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Abstract In this article, we distinguish the charge conju-
gations of the interpolating currents, calculate the contribu-
tions of the vacuum condensates up to dimension-10 in the
operator product expansion, and we study the masses and
pole residues of the J¥¢ = 17* hidden charmed tetraquark
states with the QCD sum rules. We suggest a formula u =
\/M)z(/ vz~ (2M,)? with the effective mass M. = 1.8 GeV
to estimate the energy scales of the QCD spectral densities
of the hidden charmed tetraquark states, which works very
well. The numerical results disfavor assigning the Z.(4020),
Z.(4025), and Y (4360) as the diquark—antidiquark (with
the Dirac-spinor structure C — Cy,,) type vector tetraquark
states, and they favor assigning the Z.(4020), Z.(4025) as
the diquark—antidiquark type 17~ tetraquark states. While
the masses of the tetraquark states with symbolic quark struc-
tures cs5 and cZ(uit +dd) /~/2 favor assigning the ¥ (4660)
as the 17~ diquark—antidiquark type tetraquark state, more
experimental data are still needed to distinguish its quark
constituents. There are no candidates for the positive charge
conjugation vector tetraquark states; the predictions can be
confronted with the experimental data in the future at the
BESIIIL, LHCb and Belle-II.

1 Introduction

Recently, the BESIII collaboration studied the process
ete” — (D*D*)*nF at a center-of-mass energy of
4.26 GeV using a 827 pb~! data sample obtained with the
BESIII detector at the Beijing Electron Positron Collider, and
observed a structure ZF(4025) near the (D*D*)* thresh-
old in the 7 F recoil mass spectrum [1]. The measured mass
and width of the ZF(4025) are (4026.3 + 2.6 + 3.7) MeV
and (24.8 &+ 5.6 = 7.7) MeV, respectively [1]. Later, the
BESIII collaboration studied the process ete™ — w77 A,
at center-of-mass energies from 3.90 GeV to 4.42 GeV, and
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they observed a distinct structure Z.(4020) in the 7% h, mass
spectrum; the measured mass and width of the Z.(4020) are
(4022.9£0.8+2.7) MeV and (7.9£2.7+£2.6) MeV, respec-
tively [2]. No significant signal of the Z.(3900) was observed
in the 7 h, mass spectrum [2]; the Z.(3900) and Z.(4020)
maybe have different quantum numbers.

At first sight, the S-wave D* D* systems have the quantum
numbers JF€ = 0tt, 17—, 27+, while the S-wave 7¥h,
systems have the quantum numbers J*¢ = 177 so the
Z.(4025) and Z.(4020) are different particles. On the other
hand, it is also possible for the P-wave D*D* (h.) systems
to have the quantum numbers J PC — 17— (177). We cannot
exclude the possibility that the Z.(4025) and Z.(4020) are
the same particle with the quantum numbers J*¢ = 17~
or 177, There have been several tentative assignments of
the Z.(4025) and Z.(4020), such as the re-scattering effects
[3,4], molecular states [S—10], tetraquark states [11], etc. The
Z:(4025) and Z.(4020) are charged charmonium-like states,
their quark constituents must be ccud or cédii irrespec-
tive of the diquark—antidiquark type or meson—meson type
substructures.

In 2013, the BESIII collaboration studied the process
ete™ — mtmw~J/y and observed the Z.(3900) in the
n*J /¢ mass spectrum with the mass (3899.0 + 3.6 +
4.9) MeV and width (46 £ 10 4= 20) MeV, respectively [12].
Later the Z.(3900) was confirmed by the Belle and CLEO
collaborations [13,14]. Also in 2013, the BESIII collabora-
tion studied the process ete™ — 7 (DD*)dE and observed
the Z.(3885) in the (D D*)* mass spectrum with the mass
(3883.941.5+4.2) MeV and width (24.8+£3.3+11.0) MeV,
respectively [15]. The angular distribution of the 7 Z.(3885)
system favors assigning the Z.(3885) with JP =1t [15].
We tentatively identify the Z.(3900) and Z.(3885) as the
same particle according to the uncertainties of the masses
and widths [16], one can consult Ref. [16] for more arti-
cles on the Z.(3900). The possible quantum numbers of
the Z.(3900) or Z.(3885) are JPC = 11t~. There is a
faint possibility that the Z.(3900) and Z.(4020) are the
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same axial-vector meson with J”€ = 1~ according to the
masses.

In 2007, the Belle collaboration measured the cross sec-
tion for the process ete™ — m+m ™y’ between threshold
and /s = 5.5 GeV using a 673 fb~! data sample collected
with the Belle detector at KEKB, and they observed two
structures Y (4360) and Y (4660) in the 77~ invariant
mass distributions at (4361 4= 9 + 9) MeV with a width of
(74 £ 15 £ 10) MeV and (4664 + 11 £+ 5) MeV with a
width of (48 &+ 15 £ 3) MeV, respectively [17]. The quan-
tum numbers of the ¥ (4360) and Y (4660) are JC =177,
which are unambiguously listed in the Review of Particle
Physics now [18]. In 2008, the Belle collaboration studied
the exclusive process eTe™ — AT A7 and observed a clear
peak Y (4630) in the A;F A, invariant mass distribution just
above the AT A threshold, and they determined the mass
and width to be (4634753) Mev and (92+471¢) Mev,
respectively [19]. The Y (4660) and Y (4630) may be the
same particle according to the uncertainties of the masses
and widths (also the decay properties [20]). There have been
several tentative assignments of the Y (4360) and Y (4660),
such as the conventional charmonium states [21-24], baryo-
nium state [25], molecular states or hadro-charmonium states
[26-31], tetraquark states [32-38], etc. One can consult
Refs. [39-43] for more articles on the X, Y, and Z parti-
cles.

In this article, we study the diquark—antidiquark type
vector tetraquark states in detail with the QCD sum rules,
and we explore possible assignments of the Z.(4020),
Z.(4025), Y (4360), and Y (4660) in the tetraquark scenario.
In Ref. [16], we extend our previous works on the axial-
vector tetraquark states [44], distinguish the charge conju-
gations of the interpolating currents, calculate the contribu-
tions of the vacuum condensates up to dimension-10 and
discard the perturbative corrections in the operator prod-
uct expansion, study the Cys — Cy,, type axial-vector hid-
den charmed tetraquark states with the QCD sum rules.
We explore the energy scale dependence of the charmed
tetraquark states in detail for the first time, and we tenta-
tively assign the X (3872) and Z.(3900) (or Z.(3885)) as the
JPC = 17* and 11~ tetraquark states, respectively [16]. In
calculations, we observe that the tetraquark masses decrease
monotonously with increase of the energy scales, the energy
scale = 1.5 GeV is the lowest energy scale to reproduce
the experimental values of the masses of the X (3872) and
Z.(3900), and it serves as an acceptable energy scale for the
charmed mesons in the QCD sum rules [16].

In Refs. [45,46], we study the Cy,, —C and Cy, y5s —Cys
type tetraquark states with the QCD sum rules by carrying
out the operator product expansion to the vacuum conden-
sates up to dimension-10 and setting the energy scale to be
n = 1 GeV. In Refs. [11,32-34,47,48], the authors carry
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out the operator product expansion to the vacuum conden-
sates up to dimension-8 to study the vector tetraquark states
with the QCD sum rules, but they do not show the energy
scales or do not specify the energy scales at which the QCD
spectral densities are calculated. In Refs. [11,32-34,45-48],
some higher dimension vacuum condensates involving the
gluon condensate, mixed condensate and four-quark conden-
sate are neglected, which maybe impair the predictive ability.
The terms associated with %, 714, % in the QCD spectral
densities manifest themselves at small values of the Borel
parameter T2, we have to choose large values of the T2 to
warrant convergence of the operator product expansion and
appearance of the Borel platforms. In the Borel windows, the
higher dimension vacuum condensates play a less important
role. In summary, the higher dimension vacuum condensates
play an important role in determining the Borel windows
therefore the ground state masses and pole residues, so we
should take them into account consistently.

In this article, we extend our previous works [16] to study
the vector tetraquark states, distinguish the charge conju-
gations of the interpolating currents, calculate the contribu-
tions of the vacuum condensates up to dimension-10 and
discard the perturbative corrections, study the masses and
pole residues of the C — Cy,, type vector hidden charmed
tetraquark states with the QCD sum rules. Furthermore, we
explore the energy-scale dependence in detail so as to obtain
some useful formulas, and we make tentative assignments
of the Z.(4020), Z.(4025), Y (4360), and Y (4660) as the
JPC = 17 or 17~ tetraquark states. The scalar and axial-
vector heavy-light diquark states have almost degenerate
masses from the QCD sum rules [49,50], the Cy, — C
and Cy,ys — Cys type tetraquark states have degenerate
(or slightly different) masses [45,46], as the pseudoscalar
and vector heavy-light diquark states have slightly different
masses.

The article is arranged as follows: we derive the QCD sum
rules for the masses and pole residues of the vector tetraquark
states in Sect. 2; in Sect. 3, we present the numerical results
and discussions; Sect. 4 is reserved for our conclusion.

2 QCD sum rules for the vector tetraquark states

In the following, we write down the two-point correlation
functions I, (p) in the QCD sum rules,

Ma(p) =i [ dxer (o {esio) o). @

6ljk imn

Ty (x) = {sj(x)Cck (X)5"™ (x)y, Ce" (x)

+ 157 (x)Cy,Lck(x)Em (x)CE”(x)} , 2)
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@) = {w ek iy cen o M (p) = 1 = (—gw T ) tee )
. - Y/Z
+ d’ (x)CK (0)d™ (x)y, CE" (x) /
n tuj(x)C)/Mck ()" (1) CE (x) where the pole residues Ay, 7z are defined by
+td! (x)Cyﬂck(x)Jm(x)CE"(x)} , 3) O OIY/Z(p)) = Ay/z €us (3)
3 ijkgimn i o o the ¢, are the polarization vectors of the vector tetraquark
J(x) = {” () Ce™()d™ (x)y Ce™ (x) states Z,(4020), Z.(4025), Y (4360), Y (4660), etc.

+ tuj(x)CyMck(x)Jm(x)CE”(x)} , )

where J,(x) = Ji(x), Ji(x), Ji(x), t = %1, the i, j,
k, m, n are color indices, the C is the charge conjuga-
tion matrix. Under the charge conjugation transform C, the
currents J,, (x) have the properties,

12, A1 172 _
CJM x)C —:I:JN (x) fort =41,

=130 A-1 3 ®)
Cl(x)C™" =%J7(X) luesa fort = %1,

which originate from the charge conjugation properties of
the pseudoscalar and axial-vector diquark states,

c [e"fkquck] C1 = ¢likgicé,
T . L (6)
C [e”quCyuck] c = elfkquuc#.

We choose the neutral currents J;l (x) and Jl%(x) with
t = — to interpolate the J*¢ = 17~ diquark—antidiquark
type tetraquark states Y (4660) and Y (4360), respectively.
There are two structures in 7w 7~ invariant mass distri-
butions at about 0.6 GeV and 1.0 GeV in the 7 7y’
mass spectrum, which may be due to the scalar mesons
f0(600) and f(980), respectively [17]. In the two-quark sce-
nario, fo(600) = (uit + dd)/~/2 and fy = s5 in the ideal
mixing limit, while in the tetraquark scenario, the f,(600)
and f((980) have the symbolic quark structures udiid and
(usits + dsds) /2, respectively. The Y (4660) couples to
the current J;i (x) while the Y (4360) couples to the current
J 3 (x). However, we cannot exclude the possibility that the

Y (4660) has the symbolic quark structure cc(uu + dd)/ N2,
in that case the decay Y (4660) — fo(600)y’ is Okubo—
Zweig—lizuka (OZI) allowed. We choose the charged vector
current Jﬁ(x) with t = =+ to interpolate the Z.(4020) and
Z.(4025), the results for the scalar and tensor currents will be
presented elsewhere. At present, we cannot exclude the pos-
sibility that the Z.(4020) and Z.(4025) are the same vector
particle.

We can insert a complete set of intermediate hadronic
states with the same quantum numbers as the current opera-
tors J,, (x) into the correlation functions Iy, (p) to obtain the
hadronic representation [51-53]. After isolating the ground
state contributions of the vector tetraquark states, we get the
following results:

In the following, we take the current J, (x) = J ;1 (x) asan
example and briefly outline the operator product expansion
for the correlation functions IT,,(p) in perturbative QCD.
We contract the ¢ and s quark fields in the correlation func-
tions IT,,(p) with the Wick theorem, and we obtain the
results

ieijkeimnei’j’k/ei/m’n’
2
x / dHxei? x {Tr [C"k’(x)csff’T(x)C]

n;w(p) =

x Tr [yUC”/”(—x))/MCSm,mT(—x)C]
T -yMCkk/(x)yvCSjj/T(x)C]

x Tr 'c"’"(—x)cs'"’mT(—x)c]

T Tr [)/MCkk/ (x)csf'f’T(x)C]

x Tr -yVC"/”(—x)CSm/’"T(—x)C]

FTr 'c""’(x)yvcsff’T(x)c]
x Tt [C"/"(—x)yMCSm/mT(—x)C“ , )

where the F correspond to C = &, respectively, the S;; (x)
and C;j(x) are the full s and ¢ quark propagators, respec-
tively,

S () = isij X Sijmg  8;j(ss)  idij Xms(Ss)
i) = T d T T 2 48
8ijx>(5g50Gs)  i8;jx* ¥my(5g;0Gs)
192 1152
g Gt o + 0P X) 5,22 xg2(5s)?
3272x2 7776
8ijx*(3s)(g2GG) 1 _
T eas g sow
1
_Z<Sjyusi>yll+'-' s (10)

i 4, ik 8ij
Cij(x) = ) /d ket {k—llmc
_ 8Gapli; 0P (| +me) + (K +m)o*P

4 (k2 —m2)?
8s Do Gyl (f1P + f1F)
3(k2 — m2)*
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85 (1'1")ij Gop Gl (fP1Y + fOHPY 4 forP)
4(k2 — m2)

40},
P =+ my K +m)y* K +m)yP H+me),
TP = 4+ m)y f+m)y? f+m)y" K +me)

xy (K + me), (11)

and " = )‘7”, the A" is the Gell-Mann matrix, D, =
0y — igsGot" [53], then compute the integrals both in the
coordinate and momentum spaces, and obtain the correla-
tion functions IT,, (p) therefore the spectral densities at the
level of quark—gluon degrees of freedom. In Eq. (10), we
retain the terms (5;0,,,5;) and (S;y,s;) originate from the
Fierz rearrangement of the (s;5;) to absorb the gluons emit-
ted from the heavy quark lines to form (5;gs G gty,, 00 58i)
and (5;yusigsDy Ggﬁt,%n) so as to extract the mixed con-
densate and four-quark condensates (sg;o Gs) and gsz(is)z,
respectively. One can consult Ref. [16] for some technical
details in the operator product expansion.

Once analytical results are obtained, we can take the
quark-hadron duality below the continuum threshold s and
perform Borel transform with respect to the variable P> =

— p? to obtain the following QCD sum rules:

M}, ? s
2 —
Ky/z exp (— s )— / dsp(s) exp (—=3) . (12)

4m2

where

p(s) = po(s) + p3(s) + p4(s) + ps(s)
+06(s) + p7(s) + pg(s) + p10(s), (13)

where 0, 3, 4, 5, 6, 7, 8, 10 denote the dimensions of
the vacuum condensates, the explicit expressions of the
spectral densities p;(s) are presented in the appendix. In
this article, we carry out the operator product expansion
to the vacuum condensates up to dimension-10 and dis-
card the perturbative corrections, and we assume vacuum
saturation for the higher dimension vacuum condensates.
The higher dimension vacuum condensates are always fac-
torized to lower condensates with vacuum saturation in
the QCD sum rules, factorization works well in large N,
limit. In reality, N. = 3, and some (not much) ambi-
guities maybe come from the vacuum saturation assump-
tion. The condensates (*GG), (55)(%GG), (Es)2(%GG),
(5g,0Gs)?, and gsz(Es) are the vacuum expectations of
the operators of the order O(w;). The four-quark con-
densate 83 (55)% comes from the terms (Syut?sgs Dy GS ),
(5;D], D D{s;) and (5;D,, D, Dys;), rather than comes from
the perturbative corrections of (55)% (see Ref. [16] for the
technical details). The condensates (ggGGG), (“STGG)z,

(%)(E gs0 Gs) have the dimensions 6, 8, 9, respectively,
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but they are the vacuum expectations of the operators of the
order O(ag/ 2), (’)(asz), (’)(ag/ 2), respectively, and they are
discarded. We take the truncationsn < 10andk < linacon-
sistent way, the operators of the orders O(af )withk > 1 are
discarded. Furthermore, the numerical values of the conden-
sates (gsGGG), (@)2, (#)(igsaGs) are very small,
and they are neglected safely.

Differentiating Eq. (12) with respect to %, then eliminat-
ing the pole residues Ay, z, we obtain the QCD sum rules for
the masses of the vector tetraquark states,

i STy P e (~ )
f:r‘;g dsp(s) exp (—%)

We can obtain the QCD sum rules for the vector tetraquark
states ccud and cé(uit + dd)/~/2 with the simple replace-
ments

M3, = (14)

my — 0,

(s5) = {q9), (15)
(5g50Gs) — (4850 Gq),

the QCD sum rules for the céud and cé(uii + dc?)/«/i are
degenerate in the isospin limit.

3 Numerical results and discussions

The vacuum condensates are taken to have the standard val-
ues (7q) = —(0.24 +0.01 GeV)3, (5s) = (0.8 = 0.1)(gq),
(qg:0Gq) = m4(qq), (5850 Gs) = m(5s), mg = (0.8 £
0.1) GeV2, (O‘STGG) = (0.33 GeV)* at the energy scale
= 1GeV [51-55]. The quark condensate and mixed quark
condensate evolve with the renormalization group equation,

4 4
G = @90 [22 ], G5 =)0 [ 22",
2
(48,0 Ga) (10 =1G8,0Gq) () [ 4D ] 7 and (58, Gs) ()
2

= GaoG@ @]

In the article, we take the M S masses m.(m.) = (1.275+
0.025) GeV and my(n = 2 GeV) = (0.095 £ 0.005) GeV
from the Particle Data Group [18], and we take into account

the energy-scale dependence of the M S masses from the
renormalization group equation,

12
os(pn) %
mc(u)=mc(mc)[ A ] :
as(me)
4
og(pn) |°
s = szGV YT , 16
mg(u) = my(2 Ge )I:as(ZGeV)] (16)
1 bylogt bi(log? t—logt—1)+boby
as(u)=-—|1-—5 13 .
bot by t byt
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Fig. 1 The masses of the vector c¢ud tetraquark states with variations of the Borel parameters 72, energy scales 1, and threshold parameters /50,
where the horizontal lines denote the threshold parameters /so = 4.5 GeV and 4.7 GeV, respectively; the C = =& denote the charge conjugations

2 33-2n¢
where ¢t = log %, by = Tﬂ"’, by =

2857330 p+ 322

DT A = 213MeV, 296 MeV, and 339 MeV

for the flavors ny =5, 4, and 3, respectively [18].

In Ref. [16], we observe that the energy scale u =
(1.1—1.6) GeV is an acceptable energy scale of the QCD
spectral densities in the QCD sum rules for the hidden and
open charmed mesons, as it can reproduce the experimen-
tal values Mp = 1.87 GeV and M;,y = 3.1 GeV with
suitable Borel parameters. However, such energy scale and
truncation in the operator product expansion cannot repro-
duce the experimental values of the decay constants fp and
f1/y - In calculation, we observe that the masses of the axial-
vector tetraquark states decrease monotonously with increase
of the energy scales of the QCD spectral densities, the energy
scale u = 1.5 GeV is the lowest energy scale to reproduce
the experimental values of the masses of the X (3872) and
Z+(3900) (or Z.(3885)), and it serves as an acceptable energy
scale (not the universal energy scale) for the tetraquark states
[16]. On the other hand, it is hard to obtain the true values
of the pole residues Ax,y,z of the tetraquark states, so we
focus on the masses to study the tetraquark states, and the

153—19n

o o b2 =

predictions of the pole residues may be not as robust. If the
Z:(4020) and Z.(4025) are the vector tetraquark states, we
can choose the threshold parameters ,/so = (4.3—4.8) GeV
and energy scales u© = (1.5—3.0) GeV tentatively, and we
search for the ideal parameters, such as the threshold param-
eters, energy scales and Borel parameters.

In Fig. 1, the masses of the vector ccud tetraquark states
are plotted with variations of the Borel parameters 72, energy
scales 1, and continuum threshold parameters ,/so. From the
figure, we can see that the masses decrease monotonously
with increase of the energy scales, the parameters ,/sp <
4.5GeV and ¢ < 1.5 GeV can be excluded, as the pre-
dicted masses Mz > (or >)./so = 4.5 GeV for the val-
ues of the Borel parameters at a large interval. We have to
choose larger threshold parameters or (and) energy scales, the
resulting masses are larger than 4.3 GeV for the parameters
/50 = 4.5 GeV and u = 3.0 GeV. The predictions based
on the QCD sum rules disfavor assigning the Z.(4020) and
Z:(4025) as the diquark—antidiquark type vector tetraquark
states. We cannot satisfy the relation /so = Mz +
0.5 GeV with reasonable Mz compared to the experimental
data.
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The BESIII collaboration observed the ZfF (4025) and
Zf (4020) in the following processes [1,2]:

ete™ — 7E4025)7F

— (D*DHFOTH, 1t 2t 07T 127 3T ) AT
ete” — ZE(4020)nT

— (her)*A~7, 0T, 177,275 2 F, (17)

where we present the possible quantum numbers J € of
the (D*D*)* and (h.m)* systems in the brackets. If the
Z ;t (4025) and Zf (4020) are the same particle, the quantum
numbers are JF€ = 17—, 0Tt, 1t—, 2+, On the other
hand, the ZF(4025)7F and Z*(4020)7 T systems have the
quantum numbers J € = 177, then the surviving quantum
numbers of the ZF(4025) and Z£(4020) are JF€ = 177,
177, and 2. The predictions based on the QCD sum rules
reduce the possible quantum numbers of the Z.(4025) and
Z.(4020) to JP€ = 17~ and 2*7.
The strong decays

Y (4260)/y*(4260) — ZF(4025/4020)2" ) ¥ (18)

take place through relative D-wave, and they are kinemati-
cally suppressed in the phase-space. The 2" assignment is
disfavored, but it is not excluded.

In the following, we list the possible strong decays of the
Z£(4025) and ZE(3900) in the case of the JP€ = 17~
assignment.

ZE@025)(177) — he(1P)™®, J/yn™®, nep®, ne(n)E,
Xel ()5, (DD*)E, (D*D*)*,

ZX(3900)(177) = he(1P)E, J/yrt, nep®, ne(rm)i,
Xe1 (T)E, (19)

where the (7w )p denotes the P-wave 7w systems have the
same quantum numbers of the p. We take the Z.(4025) and
Z.(4020) as the same particle in the J PC — 1t- assign-
ment, and we will denote them as Z.(4025). In Ref. [16], we
observe that the Z.(3900) couples to the axial-vector current
J lli, . Now we perform Fierz rearrangement both in the color
and Dirac-spinor spaces and obtain the following result:

ijk imn
V2

1 - _
= ——{iciyscdy"u —icy"cdiysu
2V2 {

€
[
I =

{quysc"meMCE" —quyMckc?'"ysCE"},

+cudytysc — eyPysude
—icyyyscdotu 4 ico™ cdy,ysu
—ico™ysudy,c +icy,udot’yscl, (20)
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the components such as ¢i ysc dy*u, cy*c diysu, etc. couple
to the meson—meson pairs, the strong decays

ZE(3900)(177) — he(1P) ™, J/yr™E, nep™®, ne(wn)i,
1)

are OZI super-allowed, we take the decays to the (m'r)lf
final states as OZI super-allowed according to the decays
p — 7. The BESIII collaboration observed no evidence of
the Z(3900) in the process ete™ — 77 ~h, at center-of-
mass energies from 3.90 GeV to 4.42 GeV [2]. We expect to
observe the ZjF (3900) in the k. (1P)7* final states when a
large amount of events are accumulated. The Z.(4025) and
Z:(3900) have the same quantum numbers and analogous
strong decays but different masses and quark configurations.

Now we take a short digression to discuss the interpolating
currents consist of four quarks. The diquark—antidiquark type
current with special quantum numbers couples to a special
tetraquark state, while the current can be re-arranged both
in the color and Dirac-spinor spaces, and it is changed to
a current as a special superposition of color singlet—singlet
type currents. The color singlet—singlet type currents cou-
ple to the meson—meson pairs. The diquark—antidiquark type
tetraquark state can be taken as a special superposition of a
series of meson—meson pairs, and it embodies the net effects.
The decays to its components (meson—meson pairs) are OZI
super-allowed, the kinematically allowed decays take place
easily.

We can search for the ZZ(4025)(1*7) in the final
states ho(1P)7 ™, J/I/IJTi, m.,oi, nc(nn)ﬁf, xcl(mt)lf. In
Ref. [56], we observe that the Z.(4025) couples to the axial-
vector current J{f,. We perform Fierz rearrangement both
in the color and Dirac-spinor spaces and obtain the following
result:

v eijkeimn Jj w .k gm_ ve=n j v kgm_ , e=n
Ji- = 7 {uCycdyCc—uCycdyCc],
1 - - -
= WG {iduco™c +ido" uce+idcco u

+ido™ceu — cotVysediysu — ciyse do™ ysu

— o™ ysudiyse — diysc otV ysu

+ i€ty yscdyPu — ie"*Pey®cdyPysu

+ie" By ysudyPe —ie"Peyu (7)/’3)/56} )
(22)

The scattering states J /Y™, nep™, ne(@m)y, xe1(Tm)8,
(DD*)* couple to the components co*’ysc diysu, Ciysc
do"ysu, ciyse do™ ysu, eVBey®ysc dyPu, coVysu di
ysc, respectively. The strong decays

ZE(4025)(177)
— T/, nep™, ne(@n)y, Xl (T1)y, (DD, (23)
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are OZI super-allowed. In this article, we take the decays
to the (717'[)?,E / (rrmr)g final states as OZI super-allowed
according to the decays p — nw/w — nnm.

We can also search for the neutral partner Z? (4025)(117)
in the following strong and electromagnetic decays:

Z2(4025)(177) — he (1P, J/yrm®, J /Y, nep’,

New, 770(7”7)%’ Xcj (ﬂﬂ)g,

(TN, Xej (TP,

neys Xejv, (DDHY, (24)
where the (7w )p denotes the P-wave wwr systems with
the same quantum numbers as the .

On the other hand, if the Z.(4025) and Z.(4020) are dif-
ferent particles, we can search for the ZF (4025/4020)(07+)
and Z£(4025/4020)(2**) in the following strong decays:
ZE(4025/4020)(07F) — nen®, J/ypE, T/ (n)E,

X(,‘lr[i’ DD ’ D*D*’
ZE(4025/4020)27 ) — ne®, J/ypE, T/ (nm)g,
xan®, DD, D*D*. 25)

The strong decays
Y (4260)/y*(4260) — ZE(4025/4020)(0T ) 7 F (26)

cannot take place. The 07" assignment is excluded.

Now, we explore the possibility of assigning the Y (4360)
and Y (4660) as the diquark—antidiquark type vector tetraqu-
ark states. We utilize the often used energy scale u =

\ /sz —mg ~ 1 GeV in the QCD sum rules for the D mesons,
and we suggest a formula to estimate the energy scales of the
QCD spectral densities in the QCD sum rules for the hidden
charmed tetraquark states,

w= M}y, - QM2 27)

where the effective mass of the c-quark M. = 1.8 GeV. The
heavy tetraquark system could be described by a double-well
potential with two light quarks ¢’g lying in the two wells,
respectively. In the heavy quark limit, the ¢ (and b) quark
can be taken as a static well potential, which binds the light
quark ¢ to form a diquark in the color antitriplet channel.
The heavy tetraquark states are characterized by the effective
heavy quark masses My (or constituent quark masses) and

the virtuality V = \/ M)2( vz~ (2M)? (or bound energy
which is not as robust). It is natural to take the energy scale
n = V. The energy scales are estimated to be © = 1.5 GeV
for the X (3872) and Z.(3900) [16], © = 3.0 GeV for the
Y (4660), and u = 2.5 GeV for the Y (4360). The formula
also works well for the scalar hidden charmed (and double
charmed) tetraquark states, and we can use the formula to
improve the predictions [57-60]. Furthermore, we study the

possible applications in the QCD sum rules for the molecular
states [61-63]. From Fig. 1, we can see that the energy scales
n = 2.5 GeV and 3.0 GeV lead to slightly different masses
for the threshold parameters ,/so = 4.7 GeV or larger than
4.7 GeV. In this article, we set the energy scale © = 3.0 GeV
to study the vector tetraquark states.

In Fig. 2, the contributions of the pole terms are plotted
with variations of the threshold parameters ,/so and Borel
parameters 72 at the energy scale 1 = 3.0 GeV. From the
figure, we can see that the values ,/so < 4.8 GeV are too
small to satisfy the pole dominance condition and result in
reasonable Borel windows. In Fig. 3, the contributions of
different terms in the operator product expansion are plotted
with variations of the Borel parameters 72 for the thresh-
old parameters ,/so = 5.1 GeV and 5.0 GeV in the channels
ccss and c&(uii + dd)/~/2 respectively at the energy scale
@ = 3.0GeV. From the figure, we can see that the con-
tributions of the vacuum condensates of dimension-0, 5, 6
change quickly with variations of the Borel parameters at the
region T2 < 3.2GeV?, which does not warrant platforms
for the masses. In this article, the value T2 > 3.2 GeV? is
chosen tentatively, in that case the convergent behavior in the
operator product expansion is very good, as the perturbative
terms make the main contributions. The Borel parameters,
continuum threshold parameters and the pole contributions
are shown explicitly in Table 1. The two criteria (pole domi-
nance and convergence of the operator product expansion) of
the QCD sum rules are fully satisfied, so we expect to make
reasonable predictions. In the QCD sum rules for the light
tetraquark states, the two criteria are difficult to satisfy [64].

Taking into account all uncertainties of the input param-
eters, finally we obtain the values of the masses and
pole residues of the vector tetraquark states, which are
shown explicitly in Figs. 4 and 5 and Table 1. The pre-
diction M z501--) = 4.70f8:}g GeV is consistent with
the experimental data My@4ee0) = (4664 £ 11 £ 5)MeV

within uncertainties [18], and the prediction M, d(——) or

McE(uﬁ+dd)/ﬁ(1**) = 4.66f8:}(7) GeV is much larger than the
upper bound of the experimental data My 4360) = (4361 +
9 £ 9) MeV [18]. The present predictions favor assigning
the Y (4660) as the J°¢ = 17~ diquark-antidiquark type
tetraquark state, the masses M sz and MCE(W2 +dd))y/3 e
both consistent with the experimental data My 4660y Within
uncertainties. By precisely measuring the 77 77~ mass spec-
trum in the final state 77 "', we can distinguish the
f0(600) and f((980); therefore we can disentangle the quark
constituents of the Y (4660). On the other hand, we can also
take the ¥ (4360) as the c¢ and cé(uit +dd) / /2 mixed state,
as the cc component can reduce the mass so as to reproduce
the experimental value at about 4.4 GeV.

From Table 1, we can also see that there is an energy
gap of about (70-90) MeV between the central values of the

@ Springer
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Fig. 2 The pole contributions with variations of the Borel parame-
ters T2 and threshold parameters ./so, where the A, B, C, D, E,
and F denote the threshold parameters ./so = 4.8, 49, 5.0, 5.1,
5.2, and 5.3 GeV, respectively; the (I) and (II) denote the ccss and

C = + and C = — vector tetraquark states, which can be
confronted with the experimental data in the future. In Ref.
[16], we observe that there is a small energy gap, smaller
than 40 MeV between the central values of the C = + and
C = — axial-vector tetraquark states, which is consistent
with the value 10 MeV from the constituent diquark model
[65,66].

In this article, we construct the C — Cy,, type diquark—
antidiquark currents to interpolate the vector tetraquark
states. The scalar and axial-vector heavy-light diquark states
have almost degenerate masses from the QCD sum rules
[49,50], the Cy,, — C and Cy,ys — Cys type tetraquark
states have degenerate (or slightly different) masses [45,46].
On the other hand, we can also construct the Cy, — 9, —Cy*
and Cys — 9, — Cys type diquark—antidiquark currents to
interpolate the vector tetraquark states, the Cy, — Cy* and
Cys — Cys type diquark—antidiquark currents couple to the
scalar tetraquark states with the masses about 3.85 GeV [56].
If the contribution of an additional P-wave to the mass is

@ Springer
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c&(uit + dd)/ /2 tetraquark states, respectively; the C = + denote the
charge conjugations; the horizontal lines denote the pole contributions
of 50 %

about 0.5 GeV, the masses of the vector tetraquark states
couple to the Cyy, — 9, — Cy® and Cys — 9,, — Cys type
interpolating currents are about 4.35 GeV, which happens to
be the value of the mass My 4360)- In Refs. [38,67] Zhang and
Huang take the Cys — 9, — Cys type diquark—antidiquark
currents to study the Y (4360) and Y (4660) with the symbolic
quark structures c¢(uii +dd)/+/2 and cCs5, respectively, and
they obtain the values My 4360y = (4.32 & 0.20) GeV and
My 660) = (4.69 £ 0.36) GeV, which are consistent with
the rough estimation My4360) = 4.35GeV. The present
predictions Mc&mi(l—ﬂ = 4.571’8:(1)% GeV and MchJ(l——) =
4.66701) GeV disfavor assigning the Z.(4025) and
Z.(4020) as the J PC — 17— tetraquark states, and they
favor assigning the Y (4360) as the Cyy — 9, — Cy®
and Cys — 9, — Cys type JPC = 17~ tetraquark
states.

Now we perform Fierz rearrangement to the vector cur-

Iz M Iz 2 :
rents Jlﬁ,du’ J1’+,z;u’ = 557 Jl_+,§s both in the color and
Dirac-spinor spaces, and we obtain the following results:
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Fig. 3 The contributions of different terms in the operator product the (I) and (IT) denote the ccss and cc(uu + dc;) / V2 tetraquark states,
expansion with variations of the Borel parameters T2, where the 0, 3, respectively; the C = & denote the charge conjugations

4,5,6,7,8, and 10 denotes the dimensions of the vacuum condensates;

Table 1 The Borel parameters,

2 2
continuum threshold 77 (GeV?) /50 (GeV)

Pole (%) My,z (GeV) Aysz (1072 GeV?)

parameters, pole contributions,

masses, and pole residues of the €055 (177 3.4-3.8 5140.1 (47-66) 4.637044 6.8270%0
vector tetraquark states ccud (17F) 3.2-3.6 5.0+£0.1 (48-67) 4.57700% 6.26159
cess (177) 3.4-3.8 5140.1 (44-63) 4707914 7.08703
céud (177) 3.2-3.6 50+0.1 (44-64) 4.667017 6.601 054
eijkeimn . _ . _ AT ~ T - pv g . 7 v
Jb . = {u-’Cckdmy“CE” —u"Cy“ckdmCE”} —cyfudc+cudytc+ico™ cdy,u—icy,cdo"’u
T V2 —idyyysceo™ ysu +ido™ ysceyyysul,  (29)
1 - - i
— Ty M _ A I P o M ; .
= Zﬁ{cy cdu —ccdy™u +icy"ysudiysc dijkgimn '
L a _ o= C [sJ Cksmyhcd — sfc;/“ckgmca”] ,
—iciysudy"ysc —icy,yscdo"ysu o V2
+ico" yscdy,ysu—idyyc ot u+ido™’ ¢ Eypu }, |
(28) = ——{cytess —cesys +icytysssiyse
elikgimn - ) ' 2\f2
1% _ J Jm. L =n J n .k gm ~=n
Jl*td_u ) {” Ccd™y Cc" +u/Cyicid™Ce ]’ —iciyss syPysc —icy,ysc 5otV yss
- {iciyscdy"ysu —icy"yscdiysu +ico" yscSyyyss — ispecos +iso" e Cyys),
242 (30)
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— icivee svM icvhyecsi cyls s
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v

€19}

—isyyyscco™’yss +iso

where the subscripts 17F and du (5s) are added to show
the J P and light quark constituents, respectively. Then we
obtain the OZI super-allowed decays by taking into account
the couplings to the meson—meson pairs,

Y(cued)(177) = J/¥ao(980), xcop. xe1p, J/¥m,
J/yrai (1260), DDy (2420), D*D;(2420),
Y(cued)(17T) — nem, neai(1260), xei7, hep,
J /b1 (1235), D* Dy (2400), D* Dy (2420),
(32)
Y (4660)(177) — J /¥ f0(980), J /¢ fo(600), J /Y (wm)s,
¥’ f0(980), ¥ fo(600), ¥'(7)s,
Xc09(1020), xc0(KK)s, xc1¢(1020),
Xc1(KK)s, J/yhi(1380)/f1(1510),

@ Springer

J /¥, DsDs1(2460)/Dy1(2536),
D} Dy1(2460)/ D1 (2536),
Y (esé5)(17F) — nehi(1380)/f1(1510), 11, xern,
he¢(1020), J/yh1(1380)/£1(1510),
D} Dy(2317), D Dy1(2460)/ Dy1(2536),
(33)

where the (77)s and (K K) g denote the S-wave 7t and K K
pairs, respectively.

The mass spectrum of the light scalar mesons is well
understood in terms of diquark—antidiquark bound states,
while the strong decays into two pseudoscalar mesons
based on the quark rearrangement mechanism cannot lead
to a satisfactory description of the experimental data. In
Ref. [68], 't Hooft et al. introduce the instanton-induced
effective six-fermion Lagrangian, and they illustrate that such
a Lagrangian leads to the tetraquark—gg mixing, therefore
provides an additional amplitude which brings the strong
decays of the light scalar mesons in good agreement with the
experimental data. In the present work, we discuss the OZI
super-allowed strong decays of the tetraquark states based
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Fig. 5 The pole residues with variations of the Borel parameters T2, where the (1) and (II) denote the ¢¢s5 and cé(uit + dd) / V2 tetraquark states,

respectively; the C = 4 denote the charge conjugations

on the quark rearrangement mechanism or fall-apart mecha-
nism, as there is no instanton-induced effective six-fermion
Lagrangian in the hidden-charm systems to describe the
tetraquark—gg mixing beyond the usual QCD interactions.
The present predictions can be confronted with the experi-
mental data of BESIII, LHCb, and Belle-II in the future.

4 Conclusion

In this article, we study the Z.(4020), Z.(4025), Y (4360),
and Y (4660) as the diquark—antidiquark type vector tetra-
quark states in detail with the QCD sum rules. We distin-
guish the charge conjugations of the interpolating currents,
calculate the contributions of the vacuum condensates up
to dimension-10 and discard the perturbative corrections in
the operator product expansion, and we take into account the
higher dimensional vacuum condensates consistently, as they
play an important role in determining the Borel windows.

Then we suggest the formula u = \/M)%/Y/Z — (2M,)?2

to estimate the energy scales of the QCD spectral densi-

ties of the hidden charmed tetraquark states, and we study
the masses and pole residues of the J”¢ = 1~ tetraquark

states in detail. The formula u = \/ M)2( 1Y)z~ (2M,)?

works well. The masses of the céud (1~%) tetraquark states
disfavor assigning the Z.(4020), Z.(4025), and Y (4360)
as the C — Cy, type vector tetraquark states, and they
favor assigning the Z.(4020), Z.(4025) as the diquark—
antidiquark type 17~ tetraquark states. While the masses of
the cés5 and c¢(uit 4+ dd)/~/2 tetraquark states favor assign-
ing the Y (4660) as the C — Cy,, type 17~ tetraquark state,
more experimental data are still needed to distinguish the
quark constituents. There are no candidates for the C = +
vector tetraquark states, the predictions can be confronted
with the experimental data in the futures at the BESIII,
LHCDb, and Belle-II. The pole residues can be taken as basic
input parameters to study relevant processes of the vector
tetraquark states with the three-point QCD sum rules.
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Appendix

We have the spectral densities p; (s) withi =0, 3,4,5,6,7,
8, 10 at the level of the quark—gluon degrees of freedom,

po(s) = /dydz vzl —y —2)* (s — Mf)z

1

307276

x (35s% — 26sm2 + 3m?)
2

m; —2\3
153676 /dydzu Sy

mghe 2
1 1—y—
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pr(s) = (1+ 1)
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(39)
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fdydz = fy[_f dyle_ dz, Yf = — 73— )i =
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Syl dy — 1 dy, fl Ydz — )7 dz when the § functions
8 (s —m?) and 8 (s — /%) appear.
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