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Abstract: Motivated by the enigmatic vector charmonium-like states, we investigate the strong decay behaviors of
four types of vector tetraquark states, which are possible candidates for the  , within the framework of three-
point QCD sum rules based on rigorous quark-hadron duality. We take into account vacuum condensates up to di-
mension 5 on the QCD side and obtain the hadronic coupling constants and hence the partial decay widths of these
states.  The  predicted  total  width,  ,  is  in  excellent  agreement  with  the  experimental  data  for  the

, supporting its interpretation as a   tetraquark state with  .
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I.  INTRODUCTION

Y(4660)

In  recent  years,  a  number  of  charmonium-like  states
have been observed [1], which cannot be comfortably ac-
commodated  within  the  traditional  quark  model.  They
play  an  important  role  in  understanding  long-distance
QCD dynamics and have inspired extensive studies, espe-
cially of the complicated Y states. In the present study, we
focus on the   in the tetraquark scenario.

Y(4660)
e+e−→ π+π−ψ(2S)

Y(4660)

The   was first observed by the Belle collabor-
ation  in  the  process    in  2007  [2]  and
was later confirmed by the Belle, BaBar, and BESIII col-
laborations [3−6]. The masses and widths of the 
and related states  from different  experiments  are presen-
ted in Table 1.

e+e−→ Λ+cΛ−c

Y(4630)
Y(4630) Y(4660)

e+e−→ Λ+c Λ̄−c

Y(4630)

In 2008,  the  Belle  collaboration  reported  a  measure-
ment  of  the  exclusive  process    and  ob-
served  a  significant  structure,  which  was  denoted  as

  [7].  Owing  to  their  similar  masses  and  widths,
the    and    are  regarded  as  the  same  state
by the Particle Data Group [1] and several groups [8−10].
However,  the  BESIII  collaboration  studied  the  process

 with higher statistics in 2023 [11],  and the
measured cross section indicated no enhancement around
the    structure,  which  is  significantly  different
from the Belle result [7].

In  2019,  the  Belle  collaboration  studied  the

e+e−→ D+s Ds1(2536)−

Y(4626)
Y(4660)

4.6GeV
Y(4626)

e+e−→ D+s D∗s2(2573)− Y(4626)
Y(4660)
[sc][s̄c̄] D+s D−s1

  cross section  and  observed  a   char-
monium-like  state,  ,  with  a  measured  mass  and
width  close  to  those  of  the    [12].  This  was  the
first  discovery  of  a Y  state  around    in  an  open-
charm channel. Later, the   was also confirmed in
the   channel [13]. If the   and

 are  the same state  [1],  it  could be assigned as  a
 state according to its decay into a   pair.

Y(4660) ψ′ f0(980)

ψ(5S) ψ(6S)

On  the  theoretical  side,  after  its  discovery,  the
 was interpreted as a   molecular state [8,

14−16],  a tetraquark state [9, 17−29],  a hadro-charmoni-
um state [30],   [31−34],   [35, 36], and so on.

Y(4660)
ΛcΛ̄c

ΛcΛ̄c

ΛcΛ̄c

Y(4660)

In Ref.[37], the authors studied the mass spectrum of
prospective  hidden-bottom  and  hidden-charm  hexaquark
states  via  QCD sum rules  and  found  that  the    is
close in magnitude to the  -type baryonium state. The

-type baryonium states have been studied in several
works  [38−41].  In  Ref.[42],  we  also  studied  -type
baryonium states via QCD sum rules and obtained a con-
clusion  consistent  with  that  of  Ref.[37]. The   interpreta-
tion  of  the    in  the  baryonium  scenario  provides
meaningful insight into understanding the Y states.

Y(4660)

Y(4660)

In Table  2,  we  list  the  predictions  for  the  masses  of
the    in  the  framework of  QCD sum rules,  which
have  achieved  several  successes  in  the  study  of  exotic
states  [43−45].  It  is  clear  that  the  experimental  mass  of
the    can  be  reproduced  with  different  structures;
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Y(4660)
thus, we should explore its decay widths to shed light on
its  nature.  Alternatively,  the   might  have  several
important Fock components, such as molecular and tetra-
quark components, and embody their collective effects.

Y(4260) Y(4660)
J/ψπ+π− ψ(2S)π+π−

Y(4660) Y(4260)
Y(4230)→ ψ(2S)π+π−

Considering that the   and   decay into
  and  ,  respectively  [2,  46],  one  might

assign the   as the radial excitation of the 
[23]. However, the process   was ob-
served by the BESIII collaboration [47, 48].  In Ref.[49],
we investigated  the  ground  states  and  first  radial   excita-

Y(4260)
Y(4660)

tions of the vector hidden-charm tetraquark states with an
explicit  P-wave  via  QCD sum rules.  The  results  support
assigning the   as  the  1P tetraquark state,  leaving
no room to accommodate the   among the first ra-
dial excitations.

Y(4660)
[sc]P[s̄c̄]A− [sc]A[s̄c̄]P

In  Refs.[24−26,  49−51], we  studied  the  mass   spec-
trum of the vector hidden-charm tetraquark states with or
without  an  explicit  P-wave  via  QCD sum rules,  and  the
results  support  assigning  the    as  the

  type  tetraquark  state.  In  Ref.[52],

 

Table 1.    The masses, widths, and channels measured in different experiments.

Year Mass (MeV) Width (MeV) channel Experiment

2007 Y(4660) 4664±11±5 48±15±3 e+e−→ π+π−ψ(2S) Belle[2]

2008 Y(4630) 4634+8
−7
+5
−8 92+40

−24
+10
−21 e+e−→ Λ+cΛ−c Belle[7]

2023 not seen not seen BESIII[11]

2012 Y(4660) 4669±21±3 104±48±10 e+e−→ ψ(2S)π+π− BaBar[3]

2014 Y(4660) 4652±10±8 68±11±1 e+e−→ π+π−ψ(2S) Belle[4]

2019 Y(4626) 4625.9+6.2
−6.0 ±0.4 49.8+13.9

−11.5 ±4.0 e+e−→ D+s Ds1(2536)− Belle [12]

2020 Y(4626) 4619.8+8.9
−8.0 ±2.3 47.0+31.3

−14.8 ±4.6 e+e−→ D+s D∗s2(2573)− Belle [13]

2021 Y(4660) 4651.0±37.8±2.1 155.4±24.8±0.8 e+e−→ π+π−ψ(3686) BESIII[5]

2023 Y(4660) 4675.3±29.5 218.3±72.9 e+e−→ D∗0D∗−π+ BESIII[6]

 

n′
Table 2.    The masses are obtained from the QCD sum rules with different quark structures, where OPE denotes the truncation of the
operator product expansion up to vacuum condensates of dimension n, and No indicates that the vacuum condensates of dimension 
are not included.

Structures OPE (No) mass(GeV) References

Y(4660) ψ′ f0(980) 10 4.71 [16]

6 4.67 [15]

Y(4660) [sc]S [s̄c̄]V + [sc]V [s̄c̄]S 8(7) 4.65 [17]

10 4.68 [22]

Y(4660) [sc]̃
V

[s̄c̄]A − [sc]A[s̄c̄]̃
V 8(7) 4.64 [19]

Y(4660) [qc]S [q̄c̄]V + [qc]V [q̄c̄]S 8(7) 4.64 [19]

Y(4360) [qc]S [q̄c̄]V + [qc]V [q̄c̄]S 10 4.34 [24]

Y(4660) [sc]P[s̄c̄]A − [sc]A[s̄c̄]P 10 4.70 [25]

4.66 [24]

4.66 [25]

Y(4660) [qc]P[q̄c̄]A − [qc]A[q̄c̄]P 10 4.59 [24]

4.66 [27]

Y(4660) [qc]A[q̄c̄]A 10 4.66 [26]

4.69 [27]

Y(4660) [sc]S [s̄c̄]S 6 4.69 [20]

Y(4660) [sc]
Ã

[s̄c̄]V + [sc]V [s̄c̄]
Ã 10 4.65 [28]

Y(4660) [sc]S [s̄c̄]̃
V
− [sc]̃

V
[s̄c̄]S 10 4.68 [28]

Y(4660) ΛcΛ̄c 12 4.78 [37]

Y(4660) ΛcΛ̄c 16 4.68 [42]
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[sc]P[s̄c̄]A− [sc]A[s̄c̄]P

(S ) (P)
(V) (A) (Ã, Ṽ)

Ã Ṽ
JP = 1+ JP = 1−

εi jkqT
j Cσµνck εi jkqT

j Cσµνγ5ck

JPC = 1−−

1−+

Y(4660)
[sc]Ã[s̄c̄]V + [sc]V [s̄c̄]Ã [sc]S [s̄c̄]̃V − [sc]̃V [s̄c̄]S

[uc]P[ūc̄]A+ [dc]P[d̄c̄]A− [uc]A[ūc̄]P− [dc]A[d̄c̄]P

[uc]A[ūc̄]A+ [dc]A[d̄c̄]A

we  studied  the  decay  behaviors  of  the
  type  tetraquark  state.  Later,  in

Refs.[27,  28],  we  took  the  scalar  ,  pseudoscalar  ,
vector  ,  axial-vector  ,  and  tensor 
(anti)diquark operators as the elementary building blocks
to construct local four-quark currents with or without hid-
den  strangeness  in  a  comprehensive  and  consistent  way,
and updated  the  previous  calculations.  The   and   de-
note  the    and    components  of  the  tensor
diquarks    or  .  We  studied  the
mass  spectrum  of  those  tetraquark  states  with 
and    in  detail  and  revisited  the  assignments  of  the Y
states.  The  results  favor  assigning  the    as  the

,  ,
,  or

 type tetraquark state.

Y(4660)

In  the  present  work,  we  take  these  four  tetraquark
configurations  into  account  to  explore  the  strong  decay
behaviors  of  the  . We  study  the  hadronic   coup-
ling  constants  and  partial  decay  widths  of  the  two-body

Y → D̄(s)D(s) D̄∗(s)D(s) D̄∗(s)D
∗
(s) D̄(s)0D∗(s) D̄(s)1D(s)

ηcω(ϕ(1020)) J/ψω(ϕ(1020)) χc0ω(ϕ(1020))
χc1ω(ϕ(1020)) J/ψ f0(500)( f0(980))

strong  decays,  which  can  occur  through  the  Okubo-
Zweig-Iizuka  super-allowed  fall-apart  mechanism
without annihilation or creation of a quark-antiquark pair.
Specifically,  we  take  into  account  the  channels

,  ,  ,  ,  ,
,  ,  ,
, and  .

The  article  is  organized  as  follows:  in  Section  2,  we
obtain  the  hadronic  coupling  constants  in  the  two-body
strong  decays  of  the  four  vector  tetraquark  states  via
QCD sum  rules;  in  Section  3,  we  present  the  numerical
results and  discussion;  finally,  the  conclusion  is   presen-
ted in Section 4. 

II.  QCD SUM RULES FOR THE HADRONIC
COUPLING CONSTANTS

JPC = 1−− Y(4660)
We choose the following four tetraquark currents with

quantum numbers   to study the  :

 

JPA
µ (x) =

εi jkεimn

2

î
uT

j (x)Cck(x)ūm(x)γµCc̄T
n (x)+dT

j (x)Cck(x)d̄m(x)γµCc̄T
n (x)−uT

j (x)Cγµck(x)ūm(x)Cc̄T
n (x)

−dT
j (x)Cγµck(x)d̄m(x)Cc̄T

n (x)
ó
, (1)

 

JAA
µν (x) =

εi jkεimn

2

î
uT

j (x)Cγµck(x)ūm(x)γνCc̄T
n (x)+dT

j (x)Cγµck(x)d̄m(x)γνCc̄T
n (x)−uT

j (x)Cγνck(x)ūm(x)γµCc̄T
n (x)

−dT
j (x)Cγνck(x)d̄m(x)γµCc̄T

n (x)
ó
, (2)

 

J ÃV
µ (x) =

εi jkεimn

√
2

î
sT

j (x)Cσµνγ5ck(x)s̄m(x)γ5γ
νCc̄T

n (x)+ sT
j (x)Cγνγ5ck(x)s̄m(x)γ5σµνCc̄T

n (x)
ó
, (3)

 

JS Ṽ
µν (x) =

εi jkεimn

√
2

î
sT

j (x)Cγ5ck(x)s̄m(x)σµνCc̄T
n (x)− sT

j (x)Cσµνck(x)s̄m(x)γ5Cc̄T
n (x)
ó
, (4)

Ã Ṽ
where  i,  j,  k, m,  and n  are color  indices,  and  the   super-
scripts S, P, A ( ), and V ( ) denote scalar, pseudoscalar,
axialvector, and vector diquarks or antidiquarks, respect-
ively.  For  conventional  mesons,  we  adopt  the  following
currents, 

JD̄(x) = c̄(x)iγ5u(x) ,

JD(y) = ū(y)iγ5c(y) ,

JD̄∗
α (x) = c̄(x)γαu(x) ,

JD∗
β (y) = ū(y)γβc(y) ,

 

JD̄0 (x) = c̄(x)u(x) ,

JD̄1
α (x) = c̄(x)γαγ5u(x) ,

JD̄s (x) = c̄(x)iγ5s(x) ,

JDs (y) = s̄(y)iγ5c(y) ,

JD̄∗s
α (x) = c̄(x)γαs(x) ,

JD∗s
β (y) = s̄(y)γβc(y) ,

JD̄s0 (x) = c̄(x)s(x) ,

JD̄s1
α (x) = c̄(x)γαγ5s(x) ,
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Jηc (x) = c̄(x)iγ5c(x) ,

JJ/ψ
α (x) = c̄(x)γαc(x) ,

Jχc0 (x) = c̄(x)c(x) ,

Jχc1
α (x) = c̄(x)γαγ5c(x) ,

Jωα (y) =
ū(y)γαu(y)+ d̄(y)γαd(y)√

2
,

 

Jϕ(1020)
α (y) = s̄(y)γαs(y) ,

J f0(500)(y) =
ū(y)u(y)+ d̄(y)d(y)√

2
,

J f0(980)(y) = s̄(y)s(y) . (5)

Now we  introduce  the  following  three-point  correla-
tion  functions  to  study  the  hadronic  coupling  constants
within QCD sum rules,

 

ΠD̄DPA
µ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

¶
JD̄(x)JD(y)JPA

µ
†(0)
©
|0⟩ , (6)

 

ΠD̄∗DPA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

¶
JD̄∗
α (x)JD(y)JPA

µ
†(0)
©
|0⟩ , (7)

 

ΠD̄∗D∗PA
αβµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

¶
JD̄∗
α (x)JD∗

β (y)JPA
µ
†(0)
©
|0⟩ , (8)

 

ΠD̄0D∗PA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

¶
JD̄0 (x)JD∗

α (y)JPA
µ
†(0)
©
|0⟩ , (9)

 

ΠD̄1DPA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

¶
JD̄1
α (x)JD(y)JPA

µ
†(0)
©
|0⟩ , (10)

 

ΠηcωPA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

{
Jηc (x)Jωα (y)JPA

µ
†(0)

}
|0⟩ , (11)

 

Π
J/ψωPA
αβµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

{
JJ/ψ
α (x)Jωβ (y)JPA

µ
†(0)

}
|0⟩ , (12)

 

Πχc0ωPA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

{
Jχc0 (x)Jωα (y)JPA

µ
†(0)

}
|0⟩ , (13)

 

Π
χc1ωPA
αβµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

{
Jχc1
α (x)Jωβ (y)JPA

µ
†(0)

}
|0⟩ , (14)

 

ΠJ/ψ f0(500)PA
αµ (p,q) = i2

∫
d4xd4yeip·xeiq·y ⟨0|T

{
JJ/ψ
α (x)J f0(500)(y)JPA

µ
†(0)

}
|0⟩ . (15)

µ→ µν PA→ AA
JAA
µν (D̄ D̄∗ D∗ D̄0 D̄1 f0(500))→ (D̄s

Ds D̄∗s D∗s D̄s0 D̄s1 ϕ(1020) f0(980)) PA→ ÃV
J ÃV
µ µ→ µν (D̄ D̄∗ D∗ D̄0 D̄1

f0(500))→ (D̄s Ds D̄∗s D∗s D̄s0 D̄s1 ϕ(1020) f0(980))

PA→ S Ṽ JS Ṽ
µν

We can obtain the other correlation functions by mak-
ing the following replacements:  ,   for the
current  ;  , D,  ,  ,  ,  , ω,  ,
,  ,  ,  ,  ,  ,  ,   for the

current  ;  and  ,  ,  D,  ,  ,  ,  ,  ω,
,  ,  ,  ,  ,  ,  ,  ,

 for the current  .
On  the  phenomenological  side,  we  insert  a  complete

set of intermediate hadronic states with the same quantum

numbers as  the  interpolating  currents  and  adopt  the   fol-
lowing definitions of the decay constants or pole residues, 

⟨0|JS (0)|S (p)⟩ = fS mS ,

⟨0|JP(0)|P(p)⟩ = fPm2
P

mc
,

⟨0|JA
α (0)|A(p)⟩ = fAmAξα ,

⟨0|JV
α (0)|V(p)⟩ = fVmVξα , (16)
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⟨0|JPA/ÃV
µ (0)|YPA/ÃV (p′)⟩ = λPA/ÃV εµ ,

⟨0|JS Ṽ
µν (0)|YS Ṽ (p′)⟩ = λS Ṽ εµναβ ε

αp′β ,

⟨0|JS Ṽ
µν (0)|XS Ã(p′)⟩ = λ̄S Ã

(
εµp′ν−ενp′µ

)
,

⟨0|JAA
µν (0)|YAA(p′)⟩ = λAA

(
εµp′ν−ενp′µ

)
,

⟨0|JAA
µν (0)|XAA(p′)⟩ = λ̄AA εµναβ ε

αp′β , (17)

ξµ εµ

D0 Ds0 χc0 f0(500)
f0(980)
Ds ηc

mc→ mc+ms Ds mc→ 2mc ηc

D1

Ds1 χc1

D∗ D∗s J/ψ ϕ(1020) XAA XS Ã
JPC = 1+−

JAA
µν

JS Ṽ
µν

where    and    denote  the  polarization  vectors  of  the
corresponding mesons or tetraquark states; S denotes the
scalar  mesons,  including  ,  ,  ,  ,  and

; P denotes the pseudoscalar mesons, including D,
,  and    (note  that  we  should  make  the  replacement

  for  the   meson and    for  the 
meson); A denotes the axial-vector mesons, including  ,

, and  ; and V denotes the vector mesons, including
,  ,  , ω, and  . The   and   denote tet-

raquark  states  with  ,  which  can  couple  to  the
currents   and  , respectively. Furthermore, the had-
ronic coupling constants are defined as follows,
 

⟨D̄(p)D(q)|YPA(p′)⟩ = i(p−q) ·εGD̄DPA ,

⟨D̄(p)D(q)|YAA(p′)⟩ = − i(p−q) ·εGD̄DAA ,

⟨D̄s(p)Ds(q)|YÃV (p′)⟩ = (p−q) ·εGD̄sDs ÃV ,

⟨D̄s(p)Ds(q)|YS Ṽ (p′)⟩ = i(p−q) ·εGD̄sDsS Ṽ , (18)

 

⟨D̄∗(p)D(q)|YPA(p′)⟩ = −ελτρσpλξ∗τ p′ρεσGD̄∗DPA ,

⟨D̄∗(p)D(q)|YAA(p′)⟩ = − iελτρσpλξ∗τ p′ρεσGD̄∗DAA ,

⟨D̄∗s(p)Ds(q)|YÃV (p′)⟩ = −ελτρσpλξ∗τ p′ρεσGD̄∗s Ds ÃV ,

⟨D̄∗s(p)Ds(q)|YS Ṽ (p′)⟩ = − iελτρσpλξ∗τ p′ρεσGD̄∗DS Ṽ .

(19)

For simplicity, the definitions of the other hadronic coup-
ling constants are given in Appendix A.

By  isolating  the  ground-state contributions,  we   ob-
tain the following correlation functions [53, 54]:
 

ΠD̄DPA
µ (p,q) = ΠD̄DPA(p′2, p2,q2) (q− p)µ+ · · · , (20)

 

ΠD̄∗DPA
αµ (p,q) = ΠD̄∗DPA(p′2, p2,q2)

(
−iεαµλτpλqτ

)
+ · · · ,

(21)

 

ΠD̄∗D∗PA
αβµ (p,q) = ΠD̄∗D∗PA(p′2, p2,q2)

(
−gαβpµ

)
+ · · · , (22)

 

ΠD̄0D∗PA
αµ (p,q) = ΠD̄0D∗PA(p′2, p2,q2)

(
−igαµp ·q

)
+ · · · ,

(23)

 

ΠD̄1DPA
αµ (p,q) = ΠD̄1DPA(p′2, p2,q2)

(
igαµ

)
+ · · · , (24)

 

ΠηcωPA
αµ (p,q) = ΠηcωPA(p′2, p2,q2)

(
εαµλτpλqτ

)
+ · · · , (25)

 

Π
J/ψωPA
αβµ (p,q) = ΠJ/ψωPA(p′2, p2,q2)

(
igαβpµ

)
+ · · · , (26)

 

Πχc0ωPA
αµ (p,q) = Πχc0ωPA(p′2, p2,q2)

(
gαµ

)
+ · · · , (27)

 

Π
χc1ωPA
αβµ (p,q)=Πχc1ωPA(p′2, p2,q2)

(
−iεαβµλpλ p ·q

)
+ · · · ,

(28)

 

ΠJ/ψ f0(500)PA
αµ (p,q) = ΠJ/ψ f0(500)PA(p′2, p2,q2)

(
−gαµ

)
+ · · · .

(29)

JAA
µν

J ÃV
µ

JS Ṽ
µν

The other correlation functions for the currents  ,  ,
and   are presented in Appendix B. In the above equa-
tions,  the  scalar  invariant  components  are  expressed  as
follows:
 

ΠD̄DPA(p′2, p2,q2) =
λD̄DPA

(m2
Y − p′2)(m2

D− p2)(m2
D−q2)

+
CD̄DPA

(m2
D− p2)(m2

D−q2)
+ · · · , (30)

 

ΠD̄∗DPA(p′2, p2,q2) =
λD̄∗DPA

(m2
Y − p′2)(m2

D∗ − p2)(m2
D−q2)

+
CD̄∗DPA

(m2
D∗ − p2)(m2

D−q2)
+ · · · , (31)

 

ΠD̄∗D∗PA(p′2, p2,q2) =
λD̄∗D∗PA

(m2
Y − p′2)(m2

D∗ − p2)(m2
D∗ −q2)

+
CD̄∗D∗PA

(m2
D∗ − p2)(m2

D∗ −q2)
+ · · · , (32)

 

ΠD̄0D∗PA(p′2, p2,q2) =
λD̄0D∗PA

(m2
Y − p′2)(m2

D0
− p2)(m2

D∗ −q2)

+
CD̄0D∗PA

(m2
D0
− p2)(m2

D∗ −q2)
+ · · · , (33)
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ΠD̄1DPA(p′2, p2,q2) =
λD̄1DPA

(m2
Y − p′2)(m2

D1
− p2)(m2

D−q2)

+
CD̄1DPA

(m2
D1
− p2)(m2

D−q2)
+ · · · , (34)

 

ΠηcωPA(p′2, p2,q2) =
ληcωPA

(m2
Y − p′2)(m2

ηc
− p2)(m2

ω−q2)

+
CηcωPA

(m2
ηc
− p2)(m2

ω−q2)
+ · · · , (35)

 

ΠJ/ψωPA(p′2, p2,q2) =
λJ/ψωPA

(m2
Y − p′2)(m2

J/ψ− p2)(m2
ω−q2)

+
CJ/ψωPA

(m2
J/ψ− p2)(m2

ω−q2)
+ · · · , (36)

 

Πχc0ωPA(p′2, p2,q2) =
λχc0ωPA

(m2
Y − p′2)(m2

χc0
− p2)(m2

ω−q2)

+
Cχc0ωPA

(m2
χc0
− p2)(m2

ω−q2)
+ · · · , (37)

 

Πχc1ωPA(p′2, p2,q2) =
λχc1ωPA

(m2
Y − p′2)(m2

χc1
− p2)(m2

ω−q2)

+
Cχc1ωPA

(m2
χc1
− p2)(m2

ω−q2)
+ · · · , (38)

 

ΠJ/ψ f0(500)PA(p′2, p2,q2) =
λJ/ψ f0(500)PA

(m2
Y − p′2)(m2

J/ψ− p2)(m2
f0(500)−q2)

+
CJ/ψ f0(500)PA

(m2
J/ψ− p2)(m2

f0(500)−q2)
+ · · · .

(39)

PA→ AA

JAA
µν (D̄ D̄∗ D∗ D̄0

D̄1 f0(500))→ (D̄s Ds D̄∗s D∗s D̄s0 D̄s1 ϕ(1020)
f0(980)) PA→ ÃV(S Ṽ)

J ÃV
µ (JS Ṽ

µν )

By making the replacement  ,  we can obtain
the  corresponding  scalar  invariant  components  for  the
current  .  With  the  replacements  , D,  ,  ,  ,

,  ω,  ,  ,  ,  ,  ,  ,  ,
  and  , we  can  obtain  the   corres-

ponding  scalar  invariant  components  for  the  current
.

JAA
µν

JS Ṽ
µν

JPC = 1−− JPC = 1+−

YAA→ D̄0D∗ YAA→ D̄1D YAA→ χc0ω YAA→ J/ψ f0(500)
YS Ṽ → ηcϕ

Since  both  currents    and    can  potentially
couple to the tetraquark states with the quantum numbers

 and  ,  we cannot  clearly  eliminate  the
contamination  from  the  axial-vector  components  in  the

,  ,  , 
and   channels in the calculations. Therefore, we
parameterize  the  contributions  of  the  axial-vector  com-

λ̄ponents on the hadron side as   to obtain collective QCD
sum rules.  The  corresponding  scalar  invariant   compon-
ents are expressed as follows: 

ΠD̄0D∗AA(p′2, p2,q2)

=
λD̄0D∗AA

(m2
Y − p′2)(m2

D0
− p2)(m2

D∗ −q2)

+
CD̄0D∗AA

(m2
D0
− p2)(m2

D∗ −q2)

+
λ̄D̄0D∗AA

(m2
X − p′2)(m2

D0
− p2)(m2

D∗ −q2)
+ · · · , (40)

 

ΠD̄1DAA(p′2, p2,q2)

=
λD̄1DAA

(m2
Y − p′2)(m2

D1
− p2)(m2

D−q2)

+
CD̄1DAA

(m2
D1
− p2)(m2

D−q2)

+
λ̄D̄1DAA

(m2
X − p′2)(m2

D1
− p2)(m2

D−q2)
+ · · · , (41)

 

Πχc0ωAA(p′2, p2,q2)

=
λχc0ωAA

(m2
Y − p′2)(m2

χc0
− p2)(m2

ω−q2)

+
Cχc0ωAA

(m2
χc0
− p2)(m2

ω−q2)

+
λ̄χc0ωAA

(m2
X − p′2)(m2

χc0
− p2)(m2

ω−q2)
+ · · · , (42)

 

ΠJ/ψ f0(500)AA(p′2, p2,q2)

=
λJ/ψ f0(500)AA

(m2
Y − p′2)(m2

J/ψ− p2)(m2
f0(500)−q2)

+
CJ/ψ f0(500)AA

(m2
J/ψ− p2)(m2

f0(500)−q2)

+
λ̄J/ψ f0(500)AA

(m2
X − p′2)(m2

J/ψ− p2)(m2
f0(500)−q2)

+ · · · , (43)

 

Π
ηcϕS Ṽ (p′2, p2,q2)

=
λ
ηcϕS Ṽ

(m2
Y − p′2)(m2

ηc
− p2)(m2

ϕ−q2)

+
C
ηcϕS Ṽ

(m2
ηc
− p2)(m2

ϕ−q2)

+
λ̄
ηcϕS Ã

(m2
X − p′2)(m2

ηc
− p2)(m2

ϕ−q2)
+ · · · . (44)

In  the  above  equations,  we  introduce  the  following
notation to simplify the formulas. 
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λD̄DPA =
f 2
Dm4

D

m2
c
λPAGD̄DPA ,

λD̄∗DPA =
fD∗mD∗ fDm2

D

mc
λPAGD̄∗DPA ,

λD̄∗D∗PA = f 2
D∗m

2
D∗λPAGD̄∗D∗PA ,

λD̄0D∗PA = fD0 mD0 fD∗mD∗λPAGD̄0D∗PA ,

λD̄1DPA =
fD1 mD1 fDm2

D

mc
λPAGD̄1DPA , (45)

 

ληcωPA =
fηc m

2
ηc

fωmω

2mc
λPAGηcωPA ,

λJ/ψωPA = fJ/ψmJ/ψ fωmωλPAGJ/ψωPA

Ç
1+

m2
ω

m2
Y
−

m2
J/ψ

m2
Y

å
,

λχc0ωPA = fχc0 mχc0 fωmωλPAGχc0ωPA ,

λχc1ωPA = fχc1 mχc1 fωmωλPAGχc1ωPA ,

λJ/ψ f0(500)PA = fJ/ψmJ/ψ f f0(500)m f0(500)λPAGJ/ψ f0(500)PA .

(46)

JAA
µν

J ÃV
µ JS Ṽ

µν

With replacements  similar  to  those  for  the  scalar   invari-
ant components,  we  can  obtain  the  corresponding   nota-
tion for the currents  ,  , and  , except for
 

λJ/ψωAA = fJ/ψmJ/ψ fωmωλAAGJ/ψωAA ,

λ
ηcϕS Ṽ =

fηc m
2
ηc

fϕm3
ϕ

2mc
λS ṼG

ηcϕS Ṽ ,

λJ/ψϕS Ṽ = fJ/ψmJ/ψ fϕmϕλS ṼGJ/ψϕS Ṽ ,

λ
χc1ϕS Ṽ = fχc1 m3

χc1
fϕmϕλS ṼG

χc1ϕS Ṽ , (47)

and the notation for the axial-vector components is 

λ̄D̄0D∗AA = fD0 m3
D0

fD∗mD∗ λ̄AAḠD̄0D∗AA ,

λ̄D̄1DAA = −
fD1 mD1 fDm4

D

mc
λ̄AAḠD̄1DAA ,

λ̄χc0ωAA = fχc0 m3
χc0

fωmωλ̄AAḠχc0ωAA ,

λ̄J/ψ f0(500)AA = − fJ/ψmJ/ψ f f0(500)m3
f0(500)λ̄AAḠJ/ψ f0(500)AA ,

λ̄
ηcϕS Ã =

fηc m
2
ηc

fϕmϕ

2mc
λ̄S ÃḠ

ηcϕS Ã . (48)

Applying the triple dispersion relation, we obtain the
following equation: 

ΠH(p′2, p2,q2)

=

∫ ∞

∆′2s

ds′
∫ ∞

∆2
s

ds
∫ ∞

∆2
u

du
ρH(s′, s,u)

(s′− p′2)(s− p2)(u−q2)
, (49)

∆′2s ∆
2
s ∆2

uwhere  ,  , and   are thresholds, and the subscript H

denotes the hadronic side.
On the  QCD side,  we carry  out  the  operator  product

expansion  up  to  dimension-5  vacuum  condensates  and
apply double dispersion relations to obtain, 

ΠQCD(p′2, p2,q2) =
∫ ∞

∆2
s

ds
∫ ∞

∆2
u

du
ρQCD(p′2, s,u)
(s− p2)(u−q2)

, (50)

as 

limϵ→0
ImΠQCD(s′+ iϵ, p2,q2)

π
= 0 . (51)

ds′

The triple  dispersion  relation  in  Eq.(49)  on  the   had-
ron side cannot be matched with the double dispersion re-
lation in Eq.(49) on the QCD side. Therefore, we should
first perform the integration over   and then match the
hadron  side  with  the  QCD  side  below  the  continuum
thresholds  to  obtain  rigorous  quark-hadron  duality  [52,
55],  ∫ s0

∆2
s

ds
∫ u0

∆2
u

du
ρQCD(p′2, s,u)
(s− p2)(u−q2)

=

∫ s0

∆2
s

ds
∫ u0

∆2
u

du

ñ∫ ∞

∆′2s

ds′
ρH(s′, s,u)

(s′− p′2)(s− p2)(u−q2)

ô
, (52)

s0 u0

s′

CD̄DPA

YPA→ D̄D

where   and   are the continuum thresholds. We intro-
duce a set of free parameters, C, to parameterize the con-
tributions  of  transitions  between  the  higher  resonances
(continuum states) in the   channel and the ground-state
conventional  meson  pairs.  We take  the  parameter 
in the   channel as an example. 

CD̄DPA =

∫ ∞

s′0

ds′
ρH(s′,m2

D̄,m
2
D)(

s′−m2
Y

)(
p2−m2

D̄

)(
q2−m2

D

) , (53)

s′0
ρH(s′,m2

D̄,m
2
D)

s′

DD̄

s0 u0

s′

CD̄DPA

s′

where    is  the  continuum  threshold  parameter  for  the
ground  state,  and    is  the  formal  hadronic
spectral density for transitions between the higher reson-
ances  (continuum  states)  in  the    channel  and  the
ground-state meson pairs  .  It  is obvious that,  in the s
and  u  channels,  the  hadron-side  and  QCD-side  spectral
densities  have  a  one-to-one  correspondence  below  the
continuum thresholds   and  , respectively, whereas in
the   channel, there is no corresponding contribution on
the  QCD  side.  Experimentally,  the  spectroscopy  of  the
hidden-charm tetraquark  states  has  not  yet  been   estab-
lished. Although some exotic states are excellent candid-
ates  for  tetraquark  states,  no  definite  conclusion  can  be
drawn. We introduce a free parameter   to paramet-
erize  the  contributions  involving  the  higher  resonances
(continuum  states)  in  the    channel,  which  results  in
model dependence. At present, we have no choice but to
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accept this model dependence. For more detailed discus-
sions, the reader is referred to Sect.7 in Ref.[43].

p′2 = p2

Π(p′2, p2,q2)
Then,  we  set    in  the  correlation  functions

,  perform  the  double  Borel  transformation

P2 = −p2 Q2 = −q2

T 2
1 = T 2

2 = T 2

with  respect  to  the  variables    and  ,  re-

spectively,  and  set  the  Borel  parameters    to

obtain the QCD sum rules,

 

λD̄DPA

m2
Y −m2

D

ï
exp
Å
−m2

D

T 2

ã
− exp

Å
−m2

Y

T 2

ãò
exp
Å
−m2

D

T 2

ã
+CD̄DPA exp

Å
−m2

D

T 2
− m2

D

T 2

ã
= Π

QCD
D̄DPA(T 2) , · · · . (54)

YPA→ D̄DIn the following, we illustrate the QCD side of the QCD sum rules for the   channel as an example.
 

Π
QCD
D̄DPA(T 2) =

3mc

128π4

∫ s0
D

m2
c

ds
∫ s0

D

m2
c

du
Å

1− m2
c

s

ã2Å
1− m2

c

u

ã2

u exp
(
− s+u

T 2

)
− ⟨q̄q⟩

16π2

∫ s0
D

m2
c

ds
Å

1− m2
c

s

ã2

×
(

s+m2
c

)
exp
Å
− s+m2

c

T 2

ã
− ⟨q̄gsσGq⟩

384π2

∫ s0
D

m2
c

du
Å

1− m2
c

u

ãÅ
3+

5m2
c

u

ã
exp
Å
−u+m2

c

T 2

ã
+

m2
c⟨q̄gsσGq⟩
64π2T 4

×
∫ s0

D

m2
c

du
Å

1− m2
c

u

ã2

u exp
Å
−u+m2

c

T 2

ã
− m2

c⟨q̄gsσGq⟩
64π2T 2

Å
2− m2

c

T 2

ã∫ s0
D

m2
c

ds
Å

1− m2
c

s

ã2

exp
Å
− s+m2

c

T 2

ã
. (55)

Other QCD spectral densities are shown explicitly in Ap-
pendix C, while the expressions on the hadron side of the
QCD sum rules have the same form.

s = m2
c s = 4m2

c u = m2
c

s−m2
c s−4m2

c u−m2
c

s−m2
c → s−m2

c +∆
2 s−4m2

c → s−4m2
c +∆

2

u−m2
c → u−m2

c +∆
2 ∆2 = m2

c

In the calculations, we neglect the gluon condensates
due to their  tiny contributions [52, 55]. In addition, end-
point  divergences  appear  in  some  channels  at  the
thresholds  ,    and    due  to  the  factors

,    and    in the  denominators.  The   re-
placements  , 
and    with    are  adopted  to
eliminate these divergences, as in our previous works [56,
57]. 

III.  NUMERICAL RESULTS AND DISCUSSIONS

mu = md = 0 MS
ms(2GeV) = (0.095±0.005)GeV mc(mc) = (1.275±
0.025)GeV

ms mc

The  input  parameters  used  in  this  work  are  listed  in
Table  3.  We  set    and  take  the    masses

  and 
  from  the  Particle  Data  Group  [1].  We  also

take into account the energy-scale dependence of the va-
cuum condensates and the quark masses   and   using
the renormalization group equations. 

⟨q̄q⟩(µ) = ⟨q̄q⟩(1GeV)
ï
αs(1GeV)
αs(µ)

ò 12
33−2n f

,

⟨s̄s⟩(µ) = ⟨s̄s⟩(1GeV)
ï
αs(1GeV)
αs(µ)

ò 12
33−2n f

,

⟨q̄gsσGq⟩(µ) = ⟨q̄gsσGq⟩(1GeV)
ï
αs(1GeV)
αs(µ)

ò 2
33−2n f

,

⟨s̄gsσGs⟩(µ) = ⟨s̄gsσGs⟩(1GeV)
ï
αs(1GeV)
αs(µ)

ò 2
33−2n f

,
 

mc(µ) = mc(mc)
ï
αs(µ)
αs(mc)

ò 12
33−2n f

,

ms(µ) = ms(2GeV)
ï

αs(µ)
αs(2GeV)

ò 12
33−2n f

,

αs(µ) =
1

b0t

ñ
1− b1

b2
0

log t
t
+

b2
1(log2 t− log t−1)+b0b2

b4
0t2

ô
,

(56)

t = log
µ2

Λ2
QCD

b0 =
33−2n f

12π
b1 =

153−19n f

24π2

b2 =
2857− 5033

9
n f +

325
27

n2
f

128π3 ΛQCD = 210MeV 292MeV

332MeV n f = 5 4 3
n f = 4

µ = 1GeV

where  ,  ,  ,

,  , 

and   for the flavor numbers  ,   and  , re-
spectively [1, 58].  Specifically,  we choose   for the
hidden-charm  tetraquark  states  and  evolve  all  the  input
parameters to the typical energy scale  .

g2
s⟨q̄q⟩2 q = u

⟨q̄ jγµqi⟩

⟨q̄ jγµqigsDνGαβ⟩
g2

s⟨q̄q⟩2
g2

s⟨q̄q⟩2 ⟨q̄γµqgsDηGλτ⟩
⟨q̄ jD†µD†νD

†
αqi⟩ ⟨q̄ jDµDνDαqi⟩
O(αs)

We  intend  to  study  the  exotic  states  in  our  unique
scheme  step  by  step:  first,  we  study  the  mass  spectrum,
and  then  we  study  the  two-body  strong  decays.  When
studying the mass spectrum of the hidden-charm (bottom)
tetraquark  (molecular)  states,  we  compute  the  terms

 with  , d  or  s  [25,  59−62].  In  the  full  light-
quark  propagators,  there  are  terms    [25,  59−62],
which  absorb  the  gluons  emitted  from  the  other  quark
lines to form   and contribute to the four-
quark  condensate  .  The  four-quark  condensate

  originates  from  the  terms  ,
 and    rather than from the ra-

diative    corrections  to  the  four-quark  condensate

Xiao-Song Yang, Zhi-Gang Wang Chin. Phys. C 50, (2026)

-8

CPC
 A

cce
pte

d



⟨q̄q⟩2 Dα = ∂α− igsGα

αs(µ) =
g2

s(µ)
4π

µ = 1GeV
MS mc(mc)

O(αs)
⟨q̄q⟩

O(αs)

,  where  . The  strong  coupling   con-
stant    appears  at  tree  level  and  is  energy-
scale  dependent.  In  fact,  the  contributions  of  such  terms
are  tiny.  In  the  present  work,  as  in  other  works  on  the
two-body  strong  decays  of  the  hidden-charm  tetraquark
states,  we  neglect  such  terms  because  we  only  take  into
account vacuum condensates up to dimension 5 [43], but
we  consider  the  energy-scale  dependence  of  the  input
parameters  for  consistency with our  previous works [25,
59−62]. In Ref.[45], the vacuum condensates are taken at
the  energy  scale  ,  while  the  c-quark  mass  is
taken  as  the    mass    or  the  approximate  pole
mass; this is another scheme for choosing the input para-
meters.  In  the  two-point  QCD sum rules  for  the  hidden-
charm tetraquark (molecular) states,  the largest contribu-
tions  do  not  come  from  the  perturbative  terms  but  from
the vacuum condensates.  Therefore,  one  has  to  calculate
the  radiative    corrections  to  the  perturbative  terms
and  vacuum  condensates,  at  least  those  to  ,  at  the
same  time  if  the  next-to-leading contributions  are   re-
quired. Up to now, only the radiative   corrections to
the  perturbative  terms  have  been  studied  partially
[63−65].

As we take the rigorous quark-hadron duality in the s
and u channels (see Eq.(52)), which correspond to the tra-

µ = 1GeV

m2
c(µ)− s0/u0 4m2

c(µ)− s0/u0

f0(500) f0(980) ϕ(1020)
µ = 1GeV

ditional mesons, it is reasonable to choose the typical en-
ergy scale   as in the usual two-point QCD sum
rules. If  we choose a slightly larger energy scale,  the in-
tegral  ranges    and    would  be
slightly larger; therefore, we expect a slightly larger had-
ronic  coupling  constant.  As  far  as  the  light  mesons

, ω,   and   are concerned, we prefer
to choose   as the universal energy scale.

In  order  to  obtain  flat  platforms,  the  free  parameters
are fitted as follows: 

CD̄sDs ÃV = 0.0023GeV5×T 2 ,

CD̄∗s Ds ÃV = −0.0000035GeV4×T 2 ,

CD̄∗s D∗s ÃV = 0.0004GeV5×T 2 ,

CD̄s0D∗s ÃV = 0.00009GeV6×T 2 ,

CD̄s1Ds ÃV = 0.0126GeV6×T 2 ,

C
ηcϕÃV = 0.00017GeV4×T 2 ,

CJ/ψϕÃV = 0.0 ,

C
χc0ϕÃV = 0.002GeV6×T 2 ,

 

 

µ = 1GeV
Table 3.    The input parameters used in the numerical calculations are given below, with the values of the vacuum condensates taken
at the energy scale  .

Parameters Values(GeV) Parameters Values [69] Parameters Values

mJ/ψ 3.0969 [1] mD0 2.40GeV fω fρ, 0.215GeV [70]

mηc 2.9839 [1] mDs0 2.32GeV f f0(500) 0.350GeV [71, 72]

mϕ 1.019460 [1] mD1 2.42GeV f f0(980) 0.180GeV [73]

mχc0 3.41471 [1] mDs1 2.46GeV λPA 7.19×10−2 GeV5  [27]
mχc1 3.51067 [1] fD 0.208GeV λAA 6.65×10−2 GeV5  [27]
mD 1.86484 [1] fDs 0.240GeV λ

ÃV 1.23×10−1 GeV5  [28]
mDs 1.96835[1] fD∗ 0.263GeV λ

S Ṽ 6.22×10−2 GeV5  [28]
mD∗ 2.00685 [1] fD∗s 0.308GeV s0

ω s0
ρ, (1.2GeV)2  [70]

mD∗s 2.1066 [1] fD0 0.373GeV s0
f0(500) 1.0GeV2  [71, 72]

mω 0.78266 [1] fDs0 0.333GeV s0
f0(980) (1.3GeV)2  [73]

m f0(500) 0.550 [1] fD1 0.332GeV s0
J/ψ (3.6GeV)2  [1, 67, 68]

m f0(980) 0.990 [1] fDs1 0.345GeV s0
ηc (3.5GeV)2  [1, 67, 68]

MY(PA) 4.66 [27] s0
D 6.2GeV2 s0

χc0 (3.9GeV)2  [1, 67, 68]
MY(AA) 4.69 [27] s0

Ds 7.3GeV2 s0
χc1 (4.0GeV)2  [1, 67, 68]

M
Y(ÃV) 4.65 [28] s0

D∗ 6.4GeV2 ⟨q̄q⟩ −(0.24±0.01GeV)3  [53, 54, 66]
M

Y(S Ṽ) 4.68 [28] s0
D∗s 7.5GeV2 ⟨s̄s⟩ (0.8±0.1)⟨q̄q⟩ [53, 54, 66]

fJ/ψ 0.418 [67] s0
D0 8.3GeV2 ⟨q̄gsσGq⟩ m2

0⟨q̄q⟩ [53, 54, 66]
fηc 0.387 [67] s0

Ds0 7.4GeV2 ⟨s̄gsσGs⟩ m2
0⟨s̄s⟩ [53, 54, 66]

fχc0 0.359 [68] s0
D1 8.6GeV2 m2

0 (0.8±0.1)GeV2  [53, 54, 66]
fχc1 0.338 [68] s0

Ds1 9.3GeV2 − −
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C
χc1ϕÃV = 0.000012GeV5×T 2 ,

CJ/ψ f0(980)ÃV = 0.0027GeV6×T 2 , (57)
 

CD̄DPA = 0.00016GeV5×T 2 ,

CD̄∗DPA = −0.0000018GeV4×T 2 ,

CD̄∗D∗PA = 0.00013GeV5×T 2 ,

CD̄0D∗PA = 0.0001GeV6×T 2 ,

CD̄1DPA = 0.001GeV6×T 2 ,

CηcωPA = 0.00009GeV4×T 2 ,

CJ/ωωPA = 0.0 ,

Cχc0ωPA = 0.00026GeV6×T 2 ,

Cχc1ωPA = 0.000016GeV5×T 2 ,

CJ/ψ f0(500)PA = 0.00037GeV6×T 2 , (58)
 

CD̄DAA = −0.0000013GeV4×T 2 ,

CD̄∗DAA = −0.0000012GeV3×T 2 ,

CD̄∗D∗AA = 0.0 ,

CD̄0D∗AA = 0.0003GeV7 ,

λ̄D̄0D∗AA = 0.0044GeV7×T 2 ,

CD̄1DAA = 0.00055GeV7 ,

λ̄D̄1DAA = 0.0037GeV7×T 2 ,

CηcωAA = 0.0 ,

CJ/ωωAA = 0.0 ,

Cχc0ωAA = 0.00013GeV7 ,

λ̄χc0ωAA = 0.0034GeV7×T 2 ,

Cχc1ωAA = 0.043GeV6 ,

CJ/ψ f0(500)AA = 0.000044GeV7 ,

λ̄J/ψ f0(500)AA = 0.0011GeV7×T 2 , (59)
 

CD̄sDsS Ṽ = 0.000081GeV4×T 2 ,

CD̄∗s DsS Ṽ = −0.0000013GeV5×T 2 ,

CD̄∗s D∗sS Ṽ = 0.000025GeV4×T 2 ,

CD̄s0D∗sS Ṽ = 0.00013GeV5×T 2 ,

CD̄s1DsS Ṽ = 0.0007GeV5×T 2 ,

C
ηcϕS Ṽ = 0.00015GeV7 ,

λ̄
ηcϕS Ã = 0.0033GeV7×T 2 ,

 

CJ/ψϕS Ṽ = 0.00002GeV4×T 2 ,

C
χc0ϕS Ṽ = 0.00032GeV5×T 2 ,

C
χc1ϕS Ṽ = 0.0004GeV6×T 2 ,

CJ/ψ f0(980)S Ṽ = 0.00022GeV5×T 2 . (60)

T 2
max −T 2

min = 1GeV2
We  then  obtain  uniform  flat  Borel  windows,

,  which  are  presented  explicitly  in
Table 4.

GD̄s0D∗sS Ṽ GD̄s1DsS Ṽ GD̄sDsS Ṽ GD̄∗s D∗sS Ṽ G
χc0ϕS Ṽ

GJ/ψϕS Ṽ
T 2

In  Fig.  1, the  curves  of  the  hadronic  coupling   con-
stants  ,  ,  ,  ,    and

  are  plotted  as  functions  of  the  Borel  parameters
  over large  intervals  as  examples.  In  the  Borel   win-

dows,  clear  flat  platforms  appear,  and  thus  the  hadronic
coupling constants can be extracted reliably.

YPA→ D̄D

λPA fD̄ fDGD̄DPA = λ̄PA f̄D̄ f̄DḠD̄DPA+

δλPA fD̄ fDGD̄DPA CD̄DPA = C̄D̄DPA+δCD̄DPA · · ·

The  uncertainties  of  the  hadronic  coupling  constants
are analyzed routinely.  They originate  not  only from the
coupling constants  but  also from other  input  parameters.
Taking  the  QCD sum rule  for  the  channel    as
an example, the uncertainties on the hadronic side can be
written  as 

,  ,  , where 

δλPA fD̄ fDGD̄DPA = λ̄PA f̄D̄ f̄DḠD̄DPA

×
Å
δ fD̄

f̄D̄
+
δ fD

f̄D
+
δλPA

λ̄PA
+
δGD̄DPA

ḠD̄DPA

ã
,

(61)

δCD̄DPA = 0
δ fD̄

f̄D̄
=
δ fD

f̄D
=
δλPA

λ̄PA
=
δGD̄DPS

ḠD̄DPS
· · ·

where  the  short  overline  denotes  the  central  value.  To
avoid  overestimating  the  uncertainties  of  the  hadronic
coupling  constants,  we  approximately  set  ,

,  .
After  taking  into  account  the  relevant  uncertainties,

the  numerical  values  of  the  hadronic  coupling  constants
can  be  obtained  directly  and  are  shown  explicitly  in
Table 4. Thereafter, the partial decay widths are obtained
directly using the formula, 

Γ(Y → FF′) =
|T |2 p(mY ,mF ,mF′ )

24πm2
Y

,

|T |2 = Σ|⟨F(p)F′(q)|Y(p′)⟩|2 , (62)

p(A,B,C) =
√

[A2− (B+C)2][A2− (B−C)2]
2A

F′
where  ,  and  F
and   represent the final states. The partial decay widths
for the different channels are shown in Table 5.

Finally, we sum all the partial decay widths to obtain
the total widths of these four tetraquark states. 

Γ (YPA) = 391.1±21.4MeV ,
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T 2Table 4.    The Borel parameters (windows)   and the hadronic coupling constants G. Here, "Channels" denotes the subscripts of the
hadronic coupling constants defined in Eqs.(18)-(19) and in Appendix A.

Channels T 2(GeV2) G

D̄DAA 4.7−5.7 (2.04±0.09)×10−2 GeV−1

D̄∗DAA 4.2−5.2 (1.92±0.07)×10−2 GeV−2

D̄∗D∗AA −−− 0.0

D̄0D∗AA 4.0−5.0 1.99±0.16

D̄1DAA 2.7−3.7 0.83±0.08

ηcωAA 3.3−4.3 (1.03±0.06)×10−2 GeV−2

J/ψωAA −−− 0.0

χc0ωAA 4.9−5.9 1.79±0.22

χc1ωAA 3.8−4.8 (3.27±0.1)×10−1 GeV−1

J/ψ f0(500)AA 3.0−4.0 0.36±0.07

D̄sDsÃV 2.2−3.2 3.35±0.27

D̄∗s DsÃV 4.8−5.8 (2.52±0.11)×10−2 GeV−1

D̄∗s D∗s ÃV 4.1−5.1 1.83±0.13

D̄s0D∗s ÃV 3.5−4.5 0.29±0.02GeV−1

D̄s1DsÃV 1.8−2.8 6.34±0.65GeV

ηcϕÃV 2.3−3.3 0.61±0.05GeV−1

J/ψϕÃV −−− 0.0

χc0ϕÃV 3.0−4.0 4.02±0.47GeV

χc1ϕÃV 4.7−5.7 0.24±0.01GeV−2

J/ψ f0(980)ÃV 1.8−2.8 6.19±0.78GeV

D̄DPA 2.3−3.3 1.13±0.08

D̄∗DPA 4.0−5.0 (2.45±0.10)×10−2 GeV−1

D̄∗D∗PA 4.1−5.1 0.34±0.08

D̄0D∗PA 4.9−5.9 1.25±0.06GeV−1

D̄1DPA 3.0−4.0 3.23±0.31GeV

ηcωPA 2.2−3.2 0.69±0.05GeV

J/ψωPA −−− 0.0

χc0ωPA 2.6−3.6 1.41±0.19GeV

χc1ωPA 5.0−6.0 0.38±0.02GeV−2

J/ψ f0(500)PA 1.8−2.8 1.05±0.18GeV

D̄sDsS Ṽ 2.6−3.6 0.52±0.03GeV−1

D̄∗s DsS Ṽ 4.6−5.6 (1.35±0.05)×10−2 GeV−2

D̄∗s D∗sS Ṽ 3.3−4.3 0.28±0.02GeV−1

D̄s0D∗sS Ṽ 4.7−5.7 3.16±0.19

D̄s1DsS Ṽ 3.9−4.9 3.02±0.21

ηcϕS Ṽ 4.6−5.6 0.73±0.13GeV−2

J/ψϕS Ṽ 3.8−4.8 0.22±0.02GeV−1

χc0ϕS Ṽ 4.7−5.7 2.49±0.23

χc1ϕS Ṽ 2.7−3.7 0.22±0.02GeV−1

J/ψ f0(980)S Ṽ 2.3−3.3 1.36±0.17
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Γ (YAA) = 27.8±2.3MeV ,

Γ
(
YÃV

)
= 266.7±23.9MeV ,

Γ
(
YS Ṽ

)
= 61.5±7.3MeV . (63)

61.5±7.3MeV
YS Ṽ 48±15±3MeV

YS Ṽ
55±9MeV Y(4660)

Y(4660)
[sc]S [s̄c̄]̃V − [sc]̃V [s̄c̄]S

155.4±24.8±0.8 218.3±71.9

It  can  be  clearly  seen  that  the  values  of  the  total
widths of the four states are quite different from each oth-
er. Therefore, we can distinguish them easily in high-en-
ergy experiments.  The predicted width   of
the   is well compatible with the width 
reported  by  the  Belle  collaboration  [2].  Moreover,  our
prediction for the width of the    is in excellent  agree-
ment  with  the  average  width    of  the 
from different  experiments  reported  by the  Particle  Data
Group [1], which supports the assignment of the 
as  the    tetraquark  state.  The  widths

 [5] and   [6] reported by the

Y(4660)
Γ
(
YÃV

)
= 266.7±23.9MeV Γ (YPA) = 391.1±

21.4MeV
Γ (YAA) = 27.8±2.3MeV

Y(4660) [sc]Ã[s̄c̄]V+

[sc]V [s̄c̄]Ã [uc]P[ūc̄]A+ [dc]P[d̄c̄]A− [uc]A[ūc̄]P−
[dc]A[d̄c̄]P [uc]A[ūc̄]A+ [dc]A[d̄c̄]A

BESIII collaboration are larger than those from the Belle
and  BaBar  collaborations,  which  suggests  that  the

 may have several Fock components. The predic-
tions    and 

  are  too  large,  whereas  the  prediction
 is too small to be consistent with

the experimental width. Thus, the present study disfavors
the  assignment  of  the    as  the 

, 
,  or    tetraquark  states.

These  results  are  useful  for  diagnosing  vector  exotic
states and await future experimental examination. 

IV.  CONCLUSION

In this work, we consider four four-quark currents to
explore  the  two-body  strong  decays  of  the

 

G
D̄s0D∗sS Ṽ

G
D̄s1DsS Ṽ

G
D̄sDsS Ṽ

G
D̄∗s D∗sS Ṽ

G
χc0ϕS Ṽ

G
J/ψϕS Ṽ

Fig. 1.    (color online) The hadronic coupling constants as functions of the Borel parameters, where A, B, C, D, E, and F denote the
hadronic coupling constants  ,  ,  ,  ,  , and  , respectively.
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YAA Y
ÃV

YPA Y
S Ṽ

Table 5.    Partial decay widths of the vector tetraquark states  ,  ,  , and  .

Channels Γ(MeV)

YAA→ D̄0D0 D̄−D+,  0.003±0.0

YAA→ D̄0∗D0+D̄0D∗0√
2

D̄−∗D++D̄−D∗+√
2

,  0.023±0.002

YAA→ D̄∗0D∗0 D̄∗−D∗+,  0.0

YAA→
D̄0

0D∗0+D̄∗0D0
0√

2

D̄−0 D∗++D̄∗−D+0√
2,  6.03±0.97

YAA→
D̄0

1D0−D̄0D0
1√

2

D̄−1 D+−D̄−D+1√
2,  1.23±0.25

YAA→ ηcω 0.005±0.0

YAA→ J/ψω 0.0

YAA→ χc0ω 7.07±1.74

YAA→ χc1ω 5.81±0.36

YAA→ J/ψ f0(500) 0.31±0.12

Y
ÃV
→ D̄sDs 52.04±8.39

Y
ÃV
→ D̄∗s Ds+D̄sD∗s√

2
0.023±0.002

Y
ÃV
→ D̄∗s D∗s 30.35±4.31

Y
ÃV
→ D̄s0D∗s+D̄∗s Ds0√

2
3.96±0.57

Y
ÃV
→ D̄s1Ds−D̄sDs1√

2
53.52±10.97

Y
ÃV
→ ηcϕ 12.24±1.92

Y
ÃV
→ J/ψϕ 0.0

Y
ÃV
→ χc0ϕ 19.91±4.65

Y
ÃV
→ χc1ϕ 22.56±2.23

Y
ÃV
→ J/ψ f0(980) 72.08±18.16

YPA→ D̄0D0 D̄−D+,  8.50±1.20

YPA→ D̄0∗D0+D̄0D∗0√
2

D̄−∗D++D̄−D∗+√
2

,  0.035±0.003

YPA→ D̄∗0D∗0 D̄∗−D∗+,  2.26±1.00

YPA→
D̄0

0D∗0+D̄∗0D0
0√

2

D̄−0 D∗++D̄∗−D+0√
2,  80.49±7.73

YPA→
D̄0

1D0−D̄0D0
1√

2

D̄−1 D+−D̄−D+1√
2,  18.20±3.49

YPA→ ηcω 22.52±3.51

YPA→ J/ψω 0.0

YPA→ χc0ω 4.20±1.13

YPA→ χc1ω 142.85±17.20

YPA→ J/ψ f0(500) 2.58±0.88

Y
S Ṽ
→ D̄sDs 1.34±0.14

Y
S Ṽ
→ D̄∗s Ds+D̄sD∗s√

2
0.007±0.001

Y
S Ṽ
→ D̄∗s D∗s 0.80±0.09

Y
S Ṽ
→ D̄s0D∗s+D̄∗s Ds0√

2
14.19±1.71

Y
S Ṽ
→ D̄s1Ds−D̄sDs1√

2
12.85±1.79

Y
S Ṽ
→ ηcϕ 18.71±6.63

Y
S Ṽ
→ J/ψϕ 0.60±0.08

Y
S Ṽ
→ χc0ϕ 8.20±1.52

Y
S Ṽ
→ χc1ϕ 1.24±0.24

Y
S Ṽ
→ J/ψ f0(980) 3.54±0.89
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[sc]Ã[s̄c̄]V + [sc]V [s̄c̄]Ã [sc]S [s̄c̄]̃V − [sc]̃V [s̄c̄]S [uc]P[ūc̄]A+

[dc]P[d̄c̄]A− [uc]A[ūc̄]P− [dc]A[d̄c̄]P [uc]A[ūc̄]A+

[dc]A[d̄c̄]A 4.66GeV
JPC = 1−−

61.5±7.3MeV YS Ṽ

Y(4660) [sc]S [s̄c̄]̃V − [sc]̃V [s̄c̄]S

Y(4660)

,  , 
  and 

 tetraquark states around  , all with the
quantum  numbers  ,  within  the  framework  of
QCD sum rules. We perform the operator product expan-
sion  including  vacuum  condensates  up  to  dimension  5
and match the QCD side with the hadronic side based on
rigorous quark-hadron duality. The resulting total widths
of  these  states  are  quite  different  from one  another.  The
predicted width of   for the   is in excel-
lent  agreement  with  the  experimental  values  for  the

,  favoring  the  -type  tetra-
quark  interpretation  of  the  .  The  predictions  for
the other tetraquark states serve as a guide for future ex-
periments. 

APPENDIX
 

A.    The hadronic coupling constants
In this section, we present the definitions of the other

hadronic coupling constants. 

⟨D̄∗(p)D∗(q)|YPA(p′)⟩ = iξ∗ · ξ∗(p−q) ·εGD̄∗D∗PA ,

⟨D̄∗s(p)D∗s(q)|YÃV (p′)⟩ = − ξ∗ · ξ∗(p−q) ·εGD̄∗s D∗s ÃV ,

⟨D̄∗(p)D∗(q)|YAA(p′)⟩ = iξ∗ · ξ∗(p−q) ·εGD̄∗D∗AA ,

⟨D̄∗s(p)D∗s(q)|YS Ṽ (p′)⟩ = − iξ∗ · ξ∗(p−q) ·εGD̄∗s D∗sS Ṽ , (A1)

 

⟨D̄0(p)D∗(q)|YPA(p′)⟩ = −iξ∗ ·εp ·qGD̄0D∗PA ,

⟨D̄s0(p)D∗s(q)|YÃV (p′)⟩ = ξ∗ ·εGD̄s0D∗s ÃV ,

⟨D̄0(p)D∗(q)|YAA(p′)⟩ = iξ∗ ·εp ·qGD̄0D∗AA ,

⟨D̄0(p)D∗(q)|XAA(p′)⟩ = iελτρσqλξ∗τ p′ρεσ ḠD̄0D∗AA ,

⟨D̄s0(p)D∗s(q)|YS Ṽ (p′)⟩ = −iξ∗ ·εGD̄s0D∗sS Ṽ , (A2)

 

⟨D̄1(p)D(q)|YPA(p′)⟩ = −ξ∗ ·εGD̄1DPA ,

⟨D̄s1(p)Ds(q)|YÃV (p′)⟩ = iξ∗ ·εGD̄s1Ds ÃV ,

⟨D̄1(p)D(q)|YAA(p′)⟩ = −iξ∗ ·εGD̄1DAA ,

⟨D̄1(p)D(q)|XAA(p′)⟩ = iελτρσpλξ∗τ p′ρεσ ḠD̄1DAA ,

⟨D̄s1(p)Ds(q)|YS Ṽ (p′)⟩ = −ξ∗ ·εGD̄s1DsS Ṽ , (A3)

 

⟨ηc(p)ω(q)|YPA(p′)⟩ = iελτρσqλξ∗τ p′ρεσGηcωPA ,

⟨ηc(p)ϕ(q)|YÃV (p′)⟩ = iελτρσqλξ∗τ p′ρεσG
ηcϕÃV ,

⟨ηc(p)ω(q)|YAA(p′)⟩ = −iελτρσqλξ∗τ p′ρεσGηcωAA ,

⟨ηc(p)ϕ(q)|YS Ṽ (p′)⟩ = iελτρσqλξ∗τ p′ρεσG
ηcϕS Ṽ ,

 

⟨ηc(p)ϕ(q)|XS Ã(p′)⟩ = iξ∗ ·εḠ
ηcϕS Ã , (A4)

 

⟨J/ψ(p)ω(q)|YPA(p′)⟩ = ξ∗ · ξ∗(p−q) ·εGJ/ψωPA ,

⟨J/ψ(p)ϕ(q)|YÃV (p′)⟩ = ξ∗ · ξ∗(p−q) ·εGJ/ψϕÃV ,

⟨J/ψ(p)ω(q)|YAA(p′)⟩ = iξ∗ · ξ∗(p−q) ·εGJ/ψωAA ,

⟨J/ψ(p)ϕ(q)|YS Ṽ (p′)⟩ = −iξ∗ · ξ∗(p−q) ·εGJ/ψϕS Ṽ , (A5)

 

⟨χc0(p)ω(q)|YPA(p′)⟩ = iξ∗ ·εGχc0ωPA ,

⟨χc0(p)ϕ(q)|YÃV (p′)⟩ = −ξ∗ ·εG
χc0ϕÃV ,

⟨χc0(p)ω(q)|YAA(p′)⟩ = iξ∗ ·εGχc0ωAA ,

⟨χc0(p)ω(q)|XAA(p′)⟩ = iελτρσqλξ∗τ p′ρεσ Ḡχc0ωAA ,

⟨χc0(p)ϕ(q)|YS Ṽ (p′)⟩ = −iξ∗ ·εG
χc0ϕS Ṽ , (A6)

 

⟨χc1(p)ω(q)|YPA(p′)⟩ = ερσλτpρξ∗σξ
∗
λετp ·qGχc1ωPA ,

⟨χc1(p)ϕ(q)|YÃV (p′)⟩ = −iερσλτpρξ∗σξ
∗
λετp ·qG

χc1ϕÃV ,

⟨χc1(p)ω(q)|YAA(p′)⟩ = −ερσλτpρξ∗σξ
∗
λετp ·qGχc1ωAA ,

⟨χc1(p)ϕ(q)|YS Ṽ (p′)⟩ = ερσλτpρξ∗σξ
∗
λετG

χc1ϕS Ṽ , (A7)

 

⟨J/ψ(p) f0(500)(q)|YPA(p′)⟩ = −iξ∗ ·εGJ/ψ f0(500)PA ,

⟨J/ψ(p) f0(980)(q)|YÃV (p′)⟩ = ξ∗ ·εGJ/ψ f0(980)ÃV ,

⟨J/ψ(p) f0(500)(q)|YAA(p′)⟩ = iξ∗ ·εGJ/ψ f0(500)AA ,

⟨J/ψ(p) f0(500)(q)|XAA(p′)⟩ = iερσλτpρξ∗σp′λετ ḠJ/ψ f0(500)AA ,

⟨J/ψ(p) f0(980)(q)|YS Ṽ (p′)⟩ = −iξ∗ ·εGJ/ψ f0(980)S Ṽ .

(A8)
 

B.    The correlation functions

JAA
µν

J ÃV
µ JS Ṽ

µν

In this section, we present the phenomenological-side
correlation functions for the currents  ,  , and  .
 

ΠD̄DAA
µν (p,q) = ΠD̄DAA(p′2, p2,q2)

[
2(pµqν− pνqµ)

]
+ · · · ,

(B1)
 

ΠD̄∗DAA
αµν (p,q) = ΠD̄∗DAA(p′2, p2,q2)

Ä
εαµλτpλqτqν

−εανλτpλqτqµ
ä
+ · · · , (B2)

 

ΠD̄∗D∗AA
αβµν (p,q) = ΠD̄∗D∗AA(p′2, p2,q2)

[
2gαβ(pνqµ− pµqν)

]
+ · · · ,
(B3)
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ΠD̄0D∗AA
αµν (p,q) = ΠD̄0D∗AA(p′2, p2,q2)

(
gαµqν

)
+ · · · , (B4)

 

ΠD̄1DAA
αµν (p,q) = ΠD̄1DAA(p′2, p2,q2)

(
−gαµpν

)
+ · · · , (B5)

 

ΠηcωAA
αµν (p,q) = ΠηcωAA(p′2, p2,q2)

Ä
εαµλτpλpνqτ

−εανλτpλpµqτ
ä
+ · · · , (B6)

 

Π
J/ψωAA
αβµν (p,q) = ΠJ/ψωAA(p′2, p2,q2)

[
2gαβ(pµqν− pνqµ)

]
+ · · · ,
(B7)

 

Πχc0ωAA
αµν (p,q) = Πχc0ωAA(p′2, p2,q2)

(
gαµqν

)
+ · · · , (B8)

 

Π
χc1ωAA
αβµν (p,q) = Πχc1ωAA(p′2, p2,q2) i

(
εαβµτpτqν−εαβντpτqµ

)
+ · · · ,

(B9)

 

ΠJ/ψ f0(500)AA
αµν (p,q) = ΠJ/ψ f0(500)AA(p′2, p2,q2)

(
gαµpν

)
+ · · · ,

(B10)

 

ΠD̄sDs ÃV
µ (p,q) = ΠD̄sDs ÃV (p′2, p2,q2) i (p−q)µ+ · · · , (B11)

 

ΠD̄∗s Ds ÃV
αµ (p,q) = ΠD̄∗s Ds ÃV (p′2, p2,q2)

(
−iεαµλτpλqτ

)
+ · · · ,

(B12)

 

Π
D̄∗s D∗s ÃV
αβµ (p,q) = ΠD̄∗s D∗s ÃV (p′2, p2,q2)

(
−igαβpµ

)
+ · · · ,

(B13)

 

ΠD̄s0D∗s ÃV
αµ (p,q) = ΠD̄s0D∗s ÃV (p′2, p2,q2)

(
−igαµp ·q

)
+ · · · ,

(B14)

 

ΠD̄s1Ds ÃV
αµ (p,q) = ΠD̄s1Ds ÃV (p′2, p2,q2)

(
gαµ

)
+ · · · , (B15)

 

ΠηcϕÃV
αµ (p,q) = Π

ηcϕÃV (p′2, p2,q2)
(
−iεαµλτpλqτ

)
+ · · · ,

(B16)

 

Π
J/ψϕÃV
αβµ (p,q) = ΠJ/ψϕÃV (p′2, p2,q2)

(
igαβpµ

)
+ · · · , (B17)

 

Πχc0ϕÃV
αµ (p,q) = Π

χc0ϕÃV (p′2, p2,q2)
(
igαµ

)
+ · · · , (B18)

 

Π
χc1ϕÃV
αβµ (p,q) = Π

χc1ϕÃV (p′2, p2,q2)
(
−εαβµτpτ p ·q

)
+ · · · ,

(B19)

 

ΠJ/ψ f0(980)ÃV
αµ (p,q) = ΠJ/ψ f0(980)ÃV (p′2, p2,q2)

(
−igαµ

)
+ · · · ,

(B20)

 

ΠD̄sDsS Ṽ
µν (p,q) = ΠD̄sDsS Ṽ (p′2, p2,q2)

(
−2εµνλτpλqτ

)
+ · · · ,

(B21)

 

ΠD̄∗s DsS Ṽ
αµν (p,q) = ΠD̄∗s DsS Ṽ (p′2, p2,q2) p ·q

î
gµα(p−q)ν

−gνα(p−q)µ
ó
+ · · · ,

(B22)

 

Π
D̄∗s D∗sS Ṽ
αβµν (p,q) = ΠD̄∗s D∗sS Ṽ (p′2, p2,q2)

(
−2gαβεµνλτpλqτ

)
+ · · · ,
(B23)

 

ΠD̄s0D∗sS Ṽ
αµν (p,q) = ΠD̄s0D∗sS Ṽ (p′2, p2,q2)

(
−εαµντpτ

)
+ · · · ,

(B24)

 

ΠD̄s1DsS Ṽ
αµν (p,q) = ΠD̄s1DsS Ṽ (p′2, p2,q2)

(
iεαµντqτ

)
+ · · · ,

(B25)

 

ΠηcϕS Ṽ
αµν (p,q) = Π

ηcϕS Ṽ (p′2, p2,q2)
(
gµαpν−gναpµ

)
+ · · · ,

(B26)

 

Π
J/ψϕS Ṽ
αβµν (p,q) = ΠJ/ψϕS Ṽ (p′2, p2,q2)

(
2gαβεµνλτpλqτ

)
+ · · · ,

(B27)

 

Πχc0ϕS Ṽ
αµν (p,q) = Π

χc0ϕS Ṽ (p′2, p2,q2)
(
−εαµντqτ

)
+ · · · , (B28)

 

Π
χc1ωS Ṽ
αβµν (p,q) = Π

χc1ωS Ṽ (p′2, p2,q2) i
(
gαµgβν−gανgβµ

)
+ · · · ,
(B29)

 

ΠJ/ψ f0(980)S Ṽ
αµν (p,q) = ΠJ/ψ f0(980)S Ṽ (p′2, p2,q2)

(
−εαµντpτ

)
+ · · · .
(B30)

 

Analysis of the strong decays of the Y (4660) in tetraquark scenario via the QCD sum rules Chin. Phys. C 50, (2026)

-15

CPC
 A

cce
pte

d



C.    The spectral densities

In this section, we present the explicit expressions for the QCD side of the QCD sum rules.
 

JPA
µC.1.    The QCD side for the current 

 

Π
QCD
D̄∗DPA(T 2) = −mc⟨q̄gsσGq⟩

192π2

∫ s0
D

m2
c

du
Å

3− m2
c

u

ã
1
u

exp
Å
−u+m2

c

T 2

ã
+

mc⟨q̄gsσGq⟩
64π2

∫ s0
D∗

m2
c

ds
Å

1− m2
c

s

ã
1
s

exp
Å
− s+m2

c

T 2

ã
,

(C1)

 

Π
QCD
D̄∗D∗PA(T 2) =

mc

128π4

∫ s0
D∗

m2
c

ds
∫ s0

D∗

m2
c

du
Å

1− m2
c

s

ã2Å
1− m2

c

u

ã2 (
2u+m2

c

)
exp

(
− s+u

T 2

)
+
⟨q̄q⟩
24π2

∫ s0
D∗

m2
c

ds
Å

1− m2
c

s

ã2

×
(

s−m2
c

)
exp
Å
− s+m2

c

T 2

ã
+
⟨q̄gsσGq⟩
576π2T 2

Å
4+

3m2
c

T 2

ã∫ s0
D∗

m2
c

du
Å

1− m2
c

u

ã2 (
2u+m2

c

)
exp
Å
−u+m2

c

T 2

ã
+

m4
c⟨q̄gsσGq⟩
64π2T 4

∫ s0
D∗

m2
c

ds
Å

1− m4
c

s2

ã
exp
Å
− s+m2

c

T 2

ã
− m2

c⟨q̄gsσGq⟩
192π2

∫ s0
D∗

m2
c

ds
1
s

Å
2− 4m2

c

s

ã
exp
Å
− s+m2

c

T 2

ã
,

(C2)

 

Π
QCD
D̄0D∗PA(T 2) =

3m2
c

128π4

∫ s0
D0

m2
c

ds
∫ s0

D∗

m2
c

du
Å

1− m2
c

s

ã2Å
1− m4

c

u2

ã
exp

(
− s+u

T 2

)
− mc⟨q̄q⟩

16π2

∫ s0
D0

m2
c

ds
Å

1− m2
c

s

ã2

exp
Å
− s+m2

c

T 2

ã
+

mc⟨q̄q⟩
16π2

∫ s0
D∗

m2
c

du
Å

1− m2
c

u

ã2

exp
Å
−u+m2

c

T 2

ã
− m3

c⟨q̄gsσGq⟩
64π2T 4

∫ s0
D∗

m2
c

du
Å

1− m2
c

u

ã2

exp
Å
−u+m2

c

T 2

ã
+

mc⟨q̄gsσGq⟩
192π2T 2

Å
4+

3m2
c

T 2

ã∫ s0
D0

m2
c

ds
Å

1− m2
c

s

ã2

exp
Å
− s+m2

c

T 2

ã
+

mc⟨q̄gsσGq⟩
192π2
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D∗
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du
Å

1+
m4

c

u2

ã
1

u−m2
c

× exp
Å
−u+m2

c

T 2

ã
+

m3
c⟨q̄gsσGq⟩
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m2
c

du
1
u2

exp
Å
−u+m2
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ã
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ds
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3− 2m2
c

s

ã
× 1

s
exp
Å
− s+m2
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ã
,

(C3)

 

Π
QCD
D̄1DPA(T 2) =

1
128π4

∫ s0
D1

m2
c

ds
∫ s0

D
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c

du
Å

1− m2
c
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ã2Å
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(
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)
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ds
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×
(
2s+m2

c

)
exp
Å
− s+m2
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T 2

ã
+

mc⟨q̄q⟩
16π2
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D
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c

duu
Å

1− m2
c

u

ã2

exp
Å
−u+m2
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T 2

ã
− m3
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duu
Å
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Å
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×
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+
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(C4)
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Π
QCD
ηcωPA(T 2) = − mc⟨q̄q⟩

2
√

2π2

∫ s0
ηc

4m2
c

ds

√
λ(s,m2

c ,m2
c)

s
exp

(
− s

T 2

)
+

mc⟨q̄gsσGq⟩
6
√

2π2T 2
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ηc

4m2
c

ds

√
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(T 2) =

3
32
√

2π4

∫ s0
J/ψ

4m2
c

ds
∫ s0

f0(980)

0
du

√
λ(s,m2

c ,m2
c)

s
u
(

s+2m2
c

)
exp

(
− s+u

T 2

)
+

ms⟨s̄s⟩
2
√

2π2

∫ s0
J/ψ

4m2
c

ds

√
λ(s,m2

c ,m2
c)

s

×
(

s+2m2
c

)
exp

(
− s

T 2

)
− msm2

c⟨s̄gsσGs⟩
6
√

2π2

∫ s0
J/ψ

4m2
c

ds
1√

s(s−4m2
c)

exp
(
− s

T 2

)
+

ms⟨s̄gsσGs⟩
4
√

2π2T 2

∫ s0
J/ψ

4m2
c

ds

√
λ(s,m2

c ,m2
c)

s
(

s+2m2
c

)
exp

(
− s

T 2

)
,

(C19)

 

JAA
µνC.3.    The QCD side for the current 
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Π
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(C24)
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JS Ṽ
µνC.4.    The QCD side for the current 
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λ(a,b,c) = a2+b2+ c2−2ab−2bc−2ca.
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