve denotes CVGy, g, defined as the contribution
from the dimension-8 and dimension-10 condensates, while the
solid curve denotes the pole contribution.

the working regions 3.8 GeV? < s, < 5.8 GeV? and
1.32 GeV? < M% < 1.46 GeV?. The resulting mass is
determined to be

M = 1.867011 GeV, (31)

where the uncertainty reflects the combined variations in the
Borel mass M2, the continuum threshold s, and the QCD
input parameters listed in Eq. (28). In the isospin limit and
within the connected-contraction approximation adopted in
this work, the isoscalar and isovector currents wg/l[l(qsq $).1=0

5g5).0=1 o .
53511 have identical connected OPE expressions

up to overall flavor-normalization factors. Consequently,
they lead to the same extracted mass,

and y/%(

= = M=) — +0.14
Ml//’z‘f,(qsqs) = Ml//éf,(qsz?i) = 1.867,,4 GeV. (32)

In the above analysis, the factorized four-quark con-
densates are evaluated under the vacuum saturation
approximation. To estimate the possible impact of viola-
tions of this approximation for the dimension-six four-
quark condensates, we introduce a factorization parameter
k through

(@9)* — x(gq)*.

)
(qq)(5s) = K(qq)(5s).
(55)% — k(5s)>. (33)

The vacuum saturation limit corresponds to x = 1. As a
representative sensitivity check, we vary « in the range
1 <k <4 for the current w%(qsc} 5). The extracted mass
decreases from
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FIG. 4. Dependence of the extracted mass on (a) the continuum threshold s, and (b) the Borel mass M %. In the left panel, the solid,
short-dashed, and long-dashed curves correspond to M% = 1.3, 1.4, 1.5 GeV?, respectively. In the right panel, the curves correspond to
so = 4.5,5.0,5.5 GeV?, respectively. Here the current w%(qsq 5) is used as a representative example.

M(x=1) = 1.86 GeV (34)

to

M(k =4) =1.63 GeV, (35)
with intermediate values of 1.74 GeV and 1.67 GeV for
k =2 and 3, respectively. Although the variation induced
by « is not negligible, it does not change the qualitative
conclusion of the present analysis. In particular, the mass
remains in the same low-energy region considered for light
vector tetraquark configurations. This dependence should
therefore be regarded as an additional systematic effect
associated with the vacuum saturation approximation. The
uncertainties quoted in Table I are obtained within the
standard vacuum-saturation approximation by varying M3,
50, and the QCD input parameters. A complete x scan for all
currents would require repeating the full numerical analysis
and is not attempted here.

We apply the above procedures to study the other
currents in a similar manner, and the obtained results are
summarized in Table I. QCD sum rule analyses for the
999 g, qsqs, and ss55 configurations yield masses of
approximately 1.53-2.37 GeV, 1.86-2.51 GeV, and 2.46—
2.60 GeV, respectively. The extracted masses should be
compared with known light vector resonances with caution,
since the J©'€ = 17~ tetraquark currents may also couple to
conventional gg vector mesons and two-meson continua.
The lowest isovector ggg g mass around 1.5 GeV lies close
to the p(1450) region and may also be relevant to the
p(1700) and p(1900) [1]. The isoscalar gqg g results can
be compared with the w(1420) and @(1650), while the
hidden-strangeness ¢sg 5 results may be relevant to the
$(1680) or higher p/w-like vector structures, depending on
the isospin assignment. For the 555 5 sector, the mass region
around 2.3-2.6 GeV is naturally compared with the
$(2170) and other higher ¢-like states. These comparisons

suggest that some observed light vector resonances may
contain tetraquark components, but they should not be
regarded as unique assignments. Further information from
decay properties, production mechanisms, and coupled-
channel effects is needed to distinguish compact tetraquark
configurations from conventional gg excitations and two-
meson continuum contributions.

As a further check of the stability of the diagonal-current
analysis, we perform a representative two-current mixing
analysis in the isovector ¢sg 5 sector. We consider the two

M(gsgs).1=1 A(gsqs),I=1
2 and y, .

From the diagonal-current sum rules, their masses are

lowest isovector currents, y

M@lwm) = 1.86701 GeV,
M@(Ww = 1.9870-13 GeV. (36)

By including the corresponding off-diagonal correlation
functions and diagonalizing the resulting two-current
correlation matrix, we obtain a small mixing effect,

0= (1.8+5.0)°, (37)
where the uncertainty represents a conservative estimate of
the possible variation of the mixing angle in this analysis.

The extracted masses after diagonalization are, within the
numerical accuracy,

M5, = 1861341 GeV,
M = 1981013 GeV. (38)

These values are essentially unchanged compared with the
masses obtained from the corresponding diagonal-current
sum rules. This indicates that, at least for this representative
isovector channel, the off-diagonal mixing effect is small
and does not lead to an additional lower stable solution.
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A complete correlation-matrix analysis involving all cur-
rents with the same quantum numbers would require a
separate dedicated study.

Note that the ss5 § tetraquark states with =071~
have also been systematically investigated in Refs. [55-57]
within the QCD sum rule approach. In particular, Ref. [57]
considered currents containing one derivative operator, for
example

IGJPC

J7.; = [SaTCJ’ySb]Ba[EaV”Cfg], (39)
and obtained

MIZE =2.34103 GeV. (40)
This value is compatible, within uncertainties, with the
sss5 mass region 2.46-2.60 GeV obtained from the
nonderivative currents in the present work. Such theoretical
studies are also motivated by experimental observations of
higher ¢-like vector structures, including the Y(2175),
commonly referred to as ¢(2170) [58-62]. More recently,
the GlueX Collaboration reported a structure in the ¢zt z~
invariant mass spectrum around 2.24 GeV/c? [63], provid-
ing a new experimental benchmark for studies of the ss5§
vector sector.

The nonderivative currents studied in the present work
and the derivative current in Ref. [57] correspond to
different interpolating structures. In the present work, the
negative parity of the J°C = 17~ tetraquark currents is
realized through local diquark-antidiquark operators con-
taining at least one P-wave diquark or antidiquark compo-
nent. By contrast, the derivative current given in Eq. (39)
consists of an S-wave axial-vector ss diquark and an
S-wave axial-vector §5 antidiquark, with the derivative
operator introducing a relative orbital excitation between
the two clusters. We therefore quote this previous result as a
useful complementary benchmark for the ss¥5 vector
sector. It should not be regarded as a mass newly derived
in the present analysis. A systematic study of derivative
currents is more involved and will be pursued in
future work.

V. SUMMARY

In this paper we have performed a systematic QCD sum
rule study of light tetraquark states with J¢ = 17 in the
diquark-antidiquark picture. We first constructed a com-
plete set of local interpolating currents by classifying their
flavor structures into the symmetric 6, ® 6f, antisymmet-
ric 3f ® 3/, and mixed (3f ® 6f) ® (6, ® 3/) represen-
tations. We then projected these currents onto the isoscalar,
isovector, and isotensor channels, and considered the flavor
configurations qqq g, gsq s, and ss55 (¢ = u/d).

We performed QCD sum rule analyses using these
nonderivative tetraquark currents. The resulting masses

and decay constants are summarized in Table I. In par-
ticular, the lowest masses obtained from the nonderivative
currents for the six flavor-isospin sectors are summarized as

M0 = 1641017 GeV,
ML = 1861014 GeV,
M0 =2.46101 GeV,
Ml = 153701 GeV,
MISh = 1.861011 GeV,
Mi,is = 2241017 GeV. (41)

For the I = 0 555 5 vector sector, we also quote the previous
derivative-current result 2.34f8.'328 GeV [57] as a comple-
mentary benchmark. This value should not be regarded as a
mass newly derived in the present analysis.

The above results are further summarized in Fig. 5,
where we also compare the present 17~ tetraquark results
with our previous results for the 1= tetraquark and hybrid
states [37]. Both the 17~ and 1™ tetraquark spectra contain
six flavor-isospin configurations: the isoscalar gqg g, gsq s,
and ss5 5 sectors, the isovector ggg g and gsg 5 sectors, and
the isotensor gqg g sector. By contrast, the 1= hybrid
spectrum contains three flavor-isospin configurations: the
isoscalar ggg and ssg sectors, and the isovector ggg sector.
Such a comparison provides a useful reference for under-
standing how tetraquark and hybrid configurations may
populate the light hadron spectrum in different quantum-
number channels.

It should be noted that the mass of the isotensor
tetraquark state with J°© = 17" was not evaluated in
our previous study. In analogy with Sec. I D, there are

2.6

@ ®) ©

2.4 | s b

SSSS
4949 55 __
22f---rq-----a------- 55 $S55 99dd

LY e e B
o - qsqs asqs -

1.8} +qsqs +qsqs \ssg
aq qag qag

L6l Paa@d B -
94Gd 9949 9949

I=0 I=1 1=2 1=0 I=1 =2 I=0 I=1

FIG. 5. Comparison of the mass spectra of light tetraquark and
hybrid states. Panel (a) shows the J©¢ = 17~ tetraquark masses
obtained in the present work, while panels (b) and (c) show our
previous results for the J°¢ = 17 tetraquark and hybrid masses,
respectively [37]. The tetraquark spectra include six flavor-
isospin configurations: the isoscalar gqg g, gsgs, and sss5§
sectors, the isovector gqq g and ¢sg s sectors, and the isotensor
qqq q sector. The hybrid spectrum includes the isoscalar ggg and
ssg sectors and the isovector ggg sector.
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two isotensor gqg g currents with JP¢ = 1=+

yy, T =y (943 7)
~ ul Cysdy(itay,rsCdj) + wyy,ysCdy)
+ ul Cy,rsdy(iiysCdl + upysCdy),
(42a)
Yo, 1 =y (497 7)
~ul Cyvd,(i,0,,Cdl — i,0,,CdlL)
+ulCo,,dy(i1,y" Cdl — i,y*CdY). (42b)

In the present study we apply the same QCD sum rule
procedures to these two currents and derive their masses as
2.19702° GeV and 2.407039 GeV. The lower of these two
mass predictions is included in Fig. 5, thereby completing
the comparison with the 17~ tetraquark spectrum.

Since JP¢ = 1=F carries exotic quantum numbers, the
corresponding hybrid states have attracted considerable
interest. However, it remains difficult to distinguish
a 17" hybrid state from a 1~" tetraquark state, because
both configurations may appear in a similar mass region
and may couple to similar hadronic channels. Although the
17~ channel does not carry exotic quantum numbers, it is
experimentally important since vector states can be directly
produced in electron-positron annihilation. A combined
investigation of the 17~ and 1= channels may therefore

provide a broader framework for understanding the simi-
larities and differences between tetraquark and hybrid
configurations, and may offer useful clues for distinguish-
ing these two types of exotic hadrons. In the present work
we have focused on the 17~ tetraquark states, while a
further study of the corresponding 1™~ hybrid states and the
decay properties of these states will be carried out in
future work.
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APPENDIX: TWO-POINT CORRELATION
FUNCTIONS

In this appendix we present the Borel-transformed
correlation functions for all the interpolating currents
defined in Sec. II.

S(aai) (33 /Yo L 4_{9GG) ,  (29) . (49)(9,39Gq)] syus, ;. (51956GG)@4)*  (9,40Gq)®
o |1843275° T 1843275 ' 1842 8z | 86472 2472 )
27 s 1 (9;GG) (a9)* | (99)(9,40Gq)] 5(6:GG)(aq)* | 5(9,40Gq)’
@9 d)  pr2 _/0 4 s 2 s e—5IM3 g s s ’
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