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Analysis of the strong decays of the Y (4660) in tetraquark scenario via the
QCD sum rules”
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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 Y(4660), 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, 61.5+7.3MeV, is in excellent agreement with the experimental data for the

Y(4660), supporting its interpretation as a [sc][5¢] tetraquark state with J7¢ =17,
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I. INTRODUCTION

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 Y(4660) in the tetraquark scenario.

The Y(4660) was first observed by the Belle collabor-
ation in the process e*e” — n*x y(2S) in 2007 [2] and
was later confirmed by the Belle, BaBar, and BESIII col-
laborations [3—5]. The masses and widths of the Y(4660)
and related states from different experiments are presen-
ted in Table 1.

In 2008, the Belle collaboration reported a measure-
ment of the exclusive process e*e” — AYA. and ob-
served a significant structure, which was denoted as
Y(4630) [6]. Owing to their similar masses and widths,
the Y(4630) and Y(4660) are regarded as the same state
by the Particle Data Group [1] and several groups
[10—12]. However, the BESIII collaboration studied the
process ete” — AFA; with higher statistics in 2023 [7],
and the measured cross section indicated no enhance-
ment around the Y(4630) structure, which is significantly
different from the Belle result [6].

In 2019, the Belle collaboration studied the e*e™ —
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D?D,;(2536)" cross section and observed a charmonium-
like state, Y(4626), with a measured mass and width close
to those of the Y(4660) [8]. This was the first discovery of
a Y state around 4.6 GeV in an open-charm channel.
Later, the Y(4626) was also confirmed in the e*e™ —
DD, (2573)" channel [9]. If the Y(4626) and Y(4660) are
the same state [1], it could be assigned as a [sc][5¢] state
according to its decay into a D} D7, pair.

On the theoretical side, after its discovery, the
Y(4660) was interpreted as a ¢’ f;(980) molecular state
[10, 13—15], a tetraquark state [11, 16—28], a hadro-char-
monium state [29], ¥(5S) [30—33], ¥(6S) [34, 35], and so
on.

In Ref. [36], the authors studied the mass spectrum of
prospective hidden-bottom and hidden-charm hexaquark
states via QCD sum rules and found that the Y(4660) is
close in magnitude to the A A, -type baryonium state. The
A A.-type baryonium states have been studied in several
works [37—40]. In Ref. [41], we also studied A A -type
baryonium states via QCD sum rules and obtained a con-
clusion consistent with that of Ref. [36]. The interpreta-
tion of the Y(4660) in the baryonium scenario provides
meaningful insight into understanding the Y states.

In Table 2, we list the predictions for the masses of
the Y(4660) in the framework of QCD sum rules, which
have achieved several successes in the study of exotic
states [42—44]. It is clear that the experimental mass of
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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 ete” = ' y(2S) Belle[2]
2008 Y(4630) 463478+ 92+40+10 ete” - ATAD Belle[6]
2023 not seen not seen BESIII[7]
2012 Y (4660) 4669 +21+3 104 +48+10 ete” = yY(2S)mt ™ BaBar[3]
2014 Y(4660) 4652+10+8 68+11+1 ete” = Y (2S) Belle[4]
2019 Y (4626) 4625.9*¢2+0.4 49.87132+4.0 e*e” — DD, (2536)" Belle [8]
2020 Y(4626) 4619.8*53+2.3 47.01313 £4.6 ete” — DYD,(2573)" Belle [9]
2021 Y(4660) 4651.0+37.8+2.1 155.4+24.8+0.8 ete” -t Y(3686) BESIII
2023 Y(4660) 4675.3+29.5 218.3+72.9 ete” —» DD n* BESIII[S]
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 », and No indicates that the vacuum condensates of dimension n’

are not included.

Structures OPE (No) mass/GeV References

Y(4660) W’ £5(980) 10 4.71 [15]
6 4.67 [14]

Y(4660) [scls[5¢]y + [sclvl5Es 8(7) 4.65 [16]
10 4.68 [21]

Y(4660) [scl[5¢1a — [sclal5cly 8(7) 4.64 [18]
Y(4660) [gclslgcly + [gclvigels 8(7) 4.64 [18]
Y(4360) [gclsgcly +[gclvigels 10 4.34 [23]
Y(4660) [sclp[5€]s — [sclalsE]lp 10 4.70 [24]
4.66 [23]

4.66 [24]

Y (4660) [gclplgcla —[gclalgc]e 10 4.59 [23]
4.66 [26]

Y(4660) [gclalgela 10 4.66 [25]
4.69 [26]

Y(4660) [scls[5¢ls 6 4.69 [19]
Y (4660) [scl;{5¢ly + [selv[5Tl; 10 4.65 [27]
Y(4660) [scls[5¢ly — [scly[5¢cls 10 4.68 [27]
Y(4660) AcA, 12 4.78 [36]
Y(4660) AA. 16 4.68 [41]

the Y(4660) can be reproduced with different structures;
thus, we should explore its decay widths to shed light on
its nature. Alternatively, the Y(4660) might have several
important Fock components, such as molecular and tetra-
quark components, and embody their collective effects.
Considering that the Y(4260) and Y(4660) decay into
J/yntn~ and ¢y (2S)n*n~, respectively [2, 45], one might
assign the Y(4660) as the radial excitation of the Y(4260)
[22]. However, the process Y(4230) — ¢(2S)n*n~ was ob-
served by the BESIII collaboration [46—47]. In Ref. [48],

we investigated the ground states and first radial excita-
tions of the vector hidden-charm tetraquark states with an
explicit P-wave via QCD sum rules. The results support
assigning the Y(4260) as the 1P tetraquark state, leaving
no room to accommodate the Y(4660) among the first ra-
dial excitations.

In Refs. [23-25, 48—50], 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 Y(4660) as the [sc]p[5¢]a—
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[sclal5¢]p type tetraquark state. In Ref. [51], we studied
the decay behaviors of the [sc]p[5¢]4 — [scla[5¢]p type tet-
raquark state. Later, in Refs. [26-27], we took the scalar
(8), pseudoscalar (P), vector (V), axial-vector (A), and
tensor (A,V) (anti)diquark operators as the elementary
building blocks to construct local four-quark currents
with or without hidden strangeness in a comprehensive
and consistent way, and updated the previous calcula-
tions. The A and V denote the J* =1* and J* = 1~ com-
ponents of the tensor diquarks &7¢}Coc, or
s"f"qu.CaW%ck. We studied the mass spectrum of those
tetraquark states with J¢ =17~ and 17* in detail and re-
visited the assignments of the Y states. The results favor
assigning the Y(4660) as the [scl:{3C]y +[sclv[5¢]5,
[scls[5ck; — [scly[3¢]s , [uclpluc] + [delpldc]s — [uclalac] p—
[dclaldclp, or [uclaliac]a + [dclalde]a type tetraquark state.

In the present work, we take these four tetraquark
configurations into account to explore the strong decay
behaviors of the Y(4660). We study the hadronic coup-
ling constants and partial decay widths of the two-body

ijk nimn

strong decays, which can occur through the Okubo-
Zweig-lizuka  super-allowed fall-apart mechanism
without annihilation or creation of a quark-antiquark pair.
Specifically, we take into account the channels Y —
DDy, DDy, Dy, Dy, DisoDyyys DisyDisy, 1.0($(1020)),
Jpw($(1020)),  xow($(1020)),  x.1w(¢(1020)), and
I/ fo(500)(fo(980)).

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

II. QCD SUM RULES FOR THE HADRONIC
COUPLING CONSTANTS

We choose the following four tetraquark currents with
quantum numbers J*¢ = 17~ to study the Y(4660):

JA0 = T[] (Ce (0 ()7, C8 () + d] (OC D (07, CEL () = ] (CY, (D (DT (2)

—d! (x)CY, (), ()CEL ()] (1)
0 = L (e (7, CE () + A Ok (W03, CE () (I RNt (217, CE ()

— dT()Cy, (N dn(x)7,CEL (1)), ®)
IV = iji/zim” (57 (T Y5k (D5 (7Y CET (1) + 5T (ICY Y5 eu (D550 CEL ()] (3)
1) = i/z (57 (CYs )5 ()7 CEF (6) = 5T () ex (D505 CEL ()] (4)

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

TP (x) = E(x)iysu(x),
JP(y) = w(y)iysc(y),
TV () = 2(x)yqu(x),
I8 () = #()ype(y),

TP (x) = 2(xpu(x),

P (x) = E(0)yaysu(),
TP (x) = E(x)iyss(x),
JP(y) = 5(iysc(y),
TP (x) = E(x)yas(x),
I3 ) = 5()ype(y).
JP0(x) = 8(x)s(x),

TP (x) = 2(x)yayss(x),
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J" (x) = e(x)iysc(x),

T () = 5(3)yas(y),

T (x) = E(x)yac(x), JIOO () = a(y)u(y) +d(y)d(y) ’
J () = S, o V2
JPE0 () = 5()s() - (5)
J3(x) = e(x0)yaysc(x),
JO(>y) = HQ)Yat(Y) +d)Yad(y ), Now we introduce the following three-point correla-
¢ V2 tion functions to study the hadronic coupling constants
within QCD sum rules,
2P (p,g) = 1 / dhad'ye? e OIF {12017 6) 0} 10). (6)
5. (p.g) =12 / dixd’ye? e (OIT {77 (I O} 10), (7)
2. " (p.q) =1 / d*xd'ye”e O|T {J2" (0I5 I ©0)}10), (8)
o " (p.g) = / d'xd*yer e (O {J7(x)J2 (1) (0)}10), )
5" (p.g) = / dhxd'ye e (OIT {J2'(0)I°0I; O)} 10), (10)
e (p,g) = 12 / d*xd'ye” e (OIT {J% (0T (1), (0)}10), (11
0" (p.q) = i* / d*xdy e e O)T { T2 (x)J5 ()T (0) }10), (12)
™ (p,q) = i2 / d*xd*ye e (OIT {J* (x)J; (1), 7(0) } 10), (13)
™ (p.g) =12 / dhxd'ye™ e O {75 ()50 (0} 10), (14)
H(JYwaO(SOO)PA(p, C]) =i /d4xd4yei’"*eiq‘y o|Tr {J;/lﬁ(x)Jfo(SOO)(y)J:A+(0)} 0). (15)

We can obtain the other correlation functions by mak-
ing the following replacements: u — uv, PA — AA for the
current J2*; (D, D, D*, D*, Dy, D, o, fy(500)) = (D,
D, D, D}, Dy, Dy, $(1020), £0(980)), PA — AV for the
current J3"; and y—uv, (D, D, D*, D*, Dy, Dy, o,
fo(500)) = (Ds, Dy, Dj, D, Dy, D, ¢(1020), f,(980)),
PA — SV for the current J}, .

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,

O (OIS (p)) = foms ,

2
O OP() = 7

c

05 (0IAP)) = famaéa,
O, OIV(p)) = fymyée, (16)
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<0|J;}1)A/XV(O)|YPA/A~V(17/)> = Apajiv s
OUSTONY (00 = Ay s 8° P
OUSTONX () = A7 (8, — 80,
OV ONYan(p)) = Aaa (a0, = £:P))
O O)NXaa(P)) = Ana Erap D7, (17)

where £, and g, denote the polarization vectors of the
corresponding mesons or tetraquark states; S denotes the
scalar mesons, including Dy, Dy, x«, f0(500), and
/0(980); P denotes the pseudoscalar mesons, including D,
Dy, and 7. (note that we should make the replacement
m. — m. +my for the D, meson and m, — 2m, for the 7,
meson); 4 denotes the axial-vector mesons, including D;,
Dy, and y.;; and V denotes the vector mesons, including
D, Dy, J/y, o, and ¢(1020). The X44 and X+ denote tet-
raquark states with J” =1, which can couple to the

currents J44 and J,, respectively. Furthermore, the had-
ronic coupling constants are defined as follows,

(D(P)D@)|Ypa(p)y =i(p—q)-£Gpppa

(D(P)D(PIY 44 (")) = =i(p—q)-Gppan»
(D(p)Dy(@Y5,(P ) =(p-9)-€Cp , 5,
DY () = i(p~q) G 7 (18)

(D*(p)D(@Ypa(p)y = = 3“’)01915:17,’350 Gpppras

(D" (PID(@)NYar(p") = ~ 1" paé;peo Girpans

(DYDY, (P = =& pa&ipes G p 3

Dy (PIDL@IY (P = =i paips G s
(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 [52-53]:

22" (p,g) = Tppea(p™. P> 4%) (@ = p),+ -+, (20)
12.2"(p,q) = Tp-ppa (P, P*. %) (—i€auieq7) +++

(21)
2L A (p.g) = Tpeppa(p 07,47 (—8appu) ++++» (22)

207" P4(p, q) = Tpyppa (P, P2 ) (—igeul @) ++++

(23)
2P (p,q) = Tp,ppa(p™, P, q°) (igay) +++ (24)
7" (p,q) = My ora (P2 72 @) (Sauaep'q7) ++++1 (25)
L (9,q) = Wyura (P, P74 (i8apDy) +++ s (26)
TP (p,q) = Ty oora (P, P2 0) (Qaps) +++ 27)
H)((y;flﬂwm r.q) =HXC]U)PA(p/27p2’q2) (—ié‘aﬂmplp . q) +e,

(28)
I %0 (p,g) = Ty pysonpa (P, P, 4°) (=8aw) +++-

(29)

The other correlation functions for the currents J42, J;",

and J,fyv are presented in Appendix B. In the above equa-
tions, the scalar invariant components are expressed as
follows:

/lDDPA
(my — p?)(mj, — p2)(mp, — %)
CDDPA
+ . 30
D — PP~ ) 30

HDDPA(P’z,Pz,C]z) =

/ID*DPA
(m3 — p)(m3y. — p*)(m3 - q*)
CD*DPA
+ +-e, (€28
(m3y. — p*)(m},—g*)

HD*DPA(P’Z’PZJZ) =

Ap-prpa
(my = p)(mp. — p*)(mp. —q*)
Cheppa
+ 5 — 2 5 _ 2 + s ,
(mp. — p*)(mp. —q°)

HD*D*PA(P,Z’PZ,CIZ) =

(32)

/lDOD*PA
(my = p')(mp, = p*)(mp. — q*)
CD D*PA
+ — 20 —— +oen,
(mp, — p*)mp. — q*)

HDOD*PA(P/Z,Pz,CIZ) =

(33)
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Ap,ppra
(my — p?)(mp, — p*)(mp—q?)

p,pea(p”, p7.q°) =

Ch,ppa
+ e, 34
(mp, — p*)(mp—q*) G4

/l .wPA
,,0ra(p”.p%.4%) = Tle
n (m3y = p)m;, = p*)mg, = *)
Cr] wPA
+ e +oen, (35)
(m3 — pH)(m% - g*)
Wypora(p”,P%.q°) = Ayjyopa
=Y = PP = )
Cf/l//wPA
+ + LRI (36)
(m3,, — pH(m2 — %)
A wPA
I, (Plz,pz,qz) = X0
Y cowPA (m%; _plz)(m)zm _pz)(mz) _ 612)
C)( owPA
+ c +een, (37)
(m)z(co = pA)mg, —q*)
/l 1wPA
I W (P'Z,pz,qz) = Xel
el @PA (3, — pY(m2, — pP)(m2 — )
CX 1wPA
> o 38
(m2, - p>)(m2 - q7) (38)
Ly ps00pa (P, P70 47) = — - /12//¢f0(50(;)PA i 2
(my—p )(m]/w -p )(mfo(SOO) —q?)
Cryfos00Pa o
(3 = PP 500) = 4°)
(39)

By making the replacement PA — AA, we can obtain
the corresponding scalar invariant components for the
current J/'. With the replacements (D, D, D*, D*, Dy,
D, w, f,(500)) — (D, D, D, D%, Dy, Dy, ¢(1020),
£0(980)) and PA — AV(SV), we can obtain the corres-
ponding scalar invariant components for the current
IV,

Since both currents J;* and J3) can potentially
couple to the tetraquark states with the quantum numbers
JP€ =17 and JPC = 17", we cannot clearly eliminate the
contamination from the axial-vector components in the
Yin = DoD*, Yas = D\D, Yapn = xoow, Yas — J1¢ fo(500)
and Y — n.¢ channels in the calculations. Therefore, we
parameterize the contributions of the axial-vector com-

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

p,praa (P’z’ Pz’ qz)
_ /lDoD*AA
(m} = p?)md, — P (md. — )
Cpopraa
(mp, — p(mp. —q?)

/_l[_)gD*AA
+ +oe, 40)
(my = p)(mp, — p*)(mp. — ) (

HDIDAA(P’Z,P2’QZ)
_ Ap,pAa
 (my = p)(mp, = pmp —¢?)
Cl_)lDAA
(mp, — p2)(mj, —q*)

;]'D]DAA
. 41
(mg — p)(mp, — p*)(mp, —g?) “h

Iy gwan (Plz’ pz’ 612)
_ /l)((owAA
(m} - pH(m2 - pP)(md — )
N Cpwna
(m2 = pH(mZ —q?)

/’q/ QWAA
+ : +--- 42
(mx — p)(m3 = pP)(m — q%) )

s s00aa (P, P 40%)
_ A1y fo 500044
 (my— pAm3y, — P 50— 1)
Cl/lllfo (500)AA
(m3y, — P)(m, 500, — %)

/_11/ ¥ fo(S00)AA
+ +eee, (43)
(mg( - p’z)(mg/w - Pz)(m})(som )

I, P )
— Anrfﬁsv
(my — p?)(m};_— p*)(mg—g?)

+ Cm-¢57
(m2 = p*)(m5—q°)

/1 ~
+ 1954 ool 44
(mg — p»)(m2, — p*)(my —q*) ‘9

In the above equations, we introduce the following
notation to simplify the formulas.
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2.4

mp
Abppa = 72/1PAG[)DPA5
c
2
Jo-mp- fpmy,
Apppa = TAPAG[)*DPA,
C

— £2 2 _
Ap-pra = Jp-Mp-ApaGpppas

Apop pa = fo,Mpy fo-Mp- ApaGpypepa »

2
Apyopa = 1200 45
P\DPA = " rAGDH,DPA 5 (45)
(o
2
_ fmmmfwmw
/ln( wPA — m /lPAGm»wPA >
C

m My,
Asppwra = Frpmap foModpaGryora | 1+ mi(; 2
v v

AXcowFA = f;(comxcofwmw/lPA G)(L.UwPA s

Ayawra = FraMyy foModpaGy,wpa s
Aty fos00pa = Fr10mMa1y S 5000 M 15000 APa G 11 fy500)PA -

(46)

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

tion for the currents J;, JAV and J3,, except for

Aspworn = Frumypy fomodanGijpoan s

e
SV 2m, SV n.psV?
sy = fJ/me/wfzzmeSVG ToesT
Ayrgsv = Jram o Jomsd5G o> (47)

and the notation for the axial-vector components is

- 3 3 - A
Apypraa = fDomDOfD* mp:AaaGpypeaa »

4
s _ fD]mD,fDmD/—1 Gn
D|DAA — — AAYY D DAA »
me
/lXCOwAA = f)‘(fo XrofwmwﬂAAG)(fowAA )

i foso0an = = Frumagu froso0Mh 500,444 G 1 fso0aa »

1 o D deme Y16 (48)

nedSA 2m, NS A

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

Ou(p?, p*.q%)

« < ® pH(S,’ S, u)
= ds’/ ds/ du , 49
/A;Z A2 A (s — P’z)(s - pz)(’/‘ - 612) “49)

where A2, A2, and A? 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,

pocp (P2, 8, 1)
HQCD(p ,P »q )_/ dS/ (SQC];z)(M qZ) (50)
as
I H ’ . 2 2
lim, o o HIEPLT) (51)

/e

The triple dispersion relation in Eq. (49) on the had-
ron side cannot be matched with the double dispersion re-
lation in Eq. (50) on the QCD side. Therefore, we should
first perform the integration over ds’ and then match the
hadron side with the QCD side below the continuum
thresholds to obtain rigorous quark-hadron duality [51,

54],
Pacp(p’?, s, u)
/Az ds/ -

/ ds / du / dy | 62)

p)(s=p*)u—q°)

where s, and u, 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 s’ channel and the ground-state
conventional meson pairs. We take the parameter Cpppy
in the Yp, — DD channel as an example.

pu(s',mb,m})

Ch =/ ds’ s
Sy T (v =my) (PP - m) (% - mb)

where s; is the continuum threshold parameter for the
ground state, and py(s’,m},m3) is the formal hadronic
spectral density for transitions between the higher reson-
ances (continuum states) in the s channel and the
ground-state meson pairs DD. 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 s, and u, respectively, whereas in
the s’ 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 Cppps to paramet-
erize the contributions involving the higher resonances
(continuum states) in the s’ channel, which results in

(53)
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model dependence. At present, we have no choice but to
accept this model dependence. For more detailed discus-
sions, the reader is referred to Sec. 7 in Ref. [42].

Then, we set p?=p? in the correlation functions

/lDDPA

2 oo (72) - (-72) e (- 72
mi —m3 P\"72 AN P

(p?, p*,q*), perform the double Borel transformation
with respect to the variables P? = —p? and Q? = —¢?, re-

spectively, and set the Borel parameters 77 = T22 = T2 to
obtain the QCD sum rules,

mp mj CD
) +Cpppa €Xp ( T T—’;) I 5ps (T2, (54)

In the following, we illustrate the QCD side of the QCD sum rules for the Y, — DD channel as an example.

QCD 2
H5ppa (T7)

2 s+m;\ _ (48,0Gq)
X (s m) eXp(_ T2 )‘ 3847

m,

- s+u (f]‘]>
1—— 1——'
128714/ ds/ du ( )’“’XP< T2) 167
2 2 2
Ddu(l—@)<3+5m">exp(—u+m6)+
2 u u T2

2 2
ds(l_%)
S

m*(gg,ocGq)
64m12T*

0

59 2\ 2 2
D m; u+m;
X du\1-— ] uexp(-——5+) -
m2 u T

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.

In the calculations, we neglect the gluon condensates
due to their tiny contributions [51, 54]. In addition, end-
point divergences appear in some channels at the
thresholds s =m?, s=4m? and u=m? due to the factors
s—m?, s—4m? and u—m? inthe denominators. The re-
placements s—m? — s—m?+A?, s—4m? — s—4m>+A?
and u—m?> > u-m?>+A? with A>=m> are adopted to
eliminate these divergences, as in our previous works
[55-56].

III. NUMERICAL RESULTS AND DISCUSSIONS

The input parameters used in this work are listed in
Table 3. We set m, =m,; =0 and take the MS masses
my(2GeV) = (0.095+0.005)GeV  and  m.(m.) = (1.275+
0.025)GeV from the Particle Data Group [1]. We also
take into account the energy-scale dependence of the va-
cuum condensates and the quark masses m, and m, using
the renormalization group equations.

(1GeV)| 757
(@)W = (@g)(1GeV) [M} B

a, ()
(1GeV)] 757
(G8,0G )W) = (q8,0Gq)(1GeV) {“;(:))} ;-
(52,0Gs)() = (5¢,0Gs)(1GeV) {QSS(JSV)} =y |

m*{gg,cGq) ( m? ) °D ( m? ) g ( s +m? )
98 2 Me M _SEme )
6472 T T2 /m% S\I=75) " ©3)

12
33-2ns
m&u) = mc(mc) |: CZ;(/J) } f ,
a(mc)
12
a(w) |
s =My 2GeV |:7 ,
) =mGGeV) s(2GeV)
() = 1|, bilogt b (log? 1 —logt— 1)+ byb,
' byt b2 t bir )
(56)
2 _2 1 _1
where f=1log ﬂ b0:33 ”f’ 1:53729nf’
5033 QCD 325 127 247
2857 - AT —n}
b = 12873 , Agep =210 MeV, 292 MeV

and 332 MeV for the flavor numbers n; =5, 4 and 3, re-
spectively [1, 65]. Specifically, we choose ny =4 for the
hidden-charm tetraquark states and evolve all the input
parameters to the typical energy scale u =1 GeV.

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
2X(qq)* with g=u, d or s [24, 66—69]. In the full light-
quark propagators, there are terms (g,y,q:;) [24, 66—69],
which absorb the gluons emitted from the other quark
lines to form (G;y,q:¢,D,G.s) and contribute to the four-
quark condensate g%(gq)>. The four-quark condensate

g%(gq)* originates from the terms (gGy.qg.D,Gi),
(q iDiDIDq;) and (g,D,D,D,q;) rather than from the ra-
diative O(w,) corrections to the four-quark condensate
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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 u=1GeV.

Parameters Values/GeV Parameters Values [57] Parameters Values
Mgy 3.0969 [1] mp, 2.40GeV forts 0.215GeV [58]
my, 2.9839 [1] Mp,, 2.32GeV Sivs00) 0.350GeV [59, 60]
my 1.019460 [1] mp, 2.42GeV Sroos0) 0.180GeV [61]
My 3.41471 [1] mp,, 2.46GeV Apa 7.19%1072GeV° [26]
My 3.51067 [1] fo 0.208GeV Aaa 6.65%1072GeV® [26]
mp 1.86484 [1] Io, 0.240GeV U 1.23x107' GeV° [27]
mp, 1.96835[1] for 0.263GeV Agy 6.22x1072GeV® [27]
mp: 2.00685 [1] Jb; 0.308 GeV 50,50 (1.2GeVY? [58]
mp; 2.1066 [1] foo 0.373GeV 5% s00) 1.0GeV? [59, 60]
m, 0.78266 [1] Soy 0.333GeV 5% 080) (1.3GeVYy? [61]
MM ,(500) 0.550 [1] fo, 0.332GeV 9, (3.6GeV)? [1, 62, 63]
M y980) 0.990 [1] fou 0.345GeV s (3.5GeVY? [1, 62, 63]
My 4.66 [26] 5% 6.2GeV? o (3.9GeVY [1, 62, 63]
Myan 4.69 [26] 5D, 7.3GeV?2 v (4.0GeV)? [1, 62, 63]
MG, 4.65 [27] Sh 6.4GeV? (aq) —(0.24+0.01GeV)* [52, 53, 64]
My v, 4.68 [27] sy 7.5GeV? (35) (0.8=0.1)(gg) [52, 53, 64]
T 0.418 [62] 5D, 8.3GeV? (38.0Gq) m(Gq) [52, 53, 64]
Jae 0.387 [62] Sh 7.4GeV? (58,0Gs) m(5s) [52, 53, 64]
S 0.359 [63] 5h, 8.6GeV? mg (0.8+0.1)GeV? [52, 53, 64]
Fra 0.338 [63] s 9.3GeV? - -

(gq)*, where D, =0, —ig,G,. The strong coupling con-

2
stant @,(u) = gl(m
T

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 [42], but
we consider the energy-scale dependence of the input
parameters for consistency with our previous works [24,
66—09]. In Ref.[44], the vacuum condensates are taken at
the energy scale u=1GeV, while the c-quark mass is
taken as the MS mass m.(m.) 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 O(w,) corrections to the perturbative terms
and vacuum condensates, at least those to (gg), at the
same time if the next-to-leading contributions are re-
quired. Up to now, only the radiative O(«a,) corrections to
the perturbative terms have been studied partially
[70-72].

As we take the rigorous quark-hadron duality in the s

appears at tree level and is energy-

and u channels (see Eq. (52)), which correspond to the
traditional mesons, it is reasonable to choose the typical
energy scale u=1GeV as in the usual two-point QCD
sum rules. If we choose a slightly larger energy scale, the
integral ranges m?(u) — so/uo and 4m>(u) — so/uy would be
slightly larger; therefore, we expect a slightly larger had-
ronic coupling constant. As far as the light mesons
Jfo(500), @, f,(980) and ¢(1020) are concerned, we prefer
to choose u =1 GeV as the universal energy scale.

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

Cppiv = 00023GeV> x T2,
Cppiv = —0.0000035GeV* x T2,
Cp,pyiy = 0-0004Ge V> x T2,
Cp priv = 0-00009GeVe x T2,
Cp.piv = 0.0126GeV® xT?,

C, siv = 0.00017GeV* x T,

C i = 0.0,

C, v = 0:002GeV° x T2,
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C ~ =0.000012GeV’xT?,

Xc19AV

— 6 >
C oy nosoay = 0:0027GeV> xT7, (57)

Cpppa = 0.00016GeV> x T?,
Cp-ppa = —0.0000018 GeV* x T2,
Cpprpa =0.00013GeV> x T2,
Cpyp-pa = 0.0001GeVe x T2,
Cp,ppa = 0.001GeVe x T2,
Cpopa = 0.00009GeV* x T,
Cjwwrs = 0.0,
C.owpa = 0.00026GeV® x T7,
Cywra = 0.000016GeV> x T2,
Cipuposonpa = 0.00037GeVO x T2, (58)

Cppas = —0.0000013GeV* x T2,
Cpipas = —0.0000012GeV> x T2,
Chepan = 0.0,
Cpypan = 0.0003GeV’,
Apypan = 0.0044GeV’ x T2,
Cp,paa = 0.00055GeV’,
Ap,paa = 0.0037GeV’ x T2,
Cpowan = 0.0,
Cljwwan = 0.0,
Cyowan = 0.00013GeV’,
Ayowonn = 0.0034GeV’ x T2,
Cyiwan = 0.043GeV®,
Cijupsonas = 0.000044 GeV’,

Zj/wﬁ](SOO)AA =0.0011 GCV7 x T? , (59)
Cp p.s7 = 0.000081 GeV* x T?,
Cpp,s7 = —0.0000013GeV x T,
Cp. prsy = 0-000025GeV* x T2,
5 2

Cpprs7 = 0-00013GeV x T2,
Cp. p.s7 = 0.0007GeV> x 77,

C, 457 = 0-00015GeV’,

3 — 7 2

A, 457 =0.0033GeV' X T?,

C a5y = 0.00002GeV* x T2,
C, os7 = 0.00032GeV x T2,
C, 457 = 0.0004GeV® x T?,
C ~=0.00022GeV> x T2. (60)

I fo(980)SV

We then obtain uniform flat Borel windows,
T2, -T2, =1GeV?, which are presented explicitly in

Table 4.
In Fig. 1, the curves of the hadronic coupling con-

stants Gy, s> Opnsis Oposve Onosvo Cranst and
G, s AT plotted as functions of the Borel parameters

T? over large intervals as examples. In the Borel win-
dows, clear flat platforms appear, and thus the hadronic
coupling constants can be extracted reliably.

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 Yp, — DD as an
example, the uncertainties on the hadronic side can be wr-
itten as ApafpfpGppra = ApafpSoGopPa+ 0 ApafpfoGhDPAS

Cphppa = Cpppa +Cpppa, -+, where

6 /lPAf Df pGpppa = ;lPAfoDG_DDPA
> A
(Lo S, Ol
fo fo A

0Gp
4% DDPA) ’
Gppra

61)

where the short overline denotes the central value. To
avoid overestimating the uncertainties of the hadronic
coupling constants, we approximately set 6Cppps =0,
0fp _ 0fp _ 9dpa _ 6Gopps
5 fo Aea.  Gopps
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,

NEER

|T|2p(vamF,mF’)

I(Y = FF') = T ,
ITP = ZKF(p)F (@Y (P ), (62)
AT (B+CPJ[A’—(B-C)
where p(A,B,C) = ViAT- B+ )23‘[ ( )], and F

and F’ 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.

I'(Ypa) =391.1£21.4 MeV,
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Table 4. The Borel parameters (windows) 72 and the hadronic coupling constants G. Here, "Channels" denotes the subscripts of the
hadronic coupling constants defined in Egs. (18)—(19) and in Appendix A.

Channels T%(GeV?) G
DDAA 47-57 (2.04%0.09)x 102 GeV™!
D*DAA 42-52 (1.92£0.07)x 102 GeV?
D*D*AA -—- 0.0
DyD*AA 4.0-5.0 1.99+0.16
D DAA 2.7-37 0.83+0.08
ncwAA 33-43 (1.03+0.06) x 102 GeV 2
J/hwAA E— 0.0
XowAA 49-59 1.79+0.22
XawAA 3.8-48 (3.27+0.1)x 107" GeV™!
I fo(500)AA 3.0-4.0 0.36+0.07
D,D,AV 22-32 3.35+0.27
D:D,AV 48-58 (2.5220.11)x 102GeV™!
D:D:AV 4.1-5.1 1.83+0.13
DyoD:AV 3.5-45 0.29+0.02GeV™!
D, DAV 1.8-2.8 6.34+0.65GeV
NpAV 23-33 0.61+0.05GeV™!
JIWpAV -——= 0.0
XAV 3.0-4.0 4.02+0.47GeV
X1 ¢AV 47-57 0.24+0.01GeV™?
I/ fo(980)AV 1.8-2.8 6.19+0.78GeV
DDPA 23-33 1.13+0.08
D*DPA 4.0-5.0 (24520.10)x 102 GeV™'
D*D*PA 4.1-5.1 0.34+0.08
DyD*PA 49-59 1.25+0.06GeV™!
D,DPA 3.0-4.0 3.23+0.31GeV
newPA 22-32 0.69+0.05GeV
J/ywPA E— 0.0
XowPA 2.6-36 1.41+0.19GeV
Xc1wPA 5.0-6.0 0.38+0.02GeV™>
JI fo(500)PA 1.8-238 1.05+0.18GeV
D,D,SV 2.6-3.6 0.52+0.03GeV™!
D:D,SV 4.6-5.6 (1.35£0.05)x 102 GeV >
D:D:SV 33-43 0.28+0.02GeV™!
DyoD:SV 47-57 3.16+0.19
D,D,SV 3.9-49 3.02+0.21
nepSV 46-56 0.73+0.13GeV ™2
JIppSV 3.8-4.8 0.22+0.02GeV™!
XeodSV 47-57 2.49+0.23
XSV 27-37 0.22+0.02GeV™"!
I/ £5(980)S V 23-33 1.36+0.17
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Fig. 1.
hadronic coupling constants Gp o577 Gbpisv° Opopsi> Opipis

[(Y4y) =27.8£23 MeV,
T (Yy,) =266.7+£23.9 MeV,

I (Yg)=61.5£7.3MeV. (63)

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 61.5+7.3 MeV of
the Y 5 is well compatible with the width 48 +15+3 MeV
reported by the Belle collaboration [2]. Moreover, our
prediction for the width of the Y5 is in excellent agree-
ment with the average width 55+9 MeV of the Y(4660)
from different experiments reported by the Particle Data
Group [1], which supports the assignment of the Y(4660)
as the [scls[5ck; - [scl[5C]s tetraquark state. The widths
155.4+24.8+0.8 and 218.3+71.9 [5] reported by the BE-

~,a
X0pSV’

8
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0 . . . .
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(color online) The hadronic coupling constants as functions of the Borel parameters, where 4, B, C, D, E, and F denote the

nd G respectively.

IJugsV?
SIII collaboration are larger than those from the Belle and
BaBar collaborations, which suggests that the Y(4660)
may have several Fock components. The predictions
I (Y;,) =266.7+23.9 MeV and  T(Yps)=391.1%
21.4 MeV are too large, whereas the prediction I'(Y4,) =
27.8+2.3 MeV is too small to be consistent with the ex-
perimental width. Thus, the present study disfavors the
assignment of the Y(4660) as the [scl-{5cly +[sclv[5C];,
[uclpluc]s + [dc]P[CzE]A — [ucla[ac] p—dc]alde] p, or
[uclaliic]a + [dclalde], tetraquark states. These results are
useful for diagnosing vector exotic states and await fu-
ture experimental examination.

IV. CONCLUSION

In this work, we consider four four-quark currents to
explore the two-body strong decays of the
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Table 5. Partial decay widths of the vector tetraquark states Ya4, Y+, Ypa, and Y.
Channels I'/MeV
Yas — D°D°, D~D* 0.003 +0.0
You — DO*D(’JEDOD"’, [r*wgmH 0.023+0.002
YAA N D*DD*O’ D*—DH- 00
Yas — Dgn*”;;*“ng, DO’D‘*;E[)"D(; 6.03+0.97
Yoi o D‘I’DO\—EDOD? , D"D*Jif)’n; 1.23£0.25
Yap = new 0.005 +0.0
Yan = JYw 0.0
Yaa = Xeow 7.07+1.74
Yas = Xaw 5.81+0.36
Yas — J/¢ £o(500) 0.31+0.12
Y, = DD, 52.04+8.39
Yy, - DReDD 0.023+0.002
Y3, = DiD; 30.35+4.31
Yy, — Debilibo 3.96+0.57
Yy, — bbby 53.52+£10.97
Yz, o neo 12.24+1.92
Y5, = J )y 0.0
Yoy = Xaod 19.91+4.65
Yy, o xad 22.56+2.23
Y5, — J/w£,(980) 72.08£18.16
Yps — D°D°, D~D* 8.50+1.20
Yos — DO*DUJEDOD*O’ D*‘D*JED’D** 0.035+0.003
Yps — DD, D D** 2.26+1.00
Yos — f)gn‘”‘g)‘“ng, DO’D‘*JE[’)"DS 80.49+7.73
Yor — D‘I’DO\—fZE)OD? , D;D*Jif)’nf 18.20+3.49
Yps = new 22.52+3.51
Ypa = JYw 0.0
Ypa = Xeow 420+1.13
Ypa = xeaw 142.85+17.20
Ypa — I/ £o(500) 2.58+0.88
Yy — D,D, 134+0.14
Yoy — DDl 0.007 0.001
Yo — DD 0.80+£0.09
Yy — Debilibe 14.19+1.71
Yy > Dabobb 12.85+1.79
Y o ned 18.71+6.63
Y = Jlye 0.60+0.08
Yy = Xt 8.20+1.52
Y= xad 1.24+0.24
Yo — J/5(980) 3.54+0.89
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[scllscly + [sclv[5cly, [scls[scly = [sclylscls, [uclplac]a+
[dclplde]a — [uclaluc]p —[dclaldc]p and [uclalisc]a+
[dclaldc]a tetraquark states around 4.66GeV, all with the
quantum numbers J7¢ =177, 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 61.5+7.3 MeV for the Y is in excel-
lent agreement with the experimental values for the
Y(4660), favoring the [scls[5Ck; —[scl;l5¢]s-type tetra-
quark interpretation of the Y(4660). 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.

(D" (P)D (@Y pa(p)) =16 € (P~ q) - €Gprprpas
DUPD@NY3, () = ~€ & (p=) G p 7 -

(D (D)D" (PIYar(p")y = i€ -E (P~ q)-Gpprans
DUPDUDY () = =& € (=) 8G 50 (AD)

(Do(p)D" (@Y pa(p")y = i€ - £p-qGpyppa
Duo(P)DyPIY3,(p ) =& -eGpy 7,

(Do(p)D (@Y as(p')) = i&" - £p-qGpyp-an
(Do(P)D" (@ Xaa(p")) = 16" 415 P& Gpypean s
Do(PIDY@Y(p)) = =i 2G5 (A2)

(Dy(P)D(@Ypa(p')) = =¢" - €Gp,ppas
(Da(p)DS@V3, (PN =i -£G, =,

(Di(P)D(@NYas (")) = =" -G p, pan »

(Dy(p)D(q)|Xas(P)) = 1™ paéipes G pan-
Da(PD@IY (P ) = £ Gy ) 5. (A3)

Atpo

Me(P)(@NYpa(p)) = i&
(PN, (P)) = i‘ghpg‘hfip;;grr Gpiv?

Atpo

& ’
q/lé:-,— P,,Srr Gr]Cu)PA s

41&; Py Grewan s
’ _ :Atpo %/ ~
Me(PIDNY 5 (P") =1 qiéip,es G, 467

M(P)(@NYaa(p')) = —ie

(P DIX7(P)) =i€" - €G, o7, (A4)

WP @IYpa(p)) =& & (P—q) - €Gpywra,
)@Y 5, (PN =€ (p-q) &G, 7 -

Y (P)o@IYan(p')) =i E(P—q) €Gpywnn

TP (p') = -i&"- & (p-q)- &G, v » (AS)

Ueo( DAY pa(p) =€ &Gy gupa
oD 3, (0N =€ 5G, 7,

Ueo(PIADYaa(P)) =€ £ Gy guna

Ao (PO DXaa(P)) = 1877416, 0} Ggonn

e P () = =i 6G s (A6)

K (PO pa(P)) = &7 Pt 18P GGy
KPPV 3,(P)) = =i péréier-qG, 3

Ut (DY aa(p)) = =" ppénéieep - qGyona»

A (P (P = ™ p,EEie G, (A7)

1P fo(S00N Y pa(p)) = —i&" £ G sy psonrea
TP OSONQ Y3, () =€ £G oo
1P fo(SO0N@IYaa () = €' - £Gppysicsooma
T1(P) fo(S00N@IXan(P)) = 16" poeplyer Gugaisooma

TP FAOB0@IY 5 (p)) = —i&" &G, oo -
(A8)

B. The correlation functions

In this section, we present the phenomenological-side

correlation functions for the currents J;!, J3V, and J3) .

2P (p, q) = Mppaa (P2 P2 6% [2(pudy = g, +++
(B1)
2.2(p.q) = p paa (% P2 (Eape a7
— EorteD O G) + (B2)
2.4 (p,q) = Mp paa(P™, P70 [280p(Pudy— Pud)] +++
(B3)
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2024 (p,q) = Mpypeas (P, P2 ) (8ap@y) +++ (B4)
210 (p,q) = Mg, paa(P>, P*o @) (=gaulv) +++ . (B5)

(0, q) = Wyana (P, P 07) (EapaeP ' Put”

— Eorie D Duq") + (B6)
I (P, @) = Tyjguna (P2, P70 [280p(Puty — Pvai)] + - .
(B7)
I (p,q) = M o0nn (P2 07,47 (8auty) + - . (B8)
15" (9, @) = Iy 0aa (P2 PP g1 (e PGy = EapreP ™4
+ e ,
(B9)

H(Jlild\//fO(SOO)AA(P, q) = HJ/L//fO(SOO)AA(p’Z’pzaq2) (ga,upv) te,

(B10)
22 (p,q) =T, , 5,02 P )i(p—g),+--, (Bl
HQD}};D.\-AV(p’q) = HD;D;XV(P/Z,PZ’QZ) (—itaurp’q") +-
(B12)
2% (pg) = Ty 3 (P70 (=igasp) + -
(B13)
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C. The spectral densities

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

C.1. The QCD side for the current J;*
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