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We provide comprehensive investigations for the mass spectrum of exotic open-flavor charmed/bottom

$qqc, qqqc, sqgb, qqgb tetraquark states with various spin-parity assignments J© = 0+, 17,2t and 0—, 1~
in the framework of QCD sum rules. In the diquark configuration, we construct the diquark-antidiquark
interpolating tetraquark currents using the color-antisymmetric scalar and axial-vector diquark fields. The
stable mass sum rules are established in reasonable parameter working ranges, which are used to give
reliable mass predictions for these tetraquark states. We obtain the mass spectra for the open-flavor

charmed/bottom sqq ¢, qqq ¢, sqg b, qqq b tetraquark states with various spin-parity quantum numbers. In

addition, we suggest searching for exotic doubly-charged tetraquarks, such as [sd][i ¢] — D)™ 2~ in future
experiments at facilities such as BESIII, Bellell, PANDA, LHCb, and CMS, etc.

DOI: 10.1103/PhysRevD.95.114005

I. INTRODUCTION

During the past 14 years, there are many unexpected
hadrons observed experimentally, such as the XYZ
states [1] and hidden-charm pentaquarks [2], etc. These
resonances cannot be interpreted as conventional quark-
antiquark mesons or three-quark baryons in the conven-
tional quark model [3]. They are exotic hadron candidates,
whose significant experimental and theoretical progress
have been reviewed in Refs. [4-7].

Very recently, the DO Collaboration reported the evi-
dence for the narrow structure X(5568) in the Bon*
invariant mass spectrum with 5.1¢ significance [8]. Its
mass and decay width were measured to be my(sses) =
5567.8 +2.9(stat) " (syst) MeV and T'ysses) = 21.9+
6.4(stat) 32 (syst) MeV, and its spin-parity quantum num-
ber was determined to be either J© = 0% or 1. Later, the
LHCb and CMS collaborations also performed their analy-
ses of the pp collision data at energies /s = 7 TeV and
8 TeV to search for the X (5568) state [9,10], but they did not
find any unexpected structure in the Bz* invariant mass
distribution. However, the DO Collaboration themselves
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confirmed the X(5568) meson in the Bdz* invariant mass
distribution with another channel B — D uv at the same
mass and at the expected width and rate [11].

Reported in the BYz™ final states, the X(5568) meson, if
it exists, could be a bottom-strange sudb (or sdib)
tetraquark state with valence quarks of four different
flavors. To date, the X(5568) resonance has trigged many
theoretical studies, including the diquark-antidiquark tet-
raquark state [12—-30], hadron molecule [31-38], nonreso-
nant schemes [39], hybridized tetraquark model [40], and
so on. One can find the detailed introduction for these
theoretical studies in the recent review paper [41].

In the charm sector, the two narrow charm-strange
mesons D¥,(2317) and D;;(2460) were observed in
2003 in the D} z° and D;*z° invariant mass distributions
by the BABAR [42] and CLEO [43] collaborations, respec-
tively. Their observed masses are (2317.7 £+ 0.6) MeV and
(2459.5 £ 0.6) MeV, respectively, which are much lower
than the Godfrey-Isgur (GI) model predictions [44]. These
states quickly attracted many theoretical studies involving
various exotic assignments [45,46], which can also be
found in the review paper Ref. [41] and its related
references. Among these configurations, the four-quark
assignment cq5 g is particularly interesting.

Inspired by the experimental information and theoretical
studies of the X(5568), D%,(2317) and D, (2460) mesons,
we shall provide comprehensive studies for the open-flavor
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charmed/bottom sgg Q and gqg Q tetraquark states in
this paper. If the existence of the X(5568) is confirmed,
many other charmed/bottom tetraquarks may also exist
[17,22,24]. Hence, in this paper we shall investigate
tetraquark systems with various spin-parity quantum num-
bers J* =07, 17,2" and 07, 1~ in the framework of QCD
sum rules.

This paper is organized as follows. In Sec. II, we
construct the open-flavor charmed/bottom tetraquark inter-
polating currents and introduce the QCD sum rule formal-
ism. The two-point correlation functions and the spectral
densities are calculated for various channels. In Sec. 111, we
establish stable tetraquark mass sum rules and make
reliable predictions for the mass spectra of these tetraquark
states. The last section is a brief summary.

II. FORMALISM OF TETRAQUARK SUM RULES

In this section, we will briefly introduce the method of
QCD sum rules [47-49] for the tetraquark systems. To
begin, we construct the diquark-antidiquark tetraquark
operators with one heavy quark and three light quark
fields. In the diquark configurations, all models agree that
only the color antisymmetric scalar g’ Cysq, and axial-
vector g! Cv,q, diquark fields are favored to maintain low
color electrostatic field energy [50]. To explore the lowest-
lying tetraquarks, we use only these two favored S-wave

diquarks to compose the color antisymmetric [3,] g ®

[3c]7, o tetraquark currents following Refs. [51-54]
J1=41,Cr526(G3.sCQO} = G3p7sCOL),  JF =0T,
J2=41,Crud2p (3347 CO = Gy COL),  J" =07,

I3, =41 ,Cr5q21(G347,CON — G3p7,COL),  JP=07,17,
J1, =41 ,Cr4026(33a7sCOS — G3pysCOL),  JP =07, 17T,

Js=a1,C7,925(G347,CO} — @3y, COL),  JP=07,17,

2+(S); 17,11 (A);01(T), (1)

in which Q is a heavy quark (c or b) and ¢, q,, g5 are light
quarks (u, d, s). For the tensor current Js,,, we list its JP
assignments for the traceless symmetric part (S), the
antisymmetric part (A) and the trace (T). All these
interpolating currents can couple to the tetraquark states
that carry the same spin-parity quantum numbers. In this
paper, we shall investigate the charm-strange [sq][gc],
nonstrange charmed [gq][g ], bottom-strange [sq][7 b],
and nonstrange bottom [gq][g b] tetraquark systems by
using the interpolating currents in Eq. (1), where ¢ is an up
or down quark.

We shall study the following two-point correlation
functions using the scalar, vector, and tensor currents

N(g*) =i / d*xe(0|T[J(x)7(0)]0).  (2)
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1,.(q%) :i/d4x€i‘f"‘<0T[Jﬂ(X)JZ(O)HO% 3)

My po(q?) = i / e (O] Ty (1) T (0)]0). (4)

In general, the two-point functions I1,, (¢*) in Eq. (3) and
Hﬂym(qz) in Eq. (4) contain several different invariant
functions referring to pure spin-0, spin-1, or spin-2 hadron
states. These invariant functions have distinct tensor struc-
tures in I1,, (¢?) and I1,,, ,,(g*). For the vector current, it is
easy to write the corresponding two-point function as

M,,(¢%) = n,, Ty (g?) + q;q” Ms(g?),  (5)

where 17, = q,q,/ q* - G 18 a projector for the pure spin-
1 invariant function ITy (¢*) while g,,4,/¢* is a projector for
spin-0 invariant function Ilg(g?). To pick out different
invariant functions in I1,,, ,,(¢?) for the tensor current Js,,,,
we introduce some projectors following Ref. [55]

1
Por = 169141/9/)0’ for JF = 0%, T
POS - T/,wT/)m for JP = O+, S
1
Pors = Z (T;wgpa + Tpag/,w)a for J¥ = 0", TS
PIIVA = T;u,pm for JP = 1_,A
PIIVS = T;l/,pm for J¥ = 1=, S
PIlVAS =2 <q”—gp7]u(r 9o 7’/#/;> for JP = 1_, AS
PfA = ’/[ﬂp’/lba - ’7;40’714)7 for JP = 1+7A
2
PIZVS = (”ﬂpr]vo‘ + NucMup — g"]ﬂy”]po-> 5 for JP = 2+’ S
(6)
where
9.9, 1
T/“/ q2 4 uvs
q9.49
Ti’»ﬂﬁ = %nuo‘ =+ (/’t <~ 1/) + (,0 <~ 0). (7)

One notes that in Eq. (6) there are three different projectors
for the scalar (J* = 0%) channel, Py, Py, and Py g, which
can be used to pick out different invariant functions induced
by the trace part, traceless symmetric part and the cross
term respectively from the current J5,,. However, all these
three invariant functions couple to the J* = 0" channel
with different coupling constants. We will discuss all of
them in this paper. A similar situation happens for the
vector (J© = 17) channel in Eq. (6).
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As usual, the dispersion relation is used to describe the
two-point correlation function at the hadronic level

2\N oo s Nel
(q)/ N(Isnilj,(ziie)dHan(qz)”, (8)

s< 8 n=0

in which the unknown subtraction constants b, in the
second term can be removed by taking the Borel transform
of T1(g?). The imaginary part of the two-point function is
usually defined as the spectral function, which can be
evaluated at the hadronic level by inserting intermediate
hadron states

p(s) = ") — S5 m2) 01, ) (nlJ510) (9)
= f%8(s — m%) + continuum, (10)

where the single narrow pole plus continuum parametriza-
tion is adopted in the last step. The inserted intermediate
states n carry the same quantum numbers as the interpolat-
ing current J,(x). The quantity my denotes the mass of the
lowest lying resonance and fy is the coupling constant. For
the scalar and vector currents, the leptonic coupling
constants are defined as

(O1/1X) = s, (11)
(O X) = fveu + Fsqu (12)

in which e, is the polarization vector. For the tensor current,
the coupling constants are defined as

(01, 1X)
:f()Tg;w +fOSqﬂql/ (JP :0+)
+f1—5<€l‘ql’+€l/qﬂ) +fl_A(€ﬂqu_€yqﬂ) Jr=1)
"'fTAeWMEp% (_]P _ 1+)
+ fas€w  (JT=27), (13)
o ‘( . Pz
330 e e
32} P S
It : : e
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FIG. 1.

J5(x).
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where €, is the polarization tensor and €7 is the
completely antisymmetric tensor.

At the quark-gluonic level, the correlation function can
be computed by using perturbative QCD augmented with
nonperturbative quark and gluon condensates. Comparing
the two-point correlation functions at both the hadronic and
quark-gluonic levels, one can establish QCD sum rules for
hadron parameters like hadron masses, magnetic moments
and coupling constants. The technique of Borel trans-
formation is usually adopted to remove the unknown
constants in Eq. (8) and suppress the continuum contribu-
tions to correlation functions, which results in the Borel
sum rules

Y
Ly (s0.M3) = fm3e 3/ = A dse™/Mip(s)s*, (14)
9]

in which the lower integral limit M? = (m, +m, +
mg, —Hn[h)2 denotes a physical threshold for the

4192330 system. The mass of the lowest-lying hadron
state is thus obtained as

Ly(so. M%)

mx(so. Mp) = Lo(s0. M2)’
» Mg

(15)

where My is the Borel parameter and s, is the continuum
threshold above which the contributions from the con-
tinuum and higher excited states can be approximated well
by the QCD spectral function p(s).

In this paper, we calculate the correlation functions and
spectral densities by considering the perturbative term,
quark condensates, gluon condensate, quark-gluon mixed
condensates, four-quark condensates and the dimension
eight condensates at leading order in a,. In our evaluation,
the strange quark propagator was considered in momentum
space. For all interpolating currents in Eq. (1), we collect
the expressions of the spectral densities in the Appendix.
We use the projectors defined in Eq. (6) to pick out the
different invariant functions for the vector and tensor

32

70 ]
S 28
L
<
5 26 5)=9.0 GeV?

- - = 5=10.0GeV?
24L - —- 50=11.0 GeV?
22 L L L L
4.5 4.7 4.9 5.1 53 55

M3 [GeV?]

Variation of the hadron mass my with respect to s, and M% for sqg ¢ system with J© = 0% using the interpolating current
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FIG. 2. Variation of the hadron mass my with respect to s, and M3 for sqg ¢ system with J© = 07 (S) using the interpolating current
JS ()C)
v

currents. As shown in Eq. (1), the tensor current Js,, can
couple to two different scalar channels (J© = 0%) as well as
two different vector channels (J¥ = 17). We evaluate the
invariant functions and spectral densities for all these
channels and list them in the Appendix. In addition, one
can also find the projectors Pyrg (for J© = 0" TS) and Py
(for JP = 1= AS) in Eq. (6), which can be used to pick out
the cross-term invariant functions for the scalar and vector
channels respectively. However, we find that the perturba-
tive terms for these two invariant functions are proportional
to the light quark mass m,, which can be neglected in the
chiral limit. Such invariant functions cannot provide
reliable predictions for hadron properties and thus we will
not use them to perform QCD sum rule analyses in
this paper.

III. QCD SUM RULE ANALYSIS

In this section, we use the two-point correlation func-
tions obtained above to perform QCD sum rule analyses for
the charmed/bottom sud Q and udd Q tetraquark systems,
in which the following parameter values for the quark
masses and QCD condensates are adopted [1,48,56,57]

39
3.6F
533G
Q .
<) TR M3=2.6 GeV?
§< 3.0+ . ) — M}=2.8 GeV?
/ ] : D= — M3=3.0Gev?
27t /;/f/‘ : } P M3=3.2 GeV?
s : ‘ ‘
iy
2.4 0 ] - : . .
"8 10 12 14 16 18 20

) [GeVz]

FIG. 3.

m, =myz =0,

m,(2 GeV (96*8) MeV,
m(m,) = m, = (1.27 £ 0.03) GeV,
my(my) = m, = (4.18709%) GeV,

) =
)
)=
Gq) = —(0.24 £ 0.01)% GeV?,
(5s) = (0.8 £0.1){(gq),
q) = —M(gq),
) = —Mj(5s),
2 =(0.84+0.2) GeV?,
G) = (0.48 +0.14) GeV*, (16)

(q9s0- G
(59,0 - Gs
M

(3G

where we use the “running masses” for the heavy quarks in
the MS scheme. We use the chiral limit in our analysis in
which the up and down quark masses m,, = my; = m, = 0.

As shown in Eq. (15), the extracted hadron mass is a
function of the Borel parameter My and the continuum
threshold s,. To obtain a reliable mass sum rule analysis,
one should choose suitable working ranges for these two
free parameters. We determine the lower bound on the
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T
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0.0002 -

0.0000 A:I: A L L L L
9 11 13 15 17 19 21 23 25

50 [GeV?]

Left panel: hadron mass my as a function of s, for the sqg ¢ system using the traceless antisymmetric part of Js,, (x) with

JP = 17(A). Right panel: the quantity > as the function of the continuum threshold s.
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FIG. 4. Mass prediction for the sqg ¢ system with J* = 17(A).

Borel parameter by requiring the perturbative term con-

tribution be larger than three times of the dominant non-

perturbative terms. The study of the pole contribution can

yield the upper bound on M. For the continuum threshold

59, we will choose a reasonable value to minimize the

dependance of the extracted hadron mass with respect to

Mpg. In the following, we will use the sqgc systems as

examples to discuss the detail of the numerical analyses for
all channels, which can be classified into three types:

(A) This type can provide stable mass sum rules and give

reliable mass predictions. We use the interpolating

current J,(x) with J¥ = 0" as an example to

perform the numerical analysis. As shown in the

left panel of Fig. 1, we show the variation of my with

respect to the continuum threshold s, for different

value of the Borel mass M%. We find that there are

some minimum points around which my is stable at

so = 7.0 GeV?. For larger continuum threshold after

these points, the hadron mass will increase gradually

with s, and the curves with different values of M%

TABLE 1L
quark states.

Mass spectrum for the charm-strange sqg ¢ tetra-

Borel window

JPE  Currents s¢(GeV?) (GeV?) myes(GeV)  Type
0t Jq 75+£05 3.3-3.6 2554+0.10 A
Js 10.0 £ 0.5 4.7-5.0 291+0.14 A
Js,,(T) 10.0£0.5 2.2-3.1 288+0.15 A
Js(S) 12.0£0.5 3.942 253+0.13 B
1" I3y 7.5+0.5 5-3.8 255+£0.12 A
Jay 9.5+0.5 3.2-39 281+£0.13 A
J5”,,(A) 95+£0.5 3.5-3.8 2.83+0.13 A
2+ JSW(S) 10.0 £ 0.5 3.4-4.0 291+0.13 A
0~ J3, 75+£05 4.0-4.3 231+0.09 A
Jay 120+ 0.5 3.2-4.1 330+£0.16 A
1= Jsu(A) 135+£1.0 2.6-3.4 335+£0.16 C
Js(S) 15.5+£1.0 3.2-39 355+£0.18 C

PHYSICAL REVIEW D 95, 114005 (2017)

TABLE II. Mass spectrum for the nonstrange charmed ggg ¢
tetraquark states.

Borel window

JPC Currents s5y(GeV?) (GeV?) my«(GeV) Type
0" Jy 9.5+0.5 3.1-4.0 2.82+0.12 A
Js 10.0£0.5 4.4-50 2914+£0.13 A
JSW(T) 10.5+0.5 2.1-2.6 2934+0.13 A
Js(S)  85+£05 2.4-33 2234+0.12 B
1" I3, 95+£0.5 3.3-3.9 283+0.12 A
J 4y 10.0+£0.5 3.04.2 288+0.12 A
Jsw(A) 9505 3339 2824012 A
2% Js(S) 100£05 3241 2904015 A
0~ I3, 6.5+0.5 4.1-44 2214+£0.06 A
Jay 13.0+ 0.5 3.4-4.0 3294+0.15 C
1= Jsu(A) 135£1.0 2.7-3.3 3294+0.16 C
Js(S) 155+1.0 3.34.0 352+£0.17 C

intersect at s, = 10.0 GeV?2. Thus we can determine
the optimal working range for the continuum thresh-
old with a reasonable 10% uncertainty to be 9.0 <
5o < 11.0 GeV? (shaded region in the left panel of
Fig. 1), in which the Mg dependance of my will be
very weak. Accordingly, we can also obtain the
Borel window as 4.7 < M% < 5.0 GeV? by studying
the operator product expansion (OPE) convergence
and pole contribution. We show the Borel curves in
the right panel of Fig. 1 for the hadron mass my. One
notes that the sum rules are very stable in the Borel
window and the extracted hadron mass increases
with respect to sy. Using the central value
so = 10.0 GeV2, we can extract the hadron mass
for the J¥ = 0" sqqc tetraquark state

TABLE IIl. Mass spectrum for the bottom-strange sqgb
tetraquark states.

Borel window

JPC Currents s5y(GeV?) (GeV?) mys (GeV)  Type
0" Ji 34.0+£2.0 6.0-6.3 559+£0.18 A
Js 37.0+2.0 8.4-8.7 583+021 A
Jsu(T) 41.0£2.0 43-53 6.02+021 A
Jsu(S) 610+£20  61-73  732+£021 A
1+ I3, 340+20 6.3-6.6 559+£0.19 A
Jay 38.0£2.0 6.0-7.3 5.86 £0.20 A
J5W,(A) 38.0£2.0 6.3-7.4 5.88+0.18 A
2+ .15”,,(5) 40.0 +2.0 6.2-8.0 6.01 =022 A
0~ I3, 38.0+2.0 6.6-6.9 5.62+024 A
Jay 43.0+2.0 5.5-6.7 6.32+0.18 A
1= Js,(A) 43.0£2.0 44-50 6.19+0.25 C
Js(S) 440+£20 4.8-5.5 6.22+0.27 C
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TABLE IV. Mass spectrum for the nonstrange bottom ¢qg b
tetraquark states.

(B) In this type we consider the traceless symmetric part
of the interpolating current Js,,(x) in the scalar

channel with J¥ = 0T (S). In the left panel of Fig. 2,

Borel window

JFC Currents  so(GeV?) (GeV?) My (GeV) Type we show the variation of th? my with respect to the
n continuum threshold s, in the Borel window
0 /i 38.0+2.0 5.8-7.4 586020 A 39< M% < 4.2 GeVZ?. We find that the behaviour
J 37.0£2.0 8.0-8.3 5.83+£020 A . .

of these s(y-dependance curves is very different from

Js,w(T) 41.0£2.0 4.3-5.3 6.02+021 A h . A h 0 Fie 1.1 d of
Jsw(S) 520420 5156  674+024 C those 1n type A as shown in Fig. 1. Instead o
minimum points for type A, the sy,-dependance

1" J3 38.0£2.0 6.1-7.4 S87+£021 A curves in type B have maximum points and then
J 4HA ggg i ;8 2 '?_6'1 2 32 i 8;} i the extracted hadron mass decreases gradually with

I5(A) : : AT ‘ ) respect to s,. However, we are still able to find the

2t Js,(S) 40.0£2.0 6.0-6.7 599+021 A optimal values for the continuum threshold 11.5 <
0 I3, 37.0 4+ 2.0 6.8-7.1 5514025 A 5o < 12.5 GeV? to minimize t.he depe'ndance of my
Ty 44.0 &+ 2.0 5.6-6.0 6234024 C on the Borel mass M%. In this working range, we

= 7o (A) 400420 oL 5884027 C plot the stable Borel curves in the right panel of

5/41/ . . i S N . . . . . .

Jon(S) 41.0£2.0 45.50 5044027 C Fig. 2 in the above Borel window, from which the

extracted hadron mass decreases with respect to s,.
We finally obtain
My = (291 +0.11 +£0.07 £ 0.04 + 0.01) GeV,

0.2

= (2.52£0.10 £ 0.11 £ 0.06 + 0.05) GeV,
(18)

in which the errors come from the uncertainties in the
threshold values s, M%, various QCD condensates
and the charm quark mass, respectively.

M yecs
XO* S

(17)

in which the errors come from the uncertainties in the
threshold values s, M%, various QCD condensates
and the charm quark mass, respectively.

TABLE V. Possible S-wave decay modes for the open-flavor charmed/bottom tetraquark states where “—"" denotes that the predicted
tetraquark masses are below all allowed S-wave two-body hadronic decay thresholds.
1(J7) sqq b 594 ¢ 1(J7) q9g b 993 ¢
0(0%)  BW/n, Biw/¢, B*K*(892), Dyn/r, 5007 Bu/n, B'w/¢, Dx/n/7,
B,;(5830)%h,(1170)/f,(1285), Djw, Bz, B*p D*w/p
B,(5721)°K,(1270), BK DK
1(0%) Bz, BK, Bip, B*K*(892), Dz, 3(07) Bz, B*p D,
B,1(5830)°h,(1235)/a,(1260), Dip, D*p
B,(5721)°K,(1270) DK
o(1+) - - (1) Bz, Bw D*z, Dw/p
1(1%) Bin Din 3(17) B*m, Bp D*mn, Dp
0(2") - Diw 1(27) - D*(2007)°w/p
12%) - Dip 324 - D*(2007)°p
0(07) Blo D5/ f,(980) 2(07) Bo Do /ay/ fo, D5(2400)7
1(07) - D;ag(980), D%, (2317)x %(0‘) - Da(980), D;(2400)x
0(17) - Dyhy(1170)/£,(1285),  3(17)  By(5721)°x  Dhy/f1/a)/by. Dyw/p.
D;6/f0(980), D%y (2317), D s/fo/ag. D*hy/by.
Dy, (2536)w, Dihy(1170) D(2420)°w/p/x
1(17) B,1(5830)°% Db (1235)/a,(1260), %(1‘) B,(5721)°z D*ay, Day /by, Dip,
Dy (2460)7, D%,(2317)p, D;(2400)7/p,
Diay(980), Dy, (2536)p D*(2007)°b,
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TABLE VI. Possible P-wave decay modes for the open-flavor charmed/bottom tetraquark states.
1(J7) 5qq b 5qq ¢ 1(J7) 994 b qq94 ¢
0(0%)  BYhi/fy1, Bio/fo, BK,(1270), Dio 3(07) Bhy/f1/bi/ay, D,(2420)z, D*o,
B,1(5830)°w/, Bihy/f1, B*c/fo/hi/by/ay,
B,(5721)°K*(892), B*K /K B, (5721)°z/p/w/ ¢
1(0%) B,1(5830)°%/p, Biay, BK,, D, (2460)x 2(0%) Bb,/a;, D, (2420)x,
B)by/ay, Biay/by/ay, B*ay/by/ay,
B (5721)°K*(892), B*K,/K}; B,(5721)°z/p
0(1%) BY/Bic D,/Dio 1(1%)  B/B*c, By(5721)°z  D,(2420)z, D/D*c
1(1%) B,;(5830)°% D, (2460)x (1) B,(5721)°x D, (2420)x
0(2%) Bio Dio 1(27) B*o, B,(5721)°x D,(2420)z, D*o
1(2%) B,;(5830)°x D, (2460)x 3(2%) B,(5721)°x D, (2420)x
0(07) Blo, Bin/n | o, D,w, Din/n'w, Dy o, 3(07) Bz/n/n, Dp/w/¢, D*x/n/1,
B*K, B/B*K* D*K, D/D*K* Bp/w, B*p/w D*p/w/p, D;(2420)c
1(07) B%, Bin/p, B'K, B/B*K* D,p, Din/p, D*K, D/D*K*  3(07) B*r/p,Bp D/D*p, D*n
0(17) Blw, BK, D/ /@, Diw/n/n, Dgo,  5(17) B/B'n Dzr/n/n [p/@/ ¢,
D/D*K, D/D*K* D z/n/n'[p]w/d
1(17) Biz, BYp/7, BK Dx/p, Dix/p, 2(17) B/B*n Drx/p, D¥n/p

D/D*K, D/D*K*

(C) In the third type we study the traceless antisym-

analysis can be obtained by minimizing the quantity

metric part of the interpolating current Js,, (x) in the
vector channel with J¥ = 17 (A). We first study the
variation of the hadron mass with s, in its Borel
window 2.6 < M% < 3.2 GeV?. As shown in the left
panel of Fig. 3, the behavior is totally different from
those in types A and B. The extracted hadron mass
my increases monotonically with s, without any
minimum or maximum point and the curves with
different value of M% do not intersect anywhere. It
seems that the mass sum rules are unstable in this
situation. To explore the further behavior of sg-
dependance, we define the following hadron mass

N 2
_ mX(SO’M )
iy (s0) = E — N e

i=1

(19)

in which the M%’i(i =1,2,...,N) represent N definite
values for the Borel parameter M% in the Borel
window 2.6 < M% < 3.2 GeV? The iny(s,) is defined
as an averaged hadron mass for some definite value
M?. Using this average hadron mass, we can define
the following quantity

2*(s0) =Y {M - 1]2. (20)

According to the above definition, the optimal choice
for the continuum threshold s, in the QCD sum rule

2*(s0), which is only the function of s,. We show this
relation in the right panel of Fig. 3, from which there is
a minimum point around s, = 13.5 GeV?. It is clearly
that the M%-dependance for the extracted hadron mass
is the weakest at this point. We can thus determine the
working range for the continuum threshold to be
12.0 < 59 < 15.0 GeV? in our analysis, as shown in
the left panel of Fig. 3. In this area, we show my as a
function of the Borel parameter M% in Fig. 4 and
predict the hadron mass at the central values
so = 13.5 GeV?, M3 = 2.9 GeV? to be

mye = (3.3540.14£0.07 £ 0.04 £ 0.01) GeV,
(21)

in which the errors come from the uncertainties in the
threshold values s, M(z), various QCD condensates
and the charm quark mass, respectively.

For all interpolating currents in Eq. (1), we perform
similar numerical analyses and collect the extracted hadron
masses for the sqg ¢ tetraquark states in Table I, together
with the Borel windows and the working ranges for s,. We
show the three types introduced above in the last column.
The error sources for the hadron masses include the
uncertainties of the heavy quark masses, the QCD con-
densates, M, (2), and the uncertainty of the continuum thresh-
old sy. As shown in Egs. (17), (18), and (21), the uncertainty
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in 5 is the dominant error source of the hadron mass while
that of M3 parametrizing the mixed condensate is also
important. However, we list only the total errors in Table I
with error analyses to summarize the results. In Table I, we
find that the extracted masses for the scalar sggc¢ charmed
tetraquarks with J¥ = 0" to be almost degenerate around
2.54 GeV from the currents J;(x) and Js,, (x)(S), while
2.90 GeV from the currents J,(x) and Js,,(x)(T). These
values for the scalar charmed tetraquarks are higher than the
mass of the charm-strange D?,(2317) meson. In addition,
we obtain the hadron mass my = (2.55 £ 0.12) GeV for
the axial-vector sggc tetraquark using the current J3,(x)
with JP = 1T, This result is not far from the mass of the
narrow charm-strange D, (2460) meson within the error.

Replacing the strange quark in sqggc systems to be a
down quark, we can study the nonstrange charmed tetra-
quark systems gggc in similar way as the above analyses.
The OPE series are a bit different by changing the
condensates (5s), (3Gs) into (gq), (gGq) respectively
and neglecting the m, proportional terms in the chiral
limit. The numerical results for these systems are then
obtained and collected in Table II. Similarly, we can easily
study the strange and nonstrange bottom tetraquark systems
sqgb and qqgb in the heavy quark symmetry. After
performing the QCD sum rule analyses, we collect the
numerical results for the sggh and qqgh systems in
Tables III and IV, respectively. In Table III, the masses
for the bottom-strange sqgb tetraquarks extracted from the
interpolating currents J;(x) and J3,(x) were previously
obtained in Ref. [12], which were used to explain the newly
reported X (5568) structure.

Except for the scalar and axial-vector states, we also
investigate the other channels with JP=0",1",2" and
collect the results in Tables I-IV.

IV. DECAY PROPERTIES OF THE OPEN-FLAVOR
CHARMED/BOTTOM TETRAQUARKS

Using the mass spectra obtained above, we can study the
possible decay patterns of the sqg¢, qqgc, sqgb, qqgb
tetraquark states in various channels. These open-flavor
charmed/bottom tetraquarks will decay easily through the
fall-apart mechanism so long as the kinematics allows. We
study both the S-wave and P-wave two-body hadronic
decays by considering the conservation of the angular
momentum, parity and isospin in Tables V and VI.

In Table V, we list the possible S-wave two-body
hadronic decay modes for the sqgc, qqgc, sqgb, qqgb
tetraquark states with various quantum numbers. We
consider isospin-0/1 for sqgc, sqgb states and isospin-
% / % for qqge, qqgb states, respectively. In the chiral limit,
these tetraquarks in the same isospin multiplet are predicted
to be degenerate since we do not differentiate between the
up and down quarks. For the charmed/bottom-strange sggc

PHYSICAL REVIEW D 95, 114005 (2017)

and sqgb states, their decay patterns are very different for
the isospin-scalar and isospin-vector channels except some
one D/B meson plus one K meson decay modes. Such
decays are allowed by the isospin symmetry for both
channels. However, the situation is different for the non-
strange qqgc and qqgb tetraquarks. In Table V, one notes
that all possible decay modes for the isospin-% states are
allowed for the corresponding isospin—% ones.

As shown in Table V, there is no allowed S-wave decay
modes for the tensor sqgb states. This is because the
predicted hadron mass for these tetraquarks in Table III is
lower than any possible S-wave two-body hadronic decay
threshold. There also exist some other tetraquark states
below the S-wave decay thresholds, which are denoted by
“~" in Table V. However, it is shown that the P-wave
decays are allowed for these states, as shown in Table VI.
This means that the P-wave decay modes are dominant for
these tetraquark states and thus they are much narrower
than other states. These tetraquark states will be prime
candidates for observation.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have studied the open-flavor charmed/
bottom sqgc, qqqc, sqgb, qqgb tetraquark states with the
spin-parity quantum numbers J* = 0%, 1%,2% and 0, 1~.
In the diquark configurations, we use only the color-
antisymmetric scalar and axial-vector diquarks to compose
the color-antisymmetric  [3]gquac ® [Belantidiquark  tetra-
quark interpolating currents. Finally, we obtain five tetra-
quark currents in Eq. (1) with various spin-parity quantum
numbers.

After performing the numerical analyses, we obtained
the hadron masses for the open-flavor charmed/bottom
$qqc, qqqc, sqgb, qqgb tetraquark states. For the charm-
strange sqq ¢ systems, we extract the hadron mass my =
(2.55+0.12) GeV using the interpolating current J3,(x)
with JP = 17, which is not far from the mass of the
Dy (2460) meson within the error. In the scalar channel,
however, the results for the sggc systems disfavor the
tetraquark explanation of the charm-strange D¥,(2317)
meson.

Our results indicate that many other charmed/bottom
tetraquarks may exist, and we have evaluated their masses.
The tetraquarks [su][d ¢], W, and [sd|[uc] can
form an isotriplet. Since we do not differentiate the up and
down quarks in the OPE series, these tetraquark states in
the same isospin multiplet have the same extracted hadron
masses in our analyses. In other words, the mass spectra in
Tables I-IV contain all open-flavor charmed/bottom tetra-
quarks. Among these states, the exotic doubly-charged
tetraquarks, such as [sd][ic] — D{V"a~, is especially
interesting, and have not been observed so far. Our results
for their mass spectra can be useful for their searches in
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future experiments at facilities such as BESIII, Bellell, Fundamental Research Funds for the Central
PANDA, LHCb, CMS, etc. Universities); the National Program for Support of Top-
notch Youth Professionals.
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APPENDIX: SPECTRAL DENSITIES

o i A " (p+mp) + (p+mp)o  is® P>+ mop
Sy =1 g G . O+ 5 (#GG)mp T
¢ p-mg 4T 2™ (P> — m})? 12 T (2 —mi)?
ab . n ab ab 2 ab - sab ~
b i % i Ay, 0 9 mq(S i6 mq<‘1Q> o
155" = 2ttt 30 9GO 2("Wx+x"w)_ﬁ<qq>+ [0p (940 Ga) — gt g & (Al

where & = y,x*, p = y, p*. The nonperturbative terms correlated to (5s) and (5g,o - Gs) are also calculated by considering
the various strange quark condensates. We will use the projectors defined in Eq. (6) to pick out the different invariant
functions and also the spectral densities for the vector and tensor currents. Up to dimension eight, the spectral density can be
written as

p(s) = ppert(s) -+ p@q) (S) +p<GG> (s) -+ p<‘_]Gq> (S) + p(‘_]q>2 (s) -+ p(qlﬁ(qu) (Az)

(i) For the current J,(x) with J¥ = 0"

pen s ﬂmax (1 —a—p)*(am; + pmg, — aps)* (am; + pmg, — 3aps)
pl 512” / \/[j'n]ln a3ﬂ3 7
200 () — s /max <mQ N > (1 —a—p)(am; + pmy — aPs)(am; + pmg, — 2aps)
1 167[ amlﬂ /jlnll'l ﬂ aﬂ ’
() () m,(5s)(s —mp)(s* — Smys — 2m)) m‘bmsﬁs) log[m,/s]
! 384xts 647 ’
<GG> /ozmdx /ﬁmax ap mQ (1 —a—p)*(2am; +2pmg — 3aps)
pl 1024” alnln ﬁn“n ﬂS 3
1 (1 —a—p)(am? + ﬁmQ — aps)(am? + ﬁmQ —2afs)
(241 :
a p aff

(aGa) (o _ 139:7- G4) / / oss o
,0 1 (S) 6 4”4 . . ,B + ﬂ

- (2228 (1= = )| i + 2~ 3ap)

0 g _ om0 [ (| my=m\Eamt (a0)(55)(s =) (5 = mom, = m)
Pi 1272 s s 2475 ’
(@a)(@Ga), . _ (35)(Ggs0 - Gq) + (qq) (59,0 - Gs)
P1 (s) = 2

487

QOs<c‘1t1><Elgs6-Gq>/' 2mi o, 1 ~2
S (s — i) — ————8(s — ind) . A
18,2 | da " &' (s —myg) a(l—a)é(s i) (A3)
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in which
. 1 1_%sz—m%_’_ 1+m2Q—m§ 2_4m2Q . 1 1_'_sz—mg_ 1_i_sz—m? 2_4m%2
) s s so|0 M2 s s s |
mia . szaer%(l —a)
Prax = a—mgQ, Prin=1—a. i, :W (A4)
(ii) For the current J,(x) with J* =07
Ph(s) = 4ppe“<s>, P (s) =891 (s).  p3(s) = 4pi" ().
(GG) B Prmax p mQ (1 —a—-p)*(2am? + ZﬁmQ —3aps)
A2 G2 [ [ | (5 3
A + 1\ (1 —a—p)(am? —|—ﬁmQ — aps)(am? —|—ﬂmQ —2aps)
af ’
(qu> quU Gq amax ﬁmax S 2 2
P50 (5) = [ ap("2 4 ) e -+ 2y~ 3as)
e 4momg(gq)* my — m3\ 2 _4m? | (qq)(Ss)(s — mp)(s —momg —mp)
P () =2 [ 1 -——— 7 ;
3z s 3n°s
34) (G (55)(ag,0 - Gg) + (qq) (59,0 - Gs)  2momi(qq)(qg,o - Gq) 1 1 -
pRIacD (5) = = S | da;3(s ). (AS)

(iii) For the trace of current Js,, (x) with J¥ = 0%(T)

€] €] q 1 q 58 1 58
PR (s) = 37 (s). pé‘”> () =gp™ () a7 () =27 (),
159 (5) QEGG / o 5 (1= p)(ams + pmy — aps)(am; + pm7, — 2aps)
3T 409670 i 4a?p
N mQ(l —a- [})2(2am§ +2pm7 — 3aps)
303 ’

(gGq) _ <ngO' : GQ> /amax d /ﬂmax dB(2 2 2 2 _ 3 3 @ & (mQ - ms)(l —a-— ﬁ)
p3 ( ) 20487[4 Pmin : ﬂmin ﬁ( ams + ﬂmQ aﬂS) a + ﬂ + aﬂ |
p<éq>2(s) _ mom,(qq)> - mZQ -mH\?  4m? N (qq)(ss)(s — sz)(s —mgmg — ng)

3 4872 s s 192722 ’

PA9G0 (y _ (ss)(ag,0 - Gq) | (aq)(59,0 - Gs)  mp(qq)(sg,0 - Gs)
3 38472 7687> 15367
mom(3q){(49,0 - Gq) /‘ 8m s 1 )
da _—— (s - . A6
+ 768772 0 ( a(l — a) (S mQ) ( )
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(iv) For the traceless symmetric part of the current Js,, (x) with J* = 07(S)
(1 —a—p)(am; + pmy — Saps)?

I&) 1 amﬂx ﬁmax
A0) = e [ 90 = oy = S
~ (1 —a—p)(am; + pmy — afs)*s ~ (am3 + pmy — aps)(ams + pmg — 27aps)
Py 160353 ’
= amax ﬂmax m m (1 —-a— ﬂ) (Om’l + ﬁm - aﬂs)(amz + ﬂm )
PP (5) = =30 [ e [ ap("e 0 o),
1287r o B p af

)

m(5s)(s —mp)(9s* — 45sz — 29mys* + Tmls — 2mb) ~ 5mym,(5s) log[mp/s]

550y
pa (s) = 15367°s° 1287°
p<GG ~ (4}GG) /Ormax //”max (1 —a—p)(am; + pmy — afs)(1Tam; + 17pmg, — 46aps)
4 "~ 1024° m 48’3
m(1 —a—f)*(2am; + 2pm3 — 3aps) my (1 —a—p)> (amg + pmg — 3aps)
4o 3a’
(1 —a—p)*[9(am; + pmgy — aps)* —T8aps(am; + pmy — aps) + 28 *s]
48224 ’
(3Gq) (s) = qgsd Gq) / amax / /3max s(70am? + 7OﬂmQ —27aps)
p4 S B 2048” alnll'l ﬂmll] 3/)]
_mp(l—a- 145) (2am; + 2pm7, — aps) N my(1 —a—p)(2am; + 2pm7 — aﬂs)]
ap ’

af

1672 K S

(Gq)(35)(s = m})(s* = 3momgs — Smys + 6mymg + 4mf)

El

1927252
(34)@64) (5 _ (145> = 3mps — 24mQ)< q)(39,6 - Gs) (s> =2m})(55)(qg,0 - Gg)
P4 153675 1287757
QOs<qq> <qgs6 : Gq> /l 24m ~ 1 ~9
da _ . A7
* 7687 0 o’ (s - ) + a(l —a) 8ls =) (A7)
(v) For the current J3,(x) with J* = 1%
per o ﬁmﬂx (1 —a—p)*(am; + pm — aps)*(am; + pm3 — Saps)
ps S 1024” [Im n \//}'n'ﬂn 3ﬂ3 '
p<qq _ s ﬂmdx mQ (1 —a—p)(am? +ﬂmQ — aps)(am? +ﬂmQ —2aps)
5 16” ﬁlnln azﬁ
(1 — o ) nt + iy i) am+ iy — Sas)
2a° ’
(55) my(5s) (s —mg) (357 — 13m s? — ms — m) m‘émszs) log[mg/s]
ps(s) = 1536° 128 ’

amax Brnax
p) 30727; / /ﬂ ap { ( vt 7 )( —a = p)*(am3 + pmg — 2aps)
(1 —a—p)(am; + pmg — aps) [ (amg + pmg — 3aps) ~ (Bams + 3pmg — 506/3s)} }

2af S a
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i ggso - G Olnax bowe  [mo(2am? + 2pm% — 3afs)
pgqeq>(s):<qg64ﬂ4 4) / Ja /,3 dﬂ[ 0 0

a
my(1 —a—2p)(am? + ﬁm2Q - Zaﬂs)}
B ’
<,-M>z( ) mom(qq)* | my —mi\?  4m? N (aq)(5s5)(s — mg) (25 = 3mgm,s — mys — my))
§) = —— 20 ¢ 7)) _ ’
Ps 1277 s s 72157
(39)(3Gq) . (s2 + mz>(<§s> <6_1g56 : Gq> + <Elq> <§gsg : GS>)
Ps (s) = 2.2
967°s
m ms<é‘]> <qgsd : GC]) 2m ~ 1 ~
+—2 187 A da (s = imh) =~ 8(s = i) . (A8)
(vi) For the current Jy,(x) with J* =17
g (s) = 3pp°“(S) P (s) = 38" (s),
<qq B /am //fmax mQ (1 —a—p)(am? + /)’mQ — aps)(am? +ﬂmQ —3aps)
p6 B 1 6” aml“ /j‘lnl“ 2a2ﬁ
my(1 —a = p)(ams + pmg — afis)(ams + pmg — 20/7’3)}
af? ’

o s Pone sz (1 —a—p)*(am; + pmp)
P (5) = 10247: [,m,, /ﬁ dﬂ{( ﬁ*) 3

N (1 —a—p)(am; + pmg — aps) Fam? + 3pmg — Saps ~ 3am; + 3pmy — 9aﬂs] }

2(Zﬂ ﬂ a
5 3{(gg,0 - G Unax Binax mo(1 = 2a — B)(am? + pm? — 2afs
P69 () — _ (qgﬁa4 q>/ da/ i of B : pmg, — 2aps)
64” amln ﬂlnlﬂ a
my(2am; + 2pmg — 3aﬂs)}
ﬁ 9
@’ () — mom(qq)* . my —mi\?  4m? . (aq)(55)(s — m)(25% = mgomgs — 2ms — mymy)
Po = W =T s s 167252 ’
(a0)(@Ga) oy _ (55)(q9:0 - Gq) + (q4) (390 - Gs)
Ps (s) = 2
167
m ms<é4> <qgs6 : GQ> 2m ~ 1
+ : 1672 0 d a? (5= ZQ) B —5(s a Q) (A9)

(vii) For the traceless antisymmetric part of the current Js,,(x) with J¥ = 17(A)

per s /)’max 1 —a—p)*(am; + pmp — aps)’s
P78 = " g / /ﬁ

e g

S0 () — /amax /ﬁmax mg  my (1 —a—p)(am + pm3 — aps)(am; + pm7 — 3aps)
7 1675 5 7 af ’
G5y, ms(3s)(s — mQ

P7) = g
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(GG) (2GG) Prnax (1 —a—p)(am; + pmy — aps) Bam; + 3pmg — Saps)
py ' (s) = ’y dp |-

5122 ey
. Lams + ity = afs)am? + py = 3aps) (1 == fYps (AL0)
4ap ) )
(3Gq) _ <Zlgs(7 : GC]> max Broax my  m,
PO ) =SS e | =2 (50
L (o —m)(1—a — B)(am? + pm? — 2aps)
ap ’
= \2 2 2\ 2 2
2’ moms(qq m% —m2\?  4m?
pli () = M0 >\/(1_7Q ) _
b3 s s
@) 555 = )45 = Imgms = 2y~ 3, 2y
247252 ’
(@4)(aGa) 5 _ (557 + 6mp)(qq) (59,0 - Gs) N (s> + m}) (5s)(gg,0 - Gg)
& 967252 167%s?
QOs<EIq> <qgso : GC]> / 24m - 2 1 .
da ————58(s —m})|. All
' 967° 0 2z o5 =) a(l —a) (s =mg) (All)
(viii) For the traceless antisymmetric part of the current Js,, (x) with J¥ = 17(A
1
pge%s) pl;‘“%s), P (5) = 07 (s).
(aq / /ﬂ i mQ m,\ (1 —a—p)(am? + ﬂm2Q — aps)?
p8 16” amm ﬂmm ﬂ aﬁ ’
(66) 5) = /am /ﬂm (1 — a— p)(am; + pm3 — aps) Bam; + 3pmg, — Taps)
" 512” i 4dPp
s T - 1 —a-p)?
~ (am3 + pmy — aps)? ~ m(1 —a—p)*ps | )
4aﬂ az
(gGq) — _ <qgso- : Gq> /am“" d //}max d 11 2 ) ’ @ ﬁ
ps(s) 128725 Jo. O | 1 (ams + pmg —2aps) ( — =+ 5
n (mg —my)(1 — a— p)(am + pmg — aps)
ap ’
o gy _momd@q)? [ mb=m\T_dmd (G 5)(s = (25 = 3mgm, = 20r)
271'2 s Ky 24”23‘2 s
P39@G0) () _ _(s=mp)(5s + 6mQ)< q)(Sg,0- Gs) _ (s* —my)(5s)(qgs0 - Gq)
: 96725 167257
mom(qq)(qgso - Gq) ' [24m; 3 1 ~2
- 967 | a7 9 firg) = a(l—a) S(s = mg) |- (A13)
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(ix) For the traceless symmetric part of the current Js,, (x) with J* =17(S)

) /a,mx /ﬂ.mx (1 —a—p)*(am; + pmg, — aps)*(am; + pmg, — 3aps)
p9 64” amm /jmm azﬂz
am? + fm? — afs
x[(l—a—ﬂ)s—l-( : léﬂlaﬂQ ﬁ)],
- ~ ~ 2 ~ 2
P ()=o) a1 () = (),
259 (5) = mym(5s)(s — mg)(3s — m)(s* + mys + m)) N mgm(5s) log[mg/s]
’ 1927%s° 327t ’
@0 () ($?GG) /a /ﬁmax (1 —a—p)(am; + pmy — aPs)(Sams + 5pmg — Yaps)
9 ~ 2568 5 8a’p
~ my(1 —a—f)*Ps ~ mp(1 —a— ) (ami + pmy — 3aps)
2a° 3a?
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