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Exotic fully heavy QQQQ tetraquark states in 855 ® 8/pp,
color configuration
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We have systematically calculated the mass spectra for S-wave and P-wave fully charm cccc¢ and fully
bottom bbbb tetraquark states in the 8100) ® g color configuration, by using the moment QCD sum

rule method. The masses for the fully charm cccc tetraquark states are predicted about 6.3-6.5 GeV for
S-wave channels and 7.0-7.2 GeV for P-wave channels. These results suggest the possibility that there are
some 8.z ® 8|5 components in LHCb’s di-J/y structures. For the fully bottom bbbb system, their

masses are calculated around 18.2 GeV for S-wave tetraquark states while 18.4—18.8 GeV for P-wave ones,
which are below the 7,1, and T(1S)Y(1S) two-meson decay thresholds.

DOI: 10.1103/PhysRevD.104.114037

I. INTRODUCTION

The existence of multiquark states was first suggested by
Gell-Mann and Zweig at the birth of the quark model [1,2].
Since 2003, plenty of charmoniumlike exotic states and P,
states have been observed [3—-12], many of which are
unexpected and cannot be fitted into the conventional quark
model. To understand the nature of these new resonances,
many exotic hadron configurations have been proposed
such as hadron molecules, compact multiquarks, hybrid
mesons, and so on [13-18]. Among these theoretical
models, the loosely bound hadron molecule and compact
multiquark are two especially appealing configurations. For
the charmoniumlike XYZ and P, states, it is complicated
and difficult to distinguish these two different hadron
configurations experimentally and theoretically because
of the existence of light quarks.

In 2017, an exotic structure around 18.4 GeV was
reported by the CMS Collaboration in the Y(1S)uu~
channel [19], which was once regarded as a fully bottom
bbbb tetraquark state. In 2019, the ANDY Collaboration
at RHIC reported evidence of a significance peak at around
18.12 GeV [20]. Although these structures were not
confirmed by some other experiments [21,22], their
observations still attracted a lot of research interest in fully
heavy tetraquark states [23-32]. Very recently, the LHCb
Collaboration declared a narrow resonance X (6900) in the
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di-Jy mass spectrum with a significance of more than 5S¢
[33]. Moreover, a broad structure ranging from 6.2 to
6.8 GeV and a hint for another structure around 7.2 GeV
were also reported at the same time [33]. These exotic
structures observed in LHCb immediately attracted great
attention to study the fully charm ccc¢ tetraquarks for their
mass spectra [34-61], their production mechanisms
[57,62-71], and their decay properties [37,46,72-75].
Because of the absence of light quarks, a fully heavy
tetraquark system is more likely to form a compact
tetraquark state via the gluon-exchange color interaction
rather than a loosely hadron molecule combined by the
light meson exchanged interaction [76,77].

Nevertheless, the authors of Ref. [78] discussed the
interaction between two J/y mesons via the exchange of
soft gluons, which hadronize into two light mesons at large
distance. By studying the correlated zz and KK exchanges,
they found that it is possible for two J/y mesons to form a
bound state. In Ref. [34], the authors studied the dichar-
monia states in 1j.; ® 11z configuration with /"¢ = 0**
and predicted their masses around 6.0-6.7 GeV in the
method of QCD sum rules. The existence of dicharmonia
bound states was also studied in Ref. [61], in which the
authors investigated the .., J/wJ /y bound states in both
1) ® 1)z and 85 ® 8|7 color structures by using a
nonrelativistic quark model. The 0+ dicharmonia states in
the 8.z ® 8|z color structure were also investigated in
Ref. [54] by the Laplace QCD sum rule method.

In our previous works in Refs. [23,79,80], we have
studied the fully heavy tetraquark states in diquark-anti-
diquark configuration with both 6[QQ] ® E[QQ] and 3[QQ] ®
S[QQ] color structures. In this work, we shall further
investigate the possibility of fully heavy tetraquark states
in meson-meson configuration with S[QQ] ® S[QQ] color

Published by the American Physical Society


https://orcid.org/0000-0003-1320-614X
https://orcid.org/0000-0003-1351-1128
https://orcid.org/0000-0002-8044-5493
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.114037&domain=pdf&date_stamp=2021-12-28
https://doi.org/10.1103/PhysRevD.104.114037
https://doi.org/10.1103/PhysRevD.104.114037
https://doi.org/10.1103/PhysRevD.104.114037
https://doi.org/10.1103/PhysRevD.104.114037
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

QI-NAN WANG, ZI-YAN YANG, and WEI CHEN

PHYS. REV. D 104, 114037 (2021)

structure by using the method of QCD moment sum
rules [81,82].

This paper is organized as follows. In Sec. II, we
construct the interpolating currents for 8y ® 81pp
meson-meson tetraquark states. In Sec. III, we evaluate
the correlation functions for these interpolating currents.
We extract the masses for these tetraquark states by
performing the moment QCD sum rule analyses in
Sec. IV. The last section is a brief summary.

II. INTERPOLATING CURRENTS

The color structure of a meson-meson operator
[00][Q0] can be written via the SU(3) symmetry

(3®3)199 ® B3® 3)jgg
= (1@ 8)99 ® (1®8)gg
=1 (1Q8)eB8®1)®(8®3)
=108080 (108080101027, (1)

in which the color singlet structures come from the
(Lipg) ® 1jpp) and (8;pp ® 8/pp) terms. Following
Ref. [83], we can construct the S-wave and P-wave
[Q0][QQ] interpolating currents as below.

(i) The S-wave interpolating currents are

JPC =071 I = (Qurs, Qp)(0arstt, O.),
T2 = (Qu¥, iy Q) (Qat e Qo)

JPC =171 Ty, = (Qur, A2, 05) (QuaysAi, Q).

JPC — ot ott g = (QayﬂﬂZbe)(th/lZ/eQe)’
)

in which we obtain only [QQ][QQ] currents with
JPC€ =0*t*, 17, and 211 in the S-wave channel.
The tensor current J,, can couple to both the
JPC€ = 0** and 2** quantum numbers but not the
JP€ = 1%+ channel because of the Lorentz sym-
metry restriction.

(ii) The P-wave interpolating currents are

JPC=0""1n :(Q Ysﬂabe)(Q 0.),

= (0u0,u45,05)(Qq0 ,MsideQe)
JPE=0"1p =(Q Yy Q) (Qat sk, Qe )
JPC=17"1y :(Q Vueay ) (Quly, Qo)

=(0 7/a7/5/1abe)(QdffaﬂsfldeQe)
JPC=1""1 13, = (QursA2, ) (Qur 545, Qe )

:( 07,2505 (Qa0,,45,Q. ), (3)

where only one P-wave [Q Q] operator is contained in these
interpolating currents. One should note that these tetra-
quark interpolating currents with 855 ® 8/9p color
structure can be written as combinations of the diquark-
antidiquark operators through the Fierz transformation and
the color rearrangement. Their decay properties should be
the same with the [QQ][QQ)] tetraquark states as discussed
in Refs. [23,74]. Thus, we shall not discuss the decay
behaviors for these [QQ][QQ)] tetraquarks in this work.

III. QCD SUM RULES

In this section, we investigate the two-point correlation
functions of the interpolating currents constructed above.
For the scalar and pseudoscalar currents, the correlation
functions are

n(p?) =i / dxe? O[T (x)I7(0)]0),  (4)
while for the vector and axial-vector currents
M, (7) =i [ daer O @O0 ()

The correlation function I1,,(p?) in Eq. (5) can be divided
into two parts:

,.(p?) = (”;”"—g,,v>nl<p2>+”;””no< ). (6)

where ITy(p?) and IT, (p?) represent the spin-0 and spin-1
invariant functions, respectively. For the tensor currents
Ju(x) in Eq. (2),

Mo (p?) = i / e (O] ()L (0)][0). (7)

The correlation function I, ,,(p*) in Eq. (7) can be
expressed as

2
H/w./m’ (p2) = (7];4/)’71/6 + ’7/40"11//) - g ’7#1/’7/)0’) H2 (pZ)
4+, (8)
where

pPupP
N = ;ZD ~ Guv- (9)

The invariant function I1,(p?) relates to the spin-2 inter-
mediate state, and the “---” represents the contributions
from other states.

At the hadron level, the invariant functions can be
expressed through the dispersion relation
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ds

2\N 0 mlIl(s
) — 22 [© iy

m Jien, sN(s — p* —ie)
N-1

+Y b (10)
n=0

where b, is the subtraction constant. In QCD sum rules, the
imaginary parts of the correlation functions are usually
simplified as the following “pole plus continuum” spectral
function:

pls) = - Iml(s)

= [16(s — m3)

+ QCD continuum and higher states, (11)

in which the § function represents the lowest-lying state. The
parameters f and my are the coupling constant and mass of
the lowest-lying hadronic resonance H, respectively:

(OIH) = fu,
(O1ulH) = frep
(O |H) = fr€u (12)

with the polarization vector €, and polarization tensor €,,.

To extract the lowest-lying resonance, we first define the
moments by taking derivatives of the correlation function
I1(4?) in Euclidean region Q* = —¢> > 0:

1 d \"
M, (Q5) = o1 <_d—QZ> 1(Q?) oo

:/oo el (13)
1

6mé (S + Q(Z))n+l ’

We then rewrite the moments by applying the above
equation to Eq. (10) and obtain

fi

2\ —
MO G g

[1+6,(00)).  (14)

where 5,(Q3) represents higher excited states and con-
tinuum contribution, and it is a function of n and Q%. It
should be noted that, for a specific value of 03, §,(Q3) will
tend to zero as n going to infinity. Considering the ratio of
the moments to remove the unknown coupling constant f

2\ — Mn(Q%) _ 2 2
r(”’ Q()) - Mn+1(Q(2)) - (mH + QO)

1+5,(03)

——— (15
1+5n+1(Q%) ( )

where the relation 6,(0Q3) ~8,.1(Q3) will be satisfied
when 7 is large enough, we can extract the hadron mass as

my = /r(n, Q3) — Q3. (16)

At the quark-gluon level, we can evaluate the invariant
functions T1( p?) via the operator product expansion (OPE)
method. The Wilson coefficients can be calculated by
adopting the following heavy quark propagator in momen-
tum space:

o"(p+mg) + (p-+ mg)o
12

iéab i n
+_gsih

j Sab —
iS5/ (p) p—my 4772

n
G

i ptmop
+—5(5GG)my—5——37, (17)
12 (p?—mp)?

where Q represents the charm quark or bottom quark field.
The superscripts a, b are the color indices and p = p*y,. In
this work, we will evaluate only the perturbative term and
gluon condensate term in the correlation function; the
contributions from higher nonperturbative terms such as
the trigluon condensate are small enough to be neglected.

IV. NUMERICAL ANALYSIS

We now perform the QCD moment sum rule analyses by
adopting the following values of heavy quark masses and
gluon condensate [84—86]:

me(m.) = (1.272003) GeV,
my(my) = (4.1870%) GeV,
(?GG) = (0.88 +0.25) GeV*. (18)

As mentioned in Sec. III, there remain two important
parameters n and Qg in the extracted hadron mass in
Eq. (16). In the original literature on moment sum rules, the
authors set Q(z) =0, which may lead to a bad OPE
convergence. To avoid such bad behavior, we follow
Refs. [23,79,80] to choose Q(z) > (0 and introduce &=
Q3/(4m,.)? to perform sum rule analysis. The parameters
n and & are related to each other through the following
respects: (i) A large enough n will reduce the higher excited
states and continuum region contributions, but it will also
decrease the convergence of OPE series. (ii) A large & (or
Q%) can compensate the OPE convergence (see Fig. 1) but
may cause a bad convergence of §,(Q3) and make it
difficult to obtain the parameters of the lowest-lying
resonance. One needs to find suitable working regions
for these two parameters to establish stable sum rules.

We take the interpolating current J, (x) with JF¢ = 0+
as an example to show the numerical analysis details. The
correlation function of this current is evaluated as the
following:
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pert 2
Q 192 6
52Q2 l—x y(l

Z

/dx/ dy/ dz{( Dx(1 = x)y Z(zl_y)3(1

y)3(1 _Z) )F(mc, Q2)3 =+ (60m%Q2y(1 -y _ c 5

—Z))F(mC’Qz)zt L (40m%yz(21 -y)

J(1—2) 26mi(1-y)

Z Z

4x —x 3(1 _ \3
_26Q (1 )yil y) (1 Z) )F(mC,QZ)Z}Log[F(mC,Qz)],

_ (#GG)

T1%6(0?)
(09 28870

10mtx(1 — x)y(1 —y)3(1 — 2)* _

/ / /dz{(30mx1—x)(1—)(1—z) 13mx(1—x)(1—)(1—z)>

1B3md(1=y)(1=2)* 10mc*(1 —y)y(1 - z)*

F(mm Q2> + < ‘ Z3
| 15meQ* (1~ x)x ( (-2t

3 26m20%(1 — x)x(1

2 22

Z

ZZ

)1 ‘Z>5)}Log[F<mc,Q2>]
(1)

1 1
d
8647r/ x/o Y1

151712Q2 (1-x)(1-y)}(1 —z)

+ dz
me, 0%)

—1 {13m§(1 -1 =2 15m¢Q%(1

22 22

13m3Q4X(1 —x)y(1 —y)*(1 —2)°

S

z

(1 =x)x(1 -

ay [La il
11527z/ XA yo Z{( z

24mcy(1 -2)

_14m 2x(1 = x)(1 =y)3(1 = 2)?

y)3(1 _Z)2>F(mc, Q2)2 N < 12m2(1 —y)(1-z)

Z

L 360%x(1 = x)(1 = y)*(1 = z)3> Fim,. Q%)

yz2 Xz

N <12m (1 =y)(1-2) 12miQ%*(1 -z)?
yZ X

TmzQ*(1 —x)x(1-y)*(1
_ -

_ )P

where  F(m,., Q%) = m2(1 —Z+§+ﬁ+m) +
0?z(1 — z). We shall not evaluate the dimension-6 trigluon
condensate (G*) (~g?) and dimension-8 {G*) (~g}) con-
densate in the OPE series. The (G?) term gives negligible
contribution to the correlation functions even at £ = 0 for
the charmonium system [87] and four-charm tetraquark
system [55]. For the dimension-8 (G*) condensate, it was
proven in the charmonium moment sum rules that this term
was much larger suppressed comparing to the dimension-4
gluon condensate (G?) at & # 0 and, thus, can also be
neglected for the mass sum rule analysis [81,88].

To obtain convergent OPE series, we require that the
contribution of the gluon condensate be smaller than the
perturbative term and obtain the upper bound n,,, = 47,
61,77,91 for & =2, 3,4, 5, respectively. We show the ratio
[TI9C /T1P*"| in Fig. 1 to display the convergence of the OPE
series with respect to n and &, which indicates that the OPE
convergence becomes better with increasing of & and

decreasing of n.

In Fig. 2, we show the variation of the extracted mass with
n for different values of & and get stable mass prediction
plateaus (n, &) = (32,2), (42,3),(52,4), (62,5). To choose
the values of £, one should consider both the existence of the

— 6m2Q%(1 -

#6041 =x(1 =5(1 = 2)*) }LoglF(n. 07

Z
(1 -2)?

(19)

mass plateaus and the stability of the hadron mass for
growing £. Both of these criteria can be satisfied for
£ > 2, as shown in Fig. 2. Accordingly, the mass of such
a cccc tetraquark state is finally predicted to be

_ +0.19
Mz = 6.547) 5 GeV, (20)
T
10r i / / / ,
I ! ! / /
| ] 1 / / ’
! / ! / / /
08} | , J / / /
1 h / / ’ /
— 1 h / ’ / J/
o6l | ! ! /! / ’
a UV.OF 1 / / / ’ ’
E I’ /I I, ! /’ ‘
8 I / / S/ e // - g0
= 04 | o O G R
— I / Vi / 4 4 [REp——
7 ’ ’ ’ £=2
! 7 4 4 /’ g [
o2, S 0 e £=3
< ’ S e =TT =4
! At
// /’i’:/’::”’ — §=5
00#g=s==E=="" 1 1 1 1 1 A
10 20 30 40 50 60 70 80 90
n
FIG. 1. |IT°C/T1P*"| with respect to n for different values of &

from J, (x) with JP€ = 0+,
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FIG. 2. Hadron mass for the fully charm cccc tetraquark
state with J¥¢ = 0** from J,(x) with respect to n for different
values of ¢&.

in which the errors come from the uncertainties of & and »,
charm quark mass, and the gluon condensate.

The same numerical analyses can be done for the other
interpolating currents in Egs. (2) and (3). Then we obtain
the masses for all cccc tetraquark states in 8.4 ® 8¢
configuration in Table I. In this mass spectra, we predict
three S-wave cccé tetraquarks with J°€ = 0¥+, 1+, and
2+* and four P-wave cé¢cc tetraquarks with JP€ = 0=+,
0=, 177, and 1=, The masses are predicted to be around
6.3-6.5 GeV for the S-wave states while 7.0-7.2 GeV for
the P-wave states. Comparing to the mass spectra obtained
in Ref. [23], the masses for S-wave fully charm tetraquark
states are consistent with each other in both the [c¢][c¢] and
[cc][ee] configurations. However, the P-wave [cc][cc]
tetraquarks are predicted to be 200-300 MeV higher
than those in the diquark-antidiquark configuration [23].
In Table I, we also list the masses for some S-wave cccc
tetraquark states in 8.z ® 8.z configuration obtained by
the Laplace QCD sum rule [54] and a nonrelativistic quark

TABLEI. The mass spectra for the fully charm cccc tetraquark
states in 8.;) ® 8.z color configuration.

Mass Reference [54] Reference [61]

Current  JP€ (GeV) (GeV) (MeV)
Ji 0" 654101 6.4471011 6403
Js 0" 6367018 6.527 11 6346
P 1= 6477018 e 6325
T 27 6.521007 6388
n 0" 7.02203

& 0" 7.00Z93

My I 6.9950%

Moy I 7175%

My 17" 6.9807

Ny ™" 70750

model [61]. Our results for these cccc tetraquark states are
in good agreement with those in Refs. [54,61].

One notes that the two interpolating currents in the same
channel (JP¢=0"",0"",177,17") lead to almost the
same hadron masses. To specify if these two currents
couple to the same physical state or not, we calculate their
cross-correlation functions of two different currents with

the same quantum number, e.g., the J;(x) and J,(x) with
JPC =0t

M (p?) = i/d4x€i”'x<0|T[Jl(X)J§(0)1|0>- (1)

Our calculations show that all these cross-correlation
functions are large enough and comparable to the diagonal
correlators, implying that they couple to the same physical
states. Since the two interpolating currents in the same
channel give almost the same hadron masses, we do not
reanalyze the mass sum rules by using their mixing current,
avoiding more errors from the uncertain mixing angle.
We can also study the fully bottom tetraquark states in
8,5 ® 8,5 configuration. For the fully bottom system, we

define & = Q3/(m,)? and find that the two criteria of mass
plateaus and & stability can be achieved for & = 0.2-0.8. By
requiring that the contribution of the gluon condensate be
smaller than the perturbative term, we obtain the upper
bound on the parameter n,,, = 119, 121, 123, 125 for
£=0.2, 04, 0.6, 0.8, respectively. We show the variation
of the extracted mass with n for different value of & in
Fig. 3 and get stable mass prediction plateaus (n,¢&) =
(75,0.2),(77,0.4), (77,0.6), (79,0.8). The mass of such a
bbbb tetraquark state is finally predicted as

o +0.14
Mypp = 18152570

GeV. (22)
Applying a similar moment sum rule analyses, we obtain
the mass spectra for these bbbb tetraquark states and list

them in Table II. Accordingly, the S-wave bbbb tetraquark

21
— 20
>
(5]
<)
3
=19

18.1
]8 kl 1 1 1 1 1 8 5
10 30 50 70 90 110
n

FIG. 3. Hadron mass for fully bottom bbbb tetraquark state

with JP€ = 0** from J,(x) with respect to n for different
values of &.
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TABLE II. The mass spectra for the fully bottom bbbb
tetraquark states in 8,5 ® 8,5 color configuration.

Mass Reference [54] Reference [61]

Current JPC (GeV) (GeV) (MeV)
Jy 0"+ 181550y 18.38101] 19243
b 0? 18.1332;(5 18.4470-10 19237
Ji 177 18,1479, 19126
J,,Z 2+t 18.15j§'~§§ 19197
m 0" 1845407 -
2 0™"  18.54709

3 07 1847701

Ny 177 1846101

Moy 177 1846701

M3 177 18561017

N 17" 18795015

states are obtained to be around 18.2 GeV, while the P-wave
states are about 18.4—18.8 GeV. Such results are several
hundreds of MeV below the masses of diquark-antidiquark
bbbb tetraquarks predicted in Ref. [23]. As shown in
Table II, our results for the S-wave 8, ® 8,; tetraquarks
are much smaller than those predicted in the nonrelativistic
quark model [61] but roughly in agreement with the results
in Laplace QCD sum rules [54].

V. CONCLUSION AND DISCUSSION

We have studied the fully heavy QQQQ tetraquark states
in the 8;pp ® 8/pp) color structure by using the moment
QCD sum rule method. We construct the S-wave and
P-wave interpolating tetraquark currents with various
quantum numbers and calculate their two-point correlation
functions containing a perturbative term and a gluon

condensate term. Choosing suitable parameter working
regions, we have established stable moment sum rules
for all interpolating currents and extracted the mass spectra
for the fully charm and fully bottom tetraquark states.
For the fully charm ccc¢ system, our results suggest that
the S-wave tetraquark states with J°¢ = 07+, 1+~ 2+ lie
around 6.3-6.5 GeV, while the P-wave tetraquark states
with JP¢ =0"",0"",17",1~" are about 7.0-7.2 GeV.
Especially, the masses for the ccc¢ tetraquarks with J©€ =
0t* and 2" are consistent with the broad structure
observed by LHCb [33]. The P-wave fully charm tetra-
quarks with J¥¢ = 0=+ and 1~ are predicted to be roughly
in agreement with the mass of X(6900) within errors.
Such results suggest the possibility that there are some
8. ® 8;) components in LHCb’s di-J/y structures.
More investigations are needed in both theoretical and
experimental aspects to study the nature of these structures.
For the fully bottom bbbb system, the numerical results
show that the S-wave tetraquark states are about 18.2 GeV,
while the P-wave states are around 18.4—-18.8 GeV. All
these fully bottom bbbb tetraquarks are predicted to be
below the 77,17, and T(1S)Y(1S) two-meson decay thresh-
olds, indicating that these tetraquark states will be stable
against the strong interaction. Such results are consistent
with our previous prediction for the diquark-antidiquark
bbbb tetraquarks in Ref. [23]. More efforts are expected to
search for such fully bottom tetraquark states in the future
experiments, such as LHCb, CMS, and so on.
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