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We investigate the recent evidence for a charg§€gb68) meson as an exotic open-flavor tetraquark stdue
with JP = 0*/1* in the framework of QCD sum rules. We use the color antisymimE.]s,® [3.]55 tetraquark
currents in both scalar and axial-vector channels to perfevaluations and numerical analyses. Our results
imply that theX(5568) can be interpreted as both the scaldod tetraquark state and the axial-vector one,
which are in good agreement with the experimental measureriée also discuss the possible decay patterns
of the X(5568) and suggest to search for its neutral partner in ttiatiee decay intd2y and By, which can
be used to determine its spin-parity quantum numbers. Merewe predict its charmed partner state around
2.55 GeV with the quark contersiicd andJP = 07 /1%,

PACS numbers: 12.39.Mk, 12.38.Lg, 14.40.Lb, 14.40.Nd
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Introduction—As a long-standing puzzle, understandingtheir masses were estimated around 5750-5790 MeV, which is
the nonperturbative QCD behavior quantitatively is onéheft 200 MeV higher than the mass of tx§5568). TheX(5568)
most important and intriguing research topics of the hadronvas studied as aubd tetraquark state witd” = 0* in Ref.
physics. Thoroughly figuring out the map of hadron spectrun{10]. Inspired by the charm-strange stég,(2317) B, vari-
is a key step to achieve this goal. The possible hadron configaus exotic pictures were proposed such astsg tetraquark
urations not only include conventional mesons and baryonsstate [L1-14].
but also contain exotic states like glueball, hybrid, and-mu
tiquark states, etc. However, exotic states have not yet bee |n this work, we investigate th¥(5568) as a fully open-
well established, which is the reason why experimentadists  flavor subd tetraquark state witd® = 0*/1* in the frame-
theorists have already paid many and are still paying morgvork of QCD sum rules. Our results suggest that the interpre-
attentions to them. With significant experimental progressations of theX(5568) as the scalaubd tetraquark state and
in the past decade, more and more charmonium-like anthe axial-vector one are both possible. T@fatientiate them
bottomonium-like states (also named ¥ Z particles) [l],  and determine its spin-parity quantum numbers, we further i
and the hidden-charm pentaquaP$4380) andP.(4450) 4]  vestigate its possible decay patterns, from which we p@pos
were observed, which provide good chance for identifying exto observe the radiative decay of the neutral partner of the
otic states (see Refs.2,[3] for review). It is obvious that X(5568) intoBy andB%y. The charmed partner state of the
this story still continues with recent evidence foX&568)  X(5568), with the fully open-flavor quark contesiticd, can
state p]. be searched for in many current experiments. We predict the

The X(5568) is a narrow structure seen by the D@ Collab-mass of this charmed-partner to be around 2.55 GeV for both
oration ], which appears in th&%z* invariant mass spec- the cases od” = 0" and .
trum with 5.1 significance. Its measured mass and width
areM = 55678 + 2.9(staty¥3(syst) MeV andl' = 219 + Interpretation of the X56568)state— We shall first con-
6.4(stat)3 X(syst) MeV, respectively. Its decay final st@@r*  struct the diquark-antidiquark type of tetraquark intéating
requires the valence quark component of X(&568) to be  currents with quark contergubd. There are five indepen-
stbd (or scbu). Hence, the reporteX(5568) state, if ex-  dent diquark fields:qICay, ol CysGp, A% Cy,.0b, GLCy,Ys0b
ist, cannot be categorized into the conventional mesonyami andq-arCa'Hqu, wherea, b are color indices. In general, one
and is a good candidate of exotic tetraquark state with ealen can use all these diquarks and the corresponding antidiguar
quarks of four diferent flavors. to compose tetraquark operators. However, Baeave di-

With the mass oD;j(2632) b] as input, the scalar isoscalar quarksg} Cap, gl Cy,ysq, andg} Co,, 0 are not favored con-
bsag tetraquark mass was estimated to be around 5832 MeYigurations [L5). In QCD sum rules, they lead to unstable sum
in Ref. [7], while the mass of the isovecttassud tetraquark rules and thus unreliable mass predictioh§, [L7]. Follow-
state can be similarly estimated to be around 5700 MeV. Inng our previous works in Refs. 1B, 19], we use only the
Ref. [8], the heavy-light meson resonances with= 0* and ~ S-wave diquark fields)] Cysq, andg/ Cy,qp to compose the
JP = 1* and similar flavor configurations as thX¢5568) were  tetraquark currents coupling to the lowest lying hadrotesta
studied in terms of the non-linear chiral SU(3) Lagrangiasha with J° = 0*/1*. Considering the Lorentz and color struc-
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tures, we finally obtain the interpolating currents with= 0* can be described in the form of the dispersion relation

Ji = SIC)’SUb(lEa)’st__g + lib)’st__g), TI(p?) = (PN ImII(s) _ ds+ Nz_:lbn(pz)”, )

J2 = SLCy,Up(bayCd] + by Cd]), W m Jo SNs-p?-ie) &

J3 = Slc)’sub(ga%Cd_g - t_)bYSC(Iar )s whereb, are subtraction constants. These unknown constants
Jy = Sle,,ub(Bay“Cd_g _ b_by“Cd_aT), can be removed later by performing the Borel transform. The

imaginary part of the correlation function is defined as the
in which J; and J, belong to the symmetric color structure spectral density(s) = ImII(s)/x, which can be written as a
[6c] su®[6¢]pa: andJs andJ, belong to the antisymmetric color sum ovew functions by inserting intermediate hadronic states
structure Bc]su® [3c]ig: The interpolating currents with” =

1+ are p(9) = D 8(s— mR)(0LIIM(n|"10) + continuum
n
J1, = S, Cyslin(bay,Cdy + by, Cdly), = f26(s— mg) + continuum (6)
_J b i ny
Yo = saCy,,ub(ang,Cd_b * EWE’Cd_a)’ ) in which a narrow resonance approximation is adopted in the
Ja, = St Cysup(bay,Cdi — byy,Cdl), second step. The interpolating curreifx) can couple to all
Jay = SICy ub(b_ayst_g ~ byysCd]) intermediate hadrorjs) with the same quantum numbers. As
= H al»

usual we only investigate the lowest lying resonaxoe and

in which J;,, andJ,, belong to the symmetric color structure Mx and fx are its mass and coupling constant, respectively.
[6c]su ® [6c]pa: and Js, and Ja, belong to the antisymmetric The coupling constants are defined as
color structure 3c]su ® [3_6]_55. We note that these currents OUIX) = fx )
can be related to thosmjq currents in Ref. 18] by simply ’
replacing the charm quakby the strange quark

In the following, we use these currents to study the fully¢y, \he scalar and axial-vector interpolating curredtt) and
open—ﬂavorSqu t_etraquark state; in the framework of QCD 3,(x), respectivelye, is a polarization vector(- p = 0).
sum rules. Arising from QCD itself, QCD sum rule tech- " a{ the quark-gluonic level, the correlation functiofigp?)
nigues provide a model-independent method to study NONPeLinrt, (p?) can be evaluated using the method of the operator

turbative problems in strong interaction physics. In thetpa product expansion (OPE). In this paper, we shall use the-inte
several decades, QCD sum-rules have been used to StUdprIating currentsa(X) with J° = 0* andJs, (x) with P -1t

vast number of hadronic properties for conventional mesong, investigate thex(5568) as astbd tetraquark state. The
and baryons as reviewed in Ref20f24]. Recently, QCD spectral density for the curreds(x) with J° = 0* is
sum-rules have been also extended to studies of exotic hadro

O Xy = fxeu, 8

states and the results are encourag2flj.[However, the ac- 1 max max 2
curacy of the method is limited by the truncation of the opgro(S) = 51216 J, dor j: d6(1-a-p) ©)
series and the complicated structure of the hadronic di&per 5 iy
integrals. P e (M8 + M — 3aBS) (Mg + MEar — aps)’
We start from the two-point correlation functions e
<q_q> ¥max max (n‘%ﬁ + mga/ — aﬂs)
. p3(s) = ——— dor dg
(p?) =i f d*xdP*(0T[JI(x)J7(0)]|0), (3) 167% Jan Boin ap
m, Mg
. —+2|1-a- ma — 2
(0% =i [ ae(OT[3,(93}(0)0) [ ) oo ke 2009
= 1-ng/s 2
PPy PuPy My(S9 @
(P - g mipd + P2, (o “oar )y YT

_ _ [me - s(1-a)|[mE - 25(1-a)| .
for scalar and axial-vector tetraquark systems, respagtiv 2 [ame - 1 2
The imaginary parts of the invariant functiofk (p?) and pa(9) = (966 da/fﬂ dﬁ{#
,Bmin

Io(p?) receive contributions from the pure spin-1 and spin-0 10242° J,,,
intermediate states, respectively. In this paper we slsal u mfJ
II(p?) andII;(p?) to investigate the scalar and axial-vector (2”1215 + 2mia - 3aps) (ﬁ + 13_35)

channels, respectively.
One can build QCD sum rules on the hypothesis that the +(1_ a ~ f)(MEp + M — 20P9)

two-point correlation function can be evaluated at the kuar ap

gluonic level, which is then equated to that obtained at the (1 1)(m§ﬁ+ o - aﬂs)},

hadronic level. The correlation function at the hadroniele o’ B
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where the subscrigtof pj(s) denotes the dimension of the
condensate angdy(s) is the perturbative term. The integral
limitations are

2 1/2
Xmin = 1.{1_'_“%—”%_ (1+rng_m§) —ﬁ },
2 S S S
2 1/2
Omax = 1.{1_'_”%—”%_'_ (1+rng_m§) —ﬁ },
2 S S S
g
Prmin = a'S—mg’
Pmax = 1-a.

We adopt the following parameter values to perform QCD
sum rule analysisl, 21, 25-28] in the chiral limit (my = my =
0):

ms(2 GeV) = (95+5) MeV,

mg(m) = M = (1.275+ 0.025) GeV,

Mp(Mp) = My, = (4.18+ 0.03) GeV,

Qo) = —(0.241 0.01) Ge\?,

(s9 =(0.8+0.1Xq0), (11)
(agso - Gg) = M@ ,

(S0 -G = -M§(59,

M2 = (0.8+0.2) Ge\?,

(g2GG) = (0.48+ 0.14) GeV*,

in which m; andm, are the “running masses” of the heavy
quarks in theM'S scheme. There is an additional minus sign
in mixed condensates due to th&drent definition of the cou-
pling constangs compared to that in Ref2fl].



In the following, we useJs(x) and Js,(X) to perform nu-

merical analyses. To establish the QCD sum rules, the Borel

transform is usually performed on the correlation functitm

pick out the lowest lying state and remove the unknown sub-

traction constants, in Eq. (6). Comparingll(p?) at both

phenomenological and OPE sides, one can obtain the follow- %

ing QCD sum rules via the quark-hadron duality

So
Li(s0. MB) = f2mBke /M = f dseMép(9s, (12)

wheresy and Mg are the continuum threshold and Borel pa-
rameter. The hadron mass is then extracted as

One notes that the hadron mass in Ef) (s a function ofsy
and Mg, which are two essential parameters in our following
analysis. The QCD sum rule prediction of the hadron mass i
only significant and reliable in suitable regions of the para

eter spaceg), M3).
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FIG. 1: Variations of the extracted hadron mass with resfette
continuum thresholdy (left) and the Borel parametdd3 (right) for
J3(X) with J? = O*.
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FIG. 2: Variations of the extracted hadron mass with resfette
ontinuum thresholdy (left) and the Borel parametad3 (right) for
Ja,(X) with JP = 1+,

We use two criteria to fix the Borel parameter: a) the lower
bound onM3 can be determined by the constraint of the OPEG(), (5go - G9), the parameteM2 in Eq. (11) and the con-

convergence, requiring the contribution of the dominamt-no

tinuum thresholdsy. This mass value is in good agreement

perturbative terms (quark condensates here) to be less thajfith the observed mass of thg5568) state in Ref.§], and

one third of perturbative contribution; b) the limitatiohtbe
pole contribution (PC) gives the upper boundMé

Lo (50, Mé)

PC(s, M3) = ———~ .
(S0, Mg) Lo(OO,Mé)

(14)

However, the extracted hadron masg should not depend
on the unphysical parameti®tg, which results in the stability
criterion: we choose the value of the continuum threslsgld
to minimize the dependence ofx with respect to the Borel
massMg. Altogether, we will obtain a Borel windowi?, . <
M3 < M2, for a definite value ofp.

For the interpolating currerik(x) with J° = 0%, we show
the variation of the extracted masg with respect tosy in
the left panel of Fig.1. We find that theMg dependence of
the hadron mass becomes very weak for 32 Gg\g < 36
Ge\?, which is thus a reasonable working region. Accord-
ingly, we fix s = 34 Ge\?, which is then used to fix the
Borel window 60 GeV? < M3 < 7.4 Ge\? using the two
criteria discussed above.

Within the above parameter regions, we show the variatio
of the hadron massi with respect to the Borel parameter in
the right panel of Figl. We find that the mass sum rules are
very stable in the Borel window.6 Ge\? < M2 < 7.4 Ge\?,
and the hadron mass is extracted as

My = 558+ 0.14 GeV, (15)

implies a possiblg® = 0* subd tetraquark interpretation for
this exotic state.

For the axial-vector currenlz, (x) with J° = 1*, the OPE
series has a similar behavior to that of the scalar current
Js3(X). After performing the QCD sum rule analyses, we find
the working regions for the continuum threshold 32 GeV
< $ < 36 Ge\? and Borel parameter.8 Ge\? < M2 < 7.4
Ge\2. We show the hadron mass as a function ofg and
Mg in the above working regions in Fig. These mass curves
have similar behavior to those in Fifj, and the hadron mass
is extracted as

my 1+ = 5.59+ 0.15 GeV. (16)
This mass value is also in good agreement with the measured
mass of theX(5568) state in Ref.q], and supports the axial-
vectorsubd tetraquark interpretation for this meson.

For the other interpolating currenig(x), J2(X), J4(X) with
JP = 0" and 31,(X), J2.(X), Jau(x) with I° = 1* in Egs. ()-
(2), we have also performed QCD sum rule analyses. We

;shall detailly discuss them in our future studies, but juzen

that the hadron masses extracted by using these currents are
higher than the mass of th&(5568). Especially, the scalar
currentsJy(x), Jo(x) and axial-vector currentdy, (X), J2.(X)

lead to hadron masses above 6 GeV, which may be due to that
the color structures of these tetraquark currents are syriame
[6c]su® [6c]pg, While those 0fJ3(x) andJz,(X) used above are
antisymmetric 3:]su® [3c]pg, @and the former color symmetric

where the error comes from the uncertainties of the bottondiquarks and antidiquarks probably have larger masses than

quark massm,, the condensate&q), (S9, (g2GG), (qgso -

the latter antisymmetric ones.



Decay patterns of the (8568) state—As discussed in

5

tetraquark state witd® = 0*/1*. In the framework of QCD

Refs. P8, 29, the diquark-antidiquark tetraquark currents cansum rules, we use the scald§(x) and axial-vectorJs,(X)
be transformed to be the mesonic-mesonic currents througletraquark currents of the color anti-symmetfg] L, ® [3clpg
the Fierz transformation, from which we can study the decayo perform QCD sum rule analyses, and extract hadron masses

patterns of theX(5568):

1. The currentl3(X) can be transformed into

B(x) — tEasad_lou_lo ® t_)a7’5S_ad_m’stllo ® bacyy Sadoc*” Up
& Dbay,Sadby”Up @ Day,ysSadby* ysUp
® {soul. (17)

This suggests that if th¥(5568) is asubd tetraquark
state ofJ” = 0%, its kinematically allowed decay chan-
nel would be only thesS-wave Bdr*, which is just its
observed channeb]. Besides this, its neutral partner
may also decay int8%y throughay,q — .

2. The currentlz,(x) can be transformed into

33,9 = baSath, v ® bayssadsy,y
® by ysSaloouyUp ® bay” SaloovysUn
@ {seuebedae{shud. (18)

This suggests that if th¥(5568) is astbd tetraquark
state ofJ” = 1*, its kinematically allowed decay chan-
nel would be only thes-waveBgr*. This channel was

to be 558+0.14 GeV and %9+0.15 GeV, respectively. These
two values are both in good agreement with the experimen-
tal mass of theX(5568). Hence, our results suggest that the
X(5568) can be interpreted as either a scalar or an axiabwvect
subd tetraquark state. We also investigate its possible decay
patterns, and propose to observe the radiative decay of the
neutral partner of th&(5568) intoB2y andBy to determine

its spin-parity quantum numbers. Moreover, we predict the
mass of the possible charmed partner state oX{&68), if

it exists, to be around.25 GeV for both cases df = 0* and

1+
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also suggested by the D@ Collaboration in the case that

the low-energy photon was not detect&dl [ Besides
this, its neutral partner may decay irBy.
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We notice that the radiative decay of the neutral partner of 1 Electronic addressom.steele@usask.ca

the X(5568), intoB%y and By, can be used to determine its
spin-parity quantum numbers.
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