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Abstract: In this study, we extend our previous study on the D*D* molecular states with JF€ =0+, 1*~, and
2**to investigate their two-body strong decays via the QCD sum rules based on rigorous quark-hadron duality. We
obtain the partial decay widths and, therefore, the total widths of the ground states with J°€ =0+, 1*~, and 2%+,
which indicate that it is reasonable to assign X(4014) as the D*D* tetraquark molecular states with J PC — o+,
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I. INTRODUCTION

In 2003, the Belle collaboration made a ground-
breaking observation of X(3872) in the n*n~J/y invari-
ant mass spectrum [1]. Since then, extensive experiment-
al and theoretical investigations have been conducted to
understand the nature of this exotic state. In 2013/2015,
the LHCb collaboration determined the quantum num-
bers of X(3872) to be JP¢=1'" in the process
B* — X(3872)K* [2, 3]. X(3872) is located very close to
the D°D*0 threshold and has a large decay rate to the
DD pair, which suggests that it might be a loosely
bound molecular state; therefore, its properties have been
studied extensively [4—24].

In 2021, the Belle collaboration observed weak evid-
ence for two structures in the yy(2S) invariant mass dis-
tribution of the two-photon process yy — y¥(2S) from
the threshold to 4.2 GeV for the first time. One structure
was seen at 39224+6.5+2.0MeV with a width of
22+ 17+4MeV, which is consistent with X(3915) or
x(3930), and the other was seen at 4014.3+4.0+1.5
MeV with a width of 4+11+6 MeV, which is a new
charmonium-like state with a global significance of 2.8
[25].

According to the heavy quark spin symmetry, there
maybe exist an isoscalar D*D* molecular state X(4014)
with JF€ =2** as the partner of X(3872) [14, 17, 26-30],
which has a narrow width similar to that of X(3872) [27,
28, 31], and recent studies on radiative decays have indic-
ated that the branching ratio of X(4014) — yy(2S) to
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X(4014) — yJ/y is smaller than one, just like that of
X(3872) [28, 32]. For example, the molecule candidate
X(4014) has been studied by several phenomenological
models [26, 27, 33, 34]. It is interesting to view this sub-
ject from the QCD directly and resort to the QCD sum
rules to explore the branching fractions of all D*D*mo-
lecular states in a comprehensive manner to elucidate the
nature of the molecular states.

The QCD sum rules have been successfully applied to
study the mass spectrum of the exotic X, Y and Z states to
determine their natures, whether they are hidden-charm
(or hidden-bottom) tetraquark states or hadronic molecu-
lar states [9, 14, 24, 35—61]. In our unique scheme focus-
ing on the energy scale dependence of the tetraquark (mo-
lecular) states, we have performed comprehensive stud-
ies of the hidden-charm molecular states with J7¢ =0**,
1+, 2** [9, 14, 17, 49], doubly-charm molecular (tetra-
quark) states with J* =0%, 1*, 2* [49, 50, 54, 55], hid-
den-charm tetraquark states with J*¢ =0**, 0~*, 0™, 1,
1%, 1+, 2** [36, 37, 45, 48, 56], and hidden-bottom tet-
raquark states with J¢ = 0%, 1*=, 2** [59]. We have also
made reasonable/suitable identifications of existing exot-
ic states, and we observed that the scenario of tetraquark
states could accommodate more exotic particles than that
of molecular states.

In our unique scheme of QCD sum rules, we prefer
pole contributions of approximately (40-60)% and contri-
butions of the vacuum condensates of< 1% or < 1% in
the Borel windows. The diquark-antidiquark type tetra-
quark states [ucl,[dc], with JP€ =0**, 1%, and 2** have
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masses 3.95+0.09 GeV, 4.02+0.09 GeV, and 4.08+
0.09 GeV, respectively, where the subscript 4 denotes the
axial-vector diquarks [37]. The central values of the
masses have a hierarchy M, > M- > Mg+, and the
spin-breaking effects are remarkable. While the D*D*type
molecular states with J7¢=0**, 1*, and 2** have
masses 4.02+0.09 GeV, 4.02+0.09 GeV, and 4.02+
0.09 GeV, respectively [14], the central values of the
masses are almost degenerated, and the spin-breaking ef-
fects are small. We can assign Z.(4020)as either a tetra-
quark state or molecular state with J = 1"~ if only the
mass is concerned. We should bear in mind that, in the
QCD sum rules, we choose the local four-quark currents,
which potentially couple to the color 33-type or 11-type
tetraquark states, which are all compact objects. Al-
though we refer to the 11-type tetraquark states as the
molecular states, they are not usually called molecular
states [24].

As the mass alone cannot identify a hadron unam-
biguously, it can only lead to a crude assessment, and we
have to deal with the partial decay widths in detail. In
Ref. [62], we studied the two-body strong decays of
Z.(3900) as a tetraquark state with J7¢ = 1*~ by introdu-
cing rigorous quark-hadron duality in the three-point
QCD sum rules for the first time. Thereafter, the rigorous
duality has been successfully applied to study the strong
decays of the exotic states X(3872), Z.(4020),
Z.,(3985/4000), Z.,(4123), Y(4500), X(6552), etc., in the
scenario of tetraquark states [51, 63—67]. In this study,
we extend our previous works to explore the two-body
strong decays of the D*D* molecular states with
JP€ =0, 177, and 2** via the QCD sum rules based on
the rigorous quark-hadron duality. In calculations, we
consider both the connected and disconnected Feynman
diagrams to ensure accuracy.

The remainder of this article is organized as follows.
In Section II, we obtain the QCD sum rules for the had-
ronic coupling constants of the molecular states. In Sec-
tion III, we present the numerical results and discussion.
Finally, we summarize our findings in Section I'V.

II. QCD SUM RULES FOR THE HADRONIC
COUPLING CONSTANTS

First, let us give the three-point correlation functions:

'(p,q) =1 / d*xd*ye'” e (0T { J% (x)J"(»)J*"(0) } |0),
I (p,q) = i2 / d*xd*ye'” e (0T { JX' (x)J"(»)J°"(0) } 10},

Mu(p.q) =1 / d'xd’ye” O {1 ()50 (0)}10),
M

1,(p.q) =i / d*xd*ye?*e > (O|T { JJ/ (x)J"(y)J,5(0) } 10).
I, (p.q) = i’ / d*xd'ye'” e > OIT {J"(x)J5(y)J,1 (0)} 0),
M, (p.q) = i° / d*xd*ye " (OIT { Jo(0)T" ()7, (0) } [0),
)
IM(p.q) = 1° / d*xd’ye e OIT {J7(x)J" ()], (0) }10),
I, (p.q) = i° / d*xd*ye'” e OIT { X ()" ()]21(0) } 10),

I, (p.q) =1 / d*xdtye” e (0T { JJ (x)J5(y) 75 (0) }0),

3)
where the currents

J™(x) = e(x)iysc(x),

JT(x) = u(x)iysd(x),
T (x) = e(x)yqc(x),

Jh(x) = u(x)y.d(x),
JEN(x) = e(X)Yaysc(x),

Th(x) = E(x)0gpe(), (4)

interpolate the mesons 7., 7, J/¥, p, x.1, and h,., respect-
ively, and the currents

JO(x) = @)y, c(x) ey d(x),

1
I = -5 (0,0 20y, d(x) = 7(X) Y, () E(x)y,d ()]

1
2,(0) = —= [8007,6(0) 2y, d(x) + B(x)y,c () E(x)y,d(x)]

2
©)

interpolate the hidden-charm molecular states with spins
J=0, 1, and 2, respectively. We consider these correla-
tion functions to study the hadronic coupling constants
Gxppers Gxoxars Gxoswes Gxioprs Gxinp> Gxinens Gxonens
Gxoyur> and Gy, yyy,, respectively. In this study, we take
the isospin limit for simplicity.

We insert a complete set of intermediate hadronic
states with the same quantum numbers as the currents in-
to Egs.(1)—(3) to analyze the correlation functions at the
hadron side; then, we explicitly isolate the contributions
of the ground states [68, 69]:
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2 2
/lXofncmncffrm;rGXoncﬂ

Hl , — + .. s
P D = e + mia)er — P22, — P — )
=IL(p> p* g )+,
(6)
H(zl(p’ C]) — AXOJEQ-] My fﬂmerXOXc]” ti .-
(my +mg)(myg, — p?)(m2 | — p?)(m2 —q?)
=IL(p% p*.q") (iga) + -,
(7
Axo Srr9map fompGxoa,
IL,(p.q) = : e 8ap
’ (i, = )y = P22 = ) °”
:Hs(p'z,pz,qz)gaﬁ"‘"' , ®)

P () €wp™ pelTl, (p.q) = TL(p™. p2g®) (P + P q) .
Q)

L(p2. p*.q») = (™. P g p-q.
_ Ax, frp gy f2 G, gy
my, (my, +mg)(mg, — p’)(m3,, — p*)(m2 —q*)

Xp.q+... s
(10)

PP (0 €wp” 4: 113, (p,@)s = s(p™, 0, 4) (- q+ )

(11)
s(p p*.q%) = Us(p%, p*. ) p- 4,
_ Ax, Ja 5, JompGinep
2memy, (my, — p'*)(m2, — p*)(m2 — ¢?)
x p . q + teey
(12)
P (P () €ovarp g (pag)
=ills(p”. %" (p- @ - P°F) (13)

Hﬁ(Plz,Pz,qz) = ﬁﬁ(P’Z,PZ,qz)ip . q2 s
2/lxl ﬁl,fnm,erX]hcﬂ

 9my, (my +mg)(m, — p’?)(m3, — p*)(m2 — q?)
X lp . q2 +ee,

(14)

2 2 2 2
/lxz ﬁ]c mr]( fﬂmn(mxz - m;]‘, )GXZI]‘JF

H7y( 5 ) = -
P T ey (my + ), — pP)m2, — P2 = ¢P)
X Dudy +oee,
=T, p°.q") (=pudy) +-+
(15)
8 _ AXZf/‘\/c] My, f;rmierXZXz 1
Hw/,tv(p’ q) - 2 72 2 2 2 2
(mu + md)(mX2 -p )(mX(‘] -P )(mn - q )
q(Yg/lV q;lgav qu(Y}l)
X —_ —_ + vee
( 3 2 2
=H r2, 2’ 2 (qaguv_q/lg(w_cbfgau> +.“’
s(P”.p7%.q) 3 > 2
(16)

A famagy oG
20, - P2, — P2 — gP)

I, (P.q) =

X (goz;lgﬁv +gavg/3’p> +eee,

=Tlo(p”. P*.4°) (—8au&pr — 8an8pu) ++++»  (17)

where
pos ) = é <g,m_ %) <gvﬁ_ P;f) TS

and the decay constants or pole residues are defined by

2
O O)7e(p)) = fz—m :
me
2
O O(p)y = LM
m, +my

OO /y(p)y = frumapy u »
O O)o(p)) = fomy &y
(O (0)he(P)) = fi €vap P°E
OOy (p)) = fromy. &y » (19)

O (OIXo(p)) = Ax, »
(O, O)IX, () = Ax, €uvaps” P’ s
O3, (O)Xa(p)) = Ax, & » (20)

Ax,my, = Ay, , the hadronic coupling constants are defined
by

Me(PIT(PIXo(p)) = iGxyper »
T (P)p(@IXo(p)) =i€" - & Gxoupyp s
(Xl(P)ﬂ'(CINXO(P» = {* : qGXo)((ns (21)
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M(Pp(@IXi(p)) =if" - eGxpep»
Uy (p)r(@IXi(p)) = i€ - £Gx, ypyn»

ande, and g, represent the polarization vectors of the tet-
raquark molecular states with spins J =1 and 2, respect-
ively. &, and £, represent the polarization vectors of the

(he(PIR(@IX1 (D)) = € pa&Lp,€s Grxipn (22) tradltlonal mesons with spin J = 1. Because the currents
(,B(X) and J,,(x) potentially couple to charmonia/tetra-
quarks with both JPC€ =1*" and 1--, we introduce the pro-
. jector PY*?(p) to extract the states with J*¢ = 1+~ [37, 48,
n(p(@IX2(p)) = =16 P'q" Gxyper » 59]. In this study, we investigate the hadronic coupling
Ue(PITDIX(P)) = —i80p™ ¢ Gxpyn constants using the components I1,(p”%, p?,¢*) with i=1,
-, 9, aiming to avoid any contamination.
I Pp@IXa(p)y = —iePE,E5 G pup (23) We obtain the hadronic spectral densities py(s’, s, u)
through the triple dispersion relation
M (p2, pt.q?) = / ds’ / ds / du oi(s', 5, 1) , (24)
4m?2 4m?2 0 (S, - pr2)(s _Pz)(” - 612)
where
pu(s' sy = lim lim lim Imy Im, Im,, HH(s’43-163,s+i62,u+i61) ’ 25)
6—-0 -0 -0 T
and subscript H represents the components IT,(p"2, p?,¢?) as
with i = 1-9 on the hadron side. Although the variables
p’, p, and ¢ have the relation p’ = p+g¢q, it is feasible to
take p’?, p?, and ¢*> as free variables to determine the lim,,_oImy Mgep(s” +ies, p*,q¢°) = 0. 27)

spectral densities, and we can indeed obtain a nonzero
imaginary part for all variables p?, p?, and ¢°.

On the QCD side, we contract all quark fields with
Wick's theorem and consider the perturbative terms,
quark condensate, gluon condensate, and quark-gluon
mixed condensate contributions. We obtain the QCD
spectral densities of components II;(p?, p*,¢*) through
the double dispersion relation

Moen(p™, . q) = / ds/ quL2oceP” 5.1

4m?

2
-pu—g) O

pu(s’,s,u)

On the hadron side, there is a triple dispersion rela-
tion (see Eq. (24)), while on the QCD side, there is only a
double dispersion relation (see Eq. (26)). These relations
do not match each other channel by channel without some
tweaks. To achieve this goal, we first integrate over ds’
on the hadron side and then match the hadron side with
the QCD side of the components IL;(p?, p%,4?) below the
continuum thresholds sy and ug, respectively, to rigor-
ously establish quark-hadron duality [62, 70]:

PQCD(S u)

S0 Uuo [S)
/ ds / du / ds’
4m?2 0 4m?2 (S

For clarity, we write the hadron representation explicitly as

/lX() fm mz fnm2 GXO']C”

L d
—p'2><s—p2)<u—q2)} / S/

28
o) 28)

G

H 12’ 2’ 2 —
D) = S s

+
pA)m2 — p*)(m2—q*)

. 29
(m} —p*)(m;—q*) 29
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2
/lXof).((lmX(]fﬂm GXU)(LI”

H (plz,p2’q2) —
: (my, +mg)(m, — p)m2 | — p?)(m2—gq?)

Axo F119ma10 oo G x010p

H( /2’ 2’ 2):
P g Y, — P — )

A, oMy oG, aun

(p”, p*.q*) =
! my, (m,, +mg)(m%, — p2)(m, — p*)(m?

2
Ax, fo. 1 JooGxinep

Os(p?. p*.q") =

2memy, (my, — p'*)(m2, — p*)(m2 - ¢?)

22, fn. frmiGx,nx

H /2’ 2’ 2 —
PP Iy, (m,, +mg)(my, — p'*)(m;, —

2
Axy fre mm Jamnt (sz B mn )G X,

pA)(m2 —

(2, 2. ) =
WP pg) ZmCsz(m,,+md)(mX2

2
szf)‘m My, fﬂm GXz)mir

pAm; — p*)(m: - qz)

s(p”, p*.q") =

(my, +mg)(m, — p)(mg | = p*)(mz—q?)

A f119ma10 FompGxs 110p

Oo(p”%, p*.q*) =
’ 2(m3, — p2)m3y, — pP)(m — g?)

where we introduce the parameters C; with i=1-9 to
represent all the contributions involving higher reson-
ances and continuum states in the s’ channel.

We set p”? = p? in the components T1y(p?, p*,¢*) and
perform double Borel transformation on the variables
P?=-p?> and Q* =
ies pu(s’,s,u) and pocp(s,u) are physical, while the vari-
ables p?, p?, and ¢* in Eq.(28) are free parameters, as we

—¢*, respectively. The spectral densit-

perform the operator product expansion at the large
space-like regions —p* — oo and —¢* — co. Generally
speaking, we can set p’? = ap? or ag® with a to as a finite
quantity. Considering the mass poles at s’ —m§m, s=

and u = we have the approximate rela-

2
m’]m-’/l//v/\’clahc’ "p’
tions’ = sand set a = 1.

Then, we set T7 =

rules:

=T37=T? to obtain nine QCD sum

)
) 30
(mf;L, - pH(m:—q?) (30)
Cs
, 31)
(m3,, = p)(m2 - g?) (
Cy
N , 32
-q%)  (m3,,—p2)(m2—q?) (32)
Cs
+ , 33
(my — p*)(m3 —q*) @3
Cs
N , 34
& == Y
¢,
s 35
(m} —pH)(m%—q?) (35)
Cs
) 36
(mir, = pH)mz —q*) 36)
Cy
) 37
(m3,, — pH(m2 - %) @7
/lX qpﬂGX el mgt, m2
2 m? 2
X EXP (——2> +Cjexp <— TZ( - ’;)
0 0
3 *ne K 4m?2 s+u
=~ e /4m ds/ dusu 1- e exp (—?)
m? a,GG su ( 2m§—s s+u
. y [ ds / du exp (-5 )
~ 8r 4m? \/s(s— 4m(2
(@ GG _ [ =)
Me ) / ds / du—e "7
167r2 /¢ s 4m2
S+
xexp( 72 ) ,
(38)

where we introduce the notation
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Ay S 1y, Sy

zmc (mu + md) |

(39)

Axonen =

and the other eight QCD sum rules are given explicitly in
the Appendix. There exists an unknown parameter C; in
each QCD sum rule. We take C; as free parameters and
adjust the suitable values to obtain flat Borel platforms
for the hadronic coupling constants [62—65, 70]. In calcu-
lations, we observe that there exist endpoint divergences
at the thresholds s =4m? due to powers of s—4m> in the
denominators. Thus, we make the replacements s —4m?> —
s—4m? + A? with A> = m? to regulate the divergences [71,
72]. As the gluon and quark-gluon mixed condensates
make small contributions, such regulations work well.

III. NUMERICAL RESULTS AND DISCUSSIONS

On the QCD sides, we take the standard gluon con-
densate (©99) = 0.012+0.004GeV* [68, 69, 73] and MS
mass m.(m.) = (1.275+0.025)GeV from the Particle Data
Group [74]. We also take the conventional vacuum con-
densates (Gq) = —(0.24+£0.01GeV)?, (Gg,0Gq) = m¥{qq),
m? =(0.8+0.1)GeV? at the energy scale u=1GeV [68,
69, 73]. We set m, = m; =0 and take account of the en-
ergy-scale dependence from re-normalization group equa-
tion,

a/s(lGeV)} iy
a(u) ’

(980G q)(1) = (qg;0Gq)(1GeV) {

o, () } =ty
amyl

@) =<qq)(1GeV) {

as(lGeV)} Wy
a(p) '

me(p) = me(m) {

o) = 1 { | bilogt b(log’ t—logt — 1)+ byb,
* bot by ot bt ’
(40)
where 1= log £ b0:33—2nf; - 153—129nf;
5033 325 127 24m
2857 — Tnf + ?nﬁ
b, = 1280 ;and A =213MeV, 296MeV,

and 339MeV for the flavors ny=5, 4, and 3, respect-
ively [74, 75]. As we study the hidden-charm tetraquarks,
we choose the flavor number n, = 4.

On the hadron sides, we take m, =2.9834GeV,
ma = 0.13498 GeV, my;y, =3.0969GeV, m, = 0.77526 GeV,
my, =3.525GeV, and m,, =3.51067GeV from the
Particle Data Group [74]. The QCD sum rules allow us to
reproduce the experimental masses of the ground state
conventional mesons. For simplicity, we adopt the pre-
cise masses from the Particle Data Group We take the
values s) = (0.85GeV)’, s) =(1.2GeV)?, s5) =(3.9GeV)’,

L =039GeV)y, s),=(3.6GeV)*, s) =(3.5GeV)?, f=
0.130GeV [73, 74], fi. =0.235GeV, fi, =0.418GeV,
fr. =0.387GeV [76], f,=0.215GeV [77], f,, =0.338
GeV [78], My, =4.02GeV, Ax, =4.30x107' GeV>, My, =
4.02GeV, Ay, =2.33X% lO‘lGeVS, My, =4.02GeV, and
Ay, =3.29%x 107" GeV® from the QCD sum rules [14] and
fom?[(m, +my) = =2{Gq)/ f, from the Gell-Mann-Oakes-
Renner relation.

We fit the free parameters to be C;=-0.00027"
GeV®, C,=-0.0002T>GeV’>, C;=0.0006T>GeV®, C,=
—0.00027T2GeV’, Cs=0.00009T>GeV’, Cs=0, C;=
0.0001472GeV*,  Cs=-0.0002T>GeV’, and Cy=
—0.0003 7% GeV?® in calculations. We obtain the Borel plat-
forms Tg,.=(43-53)GeV? T} .=@27-37)GeV?
Tiow,, =(3.1-4.1)GeV?, T2, 0 = (2.3-3.3) GeV2

TRy =(22-32)GeV? T} =(4.5-55)GeV?, T}, . =
(24-34)GeV?, Tiyn=(25-3.5GeV?, and T} ,,, =
2.1 —3.1)GeV2, where we add the subscripts Xy,
Xoxar, XoJ/Yp, XiJlyr, Xinp, Xihr, Xomm, Xoxan,
and X,J/yp to denote the corresponding channels

We obtain uniform flat platforms 72, -T2, = 1GeV?
for all the channels, where max and min denote the max-
imum and minimum, respectively, as in our previous
works. For example, in Fig. 1, we plot the hadronic coup-
ling constant Gy, ,,, with the variation of the Borel para-
meter. As it appears to be a relatively flat platform, it is
reliable to extract the hadronic coupling constant.

We estimate the uncertainties in the usual manner.
For example, the uncertainty of an input parameter ¢,
&=E+06¢, results in the uncertainties Ay, fy, JoGxospup =
Axo fi10JsGxstup + 6 A, fipu fyGoap  and  Co=C2+6Cy,
where

6 Ao f110JoGxoano = Ao SiruJoGxorun

y (5fl/w L0 0k 6GX01/¢P)
VT /lXO Gxoipgp /-
(41)
0 ol oG ,
and we can set 6C, =0 and fj/w =0 o Zlle ap-
i A G
5.0
Lol
0.5
0.0 L . . . . . .
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
T2(GeV?)

Fig. 1.  (color online) Hadronic coupling constant Gyx,y,
with variation of the Borel parameter 772.
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proximately. Finally, we obtain the values of the hadron-
ic coupling constants

Gxopr = 0631001 GeV,
Grorar = 120255,
Gxoipp = 179707 GeV,
Gy, 1jun = 6.807053GeV,

Gx,pp = 1555700 GeV,

Gxhrx=0.10GeV™",

Gxypr = 149002 GeV™!,
Gryun = 1207092

Gxypp = 1.84°017 GeV, (42)

where we have taken the absolute values.

For the molecular masses, we take the values
my, =4.02GeV, my, =4.02GeV, and my, =4.02GeV from
the QCD sum rules [14]. Then, we obtain the partial de-
cay widths directly as

['(Xy — n.7) = 0.87')7, MeV,
I(Xyp = xam) = 045700 MeV,
(X — J/yp) = 12.33532 MeV, (43)

[(X; — J/ym) = 94.10* 1139 MeV,
T(X; — nep) = 422709 MeV,
(X, — h.r) =0.0236 MeV, (44)

(X, - n.r) = 042450 MeV,
(X, = yam) = 0.127090 MeV,
(X, — J/yp) = 410107 MeV . (45)

Then, we obtain the total decay widths approximately
as

Ty, = 13.65%333 MeV,

Ty, = 983471292 MeV,

Ty, =4.6470% MeV. (46)
The predicted width Ty, =4.64*)8MeV is in very

good agreement with the experimental data of the width
(4+£11+£6) MeV of X(4014) from the Belle collaboration

[31]. Both the predicted mass and width support assign-
ing X,(4014) as the D*D* molecular state with JF¢ =2+,
Regarding the predictions I'y, = 13.657333 MeV and Iy, =
98.34*1292MeV, we can compare them to experimental
data in the future.

If only the mass is considered, Z.(4020) can be as-
signed as the diquark-antidiquark type tetraquark state or
D*D*type molecular state with J*¢ = 17~ [14, 37]. In the
scenario of the tetraquark state, we obtain the prediction
Iz, =29.57+2.30 (or £9.20) MeV [64], which is compat-
ible with the upper bound of the experimental data
'=(24.8+5.6x7.7)MeV [79], (23.0+ 6.0+ 1.0)MeV [80],
(7.9+2.7+2.6)MeV [81] from the BESIII collaboration.
Meanwhile, in the molecular scenario, the predicted
width Ty, =98.34*1292MeV for the D*D* molecular state
with JP€ = 1%~ is too large compared to the experimental
data for Z.(4020). The two scenarios lead to notably dif-
ferent predictions for the total widths, and the QCD sum
rules favor assigning Z.(4020) as the diquark-antidiquark
type tetraquark state. Unfortunately, in our unique
scheme, the decay widths of the tetraquark states with
JFC€ = 0** and 2** have not been studied yet.

We can easily determine the relative branching ratios
of the tetraquark molecular states from their partial decay
widths:

T (Xy — 5o yarrt : J/p) = 0.0710 : 0.0365 : 1.00,
T(X; - nep < hor: J/ym) = 0.0448 : 0.0003 : 1.00,
T(Xo > 5o yarn : J/gp) = 0.1024:0.0293 : 1.00.  (47)

Due to the particular quark structures, the dominant
decay modes are Xy, — J/yp and X; — J/ym, which are
consistent with the observation of X,(4014) in the yy(2S)
mass spectrum with the vector meson dominance
X, - y* Iy — pJ/¥; we can search for these molecular
states in typical decay channels.

IV. CONCLUSION

In this study, we investigated the hadronic coupling
constants in the two-body strong decays of the tetraquark
molecular states withJ?¢ = 0**, 1*~, and 2**via the three-
point correlation functions. We conducted operator
product expansion considering the quark condensate,
gluon condensate, and quark-gluon mixed condensate to
obtain the QCD spectral representations. We then
matched the QCD sides with the hadron sides according
to rigorous quark-hadron duality. We obtained the had-
ronic coupling constants and partial decay widths and,
therefore, the total widths of the tetraquark molecular
states withJ¢ = 0**, 1*-, and 2**. Our predictions indic-
ate that assigning X,(4014) as the D*D*tetraquark mo-
lecular state with J#¢ = 2**is reasonable, while other pre-
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dictions play an interesting role in diagnosing the X, Y, APPENDIX A
and Z states. Moreover, X,(4014) still requires independ- The analytical expressions of the other QCD sum
ent confirmation by other experiments. rules are as follows:
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Two-body strong decays of the hidden-charm tetraquark molecular states via QCD sum rules
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