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Abstract: We have performed a next-to-leading-order (NLO) QCD sum rules analysis of the  light tetraquark
states. By investigating various compact and molecular tetraquark currents, we extracted the mass spectra of the cor-
responding states, all of which lie above . We have identified multiple  states around  matching
well with , confirming that  is an excellent tetraquark candidate. By contrast, our calculations ex-
clude the possibility that the  is a tetraquark or hybrid–tetraquark mixture. This result suggests that it may
not exist, which is consistent with recent experimental results.
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I.  INTRODUCTION
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The study of non-  mesons beyond the convention-
al quark model remains a central topic in hadron physics
[1, 2]. QCD predicts  the  existence  of  mesons  with  vari-
ous  structures,  such  as  hybrid  states  containing  excited
gluons  [3, 4],  glueballs  composed  purely  of  gluons  [5],
and  multiquark  states  [6–11].  Mesons  with  the  exotic
quantum  numbers  have attracted  extensive  at-
tention and are typically considered as candidates for hy-
brids, tetraquarks, or their mixtures. In particular, the am-
biguity surrounding the isovector  state  has per-
sisted  for  a  long  time.  In  a  previous  study,  ap-
peared in the  reaction [12] and was later ob-
served  in  the  channel  [13, 14].  However,
some  recent  evidence  suggests  that  may  be  an
artifact of the  particle and might not exist  [15].
Based  on  the  partial-wave  analysis  data  of  the  sys-
tem  provided  by  the  COMPASS  Collaboration  [16],  a
coupled-channel  amplitude  analysis  [17] has  been  per-
formed that enforces the unitarity and analyticity of the S
matrix.  The  corresponding  results  demonstrate  that  a
single  pole  is  sufficient  to  fit  the  experimental  data  for
both  and .  In  Ref.  [18],  was
interpreted  as  a  molecular  tetraquark,  whereas  Ref.  [19]
suggests  that  a  hybrid–tetraquark  mixture  might  explain

—this conclusion is corroborated in a later work
[20].  Studies  on  hybrids  indicate  that  the  mass  of  a 
hybrid  state  is  higher  than  [21–23], and  con-
sequently, matching the mass of  is challenging.
Therefore,  within  the  framework of  QCD sum rules,  the
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existence of  depends on the probability of exist-
ence  of  a  tetraquark  state  with  a  mass  approximately
equal  to  or  less  than .  In  Ref.  [24],  a  series  of
compact  tetraquark currents  were calculated,  and several
isospin-1  compact  tetraquark  states  with  masses
around  and  were  obtained.  Therefore,

 and  are considered as suitable candid-
ates  for  four-quark states.  However,  all  the  aforemen-
tioned studies on tetraquark states focused on calcuations
only at the leading order (LO) without considering next-
to-leading-order (NLO)  contributions,  which  can  some-
times be significant [3]. This paper presents the first NLO
analysis  of  the  tetraquark  states.  We  have  used  the
latest  phenomenological  parameters  and  a  more  precise
running coupling to reanalyze the possibility of the exist-
ence of  and to examine the feasibility of consid-
ering  and  as suitable tetraquark candid-
ates. 

II.  TETRAQUARK CURRENTS AND RENOR-
MALIZATION

1−+

1.4 2.0GeV

qq q̄q̄

Previous studies have shown that some currents with
u, d,  and s quarks  (and their  antiquarks)  yield  states
with masses of approximately –  at the LO or-
der.  [18, 24].  We  expect  that  adding  NLO  corrections
shifts  their  masses,  making  them  a  good  choice  for  our
study.  We  built  the  compact  tetraquark  currents  using
quark  pairs  ( )  and  antiquark  pairs  ( ).  Based  on
charge  conjugation  and  flavor  structure,  we  define  four
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ηµ1 ∼ η
µ
4currents : 

ηµ1 = uT
a Cγµdb(ūaCd̄T

b + ūbCd̄T
a )

+uT
a Cdb(ūaγ

µCd̄T
b + ūbγ

µCd̄T
a ),

ηµ2 = uT
a Cσµνγ5db(ūaγνγ

5Cd̄T
b + ūbγνγ

5Cd̄T
a )

+uT
a Cγνγ5db(ūaσ

µνγ5Cd̄T
b + ūbσ

µνγ5Cd̄T
a ),

ηµ3 = uT
a Cγµdb(ūaCd̄T

b − ūbCd̄T
a )

+uT
a Cdb(ūaγ

µCd̄T
b − ūbγ

µCd̄T
a ),

ηµ4 = uT
a Cσµνγ5db(ūaγνγ

5Cd̄T
b − ūbγνγ

5Cd̄T
a )

+uT
a Cγνγ5db(ūaσ

µνγ5Cd̄T
b − ūbσ

µνγ5Cd̄T
a ), (1)

σµν =
i
2

[γµ,γν]

where C is  the  charge  conjugation  operator,  and
. By replacing the d quark with an s quark,

we obtain 

ηµ5 = uT
a Cγµsb(ūaCs̄T

b + ūbCs̄T
a )

+uT
a Csb(ūaγ

µCs̄T
b + ūbγ

µCs̄T
a ),

ηµ6 = uT
a Cσµνγ5sb(ūaγνγ

5Cs̄T
b + ūbγνγ

5Cs̄T
a )

+uT
a Cγνγ5sb(ūaσ

µνγ5Cs̄T
b + ūbσ

µνγ5Cs̄T
a ),

ηµ7 = uT
a Cγµsb(ūaCs̄T

b − ūbCs̄T
a )

+uT
a Csb(ūaγ

µCs̄T
b − ūbγ

µCs̄T
a ),

ηµ8 = uT
a Cσµνγ5sb(ūaγνγ

5Cs̄T
b − ūbγνγ

5Cs̄T
a )

+uT
a Cγνγ5sb(ūaσ

µνγ5Cs̄T
b − ūbσ

µνγ5Cs̄T
a ). (2)

Furthermore, for molecular tetraquark states, we also con-
sider the following two currents [18]: 

Jµ1 =
1
2
(
ūγ5u− d̄γ5d

)(
ūγ5γµu+ d̄γ5γµd

)
, (3)

 

Jµν2 = ϵ
µνρσ

(
ūγ5γρd d̄γσu− d̄γ5γρuūγσd

)
, (4)

ϵµνρσwhere  is  the  totally  antisymmetric  tensor  with  the

ϵ0123 = +1convention .
When expanding the perturbative part  of  the correla-

tion  functions  for  these  tetraquark  currents  to  NLO,  we
need  to  calculate  the  Feynman  diagrams  as  shown  in
Fig. 1. Because tetraquark currents are composite operat-
ors,  the  calculation  results  contain  non-local  divergence
terms such as 

log(−q2/µ2)/ε. (5)

ηµ1 ηµ3

These  non-local  divergence  terms  cannot  be  completely
removed  using  conventional  Lagrangian  renormalization
methods; the operator currents must be renormalized. For
the  operator  currents  and ,  applying  the  tetraquark
renormalization  method  [25]  with  the  Feynman  gauge
yields (

uT
a Cdb ūaγ

µCd̄T
b

)
r

=

Å
Z−2

2 −
2C2

A+1
32π2εCA

g2
ã

uT
a Cdb ūaγ

µCd̄T
b

+
3

32π2ε
g2uT

a Cdb ūbγ
µCd̄T

a

− CAig2

32π2ε
uT

a Cσµνγ5db ūaγνγ
5Cd̄T

b

+
ig2

32π2ε
uT

a Cσµνγ5db ūbγνγ
5Cd̄T

a , (6)

 (
uT
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µCd̄T

a

)
r

=

Å
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2 −
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A+1
32π2εCA

g2
ã

uT
a Cdb ūbγ
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a

+
3

32π2ε
g2uT

a Cdb ūaγ
µCd̄T

b

+
CAig2

32π2ε
uT

a Cσµνγ5db ūbγνγ
5Cd̄T

a

− ig2

32π2ε
uT

a Cσµνγ5db ūaγνγ
5Cd̄T

b

+
1

48π2ε

(
ūDαGαβγβγµγ5u− d̄DαGαβγβγµγ5d

)
,

(7)

In the above equations, 

 

Fig. 1.    Feynman diagrams for the perturbative term of tetraquark currents. Permutation diagrams are omitted. The bold cross vertex
represents the hybrid-like counterterm. For compact tetraquark currents, the first four diagrams are unnecessary.
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Z2 = 1− g2CF

16π2ϵ
, (8)

CF = 4/3
SU(3)

CA = 3
SU(3)

SU(3)

where  is  the  quadratic  Casimir  operator  of  the
fundamental  representation  of  the  group,  and

 is  the  quadratic  Casimir  operator  of  the  adjoint
representation  of  the  group;  these  parameters  are
also known as the quark and gluon color factors, respect-
ively. For convenience, we suppress the generator matrix
T of  and the coupling constant g, i.e., 

DαGαβ ≡ gDαGn
αβT

n. (9)

DαGαβ

ηµ5 ηµ7

The  hybrid-like  current  only  appears  in  operator
currents where the summation is over different quark col-
or  indices.  By  replacing  the d quark  in  Eqs.  (6)  and  (7)
with  an s quark,  we  obtain  the  operator  renormalization
results for the tetraquark currents  and . The molecu-
lar  tetraquark  currents  can  be  obtained  through  linear
combinations of the following renormalized operator cur-
rents: 

(
ūγ5ud̄γ5γµd

)
r =

Å
Z−2

2 +
5CF

16π2ε
g2
ã

ūγ5ud̄γ5γµd

+
ig2

8π2ε
ūT nσµνud̄γνT nd,

(10)

 (
ūγ5uūγ5γµu

)
r =

Å
Z−2

2 +
5CF

16π2ε
g2
ã

ūγ5uūγ5γµu

+
ig2

8π2ε
ūT nσµνuūγνT nu

+
i

24π2ε
ūDαGαβσβµu.

(11)

The renormalization  of  other  operator  currents  is  ex-
plained in Appendix A.2. 

III.  QCD SUM RULES

QCD sum rules [2, 26–29] determine the correspond-
ing hadronic spectral structure through the poles of oper-
ator  current  correlation  functions  in  the  complex  plane.
To calculate the correlation function, we first perform op-
erator product expansion (OPE): 

Π(q) = i
∫

d4xeiqx⟨0|T {Jµ(x)Jν(0)}|0⟩

=C0(q)+C4(q)⟨O4⟩+C6(q)⟨O6⟩+ · · · , (12)

Ci(q) ⟨Oi⟩where  denots Wilson coefficients and  vacuum
condensates (i.e.,  the vacuum expectation values of vari-

C0(q)

C4(q) C6(q)

ous  local  operators).  The  first  Wilson  coefficient 
corresponds to the perturbative diagrams in Fig. 1 and ac-
counts for the high-energy contribution. Subsequent coef-
ficients such as  and  can be calculated by cut-
ting  certain  propagators  in  the  perturbative  diagrams  or
by introducing zero-momentum gluons from the vacuum;
they  represent  the  contribution  from  the  low-energy re-
gion.  For  this  part  of  the  contribution,  the  calculation
should be performed in coordinate space. We can use the
techniques reported in Refs. [24, 30–32] to evaluate these
non-perturbative contributions.  The  quark  propagator  in-
cluding vacuum condensates is 

iS ab ≡ ⟨0|T [qa(x)q̄b(0)]|0⟩

=
iδab

2π2x4
/x− ig

32π2
Gn
µνT

nab 1
x2

(σµν/x+ /xσµν)− δ
ab

12
⟨q̄q⟩

− δ
abx2

192
⟨gq̄σGq⟩− mqδ

ab

4π2x2
+

iδabmq⟨q̄q⟩
48

/x+
iδabm2

q

8π2x2
/x.

(13)

1−+

The Lorentz  structure  of  the  operator  currents  indic-
ates that a general vector current can couple to both vec-
tor and scalar particles. Therefore, we need to isolate the
part corresponding to the  vector particle in the correl-
ation function. In momentum space, the correlation func-
tion of the vector current can be decomposed into 

i
∫

d4xeiqx⟨0|T {Jµ(x)Jν(0)}|0⟩

=

Å
qµqν

q2
−gµν
ã
ΠV (q)+qµqνΠS (q), (14)Å

qµqν

q2
−gµν
ã

qµqν

Jµ

where the term  on the right-hand side of the
equation is the transverse polarization factor, and  is
the  longitudinal  polarization  factor.  The  vector  particle
couples  to  the  vector  current  through the  matrix  ele-
ment 

⟨0|Jµ|V(q)⟩ = ϵµ f (q2). (15)

ϵµThe polarization vector  satisfies the completeness rela-
tion 

1∑
λ=−1

ϵµ∗λ ϵ
ν
λ =

qµqν

q2
−gµν. (16)

ηµ1 ∼ η
µ
8 Jµ1

ΠV (q)

Jµν2

Therefore, the spectral density of the vector particle is re-
lated to the transverse polarization part of the correlation
function. For the vector currents  and , only the

 part  is  considered.  For  tensor  currents,  they  can
couple  to  scalar,  vector,  and  tensor  particles.  Similar  to
the aforementioned analysis,  considering that  is anti-
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symmetric with  respect  to  Lorentz  indices,  we  decom-
pose  the  tensor-current-operator  correlation  function  in
momentum space as 

i
∫

d4xeiqx⟨0|Jµν2 (x) J†αβ2 |0⟩ = (ηµαηνβ−ηναηµβ)Π′VJ2
(q2)

+ (ηµαqνqβ−ηναqµqβ−ηµβqνqα+ηνβqµqα) 1
q2
ΠV

J2
(q2), (17)

ηµν ≡ qµqν

q2
−gµνwhere .  The  coupling  rule  for  vector

particles and tensor currents is 

⟨0|Jµν2 |V(q)⟩ = (qµϵν−qνϵµ) f (q2). (18)

ΠV
J2

(q2)

Combined with Eq. (16), these relations indicate that the
spectral  density  of  the  vector  particle  corresponds  to  the

 part.

MS
γ5

ΠV ηµ1

We derive  the  OPE of  the  correlation  function  using
dimensional  regularization  and  the  subtraction
scheme  while  treating  in the  BMHV  scheme.  Con-
sequently,  the  correlation  function  for  the  current 
is given by 

ΠV
η1
= q8
ïÅ
− 79g2

s

2654208π8
− 1

18432π6

ã
log
Å
−q2

µ2

ã
− 5g2

s

1327104π8
log2
Å
−q2

µ2

ãò
+q4 g2

s

18432π6
log
Å
−q2

µ2

ã
⟨GG⟩

−q2 1
18π2

log
Å
−q2

µ2

ã
⟨q̄q⟩2

+
1

12π2
log
Å
−q2

µ2

ã
⟨q̄q⟩⟨q̄Gq⟩

+
1
q2

Å
5g2

s

864π2
⟨GG⟩⟨q̄q⟩2− 1

48π2
⟨q̄Gq⟩2

ã
+

1
q4

Å
− g2

s

576π2
⟨GG⟩⟨q̄q⟩⟨q̄Gq⟩− 32

81
g2

s⟨q̄q⟩4
ã
. (19)

The remaining  correlation  functions  are  given  in  Ap-
pendix A.3.

Using  the  dispersion  relation  and  adopting  the  "δ +
continuum" assumption, we have 

1
π
ImΠV (q) = f 2δ(s−m2)+ θ(s− s0)ρc(s), (20)

s0

ρc(s)

Mn(τ, s0)

where m is the mass of the lowest resonance state, f is the
coupling  strength,  is  the  continuum  threshold,  and

 is the spectral  density of the continuum states.  Ap-
plying  the  Borel  transform  to  both  sides  of  the  above
equation yields the n-th moment : 

Mn(τ, s0) ≡ 1
π

∫ s0

0
ds sne−τs ImΠV (s) = f 2m2ne−τm

2
. (21)

The mass m of the lowest resonance state in the spectral
density can be obtained from the ratio of the moment: 

Rn(τ, s0) ≡ M
n+1(τ, s0)
Mn(τ, s0)

= m2. (22)

n = 0
Upon taking the ratio of moments, the coupling constant f
cancels out. In this study,  is adopted. 

IV.  NUMERICAL ANALYSIS

µ = 2 GeV

In  the  numerical  analysis,  we  adopt  the  following
quark  masses  and  vacuum  condensate  parameters  at  the
scale  [33, 34]: 

ms = 93.5±0.8 MeV,

g2

4π
⟨GG⟩ = 0.07±0.02 GeV4,

⟨q̄q⟩ = −(0.276)3 GeV3,

⟨s̄s⟩ = 0.74⟨q̄q⟩,

⟨q̄Gq⟩= M2
0⟨q̄q⟩,

⟨s̄Gs⟩ = M2
0⟨s̄s⟩,

M2
0 = 0.8±0.2 GeV2,

q = u or d ⟨GG⟩ = ⟨Gn
µνG

nµν⟩ ⟨q̄Gq⟩ = ⟨q̄gT nGn
µνσ

µνq⟩

αs

where , , ,
and the masses of the light quarks u and d are neglected.
The running coupling constant  is expressed in the one-
loop approximation: 

αs(µ2) =
αs(m2

τ)

1+
β0

4π
αs(m2

τ) log
( µ2

m2
τ

) , (23)

mτ = 1776.93±0.09MeV αs(m2
τ) = 0.314±0.014

n f = 3 β0 = 9
µ2 = 1/τ

where , ,
with , and . Renormalization group improve-
ment is achieved by setting  [35].

M0(τ, s0) ηµ1

The relative contributions of the perturbative and con-
densate  terms  to  the  moment  of  the  current 
are  calculated  as  shown  in Fig.  2.  Evidently,  the  OPE
converges well, demonstrating the reliability of the calcu-
lation results.

m =
√
R0(τ, s0)

s0

m(τ)

Using the ratio of moments in Eq. (22), we extract the
mass  of  the  lowest  resonance  by ,  which
depends  on  the  Borel  parameter τ and  the  continuum
threshold . Since the Borel parameter τ is auxiliary, the
extracted mass  should  exhibit  a  stable  plateau  with  re-
spect to τ.  We determine the mass using stability criteria
[34]: the mass is extracted from the extremum of the 
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s0

m(τ)

M0

M0 ∼ s0 m ∼ s0

Jµν2

s0 ≲ 4.5 GeV2

≲ 1.5 GeV
≳ 2.3 GeV

M0

curve or  its  plateau region1).  The general  procedure is  to
first  determine  an  approximate  value  of  such  that  a
plateau  appears  in  the  curve.  Subsequently,  the
range  of τ corresponding  to  this  plateau  is  identified  as
the  working  region.  Finally,  the  mass  of  the  resonance
state is determined by the value of m at the plateau. It is
worth  noting  that  the  moment  corresponds  to  the
spectral density and thus is always positive. If a negative
value appears, it indicates that the QCD sum rules analys-
is breaks down, and the corresponding mass is non-phys-
ical.  In Fig. 3,  we list  the  and  curves for
the  tensor  current .  In  the  left  figure,  the  region

 is non-physical, so the corresponding mass
 in the right figure is not credible; the true mass

should be . In the subsequent analysis, we dis-
cuss within the physical interval where  is positive.

Jµν2Figure  4 shows  that  for ,  the  NLO  perturbative

ηµ2

Jµν2

0.2 GeV

correction  is  approximately  30%  of  the  LO  contribution
and thus cannot be neglected. For , the NLO perturbat-
ive correction  is  even  larger  than  the  LO  term,  i.e.,  ap-
proximately  130%  of  the  LO  contribution.  Furthermore,
in Fig. 5, the left-hand side shows the estimated mass of
the  operator  current  when  expanded  to  the  LO,  and
the right-hand side shows the estimated mass after adding
the NLO perturbation correction.  Incorporating the NLO
correction significantly affects the mass determination. In
particular,  the  mass  curve  is  lowered  by  approximately

 and  becomes  flatter,  which  leads  to  improved
stability.

s0

s0

s0

ηµ1 ∼ η
µ
4

2.05 1.88 1.70 1.99 GeV ηµ5 ∼ η
µ
8

2.36 2.06
2.26 2.34 GeV

1.71 GeV Jµ1 2.44 GeV Jµν2

ηµ1 ∼ η
µ
4

1.6 1.7GeV
π1(1600)

π1(1600)

In Appendix A.1, we present the resonance mass m as
a function of the Borel  parameter τ for  all  currents,  with

 fixed at various values. Based on the stability criterion,
we select  three  values  that  yield  the  flattest  curves  in
each  figure.  The  corresponding  optimal  mass  estimates
and  values  are  listed  in Table  1.  The  masses  for  the
compact tetraquark currents  (with u and d quarks)
are , , ,  and .  For  (with u
and s quarks),  the  corresponding  masses  are , ,

,  and . For  the  molecular  currents,  we  ob-
tain  for  and  for .  In  previous
LO  studies  [24],  the  currents  yielded  the  lowest
resonance  masses  of  approximately –  and  are
considered  to  couple  to  the .  However,  after
NLO corrections, the lowest resonance masses increased,
shifting  away  from  the  peak  position  of  the .
Compared with the results obtained in previous LO QCD

 

⟨On⟩
⟨O0⟩ η

µ
1 τ = 0.3 GeV−2

Fig. 2.    (color online) Ratio of condensate terms  to the
perturbative term  for , at .

 

M0 s0 Jµν2Fig. 3.    (color online) NLO results for the moment  and mass m versus  for the current .

 

M0 Jµν2 η
µ
2Fig. 4.    (color online) Ratio of NLO contribution to LO contribution in moment  for the currents  (left) and  (right).
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0.1−0.3 GeV
sum  rules  studies,  our  mass  predictions  are  shifted  by

 for  each  current,  as  shown  in  Appendix
A.4.  These  corrections  are  primarily  attributed  to  the
NLO contributions, the updated QCD parameters, a more
precise running coupling,  and renormalization group im-
provements.

1−+

1.4 GeV π1(1400)

π1(1400)
1.6 GeV

π1(1400)
π1(1600)
π1(1400) π1(1600)

1.7 GeV
π1(1600)

Our  corrected  results  do  not  yield  a  resonance
mass corresponding  to  tetraquark  currents  around  or  be-
low .  Consequently,  cannot be  inter-
preted  as  a  tetraquark  or  hybrid–tetraquark mixture  can-
didate.  Recent  studies  suggest  that  previous  analyses  of

 experimental  data  may  be  flawed,  and  a  single
resonance peak centered at  is sufficient to fit all
experimental  data  [17].  Therefore,  we  can  conclude  that

 may not exist and that its signal is merely an ar-
tifact of the . Particle Data Group (PDG) has in-
cluded the  data in the  entry. Our calcu-
lations provide  further  theoretical  support  for  this  per-
spective within  the  QCD sum rules  framework.  In  addi-
tion,  our  results  show that  the  tetraquark mass  is  greater
than , indicating  that  it  exceeds  previous  estim-
ates  and  is  difficult  to  reconcile  with  the .  This

π1(1600)

2.0 GeV
π1(2015)

result  indicates  potential  inconsistencies  in  interpreting
 as a tetraquark, and our findings suggest that the

non-tetraquark  interpretation  is  preferable.  However,  we
have identified multiple resonance states around ;
these states match well with , confirming its po-
tential as a tetraquark candidate. 

V.  CONCLUSION

1−+

1.7 GeV
2.0 GeV

0.1 0.3 GeV

π1(1400)

1−+

2.0 GeV π1(2015)
π1(2015)

We  performed  an  NLO  QCD  sum  rules  analysis  of
the  light tetraquark states. The results show that NLO
corrections  are  essential  for  mass  predictions  and  help
improve  the  stability.  Sometimes  the  significant  NLO
corrections  pose  a  challenge  to  achieving  convergence,
which  might  be  clarified  by  further  NNLO  calculations.
Nevertheless,  the  results  demonstrate  that  the  LO  result
alone is  insufficient.  All  the obtained states have masses
greater  than ,  with  the  masses  of  most  of  them
being equal to or greater than .  These values are

–  higher than those reported in previous stud-
ies,  implying  that  the  masses  of  tetraquark  states  should
be  higher  than  their  previously  anticipated  values.  Our
results  exclude  the  possibility  of  being a  tetra-
quark or a hybrid–tetraquark mixture. This result implies
that  the  particle  may not  exist,  in  agreement  with  recent
experimental data. By contrast, we obtained multiple 
states around , matching well with . This
result  reinforces  our  view that—  is  an excellent
tetraquark candidate. 

APPENDIX A
 

m(τ)A.1.     curves of resonance states

 

Jµν2Fig. 5.    (color online) Mass predictions for the current  at the LO (left) and NLO (right) levels.

 

Table  1.    Resonance masses  corresponding to  operator  cur-
rents.

η1 η2 η3 η4 η5

m 2.05±0.05 1.88±0.06 1.70±0.06 1.99±0.04 2.36±0.06

s0 5.1±0.3 4.3±0.3 3.5±0.3 4.8±0.2 6.5±0.4

η6 η7 η8 J1 J2

m 2.06 ± 0.04 2.24 ± 0.05 2.234 ± 0.03 1.71 ± 0.07 2.44 ± 0.02

s0 5.0 ± 0.2 6.0 ± 0.3 6.5 ± 0.2 3.5 ± 0.3 6.5 ± 0.3

 

η
µ
1 η

µ
2Fig. A1.    (color online) Mass predictions for the currents  (left) and  (right).
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A.2.    Renormalized operator currents

Jµν2Renormalized operator current :
 

(
ϵµνρσ ūγ5γρd d̄γσu

)
r = ϵ

µνρσ

ïÅ
Z−2

2 +
5CF

8π2ε
g2
ã

ūγργ5d d̄γσu− g2

8π2ε
ūγ5γρT nd d̄γσγ5T nu

− i
48π2ε

ϵρσβη
(
ūDαGαβγηu− d̄DαGαβγηd

)ò
. (A1)

 

η
µ
3 η

µ
4Fig. A2.    (color online) Mass predictions for the currents  (left) and  (right).

 

η
µ
5 η

µ
6Fig. A3.    (color online) Mass predictions for the currents  (left) and  (right).

 

η
µ
7 η

µ
8Fig. A4.    (color online) Mass predictions for the currents  (left) and  (right).

 

Jµ1 Jµν2Fig. A5.    (color online) Mass predictions for the currents  (left) and  (right).
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ηµ2 ηµ4 and  can be renormalized through linear combinations of the following renormalization currents:
 

(
uT

a Cσµνγ5db ūaγνγ
5Cd̄T

b

)
r =

Å
Z−2

2 −
4C2

A−7
32π2εCA

g2
ã

uT
a Cσµνγ5db ūaγνγ

5Cd̄T
b −

3g2

32π2ε
uT

a Cσµνγ5db ūbγνγ
5Cd̄T

a

− 3iCAg2

32π2ε
uT

a Cdb ūaγ
µCd̄T

b +
3ig2

32π2ε
uT

a Cdb ūbγ
µCd̄T

a , (A2)

 

(
uT

a Cσµνγ5db ūbγνγ
5Cd̄T

a

)
r =

Å
Z−2

2 −
4C2

A−7
32π2εCA

g2
ã

uT
a Cσµνγ5db ūbγνγ

5Cd̄T
a −

3g2

32π2ε
uT

a Cσµνγ5db ūaγνγ
5Cd̄T

b

+
3iCAg2

32π2ε
uT

a Cdb ūbγ
µCd̄T

a −
3ig2

32π2ε
uT

a Cdb ūaγ
µCd̄T

b −
1

48π2ε

(
ūDαGαβσβµu− d̄DαGαβσβµd

)
− i

16π2ε

(
ūDαGαµu− d̄DαGαµd

)
.

(A3)

ηµ6 ηµ8By replacing the d quark with an s quark, the operator currents  and  can be renormalized.
 

A.3.    Correlation functions
 

ΠV
η1
= q8
ïÅ
− 79g2

s

2654208π8
− 1

18432π6

ã
log
Å
−q2

µ2

ã
− 5g2

s

1327104π8
log2
Å
−q2

µ2

ãò
+q4 g2

s

18432π6
log
Å
−q2

µ2

ã
⟨GG⟩

−q2 1
18π2

log
Å
−q2

µ2

ã
⟨q̄q⟩2+ 1

12π2
log
Å
−q2

µ2

ã
⟨q̄q⟩⟨q̄Gq⟩+ 1

q2

Å
5g2

s

864π2
⟨GG⟩⟨q̄q⟩2− 1

48π2
⟨q̄Gq⟩2

ã
+

1
q4

Å
− g2

s

576π2
⟨GG⟩⟨q̄q⟩⟨q̄Gq⟩− 32

81
g2

s⟨q̄q⟩4
ã
,

 

ΠV
η2
= q8
ï

65g2
s

1769472π8
log2
Å
−q2

µ2

ã
+

Å
− 297929g2

s

557383680π8
− 1

6144π6

ã
log
Å
−q2

µ2

ãò
−q4 11gs

18432π6
log
Å
−q2

µ2

ã
⟨GG⟩

−q2 1
6π2

log
Å
−q2

µ2

ã
⟨q̄q⟩2+ 1

4π2
log
Å
−q2

µ2

ã
⟨q̄q⟩⟨q̄Gq⟩+ 1

q2

Å
− 5g2

s

864π2
⟨GG⟩⟨q̄q⟩2− 1

16π2
⟨q̄Gq⟩2

ã
+

1
q4

Å
g2

s

576π2
⟨GG⟩⟨q̄q⟩⟨q̄Gq⟩− 32g2
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27
⟨q̄q⟩4

ã
,

 

ΠV
η3
= q8
ï

5g2
s

884736π8
log2
Å
−q2

µ2

ã
+q8
Å
− 3503g2

s

39813120π8
− 1

36864π6

ã
log
Å
−q2

µ2

ãò
−q4 g2

s

18432π6
log
Å
−q2
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ã
⟨GG⟩

−q2 1
36π2

log
Å
−q2

µ2

ã
⟨q̄q⟩2+ 1

24π2
log
Å
−q2

µ2

ã
⟨q̄q⟩⟨q̄Gq⟩+ 1

q2

Å
− 5g2

s

864π2
⟨GG⟩⟨q̄q⟩2− 1

96π2
⟨q̄Gq⟩2
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+
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q4

Å
g2

s

576π2
⟨GG⟩⟨q̄q⟩⟨q̄Gq⟩− 16

81
g2

s⟨q̄q⟩4
ã
,
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η4
= q8
ï
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s

1769472π8
log2
Å
−q2

µ2

ã
+

Å
− 26021g2
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557383680π8
− 1

12288π6

ã
log
Å
−q2
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−q4 g2

s

18432π6
log
Å
−q2
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⟨GG⟩

−q2 1
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Å
−q2

µ2
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log
Å
−q2

µ2
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Å
5g2
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864π2
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32π2
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Å
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⟨GG⟩⟨q̄q⟩⟨q̄Gq⟩− 16

27
g2

s⟨q̄q⟩4
ã
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ΠV
η5
= q8
ïÅ
− 2243g2
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79626240π8
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A.4.    Mass correction

The  figure  compares  the  masses  determined  at  the

jµ1 jµν2NLO and LO. For  and , the previous study also con-
sidered  the  zero  mode  contribution;  therefore,  they  are
not compared here.

 

 

References 

 M. Gell-Mann, Phys. Lett. 8, 214 (1964)[1]
 R. M. Albuquerque, J. M. Dias, K. P. Khemchandani et al.,[2]

J. Phys. G: Nucl. Part. Phys. 46, 093002 (2019)

ϕ(2170)
 S. H. Li, Z. R. Huang, W. Chen et al., Revising the mass of
light hybrid mesons: Nlo qcd sum rules point to  as

[3]

 

m′ ∆mTable A1.    Comparison between the NLO-corrected and LO masses.  and m denote the LO and NLO masses, respectively, and 
represents the mass correction.

η1 η2 η3 η4 η5 η6 η8 η8

m′ 1.70 1.60 1.60 1.70 2.10 2.00 1.90 2.00

m 2.05 1.88 1.70 1.99 2.36 2.06 2.24 2.34

∆m 0.35 0.28 0.1 0.29 0.26 0.06 0.34 0.34

Wei-Yang Lai, Hong-Ying Jin Chin. Phys. C 50, 063105 (2026)

063105-10

https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678
https://doi.org/10.1088/1361-6471/ab2678


a prime candidate, (2025)
 N.  Su,  H.  X.  Chen,  W.  Chen et  al., Phys.  Rev.  D 107,
034010 (2023)

[4]

 H. Tao, J. Hongying, and Z. Ailin, Chin. Phys. C 23(1), 79
(1999)

[5]

 Z. G. Wang and Q. Xin, Chin. Phys. C 45, 123105 (2021)[6]
 Z. G. Wang, Phys. Rev. D 111, 114009 (2025)[7]
 J. B. Xiang, H. X. Chen, W. Chen et al., Chinese Physics C
43, 034104 (2019)

[8]

 H.  X.  Chen,  W.  Chen,  Q.  Mao et  al., Phys.  Rev.  D 91,
054034 (2015)

[9]

 R.  R.  Dong,  N.  Su,  H.  X.  Chen et  al., Eur.  Phys.  J.  C 80,
749 (2020)

[10]

 Q. N. Wang, W. Chen, and H. X. Chen, Chin. Phys. C 45,
093102 (2021)

[11]

 D. Alde, F. Binon, M. Boutemeur et al., Phys. Lett. B 205,
397 (1988)

[12]

 D. R. Thompson, G. S. Adams, T. Adams et al., Phys. Rev.
Lett. 79, 1630 (1997)

[13]

 S.  U.  Chung,  K.  Danyo,  R.  W.  Hackenburg et  al., Phys.
Rev. D 60, 092001 (1999)

[14]

 B.  Kopf,  M.  Albrecht,  H.  Koch et  al., Eur.  Phys.  J.  C 81,
1056 (2021)

[15]

 M. Aghasyan,  M.  G.  Alexeev,  G.  D.  Alexeev et  al., Phys.
Rev. D 98, 092003 (2018)

[16]

 Joint  Physics  Analysis  Center  Collaboration, Phys.  Rev.
Lett. 122, 042002 (2019)

[17]

 Z. F. Zhang and H. Y. Jin, Phys. Rev. D 71, 011502 (2005)[18]
 S. Narison, Physics Letters B 675, 319 (2009)[19]

 S.  H.  Li,  Z.  S.  Chen,  H.  Y.  Jin et  al., Phys.  Rev.  D 105,
054030 (2022)

[20]

 T. Barnes, F. E. Close, and E. S. Swanson, Phys. Rev. D 52,
5242 (1995)

[21]

 C. Meyer and E.  Swanson, Prog.  Part.  and Nucl.  Phys. 82,
21 (2015)

[22]

 Z.  R.  Huang,  H.  Y.  Jin,  and  Z.  F.  Zhang, JHEP 2015, 4
(2015)

[23]

 H.  X.  Chen,  A.  Hosaka,  and  S.  L.  Zhu, Phys.  Rev.  D 78,
054017 (2008)

[24]

0+
 S.  H.  Li,  Z.  S.  Chen,  Y.  X.  Chen et  al., Qcd  sum  rule
analysis of  four-quark states, (2025)

[25]

 M. Shifman, A. Vainshtein, and V. Zakharov, Nucl. Phys. B
147, 385 (1979)

[26]

 T.  Cohen,  R.  Furnstahl,  D.  Griegel et  al., Prog.  Part.  and
Nucl. Phys. 35, 221 (1995)

[27]

 S. Narison, Nucl. Part. Phys. Proc. 324-329, 94 (2023)[28]
 Z.G. Wang, Front. Phys. 21, 016300 (2026)[29]
 T. Aliev, S. Bilmis, and M. Savcı, Chin. Phys. C 48, 063103
(2024)

[30]

 T. Song, T. Hatsuda, and S.H. Lee, Phys.  Lett.  B 792, 160
(2019)

[31]

 Z. Y. Di, Z. G. Wang, and G. L. Yu, Commun. Theor. Phys.
71, 685 (2019)

[32]

 Particle  Data  Group  collaboration, Phys.  Rev.  D 110,
030001 (2024)

[33]

 S. Narison, Nucl. Part. Phys. Proc. 258-259, 189 (2015)[34]
 S. Narison and E. de Rafael, Phys. Lett. B 103, 57 (1981)[35]

NLO QCD sum rules analysis of 1− + tetraquark states Chin. Phys. C 50, 063105 (2026)

063105-11

https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1103/PhysRevD.107.034010
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1103/hv4x-dnmt
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1088/1674-1137/43/3/034104
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1140/epjc/s10052-020-8340-9
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1016/0370-2693(88)91686-3
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevLett.79.1630
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1103/PhysRevD.60.092001
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1140/epjc/s10052-021-09821-2
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevD.98.092003
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1103/PhysRevD.71.011502
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1016/j.physletb.2009.04.012
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.105.054030
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1103/PhysRevD.52.5242
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1007/JHEP04(2015)004
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1103/PhysRevD.78.054017
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.1016/j.nuclphysbps.2023.01.021
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.15302/frontphys.2026.016300
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1088/1674-1137/ad305f
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1016/j.physletb.2019.03.023
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1088/0253-6102/71/6/685
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/j.nuclphysbps.2015.01.041
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3
https://doi.org/10.1016/0370-2693(81)90193-3

	I INTRODUCTION
	II TETRAQUARK CURRENTS AND RENORMALIZATION
	III QCD SUM RULES
	IV NUMERICAL ANALYSIS
	V CONCLUSION
	APPENDIX A
	<i>A</i>.1<i>m</i>(<i>τ</i>)<i>curvesofresonancestates</i>
	A.2 Renormalized operator currents
	A.3 Correlation functions
	A.4 Mass correction

	References

