Chinese Physics C  Vol. 44, No. 2 (2020) 024101

The 5555 tetraquark states and the structure of X(2239) observed by the
BESIII collaboration”

1.2:1) 3;2)

Qi-Fang Lii( & 55i) Kai-Lei Wang(L8L7R) Yu-Bing Dong(# F-4%)">*)

]Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional Quantum Structures and Quantum Control of Ministry
of Education, Changsha 410081, China
2Synergetic Innovation Center for Quantum Effects and Applications (SICQEA), Hunan Normal University, Changsha 410081, China
3Depanment of Electronic Information and Physics, Changzhi University, Changzhi 046011, China
“Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
*Theoretical Physics Center for Science Facilities (TPCSF), CAS, Beijing 100049, China
%School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 101408, China

Abstract: We investigate the mass spectrum of the ss35 tetraquark states in the relativized quark model. By solving
the Schrdodinger-like equation with the relativized potential, the masses of S- and P-wave ss55 tetraquarks are ob-
tained. The screening effects are also taken into account. It is found that the resonant structure X(2239) observed in
the efe™ — K*K~ process by the BESIII collaboration can be assigned as a P-wave [~ ss35 tetraquark state. Further-

more, the radiative transition and the strong decay behavior of this structure are also estimated, which can provide

helpful information for future experimental searches.

Keywords: tetraquark, spectrum, radiative and strong decays, relativized quark model

DOI: 10.1088/1674-1137/44/2/024101

1 Introduction

Recently, the BESIII collaboration analyzed the cross
section of the ete™ — K* K~ process at the center-of-mass
energy of 2.00 to 3.08 GeV. A resonant structure was ob-
served in the line shape, which has a mass of
2239.2+7.1+11.3MeV and a width of 139.8 +12.3 +20.6
MeV [1]. Given the production process, the quantum
number of this resonant structure can be assigned as
JPC =1

From the Review of Particle Physics, there exist four
JPC =17~ states observed around 2.2 GeV, ¢(2170),
p(2150), w(2205) and p(2270) [2]. The #(2170) state with
I°(JP€)=07(17"), labeled previously as Y(2175), has
been investigated using many theoretical models, which
include the conventional s5 state [3—7], hybrid state [3,
8], tetraquark state [9 —14], AA(>S) bound state or hex-
aquark state [15—19], and ¢KK resonance state [20, 21].
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p(2150), w(2205) and p(2270) were also studied as the
conventional radial or orbital excited mesons in the con-
sistent quark model [22—24]. As mentioned by the BE-
SIII collaboration, the newly observed resonant structure,
denoted as X(2239) in the present work, has a different
mass and width than ¢(2170) and p(2150), and seems to
be a new resonance [1]. The other two listed states,
w(2205) and p(2270), are both broad and can not have the
same structure as the newly observed state [2].

In the conventional quark model, several highly ex-
cited 17~ p, w, and ¢ states are predicted in this energy re-
gion, and their strong decay behavior has been investig-
ated in the quark pair creation model. Due to the large
phase space, the predicted total decay widths of these
states are rather broad, which suggests that the newly ob-
served state with a width of about 140 MeV may not be a
conventional excited meson. More exotic interpretations,
such as a ss55 tetraquark state, need to be considered to
clarify its nature. The P-wave ss55 system was mostly in-
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vestigated by the QCD sum rule method [9-12, 25] and
the simple quark models [13, 14], and their results are not
consistent. Hence, it is essential to study this system in a
more realistic potential model.

In this work, we first employ a relativized quark mod-
el to estimate the masses of ss55 tetraquark states. The re-
lativized quark model, proposed by Godfrey, Capstick
and Isgur, has been widely used to study the properties of
conventional hadrons and gives a unified description of
the traditional hadron spectra [26—36]. It has also been
extended to various tetraquark systems, such as QgQ0g
and Qqgq [37-39]. Moreover, relativistic effects are in-
cluded in this model, which is essential for the up, down
and strange quarks. Therefore, it is suitable to deal with
the ss35 tetraquark states, where strange quarks and anti-
quarks are included. To calculate the tetraquark masses,
we focus on the diquark-antidiquark picture, which has
been extensively discussed and employed in Refs.
[37-51]. We first calculate the masses and wave func-
tions of the axial-vector and vector ss diquarks, and then
obtain the mass spectra and diquark-antidiquark wave
functions by solving the Schrddinger-type equation
between the diquark and antidiquark. The total wave
function can be expressed as a product of the diquark, an-
tidiquark, and diquark-antidiquark wave functions. The
predicted mass of the lowest 1=~ ss55 tetraquark is 2227
MeV, which is consistent with the experimental value of
2239.2+7.1+11.3MeV given by the BESIII collabora-
tion. This suggests that the newly observed resonant
structure X(2239) can be assigned as the lowest J°€ =17~
ss55 tetraquark state. Using the wave functions obtained
in the relativized quark model and the electromagnetic
transition operator, we estimate the radiative decays of
ss55 tetraquarks. It is found that the radiative decay width
of the lowest |~ ss55 tetraquark state is 27 keV, which is
significant. Furthermore, the strong decay behavior is
also discussed, and the ratios of the dominant channels
are estimated. The information about the radiative and
strong decays may be useful for future experimental
searches.

The paper is organized as follows. In Sec. 2, the rela-
tivized quark model is briefly introduced, and the masses
of the ss55 tetraquark states are calculated. In Sec. 3, the
radiative transitions and strong decays of the ss35 tetra-
quark states are numerically estimated. Finally, we give a
short summary in the last section.

2 Mass spectrum

The Hamiltonian between the quark and antiquark in
the relativized quark model can be expressed as
A =Ho+V(p,n), (1)
with

Ho=(p*+m)'* +(p* +m))' 2, )

V(p,r) = H™ + H™ + HS" + HY, 3)

where Flfjf’“f includes the spin-independent linear confine-
ment and the Coulomb-like interaction, and I:If/‘.’“t, A

ij >’
and I-Nljj0 are the color contact term, color tensor interac-
tion and spin-orbit term, respectively. A represents the
operator H taking account the relativistic effects via the
relativized procedure. The explicit forms of these interac-
tions and the details of the relativization scheme can be
found in Refs. [26, 27]. In the original GI model, the
coupled channel or screening effects are ignored, which
may influence the properties of the excited mesons and
tetraquarks [33, 37, 52— 55]. The modified procedure
br - b(1—e™)/u with a new screening parameter g,
gives a better description of the meson and tetraquark
spectra, especially for the strange quark systems [33, 37].
Hence, we take the screening effects into account for
completeness.

In the present work, only the antitriplet diquark [3.],,
is considered, while the [6.],s type diquarks can not be
formed in the GI quark model. For the quark-quark inter-
action in the antitriplet diquark and triplet antidiquark
systems, the relation V(p,r) = Vis(p,r) = Vis(p,r)/2 is
employed. The parameters used in our calculations are
the same as in the original work [26]. The structure of
ss55 tetraquarks is illustrated in Fig. 1. The interaction
between diquark and antidiquark V,_s5(p,r) equals to the
quark-antiquark interaction V(p,r). The ground state of
ss diquark in S-wave has the spin-parity J” = 1* and is
named axial-vector diquark. For the excited states, we
only consider P-wave ss diquark with spin-parity J* = 1-,
which is denoted as vector diquark.

It should be mentioned that a constituent diquark nat-
urally has a size as does a constituent quark, although
they are treated as point-like in the potential formula [47].
The constituent quark model works whether the constitu-
ent quark or diquark has a size or not. A comparison

N / \ 5
Diquark Anti—diquark
Fig. 1. (color online) The ss355 tetraquark states with Jacobi
coordinates.
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between the diquark picture and the full few-body calcu-
lations can be found in Refs. [48, 49]. Investigating P-
wave tetraquarks as a four-body system in the relativized
quark model is certainly more interesting, convincing and
complicated.

Here, we use the Gaussian expansion method to solve
the Hamiltonian (1) with the potential V,,(p,r) [56]. The
obtained masses of the axial-vector and vector ss
diquarks are presented in Table 1. Since a better descrip-
tion of the strange quark system can be obtained with
u=0.02GeV [33, 37], we use the diquark masses ob-
tained with this value to calculate the masses and wave
functions of ss355 tetraquarks.

With the diquarks listed in Table 1, the masses of ss55
tetraquarks and the wave functions between diquarks and
anti-diquarks can be calculated. The total wave function
of an ss55 tetraquark can be expressed as a product of the
diquark, anti-diquark and relative wave functions. The
masses of ss35 tetraquark states composed of 4 and V
diquarks and antidiquarks are presented in Table 2 and
Fig. 2. The predicted mass of the lowest 0** state is 1716
MeV, which is consistent with the f;(1710) state. For the
1%~ ss55 state, only the /;(1965) state listed in PDG lies in
this energy region [2]. As h;(1965) was observed in the
wn and wrrr final states, its assignment as a 1+~ ss35 tetra-
quark is disfavored. In Refs. [12, 25], it is suggested that
the new structure X(2063), observed in J/y — ¢nn’ by the
BESIII collaboration [57], is a 1*~ ss35 tetraquark candid-
ate based on the QCD sum rule method. However, our
calculated mass is 100 MeV lower than the experimental
value, which does not support this interpretation. Consid-
ering the mass, spin, parity and ¢¢ decay mode of
/>(2300), we may assign it as a 2+* ss35 tetraquark state.

For P-wave ss35 tetraquarks, we predict three 1——
states. The lowest one has an internal excitation of
diquark or antidiquark, while the other two have relative
excitations between diquarks and antidiquarks. The three
1~ states, and other theoretical results, are listed in Table 3 .
It can be seen that our classification is significantly dif-
ferent from the results based on the QCD sum rule [9-11,
25], and the result of the simple quark model where the
internal excitation of diquark or anti-diquark was not con-
sidered [13]. The predicted lowest mass is 2227 MeV,
which agrees well with X(2239) observed by the BESIII
collaboration [1]. The experimental mass of ¢(2170) is
about 50 MeV lower than our result, and can not be ex-

Table 1.
as 4 and V. The brace corresponds to the symmetric quark flavor

Masses of the axial-vector and vector ss diquarks, denoted

content. The masses are in MeV.

Quark Diquark Mass Mass Mass
content type (GImodel) (u=0.02GeV) (u=0.04 GeV)
{s, s} A 1.135 1.121 1.108
{s, s} Vv 1.424 1.396 1.369

Table 2.
diquarks and antidiquarks. In the case of V' diquark and A anti-

Masses of the ss55 tetraquark states composed of 4 and V'

diquark, a linear combination with V" diquark and A4 antidiquark is
assumed to form an eigenstate by charge conjugation [37, 51]. The
masses are in MeV.

JPe Diquark Anti-diquark S L Mass Candidate
[0+*) A A 0 0 1716 fo(1710)
1) 4 A 1 0 1960
[2+*) A A 2 0 2255 f>2(2300)
107) |4 A 0 0 2004
[17%) 14 A 1 0 2227 X(2239)
[27%) 1% i 20 2497
[0=*) A A 1 1 2450 X(2500)
=" 4 A 1 1 2581
[177) A A 0 1 2574
(L A A 2 1 2468
27%) 4 A 1 1 2619
275 A A 2 1 2622
1377 A A 2 1 2660
2800
2660
2600 st g A
m 24685297 2497 lxasom
2400 !
= & £(2300)
§ 2200 S ‘ 0X(2239)
é ‘
2000f s m
1800 | |
716 £o(1710)
1600

0** 1*~ 2** 0°* 07~ 17* 17~ 27* 27~ 37~ PDG BESII

Fig. 2. (color online) Masses of the ss55 tetraquark states.

Table 3.
theoretical results. The masses are in MeV.

The predicted three 1~ ss55 tetraquarks states, and other

JPC Ours SQM [13] QCDSR [9] QCDSR [10] QCDSR [11] QSR [25]

1 2227 2210+90 2300+400 2340+170 3080110
1~ 2468 2243 2410+250
1- 2574 2333

cluded as a ss55 tetraquark. The two higher 1—— states
may have been observed in previous experiments [4, 11,
58-60], or may be discovered in future searches.
Furthermore, we predict several higher sss5 tetra-
quarks around 2.5 GeV. For the higher 0~ state, there ex-

ists a candidate X(2500) with a mass of 2470*13*19! MeV
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observed in the J/¥ — y¢¢ process by the BESIII collab-
oration [61]. In the conventional quark model, X(2500)
was assigned as the ¢(5'S) state given its mass and total
width [62, 63], but with a tiny ¢¢ partial decay width.
The ss35 tetraquark interpretation of X(2500) may avoid
this defect due to its decay into the ¢¢ final state. Other
predictions could provide helpful information for future
experimental searches.

3 Decays
3.1 Radiative transitions

Besides the mass spectrum, the decay behavior is also
needed to indentify tetraquark states in future experi-
ments. We first calculate the radiative transitions and then
estimate the relevant ratios of the dominant strong decay
modes. To treat the radiative transitions between ss55 tet-
raquarks, one can adopt the EM transition operator which
has been successfully applied to study the radiative de-
cays of quarkonium and baryons [64—66]. In this model,
the quark-photon EM coupling at the tree level is taken as

He== " e yad (e, (4)
J

where ; stands for the jth quark field with coordinate r; ,
and A# is the photon field with three-momentum k. To
match the wave functions obtained from the Schrodinger-
like equation, we adopt this quark-photon EM coupling in
a non-relativistic form. In the initial hadron rest system,
the approximate form can be written as [64—72]

where e;, mj, and o; stand for the charge, constituent
mass and Pauli spin vector of the jth quark, respectively.
€ 1s the polarization vector of the final photon.

One can obtain the helicity amplitude A of the radiat-
ive transition as [64, 65]

i i 6
—in L flhel) ©

We can then estimate the radiative transitions as [64, 65]

_ k2

2
n 20+ 1 M; JZ A @

a, (exk)le7kn, (5)

where J; is the total angular momentum of the initial tet-
raquarks, and Jy, and Jy; are the components of the total
angular momenta along the z axis of the initial and final
tetraquarks, respectively. In this work, the masses and
wave functions of ss5§5 tetraquarks are taken from our
theoretical predictions.

The estimated radiative transitions of ss55 tetra-
quarks are listed in Table 4, where we eliminate the nota-

tion AA of the three ground states without causing misun-
derstanding. The predicted radiative transitions between
the three ground states 0**, 1+—, and 2*+ are respectively

T+ = [0)y] = 157 keV, (8)

TIR2*Y — |11 )y] = 175 keV, )
which are significant. As we assign f;(1710) and f>(2300)
as the 0** and 2++ states, the rather large radiative decay
rates may be useful to search for the missing 1+~ ss55 tet-
raquark. As the 0** state has large branching ratios to KK
and 7y, more studies of the decay processes ss35(1*7) —
5535(0*T)yy — KKy and ss55(177) — 5555071y — nny
are suggested in future experiments.

For the transitions between the VA type and ground
states, the partial radiative decay widths range from 1 eV
to tens of keV. The |VA,177) — |0**)y process has 26.6
keV, which shows that the newly observed X(2239) state
has a significant radiative decay width. The other two 1~
states with relative excitations between diquarks and anti-
diquarks can decay into 0** and 2++ ground states,

TTIAA, 1™ g0 — [0 )y] = 1137 keV, (10)
TTIAA, 17 s — 27yl = 119 keV, (11)

where the ten times larger partial width derives from the
phase space. The radiative decay of the § =0 state to the
2+* final state is highly suppressed, which is also the case
for the S = 2 state to the 0** final state. These predictions
may be helpful for searching and distinguishing the two
higher -~ 5555 tetraquark states. Radiative transitions of

Table 4. Radiative transitions.

Decay mode M;/MeV M ;/MeV Width/keV
[177) = [0y 1960 1716 157
27+ = [177)y 2255 1960 175

[VA,07*) — [IT7)y 2004 1960 0.001
[VA,177) = [0*+yy 2227 1716 26.6
VA, 17%) = [1T7)y 2227 1960 3.1
[VA,277) = [0ty 2497 1716 49.4
[VA,277) = 2**)y 2497 2255 4.6
[VA, 27"y = [1T7)y 2497 1960 65.4
[AA,07") — |17 )y 2450 1960 1345
AR, 1) = |17 )y 2581 1960 1444
[AA, 17" Yg=0 — [07)y 2574 1716 1137
[AA, 177 )g=0 = [27F)y 2574 2255 0.0
[AA, 17 Yg=p — [07)y 2468 1716 0.0
[AA, 177 )g=0 = 27y 2468 2255 119
[AA,27F) = |17 )y 2619 1960 954
[AA,277) = 2+ )y 2622 2255 809
|AA,377) = 2+ )y 2660 2255 606
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the excited ss35 tetraquarks are rarely discussed in literat-
ure, and more theoretical and experimental studies can be
expected in the future.

3.2 Strong decays

Strong decays can occur if tetraquarks lie above the
meson-meson or baryon-antibaryon threshold. With the
assignment of Y(2175) as a ss55 tetraquark state, the ra-
tios of the dominant decay modes were estimated in Ref.
[13, 14]. In this work, three J”C = 17~ 5555 tetraquarks are
predicted, and the ratios of some of the significant decay
channels are as follows.

Apparently, the S-wave decay channels between the
two final states are more favored than the P-wave chan-
nels. Also, the final states with strangeonium seem to be
easier than the two kaon states, where the initial two
strange quarks annihilate and the two up/down quarks are
created simultaneously. For the baryon-antibaryon final
states AA and =3, more quark pairs are annihilated and
created. Also, these processes are limited by the phase
space, and are not considered in the present work.

For the S-wave channels with strangeonium, three
possible combinations of final states exist: 1= and 0*™,
17~ and 0%, and 1++ and 1-~. Seven resonances with the
s§ component, 7, 7', w, ¢, f6(980), h1(1380) and f;(1420)
should be considered. Because of the large mass of
£1(1420), the 1+ and 1-— combinations are forbidden or
highly limited by the phase space, and are neglected here.
Finally, the possible S-wave decay channels with

Table 5.

phase space.

strangeonium are nh;(1380), 7'h1(1380), f5(980)w and
Jf0(980)¢, where the nonet mixing angles 0p = —11.3° and
Oy = 39.2° are adopted to determine the s5 components in
relevant mesons [2]. Following the route of Refs. [13,
14], our results are listed in Table 5. It is shown that
f0(980)¢ is the dominant decay mode, and the contribu-
tion of 7h;(1380) is significant. n’h;(1380) may be also
important for the two higher states, while the contribu-
tion of the f(980)w channel is rather small.

Although the P-wave decay channels with strangeoni-
um should contribute less than the S-wave modes, we
also estimate their ratios. From Table 5, it can be seen
that the n¢ and r’¢ final states may have significant con-
tributions, while the nw and n’w channels can be neg-
lected.

For the S-wave channels with kaon states, only the 1+
plus 0~ channels KK;(1270) and KK,;(1400) may play sig-
nificant roles. The 1~ plus 0* and 1* plus 1~ combinations
are forbidden or highly suppressed by the phase space.
Our results show that the KK;(1270) and KK;(1400) chan-
nels have comparable decay widths for these tetraquark
states.

To sum up, the dominant channels for the three 1——
tetraquark states are f(980)¢ and nh,(1380), while the n¢
and ¢ modes may also be important. For the kaon final
states, both KK;(1270) and KK;(1400) channels are im-
portant. We hope that future experiments could search for
the 1-— 5555 tetraquark states in these channels.

The ratios of strong decay channels of the three predicted 1-— ss355 tetraquarks states. The short dash denotes a forbidden channel due to the

Jre Mass/MeV C(nh) : T07'h1) : T(fo(980)w) : T(f5(980)¢) Inw) : T07' w) : T(ng) : T(n'$) (KK, (1270)) : T(KK;(1400))
1= 2227 0.48: — :0.01:1 0.01:0.01:1.35:1 1.19:1
1= 2468 0.69:0.37:0.01:1 0.01:0.01:1.64:1 1.54:1
1= 2574 0.78:0.54:0.01:1 0.01:0.01:1.76:1 1.68:1

4 Summary

In this work, we investigated the masses of the ss3s
tetraquark states in the relativized quark model proposed
by Godfrey and Isgur. Only the antitriplet diquark [3.].s
was considered. The masses of the ss355 tetraquark states
were obtained by solving the Schrodinger-like equation
between diquark and antidiquark. The color screening ef-
fects were also included in the calculations. It was found
that the new resonant structure X(2239) observed in the
ete” - K*K~ process by the BESIII collaboration can be
assigned as a P-wave |~ ss55 tetraquark state.

Besides the mass spectrum, the wave functions of the

5535 tetraquark states were obtained, and the radiative
transitions between tetraquarks and the ratios of the
strong decay channels were estimated. The lowest P-
wave 1~~ ss35 tetraquark state radiates to the ground state
with a width of 27 keV, and the main strong decay modes
include the f,(980)¢ and nh;(1380) final states. The other
5555 tetraquark candidates fy(1710), /2(2300), and X(2500)
were also considered. We hope our assignments can be
tested in future experiments.

We would like to thank Wen-Biao Yan, Xian-Hui
Zhong and Dian-Yong Chen for valuable discussions.
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