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Abstract: In this study, we evaluated the mass spectra of the prospective 0~~ hidden-charm and hidden-bottom tet-

raquark states in molecular configuration via QCD sum rules. In our calculation, the nonperturbative condensate con-

tributions are considered up to dimension eight in operator product expansion. It is found that there could exist 4
possible 07~ hidden-charm tetraquark states with masses (4.68+0.07), (4.22+0.09), (4.53+0.09), and
(4.26 £0.13) GeV. Their corresponding hidden-bottom partners are found lying at (11.04+0.10), (10.71+0.12),
(11.09+0.10), and (11.82+0.14) GeV, respectively. The possible tetraquark decay modes were analyzed, which are
expected to be measured in BESIII, BELLEII, and LHCb experiments.

Keywords: exotic hadronic states, QCD sum rules, tetraquarks

DOI: 10.1088/1674-1137/ad53b7

I. INTRODUCTION

In 2003, a milestone in the exploration of the mico-
world was reached by the observation of X(3872) [1].
Since then, numerous new hadronic states or candidates,
denoted as XYZ, have been observed in experiments, but
these novel hadronic states cannot be well understood by
the conventional quark model [2, 3]. Investigation of
these new hadronic states can not only deepen our under-
standing of strong interaction but also enrich our know-
ledge of hadron spectroscopy, which is attracting increas-
ing interest from theorists and experimentalists.

To date, most new hadronic states observed by exper-
iments possess the regular quantum number, while only a
few of them have exotic J*C, although many theoretical
investigations on exotic hadronic states have been made,
including tetraquarks [4—12], hybrid tates [13—17], and
glueballs [18-23]. With the development of technology,
exotic hadronic states have gradually been observed in
experiments, such as the most recently observed n;(1855)
[24, 25]. It is highly expected that more exotic new had-
ronic structures will emerge soon.

As the 07 novel hadronic states are relatively light
and their quantum number enables their production in the
decays of vector quarkonium or quarkoniumlike states
easier, special attention should be paid to these. However,
no signal of 07~ states has been observed in experiments
so far [26]. In Ref. [10], 0~ tetraquarks in diquark-anti-
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diquark configuration were studied in the framework of
QCD sum rules (QCDSR). In practice, there may exist
another type of tetraquark in molecular configuration. In
this paper, the 0~ molecular hidden-heavy tetraquark
states are investigated via QCDSR.

The QCD sum rule technique [27], as a model-inde-
pendent approach in the study of hadron physics, has
some peculiar advantages in exploring hadron properties
involving nonperturbative QCD. The first step to estab-
lish the QCD sum rules is to construct the proper inter-
polating currents corresponding to the hadrons of interest.
The interpolating currents should possess information
about the quantum numbers and structural components of
the concerned hadrons. By interpolating currents, we can
construct the two-point correlation function with two rep-
resentations, i.e., the operator product expansion (OPE)
representation and phenomenological representation.
Matching two sides of the two-point correlation, the had-
ron mass may be calculated by establishing the QCD sum
rules.

The remainder of this paper is organized as follows.
In Sec. II, a brief interpretation of QCD sum rules and
some primary formulas in our calculation are presented.
The numerical analysis and numerical results are given in
Sec. III. Finally, Sec. IV presents a brief summary and
discusses the possible decay modes of the 07~ tetraquark
states.
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II. FORMALISM

The interpolating currents of the lowest order ones for
07~ tetraquark state in molecular configuration can be
constructed as follows:

Ja(0) = i10u(X)Y, Qu(D)[Gp ()Y Y5qs(X)] , M
J8(0) = 110a(x)¥,¥5 Qu(ONGH(X)Y g ()] , 2

je(x) = %{[Qa<x>y,,qa(x>][c7h(xw“ys 0,(0)]
109,758 NGV Qp(0)1 3)

Jo(x) = %{[Qa(xmqa(x)][zzb(x)Qb(xn
= [Qu(0)qa()][Gs(X)ys Qp()] } . “4)

Here, the subscripts a and b are color indices, g repres-
ents light quark u or d, and Q represents the heavy
quarks. Hereafter, for simplicity, the currents in Egs.
(1)—(4) will be referred as cases 4 to D, respectively.

Inputing currents (1)—(4) into the two-point correla-
tion function, we get

(q*) =i / d*x e (OIT{ji(x), ju(0)}0) ®)

where |0) denotes the physical vacuum, and & runs from 4
to D. The OPE side of the correlation function Il(g*) can
be expressed as a dispersion relation:

OPE
MO (?) = / dpk ()+Hz‘““< ). ©)

Smin

Here, s, is the kinematic limit, which usually corres-
ponds to the square of the sum of current-quark masses of
the hadron [28], p°"(s) = Im[II°"%(s)]/n, and can be ex-
pressed as

POE(s) = pP(s) +p T (5) +p T (5) + T s)

+p (5) + p@ (5) + pla9aG () | (7)

IT**"(¢?) is the sum of the contributions in the correlation
function that have no imaginary part but are nontrivial
after the Borel transformation.

The Feynman diagrams corresponding to each term of
Eq. (7) are schematically shown in Fig. 1. The analytical
expressions of p°FE(s) can be found in Appendix A.

On the phenomenological side, we can separate out
the ground state contribution from the pole contribution
of the correction function and express I1(g?) as a disper-
sion integral over the physical regime, i.e.,

+/m ds p"(s)z, (8)

en A
" (¢*) = M- p—
where M, 4, and p(s) represent the tetraquark mass, coup-
ling constant of current to hadron, and spectral density
that contains the contributions from higher excited states
and continuum states above the threshold s,, respectively;
the subscript i runs from 4 to D.

Using quark—hadron duality, i.e., equating the OPE
side and phenomenological side of the correlation func-
tion II(¢%), i.e., Egs. (6) and (8), and then performing the
Borel transform, the QCD sum rule for the mass of 0=~
tetraquark states is determined to be

PSSP SRS
O OD

Fig. 1.

Typical Feynman diagrams related to the correlation function, where the thick solid line represents the heavy quark, the thin

solid line represents the light quark, and the spiral line denotes the gluon. There is no heavy quark consendsate due to the large heavy

quark mass.
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Li(s0, M3) ©)

M(so, M%) = - )
(s0. M) Lo(s0, M3)

Here, L, and L, are respectively defined as

50
Lo(so, M%) = / ds pOPE(s)e™" M5 + TT™(M?3) (10)

Smin

and

i,
Li(s0,M3) = mLo(so,Mg) . (11)

III. NUMERICAL ANALYSIS

In performing the numerical calculation, we use the
values of the quark masses and condensates from
[28-36], i.e., my=(95+5)MeV, m.(m.)=m,.= (1275«

0.025) GeV,  my(my) =7, = (4.18 £0.03) GeV,  (Gq) =
—(0.23+£0.03)° GeV®,  (gg,0-Gqy =m(Gq), (g2G*)=
(0.88+0.25) GeV*, (g3G?) =(0.045+0.013) GeV®, and

m? = (0.8+0.2) GeV2. For light quarks u and d, the chiral
limit masses m, = m, = 0 were adopted.

In establishing the QCD sum rules, two additional
parameters, appropriate threshold s, and Borel parameter
M3, need to be introduced. We can select them by the so-
called standard procedures by fulfilling the following two
criteria in Refs. [27, 28, 36, 37]. The first is the conver-
gence of the OPE, which is essential to compare the relat-
ive contribution of the higher dimension condensate to
the total contribution on the OPE side; this can be formu-
lated as

LS50, M)

ROPE _
LO(SOsM%;)

(12)

In practice, the criterion of the OPE convergence re-

(@) so=s2Gev— — — — —
0.8 /50 =51 GeV.

ROPE & REC

Ny \Sg=50GeV. — ...
7.\‘ 4

0.0

3‘.0 3‘.5 4‘.0 4‘.5
Mg%(GeV?)
Fig. 2.

quires that the relative contribution of the highest dimen-
sion should be less than 0.2 [36]. The second criterion of
QCD sum rules requires that the pole contribution (PC) is
more than 50% of the total [28, 32], which can be formu-
lated as

RPC — Lo(s0, M%) (13)
" Lo(co,M3)

To find a proper value for continuum threshold s, a
similar analysis as in Refs. [38—40] is performed.
Therein, we need to pick up the /sy, which yields an op-
timal window for Borel parameter M2. That is, the tetra-
quark mass M is approximately independent of the M2 in
this window. In practice, the lower and upper bounds of
\/So can be obtained by varying +/s, by 0.1 GeV and
hence the uncertainties of /so [41, 42].

With the above preparation, we can numerically cal-
culate the mass spectrum of tetraquaek states. As an ex-
ample, the OPE convergence and the PC for the tetra-
quark 4 are drawn in Fig. 2(a). According to the first cri-
terion, it is found the lower limit of M2 is M2 > 2.8 GeV?
with an /s, value of 5.1 GeV. The PC gives the upper
bound for M2, i.e., M2 <3.4GeV* with /s, =5.1 GeV.
Thus, the optimal Borel window is in the range
2.8 < M2 <3.4GeV?, and the mass M* can then be ob-
tained as follows:

M* = (4.68 +£0.07) GeV. (14)

Similarly, we can evaluate the masses of the 0™~ tetra-
quarks B-D as

MP = (422 +0.09) GeV. (15)
MC = (4.53+0.09) GeV. (16)
6.0
(b)
55}
__50f
> L ______
[ B e e
Q as5f
<
= 40f \so=526ev— — - — — _ ]
Nso51GeV—
35¢ NS0 =50GeV. - .. ... ]
3.0 1 L I |
2.8 3.0 3.2 3.4
Mg?(GeV?)

(color online) (a) Ratios of RYPE and REC as functions of the Borel parameter M3 for different values of /59, where blue lines

represent RQPE, and red lines denote REC. (b) Mass M as a function of the Borel parameter M3 for different values of +/so.
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MP = (4.26+0.13) GeV, (17)

with the OPE, pole contribution, and masses as functions
of Borel parameter M3 given in Appendix B. The errors
in results (14)—(17) mainly stem from the uncertainties in
quark masses, condensates, and threshold parameter +/s,.
For convenience of reference, a collection of continuum
thresholds, Borel parameters, and predicted masses of 0=~
tetraquark states are listed in Table 1.

Table 1. Continuum thresholds, Borel parameters, and pre-
dicted masses of hidden-charm and hidden-bottom tetraquark

states.
Current V50/GeV  M2/GeV? MX|GeV

c-sector A 5.1+0.1 2.8-34 4.68+£0.07
B 4.7+0.1 22-28 4.22+0.09
C 5.0+0.1 2.6-3.2 4.53+0.09
D 4.8+0.1 2.5-3.1 4.26+0.13

b-sector A 11.8+0.1 9.2-11.2 11.04+0.10
B 11.5+0.1 82-9.8 10.71+£0.12
C 11.9+0.1 9.8—-11.6 11.09+£0.10
D 11.6+0.1 8.0-104 10.82+0.14

By using the obtained analytical results but with m,
replaced by m,, the masses of 07~ hidden-bottom tetra-
quark states in Eqs. (1)—(4) can be extracted, as listed in
Table 1. The OPE, pole contribution, and masses as func-
tions of Borel parameter can also be found in Appendix
B.

IV. SUMMARY

In summary, QCD sum rule calculations on the 0
hidden-heavy tetraquark states in the molecular configur-
ation were performed in this study. According to our res-
ults, 4 possible 0~ hidden-charm tetraquark states may
exist, and their masses are (4.68+0.07), (4.22+0.09),
(4.53+£0.09), and (4.26+0.13) GeV. Replacing c-quarks
by b-quarks, the corresponding hidden-bottom partners
are found lying at (11.04+0.10), (10.71+0.12), (11.09+
0.10), and (11.82+0.14) GeV, respectively. The pre-
dicted 0~ hidden-charm tetraquark states in molecular
configuration are able to be detected because their masses
are attainable in most lepton and hadron colliders, such as
BESIII, Belle II, and LHC.

The straightforward procedure to finding these exotic
hadronic structures is to reconstruct them from their de-
cay products, though understanding their detailed charac-
teristics requires more effort. We list the typical decay
modes of these 0~ hidden-heavy tetraquark states in Ta-

Table 2.
raquark states.

Typical decay modes of the 0~ hidden-heavy tet-

Current Typle decay modes

c-sector A X — J/yfi(1285) X — J/y f1(1420)
X = xe1p X = xerw
X - D*D, X— D*D;
X — DD} X — DD;
b-sector X - Tf1(1285) X — Tf1(1420)
X—=xnp X—=xpnw

X - B'B| X— B'B

O A W x U A w

ble 2, and these processes are expected to be measurable
in the running BESIII, BELLEII, and LHC experiments.

It should be noted that, while we list four currents in
Egs. (1)—(4), they are very different states. The structures
of the currents in Eqgs. (1)—(4) clearly indicate that Eq. (1)
couples to the Jy fi molecular state, Eq. (2) couples to the
Xow molecular state, Eq. (3) couples to the D*D; +c.c.
molecular state, and Eq. (4) couples to the DD}, — c.c.mo-
lecular state. Thus, the experiments can discriminate
these states. Furthermore, based on our calculation, the
masses for the different states are closed, and the mixing
effect between these currents should be considered. For
example, the mechanism of the mixing of Eq. (1) and Eq.
(3) can be schematically represented via a Feynman dia-
gram, as shown in Fig. 3.

X

q

Fig. 3.
atically represented as a Feynman diagram.

Mechanism of the mixing of Egs. (1) and (3) schem-

APPENDIX A: SPECTRAL DENSITIES FOR 0
TETRAQUARK STATES

1. The spectral densities for the 0~ tetraquark state in
Eq. (1):
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Umax l-a 3 _ 2 _
ppen(s):/ da/ dﬁ{ ap(@+B—1)(Fop+mpla+p 1))}’ A1)

96,333
@min PBrmin nta ﬁ

p@q) =0, (A2)

R 2 max l-a —_3m? o _
p(G >(S)= <G> d / dﬂ{ mQTB+CY+,8 1

2 3 2 2 2
21076 Umin ¢ Bmin aﬁ 2a3ﬂ3 (ﬂﬁmg (7(1 +3a (ﬂ_1)+3aﬁ +(7ﬁ_3)ﬁ)
iy 0" + 8- ) o + 8- 1F) )} %)
wr _ [ 3@ mG = Ho)
p<qu> :/ da—Q, (Ad)
i 82
<G3> @max da 1-a
PO = i w da+B—1)(2Fus + myBa+76-3)) , (AS)
@900 _ / m da3(@¢1)<6_]§qia(a— 1) ’ 6
@min T
2
4 3 1 1-a mQ(‘Hﬁ)
(G3) 2\ _ mQ<G> da ) T
I (MB)_ 21176 0 ? 0 dB—(a+p-1)"¢ My, (A7)
2(Ga)aGa) [ 3m2
)G mo\q44:\9b4 = m
144946 (pg2y = TTONIH/ANTE T d a(l—a)M { Mo 6} ’ AR
( B) 2472 o ae ? a(a—l)M%, ( )

where Mp is the Borel parameter introduced by the Borel transformation, and Q = ¢ or b. Here, we also have the follow-
ing definitions:

Fop = (@ +,3)m2Q —aofs , H, = sz —-a(l-a)s, (A9)

Uiy = (1— ,/1—4m2Q/s) 12, Qs = (1+ 1/1—4m2Q/s) /2, (A10)

Buin = amp/(sa —my). (A11)

2. Spectral densities for the 07~ tetraquark state in Eq. (2):

PP(s) =

@max l-a 3 _ —m2 —
do / dﬂ{%ﬁ(ﬁﬂ DFap—mpla+h 1))}, (A12)

27503

@min PBrmin
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p<t?q> =0, (A13)
(G “’““ 3m 7",4; a+p-1
0 (s) = 0w | Q *aF (ﬂﬁmg (&? =3a*(B—1)~3aB* +(B+3)8)
—mg(a4+a3(ﬁ—1)+aﬁ3+(ﬁ—1),33))}, (Al14)
@ = \2 2
(G >2 _ max <LIq> (mQ + 37_{(1/)
0% _/amm daT , (A15)
- <G3> ‘lmax a I-a
PN = 5 | Bt B=1)(2F o+ mip(@=38+3)) . (A16)
@min Bmin
G9Xa m 3<6]61><6]G61>a(1—0/)
(49)aGq) — Al7
P [ S0 (A17)
, my(G?) e
) = =5 | - 1ye (A18)
-, myaakaGa) [ e m
[1@9aGd g2y = —2 d (-2 { Y 2} A19
(M3) 22 ), % T la@—nme " (A19)
3. Spectral densities for the 0~ tetraquark state in Eq. (3):
@max I-a (a +ﬁ — 1)
ppert(s) = da/ dﬂW N (A20)
@min PBrmin
p@q) =0, (AZI)
m2 <G2> @max da l-a d
p(s) = 12O / S| s i@ s, (A22)
27 o @ Jpon B
@max 2 (7 2
i / dar mi(qf r (A23)
@min T
3 @max l-a
G (GY da
PN = 5 w dla+B—1)(Fup+28m) . (A24)
0G0 = () (A25)
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2
e m3(Gg¥aGqe)y ' - m?
H(qq)(qu} M2 — (Y] d a(l-a)M2 { (Y] _ 1} . A26

(M) P2 , Y " lae— DM (A26)

4. Spectral densities for the 07~ tetraquark state in Eq. (4):

i [ g [ g T tB=D
pp (S) = - da o dﬂW N (A27)
0@ =0 (A28)
G2> @max da I-a
P = 3 [ Tl B D+ )3 080 ). (A29)
) @max mZ = \2
07 / dat féi? , (A30)
N <G3> @max da I-a
PO = s [ [ a0 () (A31)
@min Bmin
pa0aGa) = () (A32)
(490G 1 - 2
GG mo\q44:)\9G4 vy m
[aaasa 2y = e dae 0 {79 —1}. A33
(M) 2512 0 @e ala—1)M3 (A33)

[

quark states in Eqgs. (1)—(4), the OPE, pole contribution,
and masses as functions of Borel parameter M3 are given
For the hidden-charm and hidden-bottom 0~ ~tetra- in Figs. B1 to B7.

APPENDIX B: FIGURES

1.0 T T T T 5.5 T T
(@) so=48Gev— — — — — (b)
0.8« /50 =47 GeV. i 501
Oa S0 =48GeV- - - - - s}
& o06f 1 S
[
: &
& Q
a 04l
On:m = 3.5¢ so=48Gev— — — — — _ ]
0.2 - ] Nso=4TGeV—
| ) 30 SQ=4.6GeV. — . — .- ...
25 w ‘ ‘ ‘
: 22 24 26 28
MBZ(GeVZ) MBZ(GeVZ)

Fig. B1. (color online) Same as in Fig. 2 but for the current in Eq. (2).
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T T 6.0 T T
(@ so-s1Gev— — — — - (b)
~ yso=50Gev— | 55¢
ysg=49GeV. - ... _sof
1 >
e
Q 45l m T 1
Q
= 4.0 yso=51GeV— — — — — — |
Yso=50GeV—
351 yso=49Gev. -~ ...
3.0 s ‘ ‘ ‘
2.6 2.8 3.0 32
Mg?(GeV?) Mg2(GeV?)

Fig. B2. (color online) Same as in Fig. 2 but for the current in Eq. (3).

T T T r 55 T T T T
(@) so=49Gev— — — — — ()
~ yso=48GeV—— 50¢
. yso=47GeV. - ...
I
[
O 4
Q
= 35f ysg=49GeVv— — — — — — ]
1/s—o=4-5 Gev—
o S0 =476V .~ -]
L L L ) 25 L L L L L
25 3.0 3.5 4.0 2.4 26 2.8 3.0 3.2
Mg?(GeV?) Mg?(GeV?)

Fig. B3. (color online) Same as in Fig. 2 but for the current in Eq. (4).

‘ ‘ ; 125 ‘ : ‘ ‘ ‘
(@) Wso=t19Gev— — — — —
== yso=118Gev—— - 12.0p (b)
' SM.7GeV - -
ﬁ © —~ 11.5F
1 >
[]
e
] <a
= 10.5¢ \so=119GeV — — — — — |
4 /50 =11.8 Gev
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S0=11.7GeV - — - - —- -
\“\‘\_____'____‘ 950 L . . , )
8 9 10 11 12 9.0 9.5 10.0 10.5 11.0 11.5
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Fig. B4. (color online) Same as in Fig. 2 but for the 0-~ hidden-bottom tetraquark state.

‘ ‘ ‘ ‘ ‘ 12.0 +
(a) yso=116Gev— — — — -
= \/50=11.5 Gev: ] N (b)
o So=114GeV - — - — - -
W © 110
i { s
)
e
[ i Qo
; 10.0¢ sp=11.6GeV— — — — —
[ 1 50 =11.5 GeV-
o so=11.4GeV- — - — - — - 1
: : : 9.0L w ‘ ‘ ‘
7 8 9 10 11 8.0 8.5 9.0 95 10.0
Mg?(GeV?) Ma2(GeV?)

(color online) Same as in Fig. 2 but for the 0~~ hidden-bottom tetraquark state for the current in Eq. (2).
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Fig. B6.
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