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Exotic 00q g, 00q s, and QQs § states
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After constructing the possible J® = 07,07, 17, and 17 QQg § tetraquark interpolating currents in a
systematic way, we investigate the two-point correlation functions and extract the corresponding masses
with the QCD sum rule approach. We study the QQg g, QQg 5, and QQ5 5 systems with various isospins
I =0, 1/2, 1. Our numerical analysis indicates that the masses of doubly bottomed tetraquark states are
below the threshold of the two-bottom mesons, two-bottom baryons, and one doubly bottomed baryon
plus one antinucleon. Very probably these doubly bottomed tetraquark states are stable.
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L. INTRODUCTION

In the past decade, many charmonium or charmonium-
like states were observed in the B factories, some of which
do not fit in the conventional quark model and are consid-
ered as the candidates of the exotic states such as molecular
states, tetraquark states, hybrid mesons, baryonium states,
etc. For experimental reviews of these new states, see
Refs. [1-5].

Hadronic molecular states are loosely bound states com-
posed of a pair of mesons. They are probably bound by the
long-range, color-singlet pion exchange. These interesting
states generally lie very close to the open-charm/bottom
threshold. Some near-threshold charmoniumlike states
such as X(3872) and Z(4430) are very good candidates of
the molecular states composed of a pair of charmed and
anticharmed mesons. In fact, such a possibility was studied
extensively in Refs. [6-12].

Tetraquarks are composed of four quarks. They are
bound by colored force between quarks. They decay
through rearrangement. Some are charged. Some carry
strangeness. There are many states within the same multi-
plet. The low-lying scalar mesons below 1 GeV have been
considered good candidates of the tetraquark states. Some
of the recently observed charmoniumlike states were also
suggested to be candidates of the hidden-charm tetraquark
states [13—19]. We have studied the possible pseudoscalar,
scalar, vector, and axial-vector hidden-charm/bottom
tetraquark states systematically in the framework of the
QCD sum rule [16-19].

Besides the hidden-charm/bottom QQgqg-type tetra-
quark states, the doubly-charmed/bottomed tetraquark
states QQ¢g g are also very interesting, where QO denotes
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a heavy quark (beauty or charm) and g denotes one light
quark (up, down, strange). Such a four-quark configuration
is allowed in QCD. In QED we have the hydrogen atom.
One light electron circles around the proton. When two
electrons are shared by two protons, a hydrogen molecule
is formed. In QCD we have the heavy meson. One light
antiquark circles around the heavy quark. If the two light
antiquarks were shared by the two heavy quarks in the
doubly charmed/bottomed tetraquark system, we would
have the QCD analogue of the hydrogen molecule!

On the other hand, if the heavy quark QQ pair is spatially
close, it would act as a pointlike antiheavy quark color
source Q and pick up two light quarks §§ to form the
bound state QQg g . The existence and stability of such
systems have been studied in many different models, such
as the MIT bag model [20], chiral quark model [21,22],
constituent quark model [23-27], and chiral perturbation
theory [28]. Some other useful references are [29-38].
However, their existence and stability are model dependent
up to now. More theoretical investigations will be helpful
in the clarification of the situation.

In this work, we will discuss the QQg g systems using
the method of QCD sum rule. We first construct the QQg g
currents with J = 07,0%, 17, and 17 in a systematic way.
These currents have no definite C parity due to their special
flavor structures. The isospins of these currents can be
I =0, 1/2, 1 with specific quark contents. With the inde-
pendent currents, we investigate the two-point correlation
functions and spectral densities. After performing the QCD
sum rule analysis, we extract the masses of the possible
0-,0%, 17,17 00Gg, 00G5, and QQ5 5 states.

The paper is organized as follows. In Sec. II, we con-
struct the QQ¢ g currents with J* =07, 0%, 17, and 17.
In Sec. III, we calculate the correlation functions with the
operator product expansion (OPE) method and extract
the spectral densities. The results are collected in the
Appendix. In Sec. V, we perform the numerical analysis
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and extract the masses of these tetraquark states. We dis-
cuss the possible decay patterns of these doubly charmed/
bottomed tetraquark states in Sec. V. The last section is a
brief summary.

II. TETRAQUARK INTERPOLATING CURRENTS

In this section, we construct the diquark-antidiquark
currents with J* =07, 0%, 17, and 1" using the same
technique in our previous works [16,17]. One can construct
the tetraquark current with the gq basis or gg basis, (¢q)(g g)
or (Gq)(Gq). However, they can be related by the Fierz trans-
formation. In this work, we consider the first set. Considering
the Lorentz structures, there are five independent diquark
fields without derivatives: g2 Cqp, q4C¥sqp, q5CYuqp,
qLCy,vsqp, and ¢.Co,,q,, where a, b are the color
indices. Since g5 Co,,vsq), and g5 Co . q,, carry different
parity, we consider both operators although they are equiva-
lent. These diquark bilinear can be in the symmetric 6 repre-
sentation or antisymmetric 3 representation in the color and
flavor SU(3) space. Considering the Lorentz structures, we
list the properties of these diquark operators in Table 1.

Being composed of two quark (antiquark) fields, the
diquark (antidiquark) fields should satisfy Fermi statistics.
As shown in Table I, the flavor and color structures are
entangled for every diquark operator. For example, the
flavor and color structures of the scalar diquark operator
g Cysq, are either (64, 6,) or (3¢, 3.). For Q0 g systems,
the heavy quark pair has the symmetric flavor structure 6.
Its flavor and color structures are then fixed as (6;, 6,.). To
construct the color singlet QQg g currents, the heavy quark
pair QQ and the light antiquark pair g g should have the
same color structures.

According to Ref. [16], there are ten color singlet Qg ¢
currents with J* = 07:

S+ = Q1C0,(q,vsCqL + G,ysCal),

V. = 0ICy50,(3.,Cq} * §,Cql),

T. = QlC0o,,0,(G,0""ysCq) * gyo+’ysCql), (D)
A

I+

= 07 Cy,0u(G,¥*vsCqy * Gpy*ysCql),
= = 00Cy,v50,(G,v*Cqy, * 3y Cql)

~
+
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where “+” denotes the symmetric color structure
[6c100 ® [6c]q ; and *“—” denotes the antisymmetric color
structure [3C]QQ ® [3.];4- Due to the symmetry constraint,
it’s enough to keep one light diquark piece only in the
bracket of Eq. (1) within the calculation. We keep two
terms in Eq. (1) to illustrate the color symmetry explicitly.

By considering the symmetric flavor structure for heavy
quark pair QQ, only the currents which satisfy the Pauli
principle survive. For the pseudoscalar currents in Eq. (1),
Sy, V., T_,A_, and P, survive and all the other currents
vanish. According to Table I, the QQg g (¢ = u, d) opera-
tors S, V., T_ are isovector currents and A_, P, are
isoscalar currents. Finally, we obtain the following QQg ¢
interpolating currents with J* =07,0%, 17, and 17:

(i) The tetraquark interpolating currents with J¥ = 0~

are

Mm = 0iC0(q.YsCq}, + GpY5Cs).

n, = 00Cy50,(3.Cq;, + 4,Cq?),

3 = Q1Co,,0,(q,0""ysCq}, — Gt ysCql),
Ny = 0LCy, 0@, ¥*vsCay, — Gpy*vsCal),

ns = Q4 CYuv50p(3a¥*Caj, + 3p¥y*Cql),  (2)
in which 7, n,, 13 are isovector currents with
[6¢];; and I = 1, 4, 15 are isoscalar currents with

(ii) The tetraquark interpolating currents with J* = 0
are

n = 05C0,(3,Cq; + §,Cqp),
7 = 01Cys0,(q.vsCqy, + 4,vsCqy),
N3 = 00Cy,00(qav*Ca}, — 3»y*Cqy),
N4 = QaCy . ¥s0p(qa¥*vsCq}y + Gpy*vsCay),
ns = 01C0,,0,(G,0*"Cql — G,0*" Cqy),
(3)

and all the scalar interpolating currents are isovector
currents with [6¢];; and 7 = 1.

TABLE I. Properties of the diquark operators.
qTq JP States (Flavor, color)
44 Cysqp 0 'S, (61, 60). (3¢, 30)
qgcqb 07 3P’() (6fr 6c)7 (?f) §c)
qZCyMYqu 1~ 3Pl (6f’ §c)’ (§f: 3c)
qgcyﬂqb 1+ 3Sl (6f) 36)’ (3f) 6(:)
17, for u,v=1273
T k] y ’ » 1 - -
9aCT vy { 1, forp=00v=123 g 6. 30). G, 6.)
1%, for w,v=123 !
. , , , 2 3 S
9aCTurYsy 1, foru=0v=123 lfS’ll (61, 30). (g, 6.)
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TABLE II. The quark contents and isospins of the tetraquark currents.
Quark content (7 gl I JP=0" JP=0" JP=1" JP =17
Q0G4 6; 1 N1, M2, N3 N> M2, M3, Nas M5 N1 25 M35 N4 N1 M2s M35 N4
Q055 ¢ N> M2 M3 N> M2> M35 MN4s N5 N> M2, M35 N4 N> M2, M3 M4
0045 6¢ 1/2 N1, M2, M3 Nis 25 M35 Mas s N1, M2 M3, M4 N1, M2, M3: M4
) 3¢ N4, M5 N5, Ne> N7> N8 N5, MNe> M7 M8
QQid 3¢ 0 N4, M5 M5, M6 M7> 78 Ns> Nes M7, N3
(iii) The tetraquark interpolating currents with J* = 1~ are
N = 00 Cy,vs0(G.vsCqy, + GpysCal), M = 08 Cys04(GavuvsCay, + @pY uysCal),
M3 = QZCO-,U.VQb(qg‘yVqu - ‘_IhVVCC_IZ)y N4 = QZC'YVQh(C_]uU',wCC?Z - Qba-,uucqg)’ (4)

ns = 01 Cv,0,(3,Cq}, — 4,Cql),
n7 = 00 Co,,vs0,(G.y" vsCa}, — Gpy"vsCal)

N6 = 0L C0W(G,v,.Ca}, + dpy,.Cal),

nNg = ZCYVYSQb(QQUMVYSCqZ + QbU,LLV’)/Sng)

in which 7, n,, 13, n4 are isovector currents with [ﬁf]qq and I = 1, ns, ng, M7, Mg are isoscalar currents with

(iv) The tetraquark interpolating currents with J* = 17 are

m = 00Cy,vs0,(3.Cq; + 3,Cqlh),
M3 = 05C0 ., v50u(day CT}y — 357" CaL),
N5 = 08 Cy,0u(G,vsCqh — GpysCql),

7 = 00 Co,,0,(G.v"vsCqy, — Gpy"vsCql),

in which 7y, 1,, 13, m4 are isovector currents with [6;];,
and I = 1, 95, 1, 17, Mg are isoscalar currents with [3¢], ;
and I = 0.

For the isovector (I = 1) currents, we do not differen-
tiate the up and down quarks in our analysis and denote
them by g. However, they should be differentiated for the
isoscalar (I = 0) currents because the flavor structures of
the light anti-diquark g g are antisymmetric. The quark
contents are QQiid for these currents. For the QQ55
systems, only the currents with [Ef]q 5 flavor structures
survive. The isospins for these systems are I = 0. We
will also discuss the QQgG s systems (I = 1/2) by using
all the currents in Egs. (2)—(5). We pick up the interpolat-
ing currents with different quark contents in Table II. To
calculate the two-point correlation functions, the Wick
contractions of the currents for QQii d and QQg § systems
are different from those for the QQg g and QQ5 § systems.

III. QCD SUM RULE

In QCD sum rule [39-41], we consider the two-point
correlation functions of the interpolation currents. For the
scalar and pseudoscalar currents, the two-point correlation
functions read

M) =i [ dxe ™ OITn(@)nTO0), (6

M = 0LCO Gy, YsCa}, + @vyuvsCql),

N4 = QL CY" 03,0 1, YsCqL — G50 4 YsCaL),
16 = 00 Cy50,(3.v,.Ca1 + Gpy . CqL),
Ny = QL Cy"v5s0u(G,0,,Cq}, + 4,0 ,,CqL),

S)

[

where m(x) is the corresponding interpolating current.
The two-point correlation functions of the vector and
axial-vector currents are

() =i [ x50/, (07} (0)]0)

= H(qz)(q”fy - g,w) + y(q?) q"f“. (7)
q q

There are two parts of II,,, with different Lorentz struc-
tures because 7, is not a conserved current. I1(q?) is
related to the vector and axial-vector meson, while Il is
the scalar and pseudoscalar current polarization function.
At the hadron level, we express the correlation function in
the form of the dispersion relation with spectral function,

o0 (s)
(a?) = (2 N/ p d
(49 =) 4m,+mgr sV (s — q* — ie) g
N-1
+ Y bulg)", ®)
n=0
where

p(s) =D 8(s — m2)0lnln)nlnt|0)

= f28(s — m%) + continuum, )
where my is the mass of the resonance X and fy is the
decay constant of the meson,
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OlnlX) = fx,  OIn,IX) = fxep, (10)
where E is the polarization vector of X (eX - g = 0).
One can calculate the correlation functions at the quark-
gluon level via the OPE method. Using the same technique
as in Refs. [13,16-18,42,43], we calculate the Wilson
coefficients while the light quark propagator and heavy
quark propagator are adopted as

'Sab 3(117 P4 — i AZb ( HVR 4 R ,uv)
B0 T ot Ty Ty 8w pleti T ie
31117 5abx2 B
<qq> 95 (8,90 - Gq)
B mqﬁah N lﬁubmq@ﬂl)fc
4772 x2 48 ’
iSy = ML G,
y o’ (p + mg) + (p + mg)at”
(p? — m2 )2
laab 2 +m p
5 (81GGm Q( — 9)4, (11)
where  t=vy,x*,  p=vy,p* (480 Gq)=

(840G ,,q), (83GG) =(g?G,,G**). The spectral
density is obtained with: p(s) = % ImII(g?).

In order to suppress the higher-state contributions and
remove the subtraction terms in Eq. (8), we perform the
Borel transformation to the correlation function,

Ly, I1(p?) = lim —( pz)”“<dp>ﬂ(p2) (12)

—p?,n—c0
*/)2//1 M2

After performing the Borel transformation and equating
the two representations of the correlation function with the
quark-hadron duality, we obtain

10) = fe i = [

4(m,+mgp)?

So

dse Mip(s), (13)

where s, is the threshold parameter, and Mp is the Borel
parameter. We can extract the meson mass my,

dse—s/MgspOPE(s)

dse—x/MngPE(s) ’

2 f4(m +m )2
X

(14)
]4(m +m )7

For all the tetraquark currents in Egs. (2)—(5), we collect
the spectral densities p(s) in the Appendix, respectively.
We neglect the three-gluon condensate (g3 fGGG) because
their contribution is negligible.

IV. NUMERICAL ANALYSIS

In the QCD sum rule analysis, we use the following
values of the parameters [39,44-47] in the chiral limit
(m, = my = 0):

PHYSICAL REVIEW D 87, 014003 (2013)

my(1 GeV) = 125 = 20 MeV,
m.(m.) = (1.23 = 0.09) GeV,
my,(m,) = (4.2 + 0.07) GeV,
(Gg) = —(0.23 = 0.03)3 GeV3,

(15)
(3s) = (0.8 = 0.1){(gq),

(Ggso - Gq) = —M¥aq),
= (0.8 = 0.2) GeV,
(g? GG) (0.48 + 0.14) GeV*.

The Borel mass Mp and the threshold value s, are two
pivotal parameters. Requiring the convergence of the OPE
leads to the lower bound M3 . of the Borel parameter.
In the present work, we require that the most important
condensate contribution be less than one fourth of the
perturbative term. We require that the pole contribution
be larger than 30%, which determines the upper bound
M% max Of the Borel parameter. The pole contribution (PC)
is defined as

0 dse™Ms p(s)
I3 dse™s/Mip(s)’

which depends on both the Borel mass M% and the thresh-
old value sy. sy is chosen around the region where the
variation of my with My is minimum in the Borel working
region. For a genuine hadron state, the extracted mass
from the sum rule analysis is expected to be stable with
the reasonable variation of the Borel parameter M7 and
threshold s.

For all the isovector ccg g and isoscalar ccii d systems,
the most important nonperturbative corrections come
from the four-quark condensate (Gg)>. Both the quark
condensate (Gg) and the quark-gluon mixed condensate
(g0 - Gq) vanish when we let m, = my; = m, = 0.
For the (1, J*) = (1,07) ccq g system, only the interpolat-
ing currents 17, and 73 lead to a stable mass sum rule after
performing the QCD sum rule analysis. In Fig. 1, we show
the mass curves of the extracted hadron mass my with M2
and s, for the current 15 with (1, J*) = (1,07). The varia-
tion of my with the Borel mass Mp is very weak around
so ~ 23 GeV?. For 1,, the stability of the mass curves is
much worse and my grows monotonically with sy and Mp.
The situation is very similar for the (1, J¥) = (0,07) cc55
systems. Now we keep the m, related terms in the spectral
densities. These terms are very important corrections for
the OPE series. The dominant nonperturbative contribution
is the quark condensate (5s) for n3 and n3. We show the
variations of my. with the Borel mass M% and threshold
parameter s, for the current nj in Fig. 2.

With the parameters in Eq. (15), we list the working
region of the Borel parameters, threshold value s,
the extracted masses for the currents with J* =07 in
Table III. The pole contribution and the masses are

PC = (16)
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FIG. 1 (color online).
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The variation of my with Mg and s for the current 15 with (1, J¥) = (1,07) for ccg g system.

FIG. 2 (color online). The variation of my: with My and s, for the current n5 with (1, J¥) = (0,07) for cc5 5 system.

extracted using the corresponding threshold values s, and
Borel parameters M3 listed in the table. For the isovector
currents 7, 1,, and 15, one can also investigate the QQii d
systems besides the QQii it and QQd d systems. As men-
tioned in Sec. II, the Wick contractions of the currents for
the QQii d systems are different from those for the QQd d

and Q Qi i1 systems. However, the correlation functions are
the same in the chiral limit (m, = m; = m, = 0) except
for a constant coefficient. We denote them as Q(Qg g when
we discuss the isovector systems. We take into account the
uncertainty of the values of the threshold parameter and
variation of the Borel mass to obtain the errors. The other

TABLE III.  The numerical results for the doubly charmed/bottomed QQG G, QQgG 5, and QQ3§ systems with J* = 0~.
M2 . M3 ] Open charm/bottom
Current s, (GeV?) (GeV?) M2 (GeV?)  my (GeV)  PC (%)  fx (GeV?) threshold (GeV)
ccG g m 24 3.0-3.9 34 443012 412 0.0674
73 23 2.6-3.6 3.1 4.47 +0.12 42.6 0.312 3.872
cciid N4 22 2.7-34 3.0 4.43 +0.13 38.4 0.0870
75 23 2.5-3.7 32 441 £0.14 41.5 0.106
ccqs il 24 2.9-3.8 34 4.45 +0.16 40.1 0.0489
P 24 2.7-3.7 34 4.68 +0.12 43.1 0.106
73 26 3.0-4.4 3.8 471 = 0.14 40.6 0.245 3.975
n 25 2.6-4.1 34 4.64 £0.13 449 0.136
s 24 2.6-4.1 3.4 450 =016 459 0.124
ccss n 25 2.8-4.0 34 4.46 £ 0.13 44.3 0.0731 4.081
73 217 2.7-4.3 34 479 = 0.17 47.7 0.558
bbGg — m 125 7.0-9.6 8.0 10.6+03 486 0.207
73 120 6.8-9.4 8.0 10.5 £0.3 437 1.60 10.60
bbid 75 115 7.0-8.1 7.5 10.3 +0.2 36.5 0.367
bbg § - 124 72-96 8.5 10602 408 0.188
73 120 7.2-9.1 8.0 10.6 = 0.2 40.2 0.853 10.69
75 115 7.0-7.9 7.5 10.4 = 0.2 33.8 0.378
bbss 4 125 6.7-9.6 8.0 10.6 = 0.3 47.9 0.286 10.78
73 120 6.6-8.9 8.0 10.6 = 0.3 38.0 1.74
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TABLE 1V. The numerical results for the doubly charmed/bottomed QQg G, QQg 5, and QQ5 5 systems with J* = 07.

[M%? min’ M%i max]

Open charm/bottom

Current 55 (GeV?) (GeV?) M2 (GeV?)  my (GeV)  PC (%) fx (GeV?) threshold (GeV)
ccqs 7 22 2.8-3.6 3.2 4.16 = 0.14 39.0 0.0548 3.833
73 20 2.6-34 3.0 4.02 £0.18 39.3 0.0561
ccss§ ul 28 3.2-4.1 34 5.05 £0.15 433 0.136 3.937
m 2 2.6-3.8 32 4274011 432 0.0933
bbg g 75 120 7.0-9.8 8.2 10.3 £0.3 48.2 0.590
73 115 6.9-9.0 8.0 10.2 £0.3 40.3 0.539 10.56
s 115 6.7-8.8 8.0 10.2 £0.3 394 1.10
bbgs 73 115 6.5-8.8 8.0 10.2 = 0.3 40.3 0.398
n 115 5.8-8.6 72 10.2 = 0.3 45.6 0.337 10.65
N5 120 6.2-9.8 8.0 10.3 £0.3 49.3 0.806
bbss il 130 7.5-9.8 8.5 11.0 £ 0.2 414 0.391
7, 120 6.4-9.8 8.0 104 £0.3 49.7 0.632
73 115 6.3-9.0 8.0 10.2 = 0.3 40.5 0.560 10.73
N 120 6.2-8.4 8.0 10.4 = 0.3 41.9 0.486
s 115 6.2-8.8 8.0 102+03 389 1.14

possible error sources are the truncation of the OPE series
and the uncertainty of the quark masses. The uncertainty of
the condensate values are not included.

Replacing m, with m,, in the correlation functions and
repeating the same analysis procedures, we obtain the
results of the doubly bottomed systems. We also collect
the numerical results of the bbg g, bbgs, and bbss
systems with J* = 0~ in Table IIL

The derivation and analysis of the QCD sum rules
of the JF =0, 17, 1* 0033, Q0QG5, and QQ55
systems are very similar to the J© =07 case. We
omit details and collect the numerical results in
Tables 1V, V, and VI, for the J® = 0%, 1~ and 1" sys-
tems, respectively.

There are no stable sum rules for the 0" and 1% ccg g
and cciid systems. These tetraquarks probably do not

TABLE V. The numerical results for the doubly-charmed/bottomed QQg G, QQG 5, and QQ5 § systems with J© = 1",

(M3 i M ]

B min’

Open charm/bottom

Current s, (GeV?) (GeV?) M2 (GeV?®)  my (GeV)  PC (%) fx (GeV®)  threshold (GeV)
ccg g m 23 3.0-3.6 33 435+0.14 386 0.0490
cciid 6 23 3.1-3.7 34 434+0.16 379 0.0395 3.730
79 22 2.6-3.4 3.0 441+0.12 394 0.0690
s 23 2.6-3.5 3.0 442+0.14 411 0.0940
ccgs m 23 2.7-3.6 32 437+017 391 0.0357
7, 24 2.9-3.8 32 459+0.13 430 0.0838
6 23 2.9-3.7 34 435+0.16 377 0.0353 3.833
7, 24 2.4-39 34 458+0.14 398 0.105
s 24 24-39 34 452+0.13 411 0.114
Cc5§ m 24 2.8-3.7 3.3 447+013 407 0.0603
7 23 2.5-3.5 3.0 447+0.14 409 0.101 3.937
4 26 2.8-4.2 3.3 474+017 491 0.196
bbg g m 125 7.0-9.6 8.0 10.6 * 0.3 4738 0.229
bbiid 6 120 7.2-8.9 8.0 10.4 * 0.2 405 0.142 10.56
s 120 8.2-9.4 8.8 10.5 + 0.2 35.9 0.492
bbg 5 m 120 7.2-8.8 8.0 10.5 + 0.2 37.9 0.124
76 120 7.2-8.9 8.0 10.4 * 0.2 40.6 0.145 10.65
s 120 7.6-9.3 8.4 10.5 + 0.2 37.8 0.491
bb5 5 m 125 6.6-9.6 8.0 10.6 + 0.3 47.1 0.240
7 120 6.7-9.0 8.0 10.5 0.3 40.1 0.490 10.73
N4 120 6.8-8.9 8.0 10.6 + 0.3 38.8 0.655
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TABLE VI. The numerical results for the doubly charmed/bottomed QQg G, QQG 5, and QQ5 5 systems with JZ = 17,
(M2 o M3 i) Open charm/bottom
Current 55 (GeV?) (GeV?) M2 (GeV?)  my (GeV)  PC (%) fx (GeV?) threshold (GeV)
ccqs m 28 3.0-4.2 3.6 4.96 = 0.11 42.1 0.0801 3.975
7, 27 3.1-4.0 3.6 4.87 = 0.11 38.5 0.0726
73 21 24-34 2.8 4.12 £0.17 47.5 0.0571
un 21 2.5-34 2.8 413 +0.16 47.9 0.0574
75 21 2.8-3.7 32 412 +0.16 41.7 0.0378
U 21 3.0-3.7 32 4.17 = 0.12 41.5 0.0718
77 21 22-33 2.8 4.15*+0.17 429 0.0465
ccss 1 29 3245 3.8 5.03 £0.13 425 0.138 4.081
7> 30 3.2-4.6 3.8 5.12+0.14 45.9 0.150
73 21 22-34 2.8 4.17 £ 0.16 454 0.0838
un 21 22-34 2.8 4.19 = 0.16 45.7 0.0849
bbg g 3 115 6.5-8.8 7.8 10.2 £0.3 41.4 0.459 10.604
n 115 6.8-8.8 7.8 10.2 £ 0.3 41.7 0.454
bbid 75 115 7.0-9.0 8.0 10.2 = 0.3 42.8 0.215
N6 115 7.0-9.2 8.0 10.2 = 0.3 42.0 0.304
77 115 6.5-8.6 7.6 10.2 = 0.3 432 0.241
L 115 6.8-8.8 7.6 10.2 £ 0.3 41.7 0.343
bbgs n 125 6.9-8.6 7.6 10.7 = 0.3 42.1 0.155 10.691
1, 125 6.9-8.8 7.6 10.7 = 0.4 44.5 0.170
E 120 6.2-9.8 8.0 10.4 = 0.3 48.9 0.452
un 120 6.5-9.8 8.0 10.4 £ 0.3 49.3 0.446
M5 120 6.6-9.8 8.0 10.3 £0.3 52.3 0.298
Ul 120 6.6-9.8 8.0 10.3 £ 0.4 52.1 0418
n7 120 6.2-9.6 8.0 10.4 £ 0.3 48.1 0.342
ng 120 5.8-9.6 8.0 10.4 = 0.3 46.3 0.491
bbss n 130 7.0-9.7 8.5 11.0 £ 0.3 40.8 0.336 10.781
7, 130 7.2-9.9 8.5 10.9 £ 0.3 429 0.370
73 120 6.2-9.8 8.0 10.4 £ 0.3 48.1 0.657
un 120 6.2-9.8 8.0 10.4 £ 0.3 48.5 0.651

exist. The doubly bottomed systems are more stable as the
heavy quark mass increases.

In the J* = 17 ¢c5§ system, the extracted mass is about
5.03-5.12 GeV from the currents 7} and 73. In contrast,
the mass extracted from currents 735 and 7} is around
4.17 GeV, which is much lower than that from #n] and
n5. The same situations occur in the J* = 1% ccg 5, bbg s
and bb5 § cases. According to Table I, the diquark fields
QICy,vs0, and QICQ, are P-wave operators while

«Cv,0, and QI Co,,vsQ) are S-wave operators. So
the interpolating currents 7} and 73 contain two P-wave
operators, whereas 73 and 7} contain two S-wave opera-
tors. In other words, the extracted masses from the currents
n3 and n; correspond to the ground state mass of the
JP =1% cc55 system while the masses of 7§ and 7}
correspond to the orbitally excited state. That is the under-
lying mechanism which renders the extracted mass from
1} and 73 is much higher than that from 1§ and 7. The
similar situation occurs in the current 7} with J* = 0" for
the cc5 5 and b5 § systems.

There is another intuitive way to understand the differ-
ence of the various interpolating currents. According to
textbook knowledge about the quark model, the interaction
between the quark pair for the symmetric color structure
[6c100 ® [6c]q ; is repulsive, whereas the interaction for
the antisymmetric color structure [3.]po ® [3.]; 4 is attrac-
tive. Thus, the currents with the symmetric color structure
will result in higher mass than those with the antisymmet-
ric color structure. There were similar observations of the
effect of the color structure on the tetraquark spectrum in
Refs. [22,27].

V. DECAY PATTERNS OF THE Q0§ j
AND Q055 STATES

In this section, we study the decay patterns of the
possible doubly charmed/bottomed states. From the
numerical results of Tables III, IV, V, and VI, the extracted
masses of the ccG g, ccqgs, and ccs§s doubly charmed

(O(+/0) (/0 py()+ )+

states are above the D, ) ©0/1) /1) P01 and
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TABLE VII. The possible two-meson decay modes of the ccg g and cc5 5 states.
JP S-wave P-wave
0~ D + D;(2400)°, D* + D;5(2400)°, D° + D%(2317)*, D + D*(2007)°, D* + D*(2007)°, D° + D*(2010)",

DT + D*,(2317)", D;(2400)° + D{,
D*(2007)° + D}, D,(2420)° + D;(2112)%,

D%, (2317)* + Df, ...

0" D* + D}, D° + D}, D} + D}, DIt + DT,
D + D, D}, (2460) + D}, (2460), ...
1~ D° + DY, D* + DY, D" + D}y,

D** + D, Df + D}, ...
1t DY + D, DY + D** D' + DF, D*" + D},
D + Di*, DYy + D, DIy + D}, D} + D},

sl sl s1r 0

DT + D*(2010)™, D*(2007)° + D*(2007)°,
D*(2010)* + D*(2010)*, D*(2007)° + D*(2010)™,
D*(2007)° + D, D*(2010)" + D, D* + D*(2112)F,
D} + D*(2112)*", D¥(2112)* + D*(2112)", ...
D%(2317)* + Di(2112)", D} + D,;(2460)",

D} + D;,(2536)", ...

D’ + D% DT + DT, DO + DT, D + D*0 p** + D**,
D’ + D, D% + D**, Dt + D, D* + D**, D" + DI,
D’ + D, D + D}, D*" + D, D} + D}, DIt + DI, ...

D° + DIy, DY + D7, D’ + Dy, D** + D}, D*" + D},
DY + D, D + Dig, Dy + DI, DY + Dy, DI + D

s1’ sl

Dif())71)D£?())71) thresholds. The possible decay modes of the

ccqgq, ccqgs, and ccs§ states with different quantum
numbers are listed in Table VII. Both the S-wave and
P-wave decay patterns are allowed. These ccq g, ccqs,
and cc§ § tetraquarks will decay easily through rearrange-
ment or the so-called fall-apart mechanism. They are very
broad resonances. It may be difficult to observe them
experimentally.

The situation is very different for the doubly bottomed
states. As we emphasize in the previous section, the
n} current with J© = 0" and the 7, 53 currents with
JP = 17 explore the excited tetraquark states because of
their special diquark structure. We focus on the doubly
bottomed ground states. The extracted masses of these
states as shown in Tables III, IV, V, and VI are lower
than the open bottom thresholds B°B° = 10.56 GeV and
BYBY = 10.73 GeV. These doubly bottomed states cannot
decay into the two bg or b5 mesons, which implies the
existence of the doubly bottomed bound states bbg g and
bbs 5. This observation is consistent with the conclusions
of Refs. [20,21,28].

Except for the two-meson decay modes, these doubly
charmed/bottomed tetraquark states may also decay
into the two-baryon final states: a pair of bottom and
antibottom baryons or one doubly bottomed baryon plus
one antinucleon. The lightest bottom baryon is A . Its mass
is 5.62 GeV. In other words, these doubly bottomed
tetraquark states do not decay into a pair of bottom and
antibottom baryons.

TABLE VIII. The possible two-baryon decay modes of the
ccq ¢ and cc§ 5 states.

JP S-wave P-wave
0~ N+E.
0* N+ Q.

1-

1t N+Q,.

The mass of the doubly charmed baryons discovered by
the SELEX Collaboration is mz = 3519 = 1 MeV. For
the other doubly charmed/bottomed baryons, their masses
have been estimated in the quark model, m Q, = 3.8 GeV,
mgz, = 10.2 GeV [32,48]. The possible two-baryon decay
patterns of the doubly charmed tetraquark states are listed
in Table VIII. In contrast, the doubly bottomed bbg g states
cannot decay into N, because their masses in Tables III,
IV, V, and VI are below my + mgz,, . The above analysis
also supports the existence of the doubly bottomed tetra-
quark states.

VI. SUMMARY

In order to explore the possible QQg g, QQg 5, and
Q055§ states with J® =07, 0%, 17, and 1%, we have
constructed the possible tetraquark interpolating operators
without derivatives in a systematic way. Because of
Fermi statistics, the wave functions of (QQ) and g g should
be antisymmetric (color X flavor X orbital X spin). We
obtain 26 color-singlet interpolating currents with these
quantum numbers, in which 16 currents possess symmetric
light quark flavor structure [6;], ; and the other 10 currents
belong to [3¢]; ;. The properties of these currents, such as
the isospins, the flavor structures, and the J© quantum
numbers, are summarized in Table II.

Then we make the operator product expansion and
extract the spectral densities for every interpolating
current. Because of the special Lorentz structures of the
currents, the quark condensate (ggq) and {(Gg,o - Gq)
vanishes for QQ¢g g systems. For the QQg§ and QQ55
systems, we keep the my-related terms in the spectral
densities. These terms give important contributions to the
correlation functions. Now the most important corrections
come from the quark condensate and the four-quark
condensate.

In the working range of the Borel parameter, only
0™ and 1™ ccq g systems give a stable mass sum rule.
The masses of the possible 0~ and 1~ ccg g states are
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4.45 * 0.12 GeV and 4.35 = 0.14 GeV. There does not
exist a stable mass sum rule for the 0" and 1" ccg g
systems. The QCD sum rules of the tetraquark systems
become more stable as the quark mass increases.
According to our analysis, stable QCD sum rules exist
for the following channels: ccgG 5, cc55, bbgg, bbgs,
and bb5s§.

Unfortunately, the doubly charmed tetraquark states are
found to lie above the two-meson threshold. These states
will decay very rapidly through the fall-apart mechanism.
Very probably they may be too broad to be identified as a
resonance experimentally. In contrast, it’s very interesting
to note that the masses of the doubly bottomed tetraquark
states are below the open bottom thresholds and the N +
Q,, threshold. In other words, the tetraquark states bbg g,
bbg s, and bbs § are stable. Once produced, they decay via
electromagnetic and weak interactions only. The bbg g,
bbg s, and bbs 5 states may be searched for at facilities
such as LHCb and RHIC in the future, where plenty of
heavy quarks are produced [49].
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APPENDIX: THE SPECTRAL DENSITIES

In this appendix, we list the spectral densities of the
tetraquark interpolating currents with different quantum
numbers, respectively. The spectral densities read

pOPE(s) = pPri(s) + pla9(s) + pl“9(s)

+ pl99(s) + pla9(s). (A1)
The Borel transformation of the correlation functions
reads

dspOPE(S)e—s/Mi

nog) = [

4(mg +mq)2

+ H<qq><qgstf'Gq>(M% ). (A2)

For the interpolating currents with symmetric light
quark flavor structure [ﬁf]q 5> there are two types of Wick
contraction when we calculate the two-point correlations
for the QQg g and Q Qg 5 systems, as mentioned in Sec. Il
and IV. We list the spectral densities for both of them. For
the currents with antisymmetric light quark flavor structure
[3¢];5. we just list the spectral densities for the QQg§
systems while keeping the m-related terms. The spectral
densities for the QQ55 and QQiid systems can be
obtained from the expressions of the QQg g and QQg5s
systems, respectively, by replacing the corresponding
parameters.

1. The spectral densities for the currents in the QQq g systems

For the interpolating currents with J* = 07,

X max

pr(s) =

QA min

a/ﬁmax d,B(l —a—B)m*a+ B—2)+ aBs)aBs —

m*(a + p))’

64700’ B3

—aBs)(m*(a+B+1)— 2a,8s)

g _ QA max Brnax (mz(a + )
195 = —my(aq) [ dac [ ap B

2(1—a— B)22m*(a+ B) + m> —3aBs)

27ta

Bmax m
P59 (5) = (42GG) f da jﬂ dﬁ{

min

(1—a—pPea’ps -

1927043

m*(a(a + B+2)—8B)) _ m*(a+ B+ 1) —2aBs

+ (m*(a + B) — aﬁs)[

I

5127%a° B2 256m%a B
. mgo - Gq)(s — 4m?)
pqu{D(s) _ _"q
Pl (5) = <qq>2(s - 4m2) /
G9Xq 'GQ> m4(2x - 1) m? %
1946 (a2 = <qq><q0' { Mz} AT A3
! (M) 37 o ME(1 —x)x*  x(1 —x) (A3)
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() = [ da [ﬁmx dﬂ(l —a— B)m*(a+ p) — aBs)’(m’Ba +38-2) - aBS)

64776a3,83

7 i Puws 3 a+p—1)-2 2a+ B)—
p<2qq>(s)=mq(9q> - da[mn (m*(a+ B—1) 27:-Yﬁasl[)g(m (e +B) aﬁs)

X pmin

(GG)
GG
p2 (S) <g5 > 1927TGC¥3

Cmax /ﬁmx { (1—a— B)P*m*Qa+2B—1)+ m*—3apBs)

X min

[(1 —a— B)PQa*Bs —m*(ala + B—2)+8B) m*a+pB—1)—2aPs

5127%a° B2 2567%a B

p<qu>(s) _ mq(c'ja' "Gg)s 1 — % p<éq>2(s) - _ (G9)*s 1— 4—mz
2 gt s 2 372 s

_ Ny 4 2 o mr
118060 (372) = _{q9Xgo - Gq) m m_ M%}e Wi

+
372 0 X{M%(l —x)x> x(1—x)

amdx ‘max - a— m - S4
0 = [ e [P 420 =2 B (a+ )~ aBs)

167%a° B3
pgf?tﬁ(s) _ mq<qq>f ™ [ﬂn.)ax B 6(m?*(a + B—2)— i-af;)(mZ(a +8)— CYBS)
e L B

_(ala+128-2)+ BOB — 10) + 1)(m2(a + B) — 2aBs)(m*(a + B) — a,Bs)}

6a232

G , Ui Bows . 2m> -
<qu>() q<q‘7 Q) {3 21 — [ ajB dﬁ%}, p<3q4>2(s) - _

- \/= 2
ngq><écq>(Mlz;) - _ 4m2<qq><q20- -Gq) ! dx{3m2 2_ Z;CM%}eM%(Ix)X‘
; 3 0 x“Mg

For the interpolating currents with J© = 0",

o) = [ e [P apIm @ TP a T BED L abiapy e £ P,

64700’ B3
Bmdx (mz(a + B) — aBs)(m*(a + B+ 1) — 2a,8s)
/ 27t a B

p99(5) = 3m,(Gq) f

A min min

p<1GG>(S) <gSGG>[ fﬁm dﬁ{ m*(1 — a — B)?Q2m*(a + B) + m? — 3a,8s) T (e + B) — aps)

192753

[(1 —a— B)PRa*Bs — m*(ala + B +2) — 88)) m*(a + B+ 1) — 2apBs

512776a332 2567%a3
(qu} q<q0— GC]>(S - 4m2) <qq> (qq)z(s - 4m2) 4l/l’l2
(s) = () = G0 —dmT) J_ dm?
37 K
IHZ
11960 (p2) = — <qq><q0 Gq) dx{ 2“(2x -D m? N M2} i
37?2 0 Mi(1 — x)x*>  x(1 —x)
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pert(s [ [Bmax (1—a— B)m*a+ B)— aBs)}m*Ba+38—-2)— a',8s)

647m0a’ B3
) ) - Buo . (m2(a+ B—1) = 2aBs)(m*(a + B) — )
p<2qq>(s) _ _mq<qq>[ dafmln B m*(a+ B ziﬁiﬁm a+ B)—aBs
m*(1 — a — B)*(m*Q2a + 2B — 1) + m* — 3aBs)
P10 = (6260) [ dar [ ap{" gy (i (a+ )~ aps)
(1—a- ,8)2(2a2,8s —m*(a(la+B—2)+8B) m*a+p—1)—2aPs
[ 51270a’ B2 2567°aB ]}
; mqo - Gq)s 4m? 707 (Gq)* 4m*
e 2
(@9)aGaq) _{qgXgo - Gq) [ m* m’ #
MH () = 37 0 dx{M?g(l — x)x? " x(1 —x) " MZ} " A7

Pl (s) = f fﬁ (1= a = B(m*Qa+28 - 1)~ aps)im(a + B) — aBs)

327%a3 B3
P39 (5) = mq<5161>f " da [B".m dp 3m2(m2(;77+a'8ﬁ) — a'BS)
(GG> Bunax m*(1 — a — B*(m*(4aB — 3a + 4% — 4B) + 3a(l — 28)Bs)
(S) <vaG>/ f { 1927TGCYSB
(1—a—pBm*a+p—1)—2aBs) m*(m*(a+ p)— apBs)
et p) = a,Bs)[ 6470’ " 1287%a B :I}

<qu>(S) q<q0' Gq) {(2 24 ) ’1 _ 4m / j‘ﬂmx 2m?(a + ,8 —-1) - 3a,8s}
wr ) _Saarmt + ) [ an?
P (s) = = -

ggxqg 2
@iaGo 2y — (@9%G7 - Ga) ! {Zm“(z —90 L o - |
H3 (MB) 672 . dx M%(l — x)xz — 2MB(1 x)te . (A8)

- a— m - a I’I’l2 a - 3
0 = [t [P ap =@ =B B ta s §) = o)

167°a3 B3
0 (s) = m (dq) [ e fﬁrlm (m*(a + B) — aBs)(;ZZS; +4B8+5) — Saﬁs)
2 _ _ 2 2 2 —
P09 = (6260) [ da [ d,B{ (== primiap +92:;;;;;B +4B) —3aBCB + 1)s)
B 51 —a— B)m?*(a+ B+ 1) —2apBs) m?
+ (m2(a +B) aBS)I: 647T6a2[-3 + 1287T6a,8]}

q q : G 4 2 X max .Bmax 10 2 + + 1 - 15
P59 (s) = 7’"%‘;‘74 L {(s - 6m2)‘/1 - / dat f ap o 32 ) “Bs},
T s Umin 'min a

o 2(gq)*(s — 6m?) 4m?
piqq> (s) = — <6161>§ _ -
T s
SN Gq)Xgo - Gg)y (1, [4m*(2 —3x) m*(15x — 14) Sx2—Tx+2 -
1946 (g2 — (gaXgo { 4 — M3 } 73 (1 0 A9
4 (M) 67> o M3(1 — x)x? x(1 —x) 1 —x (A9)
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0 = [ da [P a2 Blm(a+ )~ aps)*

167°a3 B3
S59(5) = m @‘D[ - daf o g Sa t B+2) iaf;)(mz(af +B) —aps)
m2(1 — a — B2(2m2 _
R R I e
_(ala + 12,8 2) + BOB —10) + 1)(m2(a + B) — 2aBs)(m*(a + B) — a,Bs)}
2B2
p§qu>( ) = _m <qO' Gq) {3 2 ’1 f da fﬁmax dﬁ—}
. = N2 2 2
i (5) = SILI i A
GaXaGa) yy _ 4mH@aNGo - Gg) (1 [3m? — 2xM3| it
quq 4Gq (M%;) o . dx{ sz% } . (A10)
For the interpolating currents with J© = 17,
Q)2 2 _ 2 _ 3
) = [ o [P gL BB Rl Bt )~
LA —a—pB)m @+ B)— aBS)4}
64700’ B3
G max 2 - 2
pgtm(s) _ _mq@q}f o fﬁ (m (a+ B) a,BS‘)l(WmOEcﬁva B+2)— 3aBS),
B R R e o )
« (m*(a + B) — aBs)( 2Ba*+3aB — 168% +488) — 5a%Bs) N m?(2m*(a + B) + m> — 3aBs)
[ 30727 a’ B2 1927%a? ]}
P60 () = my{go - IGZCI;(S —d4m?) | 4m?
P09 (5) = 2<qq>2(s —4m?) ,
(@4XaGa) _ <fM><q(f Gq) 4(2x —1)  m*(2—x) *Mzﬁu—zf)
I1{39%@69) (p12) = g ) { %xz(l—x)-’_ - +M123x}e . (A11)

PR (s) = f [ﬁm«x (1—a—pB)m (a+p)—afs)]m*(T(a+ p)a+p+1)—8 —3aBs(a+B+1)

3847%a° B3
mx . 3(m*(a + B) — 2la+B—1)—2
quq>(5) —m <qq>[ “ da [ﬁ dB (m*(a + B) aﬁgi’:ia(;v B ) afBs)
(1 —a—,B)(mz(a—i-,B)—aﬂs)(Sa,Bs— m*(3a +38—2))
47*aB ’

014003-12



EXOTIC Q0gG, Q0g5, AND QQ55 ... PHYSICAL REVIEW D 87, 014003 (2013)
<GG>(s) (42GG) /‘amax e /‘Bmx dﬁ{(l —a— B)P(m*(a+ B)— aBs)5a’Bs — m*(3a’* +3aB —4a + 168))
Qi ﬂmin

30727%a’ B2
(1 —a—B)m*a+ B)—aPs)m*(a®> + aBf —2a + 8P))
5127%a3 82
m?*(1 — a — B)*(m*(Ba? + 6aB +2a +3B%>+2B8—2)— aBs(da + 4B +5))
5767’
(1 —a— B)(m*(a+ B)— aBs)m?*(Ba + 38 —2) —5aBs)
15367°a
(mz(a + B) — aBs)(m*(a+ B —1) — 2aBs)}
768m0a B
. (go - Gq) 4
plic ) = "al17_ G fy 4
i (5) = - 2 fy A
0 (g >< Gaq) ’ g
[I§96409 (pp3) = — 144099 " =47 ‘10 4 f {M i st Tx)x + M%;}e 5170, (A12)

PR (s) = [ fﬁmdx d,B{(l —a—BPm*(a+ p)—aBs)m*Ba+3B+1)—Tafs)

1927%a° B3
(1 —a— B)(m*(a+ B)— aBs)(aBs(a+ B—7) —m*(a®+2aB—3a+ B> —38— 4))}
2567003 B3 ’
o 2 _ 2 _
<qq>(s) " <qq>] da/ dﬁ{ (1—a—B)(m*(a+pB) aéB;z(Clmlg(lSa+ 158 +2) —25aBs)
(mz(a +B)— aBs)(m2(3a +3B8—5)— 4a,8s)}
At B
2 _ 3(102 _
péGG>(s)—<gSGG>f '/'qux dﬁ{ 1-—a—p8) (ml(IISSZC:T;LalgSB—i- 1) —20aBs)
L—a- BV + B) — aBs) 2562 Bs — m2(15a2 + 1508 + da — 248))
912670 a3 B2
N (1—a— B)>(m?*(a+ B)?— aBs)(m*(15a’B —3a*>+ 15aB*>+ aB —2a + 128) + a*(6 —258) Bs)
15367°a° B2
(a + B—1)(m?*(a+ B) — afs)(a(25a + 14)Bs — m*(15a> + a(158 + 8) + 68+ 8))
15367 a8
m*(a+ B —1)2(m*(6a+68+1)— 9a,8s) (m*(a+ B) — aBs)(m*(Ba+38—15)— 4aﬁs)}
38470’ 76870 a8

@Gy oy _ MeldT - Ga)s [ 16m* — s f1_4m2+famxd fﬁmxd afs—3m?
p3 (S) 8774 6 S QAmin “ Bmin B 3a '

2N 7q)* (s — 16m?) 4m?
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For the interpolating currents with J* = 1%,
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00 = ) [ d [ g 0@ = Bt )~ Sus)

(59 (5) = (m*(a + B+2) — aBs)(afs — m*(a + B)) R,

) =(66) [ da [ dﬁ{ g t(1-a-p)
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2. The spectral densities for the currents in the QQg¢q s systems

For the interpolating currents with J* = 07,
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For the interpolating currents with J© = 0",
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For the interpolating currents with J* = 17,
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