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Strong decays of the fully-charm tetraquark states with explicit P-waves
via the QCD sum rules”
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Abstract: We introduce a relative P-wave to construct the vector doubly-charm diquark (‘7), therefore, the scalar

and tensor four-quark currents to investigate the decay widths of the fully-charm tetraquark states with the
JPC = 0%+, 1~ and 2** via the QCD sum rules. We observe that the total width of the ground state VV-type scalar
tetraquark state is compatible with that of the X(6552) within the uncertainties, and the branching ratios are quite dif-
ferent from that of the first radial excitation of the AA-type scalar tetraquark state. Other predictions can be verified
in the future experiments to shed light on the nature of the fully-charm tetraquark states.

Keywords: Fully-charm tetraquark states, QCD sum rules

DOI: CSTR:

I. INTRODUCTION

Recently, the fully heavy hadrons become a research
hot-spot in high energy physics, while the first fully-
heavy tetraquark candidates were reported by the LHCb
collaboration in 2020 [1]. The LHCb collaboration ob-
served a narrow structure X(6900) and a broad structure
above the di-J/y threshold ranging from 6.2 to 6.8 GeV
in the J/yJ/y invariant mass spectrum using the proton-
proton collision data at +/s =7, 8 ‘and 13TeV, which cor-
responds to an integrated luminosity of 9fb™' [1].

Subsequently, the ATLAS collaboration confirmed
the X(6900) and observed several resonances (R) in the
J/yJ/y and J/yyy' invariant mass spectra based on the
proton-proton collision data at +/s=13TeV correspond-
ing to an integrated luminosity of 140fb™' in 2023 [2].
The fitted Breit-Wigner masses and widths are given as
follows,

Ry: M =6.41%0.08"0% GeV,T'=0.59+0.35712 GeV,

Ry :M=6.63+0.050% GeV,I'=0.35+0.1170}} GeV,

Ry : M =6.86+0.03"09) GeV,T'=0.11+0.0570% GeV,
@)

or

Received 21 November 2024; Accepted 10 March 2025

Ro M =6.65+0.020% GeV,T" = 0.44+0.0573% GeV,

Ry: M =691+0.01+0.01 GeV,I'=0.15+0.03+0.01 GeV
@)

in the di-J/¢ mass spectrum, and

Ry: M =722+0.03"99 GeV, T =0.09+0.06°% GeV,
3)

or

R3;: M =6.96+0.05+0.03 GeV,T =0.51+0.1771) GeV,
“4)

in the J/y’ mass spectrum.

In the same year, the CMS collaboration studied the
J/wJ/y invariant mass spectrum produced in the proton-
proton energy  of
v/s = 13TeV, which corresponds to an integrated lumin-
osity of 135fb™' [3]. In this study, they observed three
resonant structures with the fitted Breit-Wigner masses
and widths of

collisions at center-of-mass
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R : M =6552+10+12 MeV, T = 124732 +33 MeV,

Ry:M=6927+9+4MeV,T =122+ 18 MeV,  (5)

Ry : M =7287"30+5MeV,T =95 + 19 MeV,

and local significance of 6.5, 9.4 and 4.1 standard devi-
ations, respectively.

The quantum numbers J*¢ of those newly observed
resonances have not been determined until now and their
inner structures are still under hot debate. On the theoret-
ical side, the fully-charm tetraquark states were investig-
ated by several phenomenological approaches, such as
the potential quark model [4—18], the QCD sum rules
[19-31], the lattice QCD [32], the dynamical rescattering
mechanism [33], the Bethe-Salpeter (BS) equation [34],
and the coupled-channel final state interactions [35—37].
Nevertheless, none of them can explain all the reson-
ances consistently and we still need more experimental
data to figure out the nature of the fully-charm tetraquark
states unambiguously.

In our previous studies, we studied the mass spec-
trum of the ground state and first radial excited ‘tetra-
quark states (which are constructed by the axialvector
diquarks &7Q7Cy,Qx (A)) with the spin-parity-charge-
conjugation J*¢ =0, 1*=, 1~ and 2** [19, 21, 22]. In
Ref.[26], we considered the updated experimental data
and re-studied the mass spectrum of the ground, first,
second and third radial excited AA-type fully-charm tetra-
quark states with the spin-parity-charge-conjugation
JP€=0*, 1™~ and 2**. Subsequently, we extended this
work to explore the strong decays of the ground states
and first radial excited tetraquark statesvia the QCD sum
rules [29]. Combined with the masses and decay widths,
we can come to a conclusion that the X(6552) can be as-
signed as the first radial excitation of the AA-type scalar
tetraquark state.

In Ref.[23], we introduced a relative P-wave to con-

struct the doubly-charm vector diquarks &”*Q] Cys9,0x

(V) and constructed the VV-type tetraquark currents to
study the mass spectrum of the ground state fully-charm
tetraquark states with the spin-parity-charge-conjugation
JP€ =0, 1* and 2** via the QCD sum rules. The nu-
merical results indicate that the ground state VV-type tet-
raquark states and the first radial excited AA-type tetra-
quark states have almost degenerated masses.

As the assignments by the masses alone are impre-
cise, in the present work, we explore the decay widths of
the scalar, axialvector and tensor VV-type tetraquark
states in the framework of the QCD sum rules, which
works well in several works on the hadronic coupling
constants and decay widths [38—45], and make more
credible assignments based on the masses and widths to-
gether to diagnose the nature of the fully-charm tetra-
quark states.

The article is organized as follows: in Section 2, we
obtain the hadronic coupling constants of the VV-type
tetraquark states for seven decay channels; in Section 3,
we make reasonable discussions for the numerical results;
and finally, the conclusion of this study is presented in
Section 4.

II. QCD SUM RULES FOR THE HADRONIC
COUPLING CONSTANTS

The fully-charm  interpolating currents with two P-
waves are constructed as,
) =& T (1) Cy50,4cu0En(X)ysCE (08",
T 268 LT ()58 (0En(x)8pysCEL (1)
— D Cyspe(X0En(0D,y5CE ()}
Jiﬁ(x) =glikgimn {cjr(x)Cys chk(x)fm(x)gﬂ)’scz’,{ (%)

+ (DO Bpe(XEn(0D,75CEL (0} ©)

where the i, j, k, m and n are color indexes [23], and the
currents,

J(x) =t(x)iysc(x),
TV () =e()yac(),
JE(x) =¢(x)yaysc(x),

(7

T (x) =E(xX)0 (),

interpolate the conventional mesons 7., J/¥, y. and A,
respectively.

Based on above currents, we adopt the three-point
correlation functions,

' (p.q) =i / d*xd*ye'” e OIT { J"(x)J" ()" (0) } [0),
Ly(p.q) =1 / d*xd'ye* ¢ OT {17 ()} ()7 (0)} 10),

IC(p.q) = / d xdye e OIT { T (0T (3) I 0) }10),
®)

I ,(p.q) = / dxd'ye P e OIT {207 ()50} 10),

ID,.+(p.q) =i° / d*xd'ye* e (O|T { T (x)J™ (y)T35(0) }0).
)
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Hf’,ﬁ(p, g =17 / & xd*ye? e (O[T { TECOT™(y) Ji; (O)} 0y, thf: Qecays _Xo - DD or D.*D*, leich.can occur by anni-
hilating a c¢ pair and creating a gg pair.

. (p.q) =i / d*xd'ye* e OIT{J (x) I/ (y) Jz+(0)} 0). In the pext step, we insert complete sets of intermedi-

wvap # y o* ate hadronic states with the same quantum numbers as the

(10) currents into the hadron side of those correlation func-

tions [46, 47], and write down the explicit expressions of

the ground state contributions (isolated in the charmoni-

to study the hadronic coupling constants, and therefore
um channels),

the widths of the decay channels,

2 .4
/lX()f RS GXom ne

+ o
4m2(mgz, = p)(m2 - p*)(m2 —q?)

Xo = 047, n'(p,q) =
XO —)J/l//+J/lﬁ,

[l

=IL(p”. p°.q") +- -,

Xo = xe+1e, (12)
Xl - J/ll’ + e
X, — he+1., J B o S 71031 G o1y
Hﬂﬁ(P’Q)— 2 ) 2 B) 2 ) gaﬁ+"'7
X, > e +1., (mxo 4 )(mj/.p 4 )(m]/(p -q°)
_ 22 2
X, = I+ 1y, (1) B AR AC R A
(13)
where the subscripts denote the spins 0, 1 and 2, respect-
ively. In the present work, we choose the supposed dom- B (p.q) = — ﬂxoﬁ(cm)(fﬁ;[mit.GXOX(.m. .
inant decays, which take place through the Okubo-Zweig- P )= 2m (my, — p?)(m2_— p*)(m2 —q?) Qo
lizuka super-allowed fall-apart mechanism, and ignore , .
4 super-ato) P . £ =I(p”, P ¢") (=iga) + -+
the tiny contributions of the other non-dominant (Okubo-
Zweig-lizuka suppressed) decays approximately, such as (14)
|
PP (p) €wpt™ peITls(p ) = TL(p?2, P2 (PP +p-q) (15)
~ A, oy Jo 3 G, 1pam.
L. p".q") = TL(p™. p*.4) p* .= : s ‘ +ooe (16)
! ! 2memy, (m3, = p)(m,, — pP)om2 — )
P (PP (D)) € T op(0o@) = iT1s(p™, 2,47 (-P*G + (P @)) P-4, (17)
-~ /leﬁlm/% fT] m4 GX]/lJ]
s(p”, p*.¢*) = s(p”. p*. ") P’ p-q4,= BTy e S— pa+--, (18)
’ ’ Omemy, (m}, — p?)(my, - p*)m?, —q?)
Ax, f2md (m%, —m2 )Gy,
Hg (p,CI)Z_ 20, b3 e 27cMNe Paq p-q+~~,=H (plz’pZ’qZ) —Poq p_q_'_.”’ (19)
; 6m2ni, (m, — p?)(m2, — p)m2 —g?) " o (=Pags)
A% £33 Gxo syt ]
11,,4(P>q) = e (a8 + 8up&va) ++++ =Tl (P*, P*.47) (~8uaus — 8up8va) ++++»  (20)

2, — p) iy, — PP, — qP)
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where the projector
v 1 o (03 y 4
PI(p) = ¢ <g"'—p”7];) (g‘*—@) :
p p

The decay constants or pole residues are defined by,

21)

2
f e m Ne

2m,
OLE O/ (p)y =frrgmauéy »
O (0)he(p)) =i €as P°E

O™ (O)n(p)) =

s

OO () =fremy. &y » (22)
O O)Xo(p)) =Ax,
(01, (O)IX1(p)) =Ax, €wape” P’
(01, (0)Xa(p)) =Ax, v » (23)

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

(P DIXo(P")) =iGxypor. »
T (P)I [ @IXo(p")) =iE™ € Gxouppay »

Ke(PMADIXo(p")) == qGxyyon. » (24)
U (pm@IXi(p")) =i€™ - eGx, spym. »
(he(PIn(@IX1(p")y =€ préiples P 4G xhon. »
(25)
Me(PMADIX(P')) = —igwP"q" p-qGxypon. »
<J/‘//(P)J/W(CI)|X2(P,)> == iSaﬁf:;f; GXZJ/wJ/Lp > (26)

where the &,, {,, €, and g,, denote the polarization vec-
tors of the corresponding charmonium or tetraquark
states. As the currents Jhg(x) and Jap(x) couple poten-
tially to the charmonia/tetraquarks with both the quantum
numbers J*¢=1*" and 1-, we introduce the projector
P2"%(p) to project out the states with the J*¢ = 1*~ [23],
and we would like to give some explanations in the Ap-
pendix.
At the hadron side, there exists a factor,

1 1
or , (27)
2 s, —q

2 _
m;,. —9q

in the components IT;(p”?, p?,¢*) with i=1-7, while at
the QCD side, we would obtain a pole term,

vt (28)

with u > 4m?. If we could take the chiral limit m; — 0,
mj,, — 0 and u — 0, we expect to match the hadron side
with the QCD side in the limit ¢*> — 0 with respect to a
pole,

1
e 29

at both sides, therefore we could only retain the ground
state contribution as a good approximation. In the case of
the current ' js(x).=@(x)iysu(x)— d(x)iysd(x), the ground
state and first radial excitation are the 7 and n(1300), re-
spectively, the energy gap is very large, we could take the
chiral limit and neglect the excited states, see Sect.5.3 in
Ref.[47]. However, in the present case, the masses of the
ne, J/IW, . and ' are of the same order, we cannot take
the chiral limit, and have to resort other trick to match the
two sides.

It is straightforward to obtain the hadronic spectral
densities py(s’, s,u) through triple dispersion relation,

Oy(p”.p*.q") = dS’/ dS/ du
16m2 4m?2 4m?2

pu(s’,s,u)

, 30)
(s =pH)(s—p))u—q*) (
where
pus' 50 =l il
Imy Im, Im,, 15 (s’ t ie3,s+ie,u+ie) . G3D

s

and the subscript H stands for the hadron side. According
the discussions in Refs.[48, 49], the four-quark currents
J(x), Jo5(x) and J34(x) are local currents, and couple po-
tentially to the tetraquark states, not the two-meson scat-
tering states. Although the variables p’, p and ¢ obey con-
servation of the momentum p’ = p+¢, we can obtain a
nonzero imaginary part for all the variables p”, p* and ¢*
by taking the p2, p* and ¢* as free parameters to determ-
ine the spectral densities.

At the QCD side, we contract all the quark fields with
the Wick's theorem and take account of the perturbative
terms and gluon condensate contributions in the operator
product expansion, as the three-gluon condensate contri-
butions are depressed by additional inverse powers of
Borel parameters and play a tiny role. Then we can ob-
tain the QCD spectral densities of the components
IT;(p”, p*,¢*) with i = 1-7 through double dispersion re-
lation directly,
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PQCD(P s, u)
II , = d du 32
QCD(P P.q)= / s/ (s—pP)u—q)’ (32)
as
limeoImIpep(s” + l'€3»l72,q2) =0 (33)

Naively, we expect to obtain the triple dispersion relation,

Hocn(p”.p*.q°) = ds’/ ds/ du
16m2 4m? 4m?

pocp(s’,s,u)
(5" =p(s=—pHu-g*)’

(34)

to match with the hadron I, (p2 pq?) =
Myen(p?, p?,¢%), see Eq.(30).

The triple dispersion relation in Eq.(30) at the hadron
side cannot match with the double dispersion relation in
Eq.(32) at the QCD side, therefore we have to match the
hadron side with the QCD side of the correlation func-
tions according to the rigorous quark-hadron duality sug-

gested in Refs.[38, 39],

S0 ugy =)
/ ds/ du/ ds’
6m (sl_
Pocp(s,u)

d d
/ S/4 Y-

and accomplish the integral over ds’ firstly at the hadron
side. As the higher resonances and continuum states in
the s’ channels are unclear, letting alone their transitions
to the ground state meson pairs, we introduce the free
parameters C; with i = 1—7 to stand for the contributions
concerning the higher resonances and continuum states in
the s’ channel. For example,

sm,m
Clz/d'pH( e )’

s’ _p/2

side,

pH(sl’ S, M)
pA)(s—pHu—q*)

(35)

(36)

’
0

where py(s',m} ,m} ) =pu(s’,s,u)d(s—m} Yo(u—m; ). We
suggest such a scheme in Refs.[38, 39] as a conjecture,
direct applications indicate such a scheme works well.

Afterwards, we would like to present the hadron rep-
resentations clearly,

/lXufqum;.GXU'lr'lc

pA)m; — p*)(m; —q*)
C,

(m2, = p?)(m2, —q*)’

IL(p%p°.q") =
4m2(myg, —

+

(37)

/lxosz/wmi/waoJ/W/w
(m '2)(mj/¢ p )(mj/./, q*)
G,
(m3/¢, - Pz)(m3/¢, -q%) ’

IL(p? p*.q") =

(3%)

Axy oMy S m%, Gxoxen.
2o, — P — PR, — gP)
+ Cs

(m2, —p>)(m2 —q*)’

IL(p%p°.q") =

(39

Ax, o0y Fo G, sy,
2m(my, — p'*)(m3,, — p*)(m2,
+ Ca

(m3,, — pHm2 —q?)’

(% p’.q) = )

(40)

;1X1 fhf miv fm» mif GXI hene
= p)m;, = p*)(m; —q?)
Cs

+ :
(mj; = p>)(m2 —q*)

s(p”, p*.q%) = o
My,

(41)

2 4 2 2
/lef;hm (sz —-m L.)Gsz e

s(p”, p*.q*) =

6m2mz, (my, — p2)(m2, — p*)(m2, —q*)
Cs
+ 2 2 2 AN
(my —p*)(m; —q*)
(42)
(2 g ) = A, [T Gty
2(mg, — p)m3,, = p*)(m3,, —q*)
C;
+ 3 3 3 N
(m]/(// 4 )(mj/lj/ —-q°)
(43)

The variables p? in Eq.(35) can be set as p’? = ap?,
where the a is a constant. According to the mass poles at
s'=my, , and s=m; ;. . we can obtain an approxim-
ated relation s’ = 4s, therefore, we can estimate that it is
reasonable to set @ = 1 ~ 4 in the present work. It is just a
phenomenological trick, not really p? = (1 ~4)p?, as the
p?, p* and ¢* are free parameters after performing the
operator product expansion. In numerical calculations, we
obtain the optimal value @ =2 in all the QCD sum rules
via trial and error, which is consistent with our previous
studies [29].
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Then we perform double Borel transform in regard to
variables P? = —p? and Q* = —¢” and set the double Borel
parameters as T? = T? = T? to expect appearance of flat

/lXo Nl GXo Nl
~2 _ .0
z(mxo m,. )

2
m .
{exp (— T'72‘

64t
m  a,GG_ [
+ 5 ¢ )
144r n a2

my, m;
—exXpl| — ? exp\l| — F

0 0
3 Sne *ne 4m?
ds du su(s+u—4mf) 1-—=
4m? 4m? S

0
Spe 4 2
a’s/ duy/1- e exp (——2)
2 4m? u T

Borel platforms, which is one criterion of the QCD sum
rules. Finally, we get seven QCD sum rules, as an ex-

ample,
2m}
+Ciexp| — 2
Jio A (-2
w P T?

s+u

s [—683u + sm?(=3s% + 58su+ 36u%) + 8m* (45 — 2351 — 9u?) +m®(180u — 68 5)
|: C c c

0 0
1 (ZGG ‘Y'Ir s’]c
- S d d <_
o2’ 1 >A",g s/4m% “EP\ T

S+Lt>

=27 su(s +u) +4m?> (75> + 36su + Tu*) — 32m* (s + u) — 112m®

\/s(s—4m§) \/u(u—4m§)

0 0
1 aGG,_ [ Sl (s —m?) [s2 —2m*(3s+u) + 8m4] s+u
e Y ‘ G = Vu(u=dmyexp (-22F),
o' x am? s/4m% ! \/s (5—4m2)3 (et ep (=7
(44)
[
where the notation is defined by, ergy-scale dependence of the MS mass,
Ay fi e 17%
Axonene = ~an (45) me(u) =me(m.) {a,, ((rizl(,)} ,
1 by logt b*(log’t—logt—1)+bob
We neglect the other six QCD sum rules for simpli- a(p) = {1 - b%Tg Los b‘igtz =,
city and readers can get them by contacting us via email. 0 0 0 (46)
In numerical calculations, we suppose the C; as unknown
parameters and search for the suitable Vglues in prder to e 33-2n, 153 - 19n,
obtain flat Borel platforms for the hadronic coupling con- where f=log—, 6 bo= , 1= 5,
N .. . 127 247
stants via trial and error [38—45]. It is just a assumption 2857 5033 325 ,
and should be examined by the experimental data to see by = T o7 913 206 d
whether or not it is feasible. In details, there appear end- 2T 12873 » A=213MeV, MeV an

point divergences at the thresholds s =4m? and u = 4m>
by the factors s—4m? and u—4m? in the denominators.
The routine replacements s—4m?> — s—4m?>+A*> and
u—4m* - u—4m? + A’ with A’> = m? are performed to reg-
ularize the divergences due to the tiny contributions of
the gluon condensates [29, 50, 51].

III. NUMERICAL RESULTS AND DISCUSSIONS

At the %%D side, we take the standard gluon con-
@
densate ¢ = )=0.012+0.004GeV* [46, 47, 52] and the

MS mass m.(m.) =(1.275+0.025)GeV from the Particle
Data Group [53]. In addition, we also allow for the en-

A

339MeV for the flavors ny =5, 4 and 3, respectively
[53]. In the present work, the flavor number is set as
ns =4 to study the fully-charm tetraquark states.

At the hadron side, the parameters are taken as
my,, =2.9834GeV, my, =3.0969GeV, my,, =3.525GeV,
my,, =3.51067GeV from the Particle Data Group [53],
sh. =(3.9GeV), 50 =(3.9GeV)?, 9, =(3.6GeV)’, 55
(3.5GeV)?,  f,, =0.235GeV,  fy, =0418GeV, f, =
0.387GeV [54], f,, =0.338GeV [55], my, =6.52GeV,
Ay, =6.17x107'GeV’,  my, =6.57GeV, Ay, =5.17x
1071 GeV®, my, =6.60GeV, Ay, =7.95x107'GeV® from
the QCD sum rules [23].

At beginning, we set the free parameters as C; =0, but
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we cannot obtain any stable platform, which indicates
that the contributions concerning the higher resonances
and continuum states are considerable. Therefore, we try
to obtain stable platforms by varying the values of the un-
known parameters C; via trial and error. At last, we ob-
tain the values,

C, =0.26T*GeV®,

C, =0.0073T?GeV*,
C;=0.034T*GeV’,

C,=0.007T*GeV’,

Cs =0.0034T*GeV®,

Cs =0.0032T?GeV*,

C, =0.007T*GeV?, 47)

which could lead to the Borel platforms,

T2, . =(3.0-4.0)GeV?,
T3 e =(1.9-2.9)GeV?,
T3, =(3.2-4.2)GeV?,
T3 o =(3.8—4.8)GeV?,
T 0 =(29-3.9)GeV?,
T2, =(2.2-3.2)GeV?,

T2 usw =24 -3.4)GeV?, (48)

where the subscripts Xon.1., XoJ/WJ/¥, Xoxne, XiJ/¥ne,
X1hene, Xonn. and XoJ/ywJ/y denote the corresponding
channels (modes). Therefore, we obtain seven flat plat-
forms with uniform intervals T2, -T2, =1GeV?, just
like in our previous works [38—45], where the max and
min denote the maximum and minimum, respectively.
Before analyzing the numerical results, it is crucial to

establish the uncertainties of the hadronic coupling con-

s Central value| |
(A) — — Error bounds

03.2 313 3:4 3?5 3?6 3:7 3:8 3:9 4?0 4:1 4.2
TXGeV?)

Fig. 1.

and (B) denote the Gxy.,. and Gx, sy, respectively.

stants. The uncertainties not only originate from the de-
cay constants (or pole residues), but also originate from
the parameters at the QCD side, we should avoid overes-
timating the uncertainties. In details, the uncertainties of
the channel X, — J/y + J/y, for example, are presented as
Axofi1yGoxaaroans = Axo FijuGxostuats + 0 Axo 7y Goapust ;
C2 = C2 + (SCZ ,

5 A%, /315G xosrwaty =A%, f370 G xosruir
N <2 S faru N 0dx, N Gxosryiry
f//lﬁ /lxo

) ., (49)

Gxouppin

where the short overline * denotes the central value. Then

we approximately set 0Cr, =0 and

0 oA oG
J—CW = 2 R get the uncertainties of the
Juw A G
hadronic coupling constants.
Finally, we obtain the values of the hadronic coup-

ling constants,

Gxonen. =1-49%325GeV?,
Gxosuw =0.357007 GeV?,
Gxypn. =3.3170% GeV?,
Gx,spum. =0.147075Ge V>,
Gxyhone =0.3270 08 GeV ™,
G, =0.207097 eV,
G, 101w =0.597013Ge V> . (50)

In Fig. 1, the curves of the hadronic coupling con-
stants Gyxy,.,. and Gy, sy With variations of the Borel
parameters T2 are plotted in the Borel windows as an ex-
ample. There appear flat platforms clearly, and thus we
can extract the hadronic coupling constants reasonably.

Then we take the masses my, =6.52GeV,
my, =6.57GeV, and my, =6.60GeV obtained from the
QCD sum rules [23], and get the partial decay widths dir-
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091 Central value|
08+ B) — — Error bounds| |

0.7
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0.4 F

G(GeV?)

03F & & D - - - - - -

02
0.1
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(color online) The central values of the hadronic coupling constants with variations of the Borel parameters 72, where the (A)
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ectly,

T(Xo — 1.1.) =68.94*51 3 MeV,
[(Xy — J/WJ/y) =0.41")73 MeV,

I'(Xo = xan.) =0.83%031MeV, (51)

(X, — J/yn.) =0.024*37 MeV,
I(X, — h.) =28.35"155 MeV, (52)

(X, — 1.1.) =4.49"39 MeV,
(X, — J/yJ/y) =0.401)1 MeV, (53)

and therefore the full widths,

Iy, = 70.18*51 73 MeV, (54)
[y, =28.377155MeV, (55)
Ty, =4.89735 MeV. (56)

In our previous studies, the mass spectrum of the
ground states and first/second/third radial excitations and
the decay widths of the ground states and first radial ex-
citations of the AA-type fully-charm tetraquark states are
studied via the QCD sum rules, and the results show that
the X(6552) can be assigned as the first radial excitation
of the AA-type scalar tetraquark state considering both
the masses and decay widths [26, 29]. In Ref.[23], we
studied the mass spectrum of the ground state VV-type
scalar, axialvector and tensor fully-charm tetraquark
states with the QCD sum rules. The numerical results in-
dicate that the ground state VV-type tetraquark states and
the first radial excited states of the AA-type tetraquark
states have almost degenerated masses, about
0.35+0.09GeV above the J/yJ/y threshold.

In the present work, the predicted width
Iy, = 70.18*8333MeV is compatible with the experimental
data Txssy = 124732 +33MeV from the CMS collabora-
tion [3] within the range of uncertainties, which supports
assigning the X(6552) as the ground state VV-type scalar
tetraquark state, while the widths of the tetraquark states
with  higher  spins Ty, =28.371$2MeV  and
Iy, =4.8973% MeV are too small to match with the exper-
imental data.

As a hadron has several Fock states, the X(6552)
maybe have both the 1S VV-type and 2S AA-type scalar

tetraquark components. Furthermore, the relative branch-
ing ratios are quite different from each other,

I (XXNV = e Iy :)(Cmc> =1.00:0.0059:0.012,

T (X3® = e = J/wd 1w < xean.) =0.066 : 1.00 < 00024,
(57)

which indicate that the main decay channels are
Xo — 1.7, for the 1S VV-type scalar tetraquark state and
Xo — J/wJ/y for the 2S AA-type scalar tetraquark state,
respectively. There still need more experimental data to
diagnose the nature of the fully-charm tetraquark states.
Other predictions are served as meaningful guides for the
high energy experiments, awaiting to be examined in the
future.

VI. CONCLUSION

In the present study, we introduce a relative P-wave
to construct the doubly-charm vector diquark, and there-
fore construct the scalar and tensor four-quark currents to
investigate the decay widths of the fully-charm tetra-
quark states with the J*¢ = 0**, 1"~ and 2** via the QCD
sum rules. We take account of the perturbative terms and
gluon condensate contributions in the operator product
expansion and then match the hadron side with the QCD
side based on rigorous quark-hadron duality. The pre-
dicted width of the ground state scalar tetraquark state
Iy, = 70.187533MeV is compatible with the experimental
data Txssy = 124732 +33MeV from the CMS collabora-
tion within the range of uncertainties, which supports as-
signing the X(6552) as the ground state VV-type scalar
tetraquark state. The relative branching ratios of the
ground state VV-type scalar tetraquark state and the first
radial excitation of the AA-type scalar tetraquark state are
quite different, which can be used to clarify the nature of
the X(6552). We also expect the other predictions will be
confirmed in the future experiments.

APPENDIX

For simplicity, we introduce the notation J,z(x) to de-
note the in;;(x) and J},(x), and resort to the two-point cor-
relation function IT,,,.5(p),

Mypop(p) = i / &5 OT { T (T, }10), (AD)

to illustrate how to project out the pertinent tensor struc-
tures. At the hadron side, we isolate the ground state con-
tributions,
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A
Hymﬁ(p) :Mzifpz (ng;wzgvﬁ - ngﬂﬁgm — 8uaPvPp — 8v8PuPla + 8upPvPa +gmpupﬂ)
A

Ay
+ W (_gyapvp/f —8wPuPa t &usPvPa t gml’y[?ﬁ) T (A2)
=HA(P2) (ng/wzgvﬁ - nguﬁgva - guapvpﬁ - gvﬁpﬂpa + guﬁpvpa + gvapupﬁ)
+ HV(pZ) (_guapvpﬁ —&pPuPa + 8ugPvPa + nguPﬁ) s
where () =T (p*) = PP () as(p) .
. . y(p") =p"Tv(p”) = Py (D) uas(p),  (AS)
O (OAP)) =1 Eurap P ' g
<O|Jpv(0)|v(p)> :iV (8;417\/ —8v17;4) s (A3) and
PC _ 1+~ - VAT
the A. and V stanq for the J¥¢ =1*" and 1 nvlzfsons, re- P Z (P) M irap(p) o L(p?),
spectively. We introduce the operators P, (p) and e R
P (), Py (D) Marap(p) o< Ty (p?). (A6)

e 1 Y @ y v
Héﬁ@)=6(g‘—p;f)<gﬁ—p;f),

vy 1 (02 * VJ " 1 a Y
Pt =g (=200 ) (020 ) - peer. (s

and project out the components IT4(p?) and Ty (p?) unam-
biguously,

So in Egs.(15)-(17), we project out the contributions
of the h, and X; with the J*¢ =17~ with the projectors
P’j,v“/y' (p) and Pjﬁ"'ﬁ' (p"), respectively,

Piﬁa/ﬁl (p’) Hﬁafﬂ(p’ 51) o ﬁ4(p,2’ p23 qz) ’

Pﬁm,‘/ ) Pﬁﬂ”/ﬁ/ (pl)HZvaﬁ (p.q) ﬁs (p,z, pz, qz) ) (A7)
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