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Abstract:

Very recently, the DO collaboration has reported the observation of a narrow structure, X(5568), in

the decay process X(5568)— Bt using the 10.4fb~* data of pp collision at /s = 1.96 TeV. This structure is of
great interest since it is the first hadronic state with four different valence quark flavors, b, s, u, d. In this work,

we investigate tetraquarks with four different quark flavors. Based on the diquark-antidiquark scheme, we study

the spectroscopy of the tetraquarks with one heavy bottom/charm quark and three light quarks. We find that the
lowest-lying S-wave state, a tetraquark with the flavor [su][bd] and the spin-parity J© =0%, is about 150 MeV higher

than the X(5568). Further detailed experimental and theoretical studies of the spectrum, production and decays of

tetraquark states with four different flavors are vital to gain a better understanding of the nature and classification

of hadron exotic states.
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Since the proposal of the concept of quarks by Gell-
Mann [1], there have been great endeavors to test
the quark model and search for exotic structures be-
yond this scheme. To date hundreds of hadrons have
been discovered, and most of them can be accommo-
dated in the naive quark model, in which mesons and
baryons are composed of a quark-antiquark pair and
three quarks, respectively. No firm evidence for the
existence of exotic states beyond the quark model was
established experimentally until the discovery of the
X(3872) in 2003 [2-5]. The peculiar properties of the
X(3872), the closeness of its mass to the DD* thresh-
old, its tiny width and the large isospin violation in
its production and decay, has sparked a renaissance
of hadron spectroscopy studies. Since then one key
topic in hadron physics has been the identification of
the exotic hadrons. Many new interesting structures
were discovered in the mass region of heavy quarko-
nium, named the XYZ states (for a review of these par-
ticles, see Refs. [6-9]). In particular, the charged struc-
tures with a hidden pair of heavy quark and antiquark
such as the ZF(4430) [10, 11], Z(10610,10650) [12],
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Z=(3900) [13, 14], and Z*(4020) [15] are undoubtedly ex-
otic resonances. Moreover, candidates for exotic hadrons
were extended to the pentaquark sector by the LHCb ob-
servations of two structures in the J/1p invariant mass
distribution with masses (widths) (4380 + 8 +29) MeV
((205 4+ 18 + 86) MeV) and (4449.8 £ 1.7 + 2.5) MeV
((39+£5+19) MeV), respectively [16]. These discoveries
have opened up a new era of multi-quark spectroscopy
and strengthened our belief that the hadron spectrum
would be much richer than the quark model.

Most of the observed exotic X, Y, Z structures so
far share a common feature, i.e. they consist of a hidden
heavy quark-antiquark pair, bb or ¢c. Various theoretical
models aim to explain these exotics, many of them mak-
ing use of heavy quark symmetry and chiral symmetry.
Inspired by these symmetries, various combinations of
heavy and light mesons have been examined and can be
searched for. Of particular interest are those composed
of a heavy meson and a light meson. Very recently, the
DO collaboration reported the first observation of such a
structure in the final state Bt [17]. Since the Bo7mt*
final state is made of four different flavors, b, s, u, d, the

* Supported by National Natural Science Foundation of China (11575110), Natural Science Foundation of Shanghai (15DZ2272100,
15ZR1423100), China Postdoctoral Science Foundation, Open Project Program of State Key Laboratory of Theoretical Physics, Institute
of Theoretical Physics, Chinese Academy of Sciences, China (Y5KF111CJ1), and Scientific Research Foundation for Returned Overseas

Chinese Scholars, State Education Ministry
1) E-mail: wei.wang@sjtu.edu.cn
2) Corresponding author; E-mail: rlzhu@sjtu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded
by SCOAP? and published under licence by Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy
of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

093101-1



Chinese Physics C  Vol. 40, No. 9 (2016) 093101

new structure is definitely exotic. Its mass and width
have been determined as [17]

My = (5567.8£2.9)MeV, I'x=(21.94£6.4)MeV. (1)

The above results are obtained through a fit based on
a Breit-Wigner parametrization of the S-wave decay of
X (5568) — Bo7tt. The statistical significance, including
the look-elsewhere effect and systematic errors, is about
5.10 [17].

After this first discovery, more experimental efforts
to determine the properties of the X(5568) are needed.
Meanwhile, theoretical interpretations of its nature are
also required. The X(5568) is too far from the the BGK*
threshold (5774 MeV) to be interpreted as a hadronic
molecule of BJK*. In addition, the interaction of Bt
is very weak and unable to form a bounded structure [18].
In this work, we will study tetraquark states using col-
ored components, diquark and antidiquark, and bound
by the long-range color forces. Tetraquark states in the
large N, limit of QCD has been explored in Refs. [19-21],
which indicates that a compact tetraquark meson may
have narrow decay widths which scale as 1/N.. This
gives reasonable candidates for the additional spectro-
scopic hadron series apart from the quark model. We
want to see whether the X(5568) is a tetraquark state.
In the past decades, tetraquark states, in particular those
with hidden bottom and charm, have been explored in
Refs. [22-34] and many references therein.

The QCD confining potential for the multiquark sys-
tem can be generally written as [35]

V(Fi):L(F17F27--')+ZIO[SSU ) (2)
i>j
where the L(7),75,...) stands for the universal binding
interaction of quarks. The S;; is two-body Coulomb
and chromomagnetic interactions, with the I = —4/3
and —2/3 as the single gluon interaction strength in the
quark-antiquark and quark-quark cases, respectively.

In the following, we will consider the tetraquark
states with quark content [qq][qQ], where q and q’ de-
note the light quarks, and Q denotes a heavy quark,
bottom or charm. The effective Hamiltonian is com-
posed of three kinds of interactions: spin-spin interac-
tions of quarks in the diquark and antidiquark, and be-
tween them; the spin-orbital interaction; and purely or-
bital interactions. An explicit model that incorporates
these interactions has been established in Ref. [24]:

H = ms+my+Hi+H)+HY +Hgp+Hyp,

(3) |

3
__((’iqq’)g + (HQq)E)
M:m5+m5,—|— 2
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N =

with the functions

Hg‘S:2("’iqq’)3(Sq'Sq/)v
Hgs=2(kqq)3(Sq-Sq),
Hgi‘, = 2‘%01?1(801 ’ SQ) + 2“(1/(’1(801’ : SQ)
+2k4a(Sq-Sq) +2kqq(Sqe - Sa),
Hsp=2A5(Ss-L)+2A5(Sy - L),
L(L+1)

Hpp :Béé_’T . (4)

In the above, ms and ms are the constituent mass of
the diquark [qq’] and the antidiquark [qQ)], respectively.
The spin-spin interaction inside the diquark and antidi-
quark is denoted as Hg and H{y, respectively. H3% re-
flects the spin-spin interaction of quarks between diquark
and antidiquark. Hg; and H;; are the spin-orbital and
purely orbital terms respectively. The S; and Sz corre-
sponds to the spin operator of diquark and antidiquark,
respectively. The spin operator of light quarks and heavy
antiquark is given by S, and Sgq, respectively. The
symbol L denotes the orbital angular momentum oper-
ator. The coefficients rq,5, and (kq,q,)s are the spin-
spin couplings for a quark-antiquark pair and diquark
in color antitriplet, respectively; Ass) and Bss denote
respectively spin-orbit and orbit-orbit couplings.

For the lowest-lying tetraquark states with the quark
content [qq’][qQ], their orbital angular momenta are van-
ishing, i.e. L =0. Among them, there are two possible
tetraquark configurations with the spin-parity J* =0+,
ie.,
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In the above, |0;); =105,05,0,), [05)2 =|15,15,0;), and
|Ss,S5,5;) stands for the tetraquark; S5 and S5 stand
for the spin of diquark [qq’] and antidiquark [qQ], respec-
tively, while S; denotes the total angular momentum of
the tetraquark. In this paper, we only focus on the scalar
and vector diquarks, i.e. S3») =0,1.

Using the basis defined in Eq. (5), one can derive the
mass matrix for the J¥ =0% tetraquarks

V3
o (’iq’Q +Kqg — Kq'g — ’ti)

2 : (6)

((’iqq’)ﬁ + (”Qq)é —2Rqq = 2Kqq —2Kqq — 2”(1@)
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For the JP = 2%, there exits only one tetraquark con- 05,15,1,) =
figuration:
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with the mass

{(Da(Ma [(Maha+DalNa]
=[MaDa+MaMa](Ma(Ma}- (9)

M(2) =y +1m+ + ((a)s + (g0)s)

2 Unlike the heavy quarkonium-like states, the tetraquarks
1 i i with the quark content [qq’][GQ] do not have any definite
3 (Kga +Faq +Fyatraq). (8) charge parity and thus the above three 17 states can mix
with each other.
In the case JP = 1%, there are three possible Using the basis defined in Eq. (9), one can obtain
tetraquark states, i.e., | the mass splitting matrix AM for J¥ =1+
1 1 V2
5((’€Qq)3_3(”qq’)3) i(ﬁq’Q_’iq’ﬁ_’ti"”iqa) T(KqQ —Ra'Q _K/Q’Q—FKJQQ)
_| 1 1 V2
AM= i(ﬁq’Q_’iq’ﬁ_’ti"”iqa) 5((’€qq’)3_3(HQq)3) 7(“({@ _“q’ﬁ'i_“qQ_’iqc‘l) ’ (10)
V2 1
5 (’ti —hKq'Q—HRqgT qul) 5 (’iq’Q —hKqgtHqQ— qul) 9 ((“qq’)ﬁ + (kqQa)s — Kq'Q = Rg'a = HKaQ — Kaq)

and the mass matrix is given as | and Mg = 5.249 GeV [26, 28, 36]. Using these results
(11) for the spin-spin, spin-orbit and orbit-orbit couplings and
diquark masses, we can obtain the tetraquark spectrum.
The spin-spin couplings have been extensively ex- The tetraquark spectra with quantum numbers J¥ =07,
plored in previous analyses of mesons, baryons and the 1%, and 27 are depicted in Fig. 1, in which (a) and (b)
XYZ spectra in the quark model and diquark model. We correspond to the tetraquark with a bottom and a charm
quote the results from Refs. [24, 26, 28, 29] and summa- quark respectively. The masses given in the figure are in
rize them in Table 1. The masses of diquarks [cq] and  units of GeV. The thresholds of the B, B, Byt and
[bq] are determined through analysis of the X(3872) with ~ their charm analogues are shown in dashed lines. The
JPC =17 and Y, (10890) with J¥¢ =17~ in the di-  masses of the X(5568) and the D?,(2317) are also given
quark model, respectively. We quote m.q = 1.932 GeVl in the figure.

Table 1. The spin-spin couplings (in units of MeV) for color-singlet quark-antiquark and color-antitriplet quark-
quark pairs. The relation k;; = (ki;)0/4 for quark-antiquark coupling is obtained in the one gluon exchange model.
Here q denotes the light u and d quarks, where we have adopted the isospin symmetry.

M:m5+m5/+AM.

quark-antiquark qq ss sq cq ¢S cc bg bs
couplings (k)0 | 315 121 195 70 72 59 23 23

diquark qq ss sq c¢cq cs bq
couplings (k4;)5 | 103 72 64 22 25 6.6

Our results for tetraquarks with a charm quark in |D; 7 threshold, while in the bottom sector, the observed
Fig. 1 are consistent with Ref. [24]. We find that the X (5568) by DO is only about 10 MeV higher than the
lowest tetraquark state is about 60 MeV higher than the Bim threshold. In the heavy quark limit, the mass
discovered D7,(2317). Switching to the bottom sector,  difference between the lowest tetraquark state and the
we find this difference gets bigger: our prediction for  DZ*/B?m presumably arises from the excitation of the
the mass of the lower S-wave 0" tetraquark is about  light system, and might be at the same magnitude in
150 MeV larger than the experimental result by DO for  the bottom sector and charm sector. Thus data may in-
the mass of the X(5568) in Eq. (1). The deviation in  dicate that the X(5568) is too light to be the partner
mass of the X(5568) still exists when reducing the di-  of the D7, (2317). In order to simultaneously describe
quark masses in a reasonable region. In the charm sec- tetraquarks with four different flavors, a more compre-
tor, the D*,(2317) is about 70 MeV higher than the  hensive analysis is called for in future. In addition, the
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open bottom (charm) tetraquark states with strangeness
number S = —1 constitute an isospin triplet and a sin-
glet. Therein the tetraquark states with the quark con-
tent [su][bd], [sd][bti] and 1/+/2([su][bd]— [sd][bd]) con-

stitute an isospin triplet, while the tetraquark with
1/+/2([su][bu] + [sd][bd]) is an isospin singlet. Due to the
isospin symmetry, the masses of these tetraquark part-
ners are identical to the values given in Fig. 1.

. [sqab] [sqqe]
By D5
5979 2 2711
94 _
5.92 3.943 2.646
2.57
576 5772 . 2.462
— | 2424 54
5.72
D’,(2317)
D;m
. X(5568) 2252
Bs'n 57553
0 2.108
By 57506 Dyt
0+ 1+ 2+ 0+ 1+ 2+

Fig. 1.

The open bottom (a) and charm (b) tetraquark spectra in the diquark-antidiquark scheme. The masses are

in units of GeV. The thresholds of the Bs7t,B; 7, Bsa7t and their charm analogues are shown in dashed lines. The

masses of the X(5568) and the D},(2317) are also given.

In the past decades, the spectroscopy study of hadron
exotics has played an important role in uncovering the
hadron inner structure, and examining various models
for hadrons with fundamental freedom. Many of the re-
cently observed structures defy an ordinary interpreta-
tion as a gq meson or a qqq baryon. In this work, we
have explored the tetraquarks with four different quark
flavors. Based on the diquark-antidiquark scheme, we
have calculated the spectroscopy of the tetraquarks with
one heavy bottom/charm quark and three light quarks.
We find that the lowest-lying S-wave state, a J© = 07
tetraquark with the flavor [su][bd], lies at around 5.7
GeV and is about 150 MeV higher than the X(5568).
The identification of the X(5568) as a tetraquark with
spin-parity J¥ = 0% is a challenge to the tetraquark
model. The LHCb Collaboration did not see a signal
for the X(5568) in an invariant mass scan of B’7* be-
tween 5.5 GeV and 5.7 GeV [37]. So it is worth search-
ing for tetraquark states with four different flavors in
the invariant mass of B’n* beyond 5.7 GeV. Further de-
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