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Abstract In this article, we construct the axialvector-
diquark—axialvector-antidiquark type tensor current to inter-
polate both the vector- and the axialvector-tetraquark states,
then calculate the contributions of the vacuum condensates
up to dimension 10 in the operator product expansion, and
we obtain the QCD sum rules for both the vector- and
the axialvector-tetraquark states. The numerical results sup-
port assigning the Z.(4020/4025) to be the JP¢ = 17—
diquark—antidiquark type tetraquark state, and assigning the
Y (4660) to be the J¥¢ = 17~ diquark—antidiquark type
tetraquark state. Furthermore, we take the Y (4260) and
Y (4360) as the mixed charmonium—tetraquark states, and
we construct the two-quark—tetraquark type tensor currents
to study the masses and pole residues. The numerical results
support assigning the ¥ (4260) and Y (4360) to be the mixed
charmonium-—tetraquark states.

1 Introduction

In 2005, the BaBar Collaboration studied the initial-state
radiation process ete™ — y;sprm T~ J /Y and observed
the Y (4260) in the w7~ J/¢ invariant-mass spectrum,

the measured mass and width are (4259 + Sfé) MeV and

(88 + 23j2) MeV, respectively [1]. In 2007, the Belle Col-

laboration studied the initial-state radiation process e e~ —
yisrm w1y’ and observed two structures Y (4360) and
Y (4660) in the w7~  invariant mass distributions at
(4361 +949) MeV with awidthof (74+15+10) MeV and
(4664 £+ 11 = 5) MeV with a width of (48 £ 15 & 3) MeV,
respectively [2,3]. In 2008, the Belle Collaboration stud-
ied the initial-state radiation process ete™ — yrsg A;”Ac_
and observed a clear peak Y (4630) in the AF A,

ant mass distribution just above the A} A threshold, and

invari-
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determined the mass and width to be (46341’?“:2) MeV

and (92t‘2‘2fé?) MeV, respectively [4]. The Y (4660) and
Y (4630) may be the same particle according to the uncer-
tainties of the masses and widths.

In 2013, the BESIII Collaboration observed the ZCi (4025)
near the (D* D*)* threshold in the 7 F recoil mass spectrum
in the process ete™ — (D*D*)*7¥F, and determined the
mass and width Mzci<4025) = (4026.3+2.64+3.7) MeV and
sz(4025) = (24.8 5.6 £ 7.7) MeV [5]. Furthermore, the
BESIII Collaboration observed the ZF(4020) in the 7 %5,
mass spectrum in the process ete™ — w7 "h,, and deter-
mined the mass and width MZ?(4020) = (40229 £ 0.8 +
2.7y MeV and L2 4000) = (7.9 £ 2.7 £ 2.6) MeV [6]. In
2014, the BESIII Collaboration observed the ZO(4020) in
the 7%k mass spectrum in the process ee™ — 7970,
and determined the mass Mzoy0p0) = (4023.9 £ 2.2 +
3.8) MeV [7]. In 2015, the BESIII Collaboration observed
the ZO(4025) in the 7° recoil mass spectrum in the pro-
cess ete™ — (D*D*)7Y, and determined the mass and
width M0 495) = (4025. 5+2 043.1)MeV and T z04005) =
(23.0+6. 0+1. 0) MeV [8]. Itls natural to assign the Z (4020)
and Z.(4025) to be the same particle.

There have been several tentative assignments for the
Y (4260), Y (4360), Y (4660), and Z.(4020), such as
tetraquark states, molecular states, re-scattering effects, etc.,
for more literature on the X, Y, Z mesons, one can consult
the recent reviews [9, 10]. In this article, we will focus on the
scenario of tetraquark states based on the QCD sum rules.

The diquarks qu CT g, have five structures in Dirac spinor
space, where CT" = Cys, C, Cy,ys, Cyy, and Coy, for the
scalar, pseudoscalar, vector, axialvector, and tensor diquarks,
respectively. The structures Cy,, and Coy,, are symmetric,
while the structures Cys, C, and Cy,ys are antisymmetric.
The attractive interactions of one-gluon exchange favor for-
mation of the diquarks in color antitriplet, flavor antitriplet
and spin singlet [11,12], while the favored configurations are
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the scalar- (Cys) and axialvector- (Cy,,) diquark states [13—
15]. The calculations based on the QCD sum rules indicate
that the heavy-light scalar- and axialvector-diquark states
have almost degenerate masses [13,14]. We can construct
the diquark—antidiquark type hidden charm tetraquark states
[16-18],

C)/5 ®V5C, CVu ®VMC7 (1)

the Cys ® ysC type and Cy, ® y*C type currents cou-
ple potentially to the lowest scalar tetraquark states with the
masses about 3.82 GeV [19] and 3.85 GeV [20], respectively.
If the contribution of an additional P-wave to the mass is
about 0.5 GeV, we can construct the vector currents

Cya ® a/ﬂ/ac’ Cys ® 3, y5C, (2)

to study the vector-tetraquark states, the estimated masses are
about 4.35 GeV, which happens to be the value of the mass
of the Y (4360) [20]. In Refs. [21,22], Zhang and Huang
take the Cys ® 9, ¥5C type currents to study the Y (4360)
and Y (4660) with the QCD sum rules, and obtain the values
My @360) = (4.32 £ 0.20) GeV and My e60) = (4.69 £
0.36) GeV, which are consistent with the rough estimation
My (4360) = 4.35GeV.
We can also construct the

CRvuC,Cys ® ysyuC, (3)

type currents to study the vector-tetraquark states [23,24].
One can consult Ref. [25] for more interpolating currents for
the vector-tetraquark states without introducing additional P-
wave. In Refs. [23,24], we observe that the C ® y,,C type
and Cys5 ® 5y, C type tetraquark states have degenerate (or
slightly different) masses based on the QCD sum rules, the
ground state masses of the vector-tetraquark states with the
symbolic quark constituent ccgg are about 4.95 GeV, which
is much larger than the mass of the Y (4660). In Ref. [26],
Albuquerque and Nielsen take the Cys ® y5y,, C type current
to study the Y (4660) with the QCD sum rules and obtain the
value My 4660y = 4.65 GeV, which is in excellent agreement
with the mass of the Y (4660). Although both in Refs. [23,24]
and in Ref. [26], the standard values of the vacuum conden-
sates are taken, in Refs. [23,24], the QCD spectral densities
are calculated at the energy scale u = 1 GeV and the value
me( = 1GeV) = 1.35GeV is taken; while in Ref. [26], the
vacuum condensates are taken at the energy scale © = 1 GeV
and the M S mass m.(m.) = 1.23GeV is taken, the energy
scales of the QCD spectral densities are not specified. In

Ref. [27], we suggest the formula ;1 = \/M)zf/ Y/z ~ (2M,)?2

with the effective mass M. to determine the energy scales of
the QCD spectral densities of the hidden charmed tetraquark
states, and we evolve the vacuum condensates and the M S
mass to the energy scale 1 using the C ® y,C type current;
we obtain the mass 4.66 or 4.70 GeV for the Y (4660).

@ Springer

In Refs. [28,29], the molecule currents,
Ju(x) = c(x)ypc(x) g(x)q(x), “4)

are chosen to study the Y (4260) and Y (4660) in the QCD
sum rules, and it is observed that the Y (4660) can be assigned
to be the ¥’ f5(980) molecular state [28], and the Y (4260)
cannot be assigned to be the J/v fy(980) molecular state
[29]. Again the parameters are taken as in Refs. [23,24] and
in Ref. [26], respectively.

In Ref. [30], Dias et al. take the Y (4260) as a mixed
charmonium—tetraquark state and choose the current J, (x),

Ju(x) = J(x) cos 0 + J,i (x) sin ), (5)
where

4 ijkeimn - -
T = = {a] O Crsa®in 0mrsCe] )

4] CYsVuek(¥)an (D sCar (]
Lo
Ju0) = —5449) E0yue ). ©)

to study its mass and decay width with the QCD sum rules,
and observe that at the mixing angle around 6 ~ (53.0 £
0.5)°, the mass of the Y (4260) can be reproduced but the
decay width is far below the experimental value.

In this article, we take the axialvector- (Cy,) diquark
states as the basic constituents [13—15], construct the

Cyu @l —Cyy @ yuC, @)

type tensor current without introducing the additional P-wave
to interpolate both the vector- and the axialvector-tetraquark
states, and study the Y (4260), Y (4360), Y (4660/4630), and
Z:(4020/4025) with the QCD sum rules by calculating the
operator product expansion up to the vacuum condensates of
dimension 10. The tensor current is expected to couple to the
vector-tetraquark state with smaller mass compared to the
C¥a ® 0uy*C, Cys @ 3uy5C, C ®@ yuC, Cys Q@ ysyuC
type axialvector currents, so as to reproduce the mass of
the Y (4260) as the vector-tetraquark state. Furthermore, we
study the Z? (4020/4025) as the axialvector-tetraquark state
consists of an axialvector-diquark pair, which is expected to
have slight larger mass than the Cy5 ® y,,C type tetraquark
state [13—15]. InRef. [31], we choose the Cy5®y,, C type cur-
rent to study the axialvector-tetraquark states, and we obtain
the mass Mz, 3000) = 3.9170 06 GeV for the Z(3900) with
the assignment J ¢ = 17—,

The article is arranged as follows: we derive the QCD
sum rules for the masses and pole residues of the Y (4260),
Y (4360), Y (4660), and Z.(4020) as pure tetraquark states
in Sect. 2; in Sect. 3, we derive the QCD sum rules for the
masses and pole residues of the Y (4260) and Y (4360) as
mixed charmonium—tetraquark states; Sect. 4 is reserved for
our conclusion.
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2 QCD sum rules for the Y (4260), Y (4360), Y (4660),
and Z.(4020) as pure tetraquark states

In the following, we write down the two-point correlation
function IT,,4g(p) in the QCD sum rules,

Maap(p) =i [ a0 [ nly @) 0. ®

Gz]kelmn

— {u] Oy @i on e o)
+d T () Cypuck () dm ()1 CEL (x)
—u} () Cyuci (V)i (x)y,, CEy, (x)
—d] R @ dn N CE W], ©)

N (X) =

where the i, j, k, m, n are color indexes, the C is the charge
conjugation matrix. The charged partner 7,,,, (x),
61’ mn

ﬁuv(x) = \/E
—u] Rk () (D)7, CEf () ]

clik

[ ) Cuee0dn0nCel (x)
(10)

couples to the Z7 (4020/4025) potentially. In the isospin
limit, the currents 1, (x) and 7, (x) couple to the tetraquark
states with degenerate masses.

At the hadronic side, we can insert a complete set of
intermediate hadronic states with the same quantum num-
bers as the current operator 7, (x) into the correlation func-
tion IT,,ep(p) to obtain the hadronic representation [32—
34]. After isolating the ground state contributions of the
axialvector- and vector-tetraquark states, we get the follow-
ing results:

Ay

Huvaﬂ(l)) = 5 (Pzg;wtgvﬂ - Pzguﬂgm
M% - p?

_guapvpﬁ_gvﬂpupa+gm3pvpot+gvocpupﬁ)
)\'2
Y
Mlz, - p?
+8upPvPa + GuaPubp) +

+ (_g/uxpvpﬂ — §vBPuPa

(1)

where the Z denotes the axialvector-tetraquark state
Z.:(4020), the Y denotes the vector-tetraquark state ¥ (4260),
Y (4360) or Y (4660), the pole residues Az and Ay are defined
by

(0110 (0) | Ze(p)) = Az €pvap € PP,

<0|77p,u(0)|Y(P)> = Ay (S;LPV - Svpu.) > (12)

the ¢, are the polarization vectors of the vector- and

axialvector-tetraquark states with the following property:

PuPv
—8uv + .
ny pz

Y eh 0 pesh, p) = (13)
A

We can rewrite the correlation function IT,,4(p) into the

following form according to Lorentz covariance:

Muvap(P) = Nz (p?) (P*8uagvs — P 8up8ua
— SuaPvPp—8v PuPo~+8up Py Pat&va PuPp)
+Ty (p*) (—8uaPvPp — &vp PuPa
+8upPvPa + ua PuPB) - (14)

Now we project out the components ITz(p?) and Iy (p?)
by introducing the operators Py, v and Py vob

fiz(p?) = p*Tz(p?) = PL " M,ap(p),
Ty (p?) = p*Ty (p>) = P s (p),

where
(e PP\ ( PP
g 2 g 2 b
p p

P/wotﬂ _ l g’w‘ _ pHp* guﬁ _ p”[)ﬂ _ lguagvﬁ
Y 6 p? p? 6 '

(16)

15)

uvaf
P, =

@)}

In the following, we carry out the operator product expan-
sion for the correlation function IT,,4g(p) up to the vacuum
condensates of dimension 10, and project out the components

Mz(p?) =
ﬁY(Pz) =

at the QCD side, and we obtain the QCD spectral densities
through dispersion relation,

ngaﬂnlwaﬂ (p),

PP P T 0as (), (17)

pr(s) = 2126

Imﬁy(s)

py(s) = (18)

where we take into account the contributions of the terms
Dy, D3, D4, Ds, Dg, D7, Dg, and D1,

Dy = perturbative terms,

D3
<aAGG>
Dy
Ds x {qgs0Gq),
De o (Gq)*, g:(Gq)*.
_ ;GG
D7<x(qq>< >
T

Dg x {(qq){q8s0Gq),

Dio o (Ggs0Gq)?, <q‘q>2<

ﬁ>_ (19)

T
The explicit expressions of the QCD spectral densities pz ()
and py (s) are given in the appendix. The four-quark con-

densate g; 2(3q)* comes from the terms (g Yut®qgs DyGS.),
(D}, D{D{g;) and (q;D, D,Dyq;), rather than comes

@ Springer
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from the perturbative corrections of (7¢)? (see Ref. [31] for
the technical details). The condensates (g 3GGG} (‘”S—GG)Z,
(“YGG ){(ggs0 Gq) have the dimensions 6, 8, 9, respectively,
but they are the vacuum expectations of the operators of the
order O(a3/ 2) O(af), O(as/ 2), respectively, and neglected.
We take the truncations n < 10 and k < 1 in a consis-
tent way, the operators of the orders O(af) with k > 1 are
discarded. In Tables 1 and 2, we show the contributions of
the vacuum condensates of dimension 4 and 10 explicitly,
|[Dg] = 1%, (1—=2) %, (2—3) %, 2 % in the Borel windows
for the Z.(4020), Y (4660), Y (4260), Y (4360), respectively;
and Dijg € 1%, <1 %,1 < %, <1 % in the Borel win-
dows for the Z.(4020), Y (4660), Y (4260), Y (4360), respec-
tively. Although the vacuum condensates are vacuum expec-
tations of the operators of the order O(«;) both in the terms
D4 and Dyg, |D4| > Djg, as there are additional factors
%, # and T% in the Djp, which suppress the contribu-
tions greatly. The operators in the condensates (g 3GGG)
(“YGG )2, (B GG (7850 Gq) are suppressed by additional fac-

tors (’)(a;/ 2) O(ay), C’)(ag/ ), respectively and additional
factor le compared with the operator in the D4 or ("‘AGG)
their contributions are expected to be of the same order as
the Djo and negligible. In Ref. [35], Zhang calculates the
contributions of the (gg’GGG), (%)2, (a‘GG)(qgvan)
explicitly in the QCD sum rules for the Z.(3900) as a DD*
molecular state, their contributions are tiny in the Borel win-
dow.

Once the analytical expressions of the QCD spectral den-
sities pz(s) and py (s) are obtained, we can take the quark—
hadron duality below the continuum thresholds so and per-
form a Borel transform with respect to the variable P> =
— p? to obtain the QCD sum rules:

M2 50 S
2142 _Mz) s
A M3 exp( T2> Amgdspz(s) exp(—73). (20
2

2202 My 0 S
Ay My exp —7z = - ds,oy(s) exp(——2> 21

We differentiate Eqgs. (20) and (21) with respect to % , elimi-
nate the pole residues Az and Ay, and we obtain the QCD sum
rules for the masses of the axialvector- and vector-tetraquark
states,

i

f4m2 ds d( l/T2) ,OZ(S) exXp (_LZ)

, (22)
a f4m2 ds pz(s) exp ( 2)
f ds oy (s) exp (—=
e i (-#) -

fz‘lm3 ds py(s) exp ( T2>

We take the standard values of the vacuum condensates,
(Gq) = —(0.24 £ 0.01GeV)*, (Ggs0Gq) = m}(dq).

@ Springer

= (0.8 £0.1)GeV?, (2E%) = (0.33GeV)* at the
energy scale © = 1GeV [32-34]. The quark condensate
and mixed quark condensate evolve with the renormaliza-

A
G (@) [22]" and

2
(480 Ga) 1) = (d8,0Ga)(Q) |24 ]”

In the article, we take the M S mass m.(m.) = (1.275 +
0.025) GeV from the Particle Data Group [36], and take into
account the energy-scale dependence of the M S mass from
the renormalization group equation,

tion group equation, (gq)(n) =

12
as(p) |5
me(u) =mc(mc)|: 5 ] ,
as(me)
1 by logt
9 = - 1 _———
as(u) b0t|: b2 .
| billog’r —logt — 1) + bob
where t = log £ A2’ by = 33123;%' b = 1532412'1f by
285733+ 3202

T = 213, 296 and 339 MeV for the fla-
vors ny =5, 4, and 3, respectively [36].

In previous work, we described the hidden charm (or bot-
tom) four-quark systems ¢g’QQ by a double-well poten-
tial [20,27,37-42]. In the four-quark system ¢g’' Q O, the Q-
quark serves as a static well potential and combines with the
light quark ¢ to form a heavy diquark Df] o incolor antitriplet
qg+ 0 — D; 0 [20,27,37-39], or combines with the light
antiquark ¢’ to form a heavy meson in color singlet (meson-
like state in color octet) g+ Q — ¢’ Q (§’'A* Q) [40-42]; the
Q-quark serves as another static well potential and combines
with the light antiquark ¢’ to form a heavy antidiquark D_, o
[20 27,37-39], or combmes
with the light quark ¢ to form a heavy meson in color singlet
(meson-like state in color octet) g + QO — Qg (Q1%q) [40—
42], where the i is color index, the A% is Gell-Mann matrix.
Then

in color triplet ¢’ 4+ Q — D’

i i
Do+ D_, o
g’ Q + Qg — loose molecular states,

7’20 + 01%g — molecule-like states, (25)

— compact tetraquark states,

the two heavy quarks Q and Q stabilize the four-quark
systems ¢¢’Q Q, just as in the case of the (u"et)(ute™)
molecule in QED [43].

In Refs. [20,27,31,37-42], we study the acceptable
energy scales of the QCD spectral densities for the hidden
charm (bottom) four-quark systems gg’ 00 with the QCD
sum rules in detail for the first time, and suggest the formula

w= M}y, — QMg)?, (26)
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Fig. 1 The predicted masses with variations of the Borel parameters 7' and the energy scales

to determine the energy scales, where the X, Y, Z denote
the four-quark systems, and the My denotes the effec-
tive heavy quark masses. In Refs. [31,37-39], we obtain
the optimal value of the effective mass for the diquark—
antidiquark type tetraquark states, M, = 1.8 GeV. Recently,
we re-checked the numerical calculations and found that
there exists a small error involving the mixed condensates.
The Borel windows are modified slightly and the numerical
results are also improved slightly after the small error is cor-
rected, the conclusions survive, the optimal value of the effec-
tive mass is M. = 1.82GeV for the diquark—antidiquark
type tetraquark states. In this article, we choose the value
M, = 1.82GeV.

First of all, we assume that the Y (4260) and Y (4360)
are the ground state vector-tetraquark states, the energy gap
between the ground states and the first radial excited states
is about (0.4-0.6) GeV, just like that of the conventional
mesons. In case I, the Y (4260) is the ground state vector-
tetraquark state; in case II, the Y (4360) is the ground state
vector-tetraquark state.

In Fig. 1, we plot the masses of the vector-tetraquark
states with variations of the Borel parameters 7% and energy
scales u for the continuum threshold parameters s?, 4260) =
23 GeV? and s3(4360) = 24 GeV?, respectively. According
to the formula in Eq. (26), the energy scales [y 4260) =
2.2GeV and pyuzen) = 2.4GeV are the optimal energy
scales. From Fig. 1, we can see that the masses decrease
monotonously with increase of the energy scales at the value
T? > 2.7GeV?. However, it is impossible to reproduce
the experimental values even if much larger energy scales
are taken, the QCD sum rules do not support assigning the
Y (4260) and Y (4360) to be the vector-tetraquark states.

In the conventional QCD sum rules [32-34], there are
two criteria (pole dominance at the phenomenological side

and convergence of the operator product expansion) for
choosing the Borel parameters 7% and continuum thresh-
old parameters so. Now we assume the tensor current cou-
ples potentially to the vector-tetraquark state Y (4660) and
the axialvector-tetraquark state Z.(4020), and search for the
Borel parameters 7' and continuum threshold parameters so.
The resulting Borel parameters, continuum threshold param-
eters, energy scales, pole contributions, and contributions
of the vacuum condensates of dimension 10 are shown in
Table 1.

Then we take into account all uncertainties of the input
parameters, and obtain the values of the masses (and pole
residues) of the axialvector- and vector-tetraquark states,
which are shown in Fig. 2,

Mz, 4020) = (4.01 0.08) GeV,

Az.4020) = (7.31 £0.99) x 1073 GeV*, (27)
My 4660) = (4.66 = 0.09) GeV,
Ayweso) = (1.33 +0.15) x 1072 GeV*. (28)

The present prediction Mz 0200 = (4.01 £0.08) GeV
is consistent with the experimental values My 4005

(4026.3 + 2.6 £ 3.7)MeV, M= 40y = (4022.9 +
0.8 £ 2.7) MeV, M z04020) = (4023.9 £ 2.2 £ 3.8) MeV,
M z0(4005) = (4025.5439 4 3.1) MeV from the BESIII Col-
laboration [5—8], which favors assigning the Z.(4020/4025)
to be the J¢ = 17~ diquark-antidiquark type tetraquark
state. In Ref. [20], the contributions of the vector- and
axialvector-tetraquark states are not separated explicitly, the
prediction Mz, (4020/4025) = (4.02f8:8§) GeV is consis-
tent with the present value Mz, 4020y = (4.01 £0.08) GeV,
which indicates the contamination from the vector-tetraquark
state Y (4660) is small, as the energy gap My 4e60) —
Mz, 4020y ~ 0.65GeV. The present prediction My 4660) =

@ Springer
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Table 1 The Borel parameters, continuum threshold parameters, energy scales, pole contributions, and contributions of the vacuum condensates
of dimension 4 and 10 for the Z.(4020) and Y (4660)

T2(GeV?) 50(GeV?) 1w(GeV) Pole | Dy4| Dio
Z.(4020) 3.2-3.6 21.0+1.0 (40-61) % 1% <1 %
Y (4660) 3.5-39 26.5+ 1.0 (46-64) % (1-2) % <1 %
4.8 T | T | T | T | T | T | T | T | T | T | T | T 5.6 T I T I T I T | T | T | T | T | T | T | T | T
46 . 54 - .
44 L - 52 .
42+ A 5.0 | .
> 40T Tt 7'—_—________;_'_;:_':_'_:_'_'? S sl _____ -
0] i 0] | T T T T o mm e mm - == :
Q 38 1 Q wefC - - - - - - == ]
= S ]
36} - 44 L -
—— Central value —— Central value
34 - - - Upper bound ] 42 - — - Upper bound ]
Z(4020) PP - Y(4660) PP ;
32| —-—- Lower bound . 4.0 —-—- Lower bound
3.0 - - - -- Experimental value | | 38 - - -- Experimental value |
28 I PR SR [T T N T [N TR ST AT NN T NN N 36 [ P R NI [T NN T NI T NI ST NI
3.0 3.1 32 33 34 35 36 3.7 38 39 40 41 42 32 33 34 35 36 3.7 3.8 39 40 41 42 43 44

T’ (GeV?)

T’ (GeV?)

Fig. 2 The masses with variations of the Borel parameters T2 for the tetraquark states Z.(4020) and Y (4660)

(4.66 = 0.09) GeV is consistent with the experimental value
Myues0y = (4665 = 10) MeV within uncertainty [36],
which favors assigning the ¥ (4660) to be the vector-diquark—
antidiquark type tetraquark state.

Now we can see that all the three diquark—antidiquark
type currents C® y,,C, Cys ® 5y, C [23,24,26,27], Cy, ®
»wC —Cy,®y,,C, couple potentially to the vector-tetraquark
state Y (4660). In Ref. [25], Chen and Zhu observe that the
CyY ® 0,,C type current also couples potentially to the
Y (4660). The interpolating currents of the types
C®yuC, Cys®ysyuC, Cy'®@ouC, (29)
have unstable diquarks, such as the pseudoscalar C, vec-
tor Cy,, ys, tensor Coy,, diquarks, and couple potentially to
the tetraquark states with the additional P-wave [44,45]. In
this article, we observe that the Cy, ® »C — Cy, ® v, C
type current without unstable diquarks also couples poten-
tially to the vector-tetraquark state with the additional P-
wave, however, the large mass (4.66 = 0.09) GeV disfa-
vors assigning the Y (4260) and Y (4360) to be the vector-
tetraquark states. In Refs. [44,45], the Y (4260) is identi-
fied as the Cys @ ysC type vector-tetraquark state with an
additional P-wave. On the other hand, we can also construct
the Cyy ® 9, y“C type and Cys ® 9, y5C type diquark—
antidiquark currents to interpolate the vector-tetraquark
states [21,22].

@ Springer

3 QCD sum rules for the Y (4260) and Y (4360) as mixed
charmonium—tetraquark states

Now we take the Y (4260) and Y (4360) to be the mixed
charmonium-—tetraquark states, and we study the masses and
pole residues with the QCD sum rules. First, let us write down
the interpolating current,

Juv(x) = 10 (x) cos 6 + % (qq) c(x)opvc(x) sind,  (30)

where the 6 is the mixing angle, the %(ch) is normalization
factor [46]. The calculations can be carried out straightfor-

wardly with the simple replacement
mw(X) - Jp,u(x) (31)

in the correlation function IT g (p) in Eq. (1). The resulting
QCD sum rules are

M2
2 ag2 Y
Ay My exp <_F>
S0
=/ ds
4m?

. s
+sin% 6 ,02(5)] exp <_ﬁ> ,

[cos2 0 py(s) + 2sin O cos b py,, (s)

(32)

where the py (s) is the QCD spectral density of the tetraquark
component shown in Eq. (18), and
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50(GeV?) w(GeV) Pole | Dy4| Do
23.0+ 1.0 22 (40-63) % (2-3) % <1%
24.0+ 1.0 2.4 (42-64) % 2 % <1%

Table 2 The mixing angles, P TZ(GCVQ)
Borel parameters, continuum
threshold parameters, energy Y (4260) 5.84° 2933
scales, pole contributions, and R
contributions of the vacuum ¥(4360) 5.61 3.1-3.5
condensates of dimension 4 and
10 for the Y (4260) and Y (4360)
(q9)(q8;0Gq) [yf
— S d
pm(s) = p2(s) + 442 y
~2
[1+—Ca<s— 3)}, (33)
) = 997 / ~dy [y = s +m? ]
1272 J,, ¢
@Cﬁz asGG ! 1 l”?l% ~)
T\ )y Y\ gz) i )
m2(qq)* ;GG
+ 7272 bid
! 1
x/dy —+ }5@ m?)
0 y: o (1—y)? ¢
L metq)? [4,GG /ldy -y,
10872 b1 0 y2 (1 —y)?
~2
x (1 - %) 5(s — m2), (34)
_ 14+4/1-4m2/s _ 1—4m2/s ~o w2
Y= — =2 ¥ = 772 "M = 505

fyyif dy — fol dy, when the § function § (s — 7ii2) appears.

We differentiate Eq. (32) with respect to %, then eliminate
the pole residues Ay, and obtain the QCD sum rules for the
masses of the mixed charmonium—tetraquark states,

We take into account all uncertainties of the input parame-
ters, and obtain the values of the masses (and pole residues) of
the Y (4260) and Y (4360) as mixed charmonium-tetraquark
states, which are shown explicitly in Fig. 3,

My @260y = (4.26 £0.11) GeV,
Aya60) = (6.72 4 1.33) x 1072 GeV*, (36)
My w360 = (4.36 £ 0.10) GeV,

Ay 360) = (8.32 4 1.36) x 1073 GeV*. (37)

The prediction My 4260y = (4.26 == 0.11) GeV is consistent

with the experimental value My 4260y = (4259 + 8fé) MeV
[1], which favors assigning the Y (4260) to be the mixed
charmonium-—tetraquark state. On the other hand, the predic-
tion My 4360y = (4.36 £0.10) GeV is consistent with the
experimental value My 4360y = (4361 =9 + 9) MeV [2,3],
which also favors assigning the Y (4360) to be the mixed
charmonium—tetraquark state. In the two cases, cos?6 =~
0.99, the dominant components are the tetraquark states,
2sinfcosf = 0.20 or 0.19, the mixing effects are also
considerable. In Ref. [26], the tetraquark component of the
Y (4260) is about sin? 6 ~ 0.64, the conclusion is quite dif-
ferent from the present work. The difference maybe originate
from the interpolating currents and the truncation of the oper-
ator product expansion.

My =

4m2 ds —— e 1/T2) [cos 0 py(s) + 2sinf cosb p, (s) + sin? 6 ,02(5)] exp ( )

Ly 2 ds [cos? 6 py (s) + 2sin 6 cos O py (s) + sin® 0 pa(s)] exp (—%)

(35)

In case I, we take the Y (4260) as the ground state mixed
charmonium—tetraquark state, and choose the optimal energy
scale u = 2.2GeV. In case II, we take the Y (4360) as
the ground state mixed charmonium-tetraquark state, and
choose the optimal energy scale © = 2.4 GeV. Then we
impose the two criteria (pole dominance at the phenomeno-
logical side and convergence of the operator product expan-
sion) of the QCD sum rules on the Y (4260) and Y (4360),
and search for the mixing angles 6, Borel parameters 72,
and continuum threshold parameters so. The resulting mix-
ing angles, Borel parameters, continuum threshold parame-
ters, energy scales, pole contributions, and contributions of
the vacuum condensates of dimension 10 are shown in Table
2. From the table, we can see that the two criteria of the con-
ventional QCD sum rules can be satisfied, so we expect to
make reasonable predictions.

4 Conclusion

In this article, we construct the axialvector-diquark—axial-
vector-antidiquark type tensor current to interpolate both the
vector- and the axialvector-tetraquark states, then we cal-
culate the contributions of the vacuum condensates up to
dimension 10 in the operator product expansion, and we
obtain the QCD sum rules for both the vector- and the
axialvector-tetraquark states. In calculations, we use the for-

mula p = \/ M)z( 1Y)z~ (2M,)? suggested in our previous
work to determine the energy scales of the QCD spectral
densities, which works well. The numerical results support
assigning the Z.(4020,/4025) to be the J ¢ = 17~ diquark—
antidiquark type tetraquark state, and assigning the Y (4660)
to be the JP¢ = 17~ diquark—antidiquark type tetraquark
state. Furthermore, we take the Y (4260) and Y (4360) as the

@ Springer
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Fig. 3 The masses with variations of the Borel parameters T2 for the Y (4260) and Y (4360) as mixed charmonium—tetraquark states

2

m; OthG/ Z y
— dvdz [ = + 2
4608n4< - > yz(y2+zz>

mixed charmonium—tetraquark states, introduce the mixing
angle and construct the two-quark—tetraquark type tensor cur-
rents to study the masses and pole residues. The experimental
values of the masses can be reproduced with suitable mixing
angles, the QCD sum rules support assigning the Y (4260)
and Y (4360) to be the mixed charmonium—tetraquark states.
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Appendix

The QCD spectral densities py (s) and pz(s),

1 2
—— [ dydzyz(1 —y —2)° (s —m?>
6144716,/ ydzyz( =y =2 (s —mc)
x (355% — 18sim2 — i)

—— | dyd 1—y—2)>
+6144n6/ ydeya=y=2)
< (s —m2) (95 —72)

"13“2(:? /dydz G+ —y—2) (s —m2)

2
mg ;GG /' Z y
460874 < T > e (y2 * 22>

4
x(1 —y—z)3{4s+m§+3s25(s—mf)}

py(s) =

@ Springer

x (1

+ 1843274

—y—2?*(3s —m?)

: <aSGG>/dydz y+2)(1—y—2)?

x (95s% — 120572 + 337, )

1

G>fdydz(y+z)(1—y—z>

|
S
—_~
W

&

|
L»J

;)
! <aSGG>/dydz(1—y—z)3
T

8294477
x (35s% — 24sm?2 — 3m;)

460874

x (s =

276487'(4

x (s =

1 s
<a‘ GG>/dydz yz(l—y—2)

) 5s—3m)

(
<O‘AGG> dydz (1 — y — 2)2
(

m2) (13s — 5m?)

T

OlSGG —2\2
4608714 < - >/dydz yz (s —m7)

—M/dydz (y+2) (s _mg)

644

me(q8s0Gq)

T /dydz(l —y—2) (s —m)

me(qq)* / dy
1272
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2/= 12
g:(aq) oy, 4 —2
+]Y296n4/dydzyz{(4+mc)+3s 5(s—mc)

2/5.\2
8:(q9) / 3
+ dy y(1 —y) (3s —m

38807 ) Y0 =0 (s )

2,7 \2

gs<qq)/ z .y —
dydz(1—y—o (242 -

+3888n4 ydz(1—y z){(y + Z>9(S m;)

+<;2+Zy2> m2[5+s8(s —m2)] - (y+2)

x [(24s — 6m2) + 458 (s — m%)]}

2/ .1\2
85{qq) /
—Ss 2 dydz (1 —y —
1166474 yde(d =y =2)

Z y — 4 y
X m?[4+8s8(s—ﬁ§)]+(y+z)

x [12s + 3m2 + 4526 (s —mf)]}

Aqq) [asGG / y z 1 1
dydz (& + = + = + —
28872 \ 7 Yelmztateta

y
{qq) [asGG / )
— dydz {14+ =56 (s —
96ﬂ2<n>yz + =58 (s )
+mc(‘§Q> a;GG
86472 T
1 1
/dydz{y+z+(+)(l—y—z)}
z Yy y oz
me(qq) [asGG /
d
+5767Z2< b Y
205 \/= 1
mg(qq){qgs0Gq) s ~2
+—24n2 A dy(l—}—ﬁ)(S(s mc)
(Gq)(qgs0Gq) [ )
EEECI R A dyer(s—mC)
m;(GesoGq)? ' >
_ 6192712T67/0 dys 8(s—mc)
m o, GG 1 ~
S (s —
+ 216T4 < > { 3 (1—y)3} (s = e

aSGG
72T2

( a;GG
(29 -

(Ggs0Gq)* 2s ~2
3847277 / dys (1 + o72 ) (s — mc)

pz(s) =

1 1 ~
{2 (1 y)z}a(s_mg

2/5.1\2 1
mz{qq)” [a;GG / 2 ~2
- dys28 (s — i2), 38

216T6< x ) 7 (v =) (38)

22
302856 / dydz yz(1 —y — 2)* (s —m2)

x (21s% — 14sm?2 + m})

1 4
- dydz yz(1 —y — 2)> (s — m>
2048716/ ydzyz(l —y = 2% (s — )
me(qq) —=2
~ S5 fdydz(y+z)(1—y—z)(s—mc)
x(3s—ﬁg)

2

m; aSGG/ z y 3
— EA VG I
1536n4< . > dydz(y 22>( y=2)

X {4s—m3+§s28(s—mf)}

m?  [a;GG Z Yy 2
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T
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+13824n4< 7 >f ydeyel =y =2)
x (255% — 24sm> + 3m;)

T

T

1 [a,GG )
S dydz(1—y —
+9216n4< 7 >/ yde(l =y =2
x (s —m2)’

1 o, GG
——(222) [ dyd —m?) (135 — 5
+13824714< P >/ ydzyz (s =) (135 = 5m)
me(98:0Gg) /dydz (y +2) (25 — 2

64m* ¢
me(qgs0Gq) —2
_Wfdydz(l —y—2)(2s —my)

2/=.1\2
mL-(qq)/
d
T2 Y

2/5 2
85499) —oy 2 —
+ 232#‘ /dydzyz{(4—m%)+3s26 (v—m%)}

2/ .1\2
854qq) >
- dy y(1 — —m

12967‘[4 / yy( y) (S C)

@ Springer



387 Page 10 of 10

Eur. Phys. J. C (2016) 76:387

&5 {qq)

oy 2L _ 72
38884/dydz(1 y Z){(y+z>9(2s mc)

(i)
x mZ[5+4s8 (s —m2)]+ (v +2)
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