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Strong decays of the fully charmed tetraquark states with explicit P-waves
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Abstract: We introduce a relative P-wave to construct the doubly charmed diquark (‘7) vector. Therefore, scalar
and tensor four-quark currents were constructed to investigate the decay widths of the fully charmed tetraquark states
with JP€ =0**, 1*~ and 2** via quantum chromodynamics (QCD) sum rules. We observed that the total width of
the ground state f\y‘;-type scalar tetraquark state is compatible with that of the X(6552) within uncertainties, and the
branching ratios are quite different from that of the first radial excitation of the AA-type scalar tetraquark state. Oth-
er predictions can be verified in future experiments to shed light on the nature of the fully charmed tetraquark states.
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I. INTRODUCTION

Recently, the fully heavy hadrons have become a re-
search hot-spot in high energy physics, and the first fully
heavy tetraquark candidates were reported by the Large
Hadron Collider beauty (LHCb) collaboration in 2020
[1]. The LHCb collaboration observed 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
vs=7, 8 and 13TeV, which corresponds to an integ-
rated luminosity of 9fb™"' [1].

Subsequently, in 2023, a toroidal LHC apparatus
(ATLAS) collaboration confirmed the X(6900) and ob-
served several resonances (R) in the J/wJ/y and J/yy’
invariant mass spectra based on the proton-proton colli-
sion data at +/s = 13 TeV, corresponding to an integrated
luminosity of 140 fb™' [2]. The fitted Breit-Wigner
masses and widths are given as follows:

Ro: M =6.41+0.087% GeV, T =0.59 +0.35703% GeV,
Ry : M =6.63+0.050% GeV,T'=0.35+0.1174} GeV,

Ry: M =6.86+0.03"0) GeV,T =0.11+0.05700 GeV,
€]
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or
Ro: M =6.65+0.02"0% GeV,T = 0.44 +0.05705¢ GeV,

R, : M =691+0.01+£0.01 GeV, I =0.15+0.03+£0.01 GeV
(@)

in the di-J/y mass spectrum, and

Ry : M =7.22+0.03"0) GeV, T'=0.09+0.0675 GeV,
3)

or

R;: M =6.96+0.05+0.03 GeV, I'=0.51+0.17 ) GeV,
4

in the J/y’ mass spectrum.

In the same year, the compact muon solenoid (CMS)
collaboration studied the J/yJ/y invariant mass spec-
trum produced in the proton-proton collisions at a center-
of-mass energy of +/s = 13 TeV, which corresponds to an
integrated luminosity of 135fb™' [3]. In this study, they
observed three resonant structures with fitted Breit-Wign-
er masses and widths of

Ry :M=6552+10+12MeV,T = 124732 +33 MeV,
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Ry: M =6927+9+4 MeV, T = 12273+ 18 MeV,
Ry : M =7287"30+5MeV,T =950 +19 MeV, %)

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

The quantum numbers J7¢ of the newly observed res-
onances have not been determined until now and their in-
ner structures are still under hot debate. On the theoretic-
al side, the fully charmed tetraquark states were investig-
ated using several phenomenological approaches, such as
the potential quark model [4—18], quantum chromody-
namics (QCD) sum rules [19-31], lattice QCD [32], dy-
namical rescattering mechanism [33], Bethe-Salpeter
(BS) equation [34], and coupled-channel final state inter-
actions [35—37]. However, none of them can explain all
the resonances consistently and more experimental data
are required to figure out the nature of the fully charmed
tetraquark states unambiguously.

Previously, we studied the mass spectrum of the
ground state and first radial excited tetraquark states
(which are constructed by the axial vector diquarks
£*Q7Cy, 0 (A)) using the spin-parity-charge-conjuga-
tion JP€ =0%*, 1*~, 17~ and 2** [19, 21, 22]. In [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 charmed tetraquark states
with the spin-parity-charge-conjugation J© =0*", 1*"
and 2**. Subsequently, this work was extended to ex-
plore the strong decays of the ground states and first
radial excited tetraquark states via the QCD sum rules
[29]. Combining the masses and decay widths, we
reached the conclusion that the X(6552) can be assigned
as the first radial excitation of the AA-type scalar tetra-
quark state.

In [23], we introduced a relative P-wave to construct
the doubly charmed vector diquarks Ei'ijZ‘-CVSé)ka %)
and constructed the VV-type tetraquark currents to study
the mass spectrum of the ground state of the fully
charmed tetraquark states with the spin-parity-charge-
conjugation J*¢=0**, 1"~ and 2** via the QCD sum
rules. The numerical results indicate that the ground state
VV-type tetraquark states and first radial excited AA-type
tetraquark 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, axial vector, and tensor VV-type tetraquark
states in the framework of the QCD sum rules, which
worked well in several studies on the hadronic coupling
constants and decay widths [38—45], whereby more cred-
ible assignments were made based on the masses and
widths to diagnose the nature of the fully charmed tetra-
quark states.

This article is organized as follows: in Sec. II, the
hadronic coupling constants of the VV-type tetraquark
states for seven decay channels are obtained; in Sec. III,
discussions are presented on the numerical results; and fi-
nally, the conclusion of this study is presented in Sec. IV.

II. QCD SUM RULES FOR THE HADRONIC
COUPLING CONSTANTS

The fully charmed interpolating currents with two P-
waves are constructed as,

) =6 (1) Cy50,cu(0En(X)5ysCE (08",

Jog() =6 { T (X)Cy58c(0En(x)8pysCEL (1)
(D)5 e (DEn(0)8,75CTL ()]}

250 =66 { T (X)Cy58c(0En(x)8pysCEL (1)

! (CY5 0,008, (X)3,75CEL (1)} (©)

where i, j, k, m, and n are color indices [23], and the cur-
rents,

JT(x) = e(x)iysc(x),
T (x) = E(X)yac(x),
JE(x) = e(x)yeyse(x),

The(x) = E(xX)0ope(x), (7)

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

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

' (p,q) =i* / dhxd'ye” e O {77 (0" () (0)}10),
24(p,q) =i / d*xdye*e 01T {1/ (x)J]" ()1 (0)} [0),

(p.q) =1* / d*xd'ye e OIT { J5: (0™ ()7 (0)}10).
()

IT, 5(p.q) =i° / d*xd*ye'? e O|T { I/ (x)J™ (y)J}5(0) } |0,

ID,.5(p.q) =i’ / d*xd*ye'” e (0| T { Jls(x).J" (y)J,5(0) } [0),

)
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,(p.q) = i2 / d*xd*ye” e O|T { J™ (x)J™ (y)J24(0) } 0),

IT,.5(p.q) =1 / d*xd*ye'? e O T{J)" (x)J]" ()J25(0)} 10},
(10)

to study the hadronic coupling constants and hence the
widths of the decay channels,

X, — DD or D*D*, which can occur by annihilating a ¢
pair and creating a gg pair.

In the next step, the complete sets of intermediate
hadronic states with the same quantum numbers were in-
serted as currents into the hadron side of the correlation
functions [46, 47], to obtain explicit expressions of the
ground state contributions (isolated in the charmonium
channels),

2 .4
/lX()f RS GXom ne

X - (?+ Cco Hl . = J,_’
e DD = oz, = 2 m2 - p)E, — )
Xo > J/y+ Ty, ,
=1L (p”, p*. ")+,
Xo = xe+1e, (12)
Xl - J/ll’ + e
i Ax. f2.m?, G
X, — h.+1., Hiﬁ(p,q) =( — X(/)zf;f(/wzj/w_ J;o)f(/wz/w - z)gaﬁ+"'7
X, = 0. +1., My, — p =)y, — p)\my,, —4q
_ 22 2
X, = I+ I/, (11) =P P g gup .
where the subscripts denote the spins 0, 1 , and 2, re-
spectively. In the present work, we chose the supposedly P (p.q) = - Ao e fp 1 Gy, I
dominant decays, which occur through the Okubo-Zweig- A 2m (my, — p?)(m2_— p*)(m2 —q?) Qo
Ilzuk'a super—.'allloyved fall-apart mechanlsm and ignored ST5(p2 P ) (—iga) + -
the tiny contributions of the other non-dominant (Okubo-
Zweig-lizuka suppressed) decays, such as the decays (14)
PP () €wpt™ peITls(p @) = TL(p™, p2.d) (PP +p-q) (15)
~ A, oy Jo 3 G, 1pam.
L(p2 P2 q®) = IL(p™ P2 ) = : S ‘ +oe (16)
! ! 2memy, (m3, = p)(m,, — pP)om2 — )
P (DIPE (0 €uvary Tps(po) = 11050, p2. ") (~0°@ + (p-9)*) P-4, a7
-~ /leﬁlm/% fT] m4 GX]/lJ]
Us(p”,p*.q") =Ts(p™, p*. ) p’a’ p-q.,= o pq+-- (18)
’ ’ Imemy, (m, — p?)(m3, — p*)(m2 —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)
g 6m2m3, (m%, — p?)m2, —p?)m2 —g?) " ‘ (=Puts)
A% £33 Gxo syt ,
HZIV(I,B(p’ q = P (gwgv,ﬁ +guﬁgm) +-,=1L(p 2’p2’q2) (_guagVﬁ _gﬂﬁgva) +- (20)

2, — p) iy, — PP, — qP)
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where the projector
v 1 P'p° 'y’
B _ o V)
Pf\ (p)—g(g” - p2 )(gﬁ_ p2 ) (21)

The decay constants or pole residues are defined by
2m,
O O /() = famayuéa
O ONP)) = fi€wap P°E"
OOy (p)) = fromy, &y s (22)

O (O)ne(p)y =

O OIXo(p)) = Ax; »
<0|‘Iliy(0)|X1 (p)> = /Nle E,uvozﬁ Ealf 5
(013, 0IXa(p)) = Ax, €y (23)

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

Me(P(@IXo(P")) = iGxpp.n. »
(P Y (@IXo(p')) =1E" - € Gxouppau »
Ue(PDIXo(P)) = —{" - qGxppen. » (24)

P @IXi(p")) =i&" - £ Gy, »

(he(PNQIX1(P)) = €™ padip,&o P 4 Gxyh, »
(25)

<TIC(P)TI¢(CI)|X2(P')> = _igpvpuqvp : qGXZr]pq(» 5
TP DIXa(P')) = =16 E3E3 Gy (26)

where the &,, ¢, &,, and &,, denote the polarization vec-
tors of the corresponding charmonium or tetraquark
states. As the currents Jo3(x) and J,(x) potentially couple
to the charmonia/tetraquarks with both quantum numbers
JP€ =1* and 1-, we introduce the projector P4**(p) to
project the states with J°¢ =17 [23], as further ex-
plained in the Appendix.
On the hadron side, there exists a factor,

1 1
or
2 9’
mm,—q2

27
m, —q* 7

in the components I1;(p%, p*,¢*) with i=1-7, whereas
on the QCD side, a pole term is obtained:

(28)
u-q

with u>4m. If the chiral limit m; — 0, mj,, — 0, and
u — Ocan be taken, we expect the hadron side to match
the QCD side in the limit g> — 0 with respect to a pole,

1

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

The hadronic spectral densities py(s’, s, u)are straight-
forward to be obtained through the triple dispersion rela-
tion,

Oy(p2,p°q) = | ds / ds / du
16m? 4m? 4m?

pH(S,’ A\ M)

X , (30)
(s =p?)(s—p)u—-q°)
where
puls' 0 =l lin Ly
« Imy Im,Im, I15(s" +i€;, s +ie, u+1i€) G

I

and the subscript H denotes the hadron side. According to
the discussions in [48, 49], the four quark currents J°(x),
J},ﬁ(x), and Jiﬁ(x) are local currents, and couple poten-
tially to the tetraquark states, not to the two-meson scat-
tering states. Although the variables p’, p, and g obey
conservation of the momentum p’ = p+¢, we can obtain
a nonzero imaginary part for all the variables p?, p?, and
g* by taking the p?, p?, and ¢ as free parameters to de-
termine the spectral densities.

On the QCD side, we contract all the quark fields us-
ing the Wick's theorem and consider the perturbative
terms and gluon condensate contributions in the operator
product expansion, as the three-gluon condensate contri-
butions are diminished by additional inverse powers of
Borel parameters and play a tiny role. Then, the QCD
spectral densities of the components IT;(p?, p?,¢*) with
i =1-7 can be directly obtained through the double dis-
persion relation,
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Pocp(p”?, 5,1)
Moo phy= [ ds [ aulfEmni )

as
hme—ﬂ)ImHQCD(S,+i63,p275]2) = 0, (33)
Naively, we expect to obtain the triple dispersion relation,

Hocp(p”, p*.q%) = / ds’ / ds / du
lémg 4m% 4m%

Pacp(s’, s, 1)

(s =p(s—pHu-gq*)°

(34)

to match with the hadron side, Ty(p?, p%¢?) =
ocn(p™, p?,¢)( see Eq. (30)).

The triple dispersion relation in Eq. (30) on the had-
ron side cannot match the double dispersion relation in
Eq. (32) on the QCD side. Therefore, we have to match
the hadron side with the QCD side of the correlation
functions according to the rigorous quark-hadron duality

suggested in [38, 39],

pu(s’,s,u)

S0 ) 0o ’
/ ds/ du / ds’ I >
4m? 4m? 16m2 (s -p )(S—P )(U—CI )
[0 o
4m?

and perform the integral over ds’ first on the hadron side.
As the higher resonances and continuum states in the s’
channels are unclear, allowing only transitions to the
ground state meson pairs, we introduce the free paramet-
ers C; with i=1-7 to denote the contributions of the
higher resonances and continuum states in the s’ channel.
For example,

PQCD(S u)

35
“is- Pu—q*’ 33)

s’ ,ms .m
C1=/ d'M, (36)

) s — 72
A p

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

To present the hadron representation more clearly,

/lXUfzrmi,GXo'Ir'i(»
4m2(myg, — pAmE —p*)(ml —q*)
C
(m2, = p)(m2, —q*)’

IL(p?p°.q") =

+

(37)

ﬂxosz/wminqu/W/w
(m ,2)(mj/¢, p )(m//.// q*)
C
T 2 - p N
(mj/¢/_p )(m,/.,,—q )

IL(p?%p*.q") =

(38)
TT4( prz, pz’ qz) _ /lZXoﬁ(csz fm»mrzh GXD)(( e
2m(my, — p?)(m?_— p*)(mk —q*)
+ C3
(m2 —pH(m2 —q?)’
(39)

Ax, o0y Fo G, sy,
2m(mg, — p')(mj,, — p2)(m2 —q?)
C,
Ty -2 — )
I P .4

IL(p>p°.q") =

(40)
s(p”. p*.q*) = /ZX] ﬁlrm%"fmsz’"Gmm
Om(my, — p?)(m;_—p*)(mi —q?)
+ Cs
(mj; = p>)(m2 —q*)’
(41)

2 a4 2 2
}'Xz nt-mm»(sz - mn )GXZULU(

s(p”, p*.q*) =

6m2m3, (m%, — p>)(m2, — p>)(m2, - q*)
Cs
+ 2 2 2 2y’
(m;, —p*)(m; —q°)
(42)
L2, g = ﬂXszzwmi/lp Gxaupapy
2(m§<2 - P/z)(mﬁ/./, - Pz)(m3/¢ -q%)
C;
+— Y -
(m3,, — p*)(m3,, — q*)
43)

The variables p? in Eq. (35) can be set as p’? = ap?,
where a is a constant. According to the mass poles at
s'=my,, and s=m, ;,, ., an approximate relation
s’ = 4s, can be obtained; therefore, it is reasonable to set
@ =1 ~ 4 in the present work. This is just a phenomenolo-
gical trick, p”? = (1 ~4)p?, as the p?, p?, and ¢ are free
parameters after performing the operator product expan-
sion. In numerical calculations, the optimal value @ =2
was obtained in all the QCD sum rules via trial and error,
which is consistent with our previous studies [29].
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Then, performing the double Borel transform with re-
spect to variables P2 = —p? and Q® = —¢* and setting the
double Borel parameters as T? = T3 =T we expect flat

xonene Gxonene m2 771%( mzl. 2m;275,
B el R G el R el A

0 0
3 517( 3'70
=~ e /4m% ds/ , dusu(s+u—4m§) 1-

m>  a GG
+ (
14472

ds/ du\/i

4m? 4m? s+u
T g (242)
s

Borel platforms to appear, which is one criterion of the
QCD sum rules. Finally, we obtain seven QCD sum rules.
As an example,

T2

S'+M

s [—6s3u + smf(—?as2 + 5851 +36u?) + 8m(4s* — 2351 — 9u*) + mE(180u — 68s)|

s (s—4m§)5

1 GG
+ : “ds [ “d (
5762 7 ) and s/4 “EXP T

}’H

Ss+u

y =27 su(s +u) +4m*(7s> + 36su + Tu*) — 32m? (s +u) — 112m®

\/s(s—4m§) \/u(u—4m§)

0 0
1 aGG, [ e (s—m?2) [s7—2m2(3s+u) + 8m?] S+u
BCAN / dSA,,,% du Vilu=am)exp (=757)

K (s—4m§)3

where the notation is defined by,

2 a4

/lX m .
Axonen. = % . (45)

The other six QCD sum rules are ignored for simpli-
city, and readers can obtain them by contacting us via
email. In numerical calculations, we assumed the C; are
unknown parameters and searched for suitable values to
obtain the flat Borel platforms for the hadronic coupling
constants via trial and error [38—45]. This is just an as-
sumption and should be examined based on the experi-
mental data to dettermine whether it is feasible. In detail,
endpoint divergences appear at the thresholds s = 4m? and
u = 4m? because of 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 regularize the divergences because of the
tiny contributions of the gluon condensates [29, 50, 51].

III. NUMERICAL RESULTS AND DISCUSSIONS
On the

densate (

CD side, we take the standard gluon con-
>_ 0.012+0.004GeV* [46, 47, 52] and the

(44)

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

12
as(ﬂ) :| 33-2n5
9

mc(u) =mc(m.) |: (m,)

o) = 1 by logt bi(log’t—logi—1)+byby
@ bot | B3t b1 ’
(46)
2 33-2n 153 - 19n
where 1=logh by = 127rf’ b= tob=
5033 325
(2857 = =g=ny+ 5--n)/(1287°), A = 213MeV, 296MeV

and 339MeV for the flavors ny =5, 4, and 3, respect-
ively [53]. In the present work, the flavor number was set
as ny =4 to study the fully charmed tetraquark states.

On the hadron side, the parameters are taken as
my,, =2.9834 GeV, my, =3.0969 GeV, m,, =3.525GeV,
my,, =3.51067 GeV from the Particle Data Group [53],

=(3.9GeV)’, s =(3.9GeV), s),=(3.6GeV)’, s) =
(3.5GeV)*,  f, =0235GeV,  fy, =0418GeV, f, =
0.387GeV [54], f,., =0.338GeV [55], mx, =6.52GeV,
Ay, =6.17x 107 GeV®,  my, =6.57GeV, Ay, =5.17x
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1071 GeV?, my, =6.60GeV, Ax, =7.95x107'GeV’ from
the QCD sum rules [23].

At the beginning, we set the free parameters C; =0
but could not obtain a stable platform, which indicates
that the contributions of the higher resonances and con-
tinuum states are considerable. Therefore, we tried to ob-
tain stable platforms by varying the values of the un-
known parameters C; via trial and error. Finally, we ob-
tained the values,

C,=026T*GeV®,

C, =0.0073T*GeV*,
C;=0.034T*GeV’,
C,=0.007T*GeV’,

Cs =0.0034 T2 GeV®,

Cs =0.0032T*GeV*,

C, =0.007T*GeV?, 47)

which can lead to Borel platforms,

TJZ(())]LJ](. = (30 - 40) GCVZ s
Tossw = (1.9-2.9)GeV?,
T)z(o)(cm- =(3.2-42)GeV?,

T)z(l Jume = (3.8=4.8) GeV?,
T)Zflhcn( = (29 - 39) Ge\/2 s
T2 =(2.2-3.2)GeV?,

Xonene

T3y = (24-3.4)GeV?, (48)
where the subscripts Xon.n., XoJ/WJ/¥, Xoxene, XiJ/vne,
Xihene, Xonene, and X,J/yJ/y denote the corresponding
channels (modes). Therefore, seven flat platforms with
uniform intervals T2, — T2, = 1GeV? were obtained as in

our previous works [38—45], where the max and min de-

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.

denote the Gx,y.. and Gx, s, respectively.

note the maximum and minimum, respectively.

Before analyzing the numerical results, it is crucial
that the uncertainties of the hadronic coupling constants
be established. These uncertainties originate not only
from the decay constants (or pole residues) but also from
the parameters on the QCD side. Therefore, we should
avoid overestimating the uncertainties. Specifically, the
uncertainties of the channel X, — J/y + J/y, are presen-
ted as an example, /lXQfJZ/./,GXoJ/L//J/IIJ = /_ngf_JZ/,/,G_XQJ/L//J/w+
5/1Xof12/¢GXOJ/¢J/¢, Cy =Cr+6C,,

S A%, f 310G xosrwat =A% f374 G xosruir
y (2 S foru N 0dx, N Gxosryiry

S Ax > » 49

Gxouppin

where the short overline * denotes the central value. Then,

by approximately setting 6C,=0 and
o oA oG
J—CW =2 - M, we can obtain the uncertainties
T A, Gxawap
of tfle hadronic coupling constants.

Finally, we obtain the values of the hadronic coup-
ling constants:

Gxopn. = 7497330 GeV?,

Gy = 0.35700,GeV?,

Gxopen. = 331708 GeV?,

Gx,sjun. = 0.145079GeV?,

Gxyone = 0.327008 GeV ™2,

Gpn. = 0207397 GeV 2,

Gx,ppw = 0.597013GeV? . (50)

In Fig. 1, as an exmple, the curves of the hadronic
coupling constants Gy, and Gy, With variations of
the Borel parameters T? are plotted in the Borel windows.
Clearly, flat platforms appear. Thus, we can extract the
hadronic coupling constants reasonably.

1.0

091 Central value|
08+ B) — — Error bounds| |

0.7

0.6
0.5 F

0.4 F

G(GeV?)

03F & & D - - - - - -

02
0.1

00 e
1.9 20 21 22 23 24 25 26 27 28 29
TXGeV?)

(color online) Central values of the hadronic coupling constants with variations of the Borel parameters 72, where (A) and (B)
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Then, taking the masses my, = 6.52 GeV, my, =
6.57 GeV, and my, =6.60GeV obtained from the QCD
sum rules [23], we obtained the partial decay widths,

[(Xp = n.1.) = 68.94781 00 MeV,
[(Xo — J/yJ /) = 041703 MeV,

T'(Xo = xe1.) = 0837037 MeV, (51)

[(X, — J/ym.) = 0.024754], MeV,

(X, - he.) = 28.35715% MeV, (52)

[(X, = nene) = 4497358 MeV,

(X, = J/WJ/y) = 0.40*32 MeV, (53)

and consequently the full widths,

Ty, = 70.18*53 MeV, (54)
Ty, =28.37%1543 MeV, (55)
Ty, = 4.89739 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 charmed tetraquark states
were studied via the QCD sum rules, and the results
showed that the X(6552) can be assigned as the first radi-
al excitation of the AA-type scalar tetraquark state, con-
sidering both the masses and decay widths [26, 29]. In
Ref. [23], we studied the mass spectrum of the ground
state yy-type scalar, axial vector, and tensor fully
charmed tetraquark states using the QCD sum rules. The
numerical results indicate that the ground state y/y/-type
tetraquark states and first radial excited states of the AA-
type tetraquark states have almost degenerated masses,
appoximately 0.35+0.09 GeV  above the J/yJ/y
threshold.

In the present work, the predicted width Iy =
70.187%33 MeV is compatible with the experimental data
Txessz) = 124732 £33 MeV from the CMS collaboration [3]
within uncertainties, which supports assigning the
X(6552) as the ground state VV-type scalar tetraquark
state, whereas the widths of the tetraquark states with
higher spins Ty, =28.37%52MeV and Ty, =4.89%39!
MeV are too small to match the experimental data.

As a hadron has several Fock states, the X(6552) may

have both the 1S I7§—type and 2S AA-type scalar tetra-
quark components. Furthermore, the relative branching
ratios are quite different from each other,

r (XQVVV > nene JJIWIY :)(Cmc) =1.00:0.0059:0.012,

T (X34 = nene : /W xeme) =0.066 : 1.00 1 0.0024,
(57)

which indicate that the main decay channels are
X — 1.1, for the 1S VV-type scalar tetraquark state and
Xo — J/wJ /¥ for the 2S AA-type scalar tetraquark state.
More experimental data are required to diagnose the
nature of the fully charmed tetraquark states. Other pre-
dictions serve as meaningful guides for the high energy
experiments, awaiting to be examined in the future.

IV. CONCLUSION

In the present study, a relative P-wave was intro-
duced to construct the doubly charmed vector diquark
and hence the scalar and tensor four-quark currents to in-
vestigate the decay widths of the fully charmed tetra-
quark states with the J*¢ = 0**, 1%~ and 2** via the QCD
sum rules. We consider the perturbative terms and gluon
condensate contributions in the operator product expan-
sion to match the hadron side with the QCD side based on
rigorous quark-hadron duality. The predicted width of the
ground state scalar tetraquark state Iy, = 70.18*3133 MeV
is compatible with the experimental data [xssz) = 124732+
33MeV from the CMS collaboration within the range of
uncertainties, which supports assigning the X(6552) as
the ground state VV-type scalar tetraquark state. The rel-
ative branching ratios of the ground state VV-type scalar
tetraquark state and 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 expect that
the other predictions will be confirmed in future experi-
ments.

APPENDIX A

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

Hpmﬁ(P) = i/d4xeip'X<O|T {Jpv(-x)‘]aﬁ(o)} |0> s (Al)

to illustrate how to project the pertinent tensor structures.
On the hadron side, we isolated the ground state contribu-
tions,

063108-8



Strong decays of the fully charmed tetraquark states with explicit P-waves via QCD sum rules

Chin. Phys. C 49, 063108 (2025)

12

A
Hymﬁ(p) :ﬁ (ng;wzgvﬁ - ngﬂﬁgm — 8uaPvPp — 8v8PuPla + 8upPvPa +gmpupﬂ)
A

4

+7
M;, - p?

(_gﬂapvpﬁ —8wPuPa + 8ugPvPa + gwrp;tpﬁ) +tee, (Az)

=HA(P2) (nguagvﬁ - nguﬁgvcr - guapvpﬁ - gvﬁpﬂpa + guﬁpvpa + 8mPuP,6)

+ HV(pZ) (_guapvpﬁ —&pPuPa + 8ugPvPa + gvap,upﬁ) s

where

O (OIAP)) =14 Epap 7P’
<O|Jpv(0)|v(p)> =;1V (8;417\/ _‘9\/17/1) s (A3)
the 4 and V stand for the J7° = 1"~ and 1-~ mesons, re-

spectively. Introducing the operators PY?(p) and
Py (p),

e 1 Y @ y v
Pi ﬁ(p)=g(g” —p%) (g”—pplf),
vy 1 (02 * v " 1 a Y
Pt =g (=20 ) (020 ) - peer. an

and projecting the components I1,(p?) and T1,(p?) unam-
biguously,

T(p%) =p*TLA(p?) = PP (0)as(p).
Ly (p?) =p*TL(p*) = PP (p)es(p), (AS)

and

P (D) Miap(p) - TLa(p?),
Py (D) Miap(p) - Ty(p?). (A6)

Therefore, in Egs. (15)—(17), we project the contribu-
tions of the h. and X, using the J*¢ = 1*~and projectors
P’j,v“/y' (p) and Pjﬁ“'ﬁ' (p"), respectively,

Pi.B‘Yl.Bl (p’) Hﬁafﬂ(p’ 51) o ﬁ4(P,2’ pz, qz) ’
P,:‘vu'v’ ) Pf:ﬁa’ﬁ’ (P,)HZvaﬁ(p’ q) ﬁs(}’lz’pz’qz)' (A7)
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