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Abstract: We studied the spectrum and rearrangement decays of S-wave csc§ tetraquark states in a simplified
quark model. The masses and widths were estimated by assuming that X(4140) is the lower 17" ¢sC5 tetraquark.
Comparing our results with experimental measurements, we found that X(3960), recently observed by LHCb, can be

considered the lowest 07"

¢s¢5 tetraquark state and X((4140) could be the second lowest 0 ¢s¢5 tetraquark. Pre-

dictions of ratios between partial widths for the involved tetraquarks are provided in this paper. We aim to identify

more ¢sE§ tetraquarks with JFC€ = 177, 0%+, and 2**.

Keywords: tetraquark, mass spectrum, rearrangement decay, mass splittings

DOI: 10.1088/1674-1137/ad34c4

I. INTRODUCTION

Recently, a near-threshold peaking structure X(3960)
was observed in the D?D; invariant mass distribution in
the decay B* — D!D;K* by the LHCb Collaboration [1].
The measured mass and width were M =3956+5+10
MeV and T'=43+13+8 MeV, respectively. Its quantum
numbers J*¢ =0** are favored over 1 and 2**. The LH-
Cb analysis indicates that this structure is an exotic can-
didate consisting of the cs¢35 constituent. In the same pro-
cess, the LHCb also reported evidence of another struc-
ture, Xo(4140), with mass 4133 +£6+6 MeV, width I’ = 67+
17+7 MeV, and quantum numbers J*€ = 0%,

Before the observation of X(3960), exotic states hav-
ing the c¢s¢s quark component have been reported in the
J/y¢ invariant mass distributions by various experiment-
al collaborations. In 2008, the CDF Collaboration first
announced the evidence of a structure with mass M =
4143.0+£29+12 MeV and width ['=11.7*43+3.7 MeV
in the decay B* — J/y¢K™*, named as X(4140) [2]. Later,
the CMS Collaboration [3] and DO Collaboration [4] con-
firmed the evidence of X(4140) in the same process;
however, the Belle Collaboration [5], BABAR Collabora-
tion [6], and LHCb Collaboration [7] did not obtain posit-
ive results for this state. From an analysis of the process

vy — J/y¢ [8], Belle obtained a narrow structure X(4350)
with mass M =4350.6"4¢+0.7 MeV and width " = 13+
+4 MeV. In the decay B — J/y¢K, the CDF observed the
evidence of a second J/y¢ structure with mass M =
427484+ 1.9 MeV and width T'=32.3*215+7.6 MeV [9]
while CMS reported the evidence with mass M =4313.8
+5.3+7.3 MeV and width T'=38"32+15 MeV [3, 10].
With more collected data, LHCb Collaboration searched
again for J/y¢ structures in the decay B* — J/y¢pK* [11].
This Collaboration confirmed the evidence of X(4140)
with a broader width whose quantum numbers are de-
termined to be J7¢ = 17", They also established the exist-
ence of X(4274) with J*¢ =1** and observed two higher
resonances, X(4500) and X(4700), with J*¢ =0**. In an
improved analysis of B* — J/y¢K* [12], the LHCb Col-
laboration observed two more states, namely X(4685) and
X(4630). The quantum numbers for the former state are
J? = 1* while the preferred J” for the latter are 1°.

Since the observation of X;(4140)", various theoretic-
al explanations such as compact c¢s¢§ tetraquarks and
D" Dy~ molecules have been proposed to understand the
aforementioned exotic resonances in different methods
[13—55]. Because of their high masses, X(4500), X(4700),
X(4685), and X(4630) may be interpreted as the orbitally
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or radially excited tetraquark or molecular states [19, 27,
32-38]. For X;(4140) and X(4274), the measured
quantum numbers JF¢ =1"" [12] do not support their
D:*D:~ molecule interpretation. For the newly observed
X(3960), the authors of Ref. [44—46] interpreted it as a
hadronic molecule in the coupled DD-D!D; system.
Calculations based on the QCD sum rule method [47, 48]
and one-boson-exchange model [49] also favor the mo-
lecule interpretation. Another calculation based on the
QCD two-point sum rules [50] leads to the assignment of
X(3960) as a scalar diquark-antidiquark state. From in-
vestigations on the D! D; invariant mass spectrum and ra-
tio I'(X - D*D7)/I'(D!D;), Ref. [51] proposed that
X(3960) is induced by the x(2P) charmonium below the
D?D; threshold. A combined analysis in Ref. [52] based
on the assumption that X(3930), X(3960), and X(3915)
are the same hadron indicates that this state probably has
a cc core strongly renormalized by D}D; coupling. In
Ref. [53], X(3960) and X,(4140) are interpreted as four-
quark c¢scs states. Meanwhile, the conclusion that
Xo(4140) is a DiD; molecule is drawn in [54]. The in-
vestigation in an improved chromomagnetic interaction
model indicates that both X(3960) and X,(4140) may be
interpreted as 07 ¢s¢§ tetraquark states [55].

To understand the near-threshold structures X(3960)
and X((4140) and consider other possible tetraquark states,
it is worthwhile to further study the csc§ tetraquark states
systematically. In our previous study [13], we investig-
ated the spectrum of cs¢5s states with a color-magnetic in-
teraction (CMI) model. In this spectrum, there are two
JPC =1 and four J© =0** states. Our results indicate
that X,(4140) and X(4274) can be interpreted as these two
axial-vector tetraquarks while X(4350) can be assigned as
the highest scalar tetraquark. To gain more information
about multiquark states, their decay properties must be in-
vestigated. We aimed to describe the rearrangement de-
cays of hidden-charm pentaquark states [56, 57] and tet-
raquark states with different flavors [58] in a simple
scheme, adopting the constant Hamiltonian Hgecoy =C. In
the present study, we continued our previous study on
compact cscs states by including the decay properties.
We identify X,(4140) as the low 17" or X(4274) as the
high 1** ¢s¢5 tetraquark and use their masses and widths
as inputs to discuss the masses and widths of ¢s¢s states.

This paper is organized as follows. In Section II, we
present the CMI Hamiltonian, wave functions, and meth-
od to consider rearrangement decays. In Section III, we
report on the model parameters and numerical results.
The last section is devoted to discussion and summary.

II. FORMALISM

A. Model Hamiltonian and wave functions
The effective Hamiltonian in the CMI model to study

the mass spectrum of the cscs tetraquark states reads

H:Zmi+HCMI:Zm,«—zcij/li./ljcri.o'j (1)

i<j

where m; is effective mass of the i-th quark and C;; de-
notes the effective coupling constant between the i-th and
j-th quarks; A; and o; represent the SU(3) Gell-Mann and
SU(2) Pauli matrices for the i-th quark, respectively; for
an antiquark, 4; = —A;. The mass splittings between dif-
ferent c¢s¢3 states are mainly induced by the term Hcw.
The CMI model is a simplified quark model where m;
contains the constituent quark mass and contributions
from the kinetic energy, color-Coulomb, and linear con-
finement terms.

After obtaining the eigenvalue Ecyvi of Hewn, the mass
formula for a tetraquark state is obtained as follows:

M = Zm,- + ECMI' (2)

1

According to numerical results for various systems [13,
58-63], the estimated masses of either conventional had-
rons or multiquark states obtained from this equation are
higher than the measured values. The main reason is that
the values of effective mass m; in different systems
should indeed be different. This indicates that the effect-
ive attraction between quark components is not appropri-
ately taken into consideration. These overestimated val-
ues can be regarded as theoretical upper limits for the
multiquark masses. To reduce the uncertainties in the
CMI model, the color-electric term must be included ex-
plicitly. Here, we use the following modified formula to
explore the mass splittings between different csc5s states
by introducing a reference system:

M = [M,t — (EcmDrer] + Ecmis 3)

where M; and (Ecwm)er denote the measured mass and
calculated CMI eigenvalue for the reference system, re-
spectively. A meson-meson state may be adopted as a ref-
erence whose quark content is the same as the considered
tetraquark; still, it is difficult to make a reasonable
choice. In Ref. [13], we estimated the masses of cscs tet-
raquarks using the J/y¢ and D? D~ thresholds and found
that the resulting 17 tetraquark masses in both cases
were lower than the experimental measurements. The res-
ults with J/y¢ were approximately 100 MeV lower than
those with DY D:~. Therefore, we may treat these underes-
timated values as lower limits for theoretical cscs masses.
By contrast, X;(4140) is chosen as the reference state by
assigning it to be the lower 17" ¢s¢§ tetraquark, the as-
signment for X(4274) as the higher 1™+ csc5 is accept-
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able. Following this line, we have extended studies using
X1(4140) as input to other tetraquark systems [58, 60]. In
the present study, we kept working on this idea to update
previous results [13] by including the decay information.
For this purpose, it is necessary to know the spin ® color
wave functions.

For a cs¢s tetraquark, the total wave function is not

constrained by the Pauli principle; however, one must
consider its C-parity because it is a truly neutral state. We
reported the spin ® color wave functions in Ref. [13] in
the diquark-antidiquark base.
present here the definitions again. Using the notation
[(cs)n (e5) 19in they are

color color

For convenience, we

JPC=2"1 pix = [(e)g@L,  doxi = [(e5)5(E5)3]%
JPC=0" 1 pixs =@, daxs = ()@, 4)
d1x6 = (@A, daxs = [(c5)3(E@5)31%
1 1
JE=171 iy, = $<[<cs>é<és>g]' +L(esNE@'),  doxs = @(Kcs);(es)%]‘ + ()@} );
1 1
JFC =1 gy = -5 ([(cs)g(zs)g]l - [(cs)g(EE)é]l), box-=— ([(cs)%(éi)?]1 - [(cs)%’(éf)%]l), )

Prx2 = [(cs)s(C5)}]',

We do not include the explicit CMI matrices here. Ref.
[13] includes the matrices with bases (éx1,Px1)7,
(D1 0ox )", (Bixsdox3.01X6.0206)", and  (Brx2. daxo,
dix_,¢ox )T for the JP€ =2+ 1** 0**, and 17~ cases, re-
spectively.

B. Effective interactions and rearrangement decays

To reflect the effective CMI between quark compon-
ents in multiquark states, various K factors were intro-
duced in Ref. [59]. Later, in Ref. [60], we calculated the
K factors for the cscs states. With them, we argued that
the highest 2**, highest 1**, and second highest 0**
states are probably more stable than other partners.
Whether this argument is sound or not will be checked in
the next section. The K factor between the i-th and j-th
quark components is given by

OEcwi
ac,

AE
Kij = llm M1 —
AC;;—0 ACU

(6)
where AC;; is the variation of an effective coupling con-
stant and AEcyy is the corresponding variation of a multi-
quark mass. Now, the mass of a tetraquark state can be
rewritten as

M = Mt = (Ecn)eet] + Y KiiCyj

i<j

(7

The sign of K;; reflects whether the effective CMI [63]
between the i-th and j-th quark components is attractive
(K;; <0) or repulsive (Kj; > 0).

The strong decays of conventional hadrons involve

V2

Pax> = [(c9)3(E3)3]".

[
the creation of at least one quark-antiquark pair at the
quark level. A quark creation mechanism must be selec-
ted for the calculations. The 3P, model is usually adop-
ted to study the two-body strong decays when a unique
coupling constant is used. For strong decays of compact
tetraquark states, the two-body decay patterns should be
the dominant ones; however, they do not involve quark
creations. In this study, we used a simple method to cal-
culate the rearrangement decay widths of c¢s¢s states; in
this method, the quark-level Hamitonian for the decay is
taken as a constant, i.e., Haecay = C. It means that the four
quark components in different tetraquarks scatter to
meson-meson states freely with equal coupling strength.
This method has been applied to deal with decays of
pentaquark [56, 57] and tetraquark states with four differ-
ent flavors [58]. In principle, gluon exchanges would in-
duce corrections to this simple model, but additional
parameters are needed. At present, we assume that the re-
arrangement decays for all the cscs tetraquark states can
be described by this single constant C. Given that there is
only one parameter, the partial width ratio is a good
quantity to test the model. If more experimental decay
data are available, modifications of the decay Hamiltoni-
an may be considered.

In the adopted model, the width for a rearrangement
decay channel is expressed as

_ NP = (my +my)*)(M? — (my —m,)?)
- 16nM3

r IME, (8)

where M, m;, and m, are the masses of the initial tetra-
quark and two final mesons, respectively. The decay
amplitude M = (initial|Hgecay| final) is given by
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M = CZO{,«,B_,«

ij

©

where «;, employed in Eq. (10), are coefficients of the
initial wave function in the bases presented in the last
subsection, and B; denotes coefficients of the final
meson-meson wave function in the same bases. Regard-
ing the initial states, their spin-color wave functions have
the forms

Y(Q2™) = a9y + 2oy,
Y1) = 191y« + @202+,
P(0™) = a1¢1 3 + @223 + @301 X6 + AabaXes

P(177) = a1¢1x2 + @2¢oxs + @3dry- +audoy -, (10)

where the normalization condition >_i-il@il® =1 is al-
ways satisfied. The values of «; are obtained from the ei-
genvector of the corresponding tetraquark CMI matrix.
We show them explicitly in Table 2. There are two types
of rearrangement decays, namely Q;¢,03Gs —(Q103)1.
+(¢2)1c and 01920344 = (0134)1c +(q203)1c. The values
of 8; are obtained by recoupling the final meson-meson
states into forms similar to those in Eq. (10). Given that
we project out the initial bases from the final wave func-
tions, the following recoupling formulas in the color
space are needed:

_ 1 2
(0103)1(q2Ga)1c = —%% + \/;ﬁﬁz,

_ 1 2
(0131)1(q293)1c = ﬁ‘pl + \/;¢2~ (11)

In the spin space, similar formulas can be easily obtained
by calculating the 9 symbols. Then, explicit values of §;
are obtained with these two-space coefficients.

II. MODEL PARAMETERS AND NUMERICAL
RESULTS

The coupling parameters C.;, C.;, C.z, and C,, that
we adopt for estimating the cscs masses are extracted

from the measured masses of the conventional ground
hadrons [64] by using their mass formulas in the CMI
model. The relevant hadrons, values of their Ecyy, and
determined coupling parameters are listed in Table 1.
Other coupling parameters are obtained in a similar man-
ner [13, 60]. In Table 1, the errors of C;; are also presen-
ted. Given that the systematic error of the CMI model
cannot be estimated and it might be larger than the meas-
urement error, we do not consider errors in the following
numerical estimations. We just set C.,,=4.5 MeV,
C;;=68 MeV, C.=53 MeV, and C,;,=6.5 MeV. The
adopted coupling parameters C.. and Ci; 2vvere obtained
= = . To estimate
the upper limit masses, we used the effective quark
masses m; = (Mq—8Cy,)/3 =542.4 MeV and m. = (3M5:
—2M,—16C,.+8C,,)/3 = 1724.1 MeV, where n indicates
u or d quark. The extraction details can be found in Refs.
[13, 60]. To estimate the lower limits for the masses with
the J/y¢ threshold, m; and m. are not required.

When the masses of other cscs states are estimated
using X;(4140), the input mass needs to be determined. In
Ref. [11], the mass and width of X;(4140) determined by
LHCb are 4146.5+4.573¢ MeV and 83 +21}) MeV, re-
spectively. In Ref. [12], these values were updated to
4118+ 117} MeV and 162+21*% MeV, respectively. In
the particle data book [64], these values, averaged over
different measurements, are 4146.5+3.0 MeV and 19*]
MeV, respectively. Although the experimental masses are
all around 4140 MeV, the deviation in width is signific-
ant. For the other 1** state, i.e., X(4274), the deviation in
width between different collaborations is insignificant
[64]. In Ref. [58], we used the LHCb results from Ref.
[11] as inputs from a consistent consideration of widths
between X;(4140) and X(4274). The necessary condition
for our purpose is that I'(X;(4140)) and T'(X(4274)) be
comparable. Here, we still follow Ref. [58] and use data
determined in Ref. [11]. The cases for other choices will
also be discussed. In addition to using X;(4140) as the
reference state, we will also discuss the case using
X(4274) as input.

The rearrangement decay channels for a 1** cscs

with the approximation

state are J/y¢ and E(DTDSD:TD?_) where the conven-
tion for a relative phase [65] is determined with D = ¢§

Table 1. Chromomagnetic interactions for relevant hadrons and obtained coupling parameters in units of MeV.
Hadron Ecmr Hadron Ecmr Cij
=3 gc - ? Con— %6 Ces g gc + gc + gc Ces =4.49£0.08
D —16C,s D: ?cﬁ Ces =6.750.02
Ne ~16C,z Iy ?c@ Cee =5.30+0.02
2Q0+A-(2E* +5) 8Css +8Chn (A-N)/2 8Cun Css =6.46+0.11
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and D™~ = s¢. Assuming that the total decay width of a
tetraquark is equal to the sum of partial widths (I'ym) for
rearrangement decay channels, C = 72822 MeV is extrac-
ted from the LHCD data [11].

The final states for the decay of cscs tetraquarks in-
volve conventional mesons containing the s5§ component.
In the quark model, the quark content of the vector meson
¢ is approximately s5, but this is not the case for the con-
tent of the pseudoscalar mesons # and 7. They are super-
positions of the SU(3) singlet state 77, and octet state 7,

17> = cos(B)Ins) — sin(O)|m,),
[’y = sin()Ins) + cos(B)In:), (12)

where 6 is the mixing angle. We employed the value
6 = —11.3° [64] in our calculations.

With the above parameters, we obtained numerical
results for ground cscs states. The mass results are
presented in Table 2. Comparing with Ref. [13], there ex-
ist some differences in numbers; they mainly result from
the variation of coupling parameters. We show the relat-
ive positions for the c¢scs states using the input X;(4140)
in Fig. 1. The related meson-meson thresholds are also
displayed. The results for the rearrangement decays are
provided in Table 3.

Regarding the 1** cscs states, their masses and de-
cays were discussed in Refs. [13] and [58], respectively.
Although the reported values are slightly different from
those in Tables 2 and 3, the main conclusion is that
X1(4140) and X(4274) could be consistently interpreted as
the two 1** c¢sc§ tetraquarks. The calculated Iy, = 76.3
MeV for the higher state is slightly larger than the meas-
ured width of 51+7 MeV [64]. It is worth noting that the
adopted mass value of X(4274) (4313.6 MeV) is close to

Table 2.

oo 4317
—— 4308 4314—
4295
7777777 4249 gpo5 0 (DrDY)
4167 4qa7
————————————————————————————————— )
——— 4079 4090 :
= yn)
é :::::::::::::::::::::(nc¢>(D;:D_;)
7 [ -===-3938 - <o ----------=--= (0n)(D:Dy)
2
————————————————————————————————— ()
fffffffffffffffffffffffffffffffff (nen)
0++ 1+— 1++ 2++
Fig. 1.  (color online) Relative positions for the cscs tetra-

quark states. The red solid and blue dashed lines correspond to
estimated masses (with X;(4140)) and related meson-meson
thresholds, respectively.

the CMS result (4313.8+5.3+7.3 MeV) [3] but larger
than the PDG result (4286*5 MeV) [64]. When one ad-
opts the PDG value, the obtained Iy, is 10 MeV smaller,
and closer to the measured width. According to Table 3,
the width ratio between the two channels J/y¢ and D,D?
for the higher state is ['(J/y¢)/T(D:D;,) ~ 4.9, where DD
simply means the C-even D:*D;/D!D:" state, while that
for the lower state is T'(J/y@)/T(D:Dy) =~ 1073, The hid-
den-charm decay for the X;(4140) is significantly sup-
pressed.

For the two 2** csc5 tetraquarks, their mass gap is

Numerical results for the masses of ¢s¢s states in units of MeV. The bases for (Hcmp) in the 2+, 17+, 07+, and 17~ cases are

(@1x1:0201)T, @1+, 02x0)T, (BLx3.62x3.61x6.02x6) T, and (P1x2.¢2x2.61x—.d2x-)T, respectively. The masses obtained with X;(4140) are
listed in the fifth column. The lower and upper limits for the masses are listed in the sixth and seventh columns, respectively.

JPc (Hewmr) Eigenvalue Eigenvector Mass Lower limits Upper limits
- ( 628 -42 ) ( 84.2 ) ( {-0.19,0.98} ) ( 4316.9 ) ( 4120.1 ) ( 4617.2 )
42 834 62.0 {~0.98,-0.19} 4294.6 4097.8 4595.0
- ( 225 -812 ) ( 80.9 ) ( {0.62,-0.79} ) ( 4313.6 ) ( 4116.8 ) ( 4613.9 )
812 173 -86.2 {~0.79,-0.62} 4146.5 3949.6 4446.8
-520 85 -3.5  140.6 139.9 {0.59,-0.01,-0.02,0.81} 43726 41757 4672.9
o 85 -203.6 1406 -8.7 16.3 {=0.03,-0.54,-0.84, —0.00} 4249.0 40522 4549.3
-35 1406 -736 0 ~154.2 {-0.80,-0.06,0.06,0.59} 4078.5 3881.6 4378.8
140.6  -8.7 0 36.8 -294.5 {0.07,-0.84,0.54,-0.05} 3938.2 3741.4 4238.5
-137 42  -120 255 75.3 {~0.14,0.04,-0.60,-0.79} 4308.0 41112 4608.3
. 42 -1079 255 -30.0 -75 {0.94,-0.07,-0.33,0.08} 4225.1 40283 4525.5
-120 255 -265 812 —65.8 (-0.28,-0.66, -0.54,0.43} 4166.9 3970.0 4467.2
255 =300 812 73 ~142.9 {=0.16,0.74,—0.48,0.44} 4089.8 3892.9 4390.1
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Table 3.

Rearrangement decays for the c¢scs states resulting from assigning X;(4140) as the lighter 1** cscs tetraquark. The numbers

in parentheses are (100|M|>/C2,T), where the coupling parameter C is extracted from the width of X;(4140) (83 MeV [11]). The partial

width I" and total width [y, are expressed in units of MeV.

Jrec Mass Channels Tsum
I/ DD
- [ 43169 | { (83.4,53.8) | { (475,23.9) | { 777 ]
| 4294.6 | (16.6,10.2) | (52.5,232) | 334 |
Jyé (Dy*D; -DiD;)/ V2
o [ 4313.6 | { (99.8,63.9) | { (8.2,13.0) | { 76.9 |
| 41465 | (0.2,0.1) (91.8,82.9) | 83.0 |
e nen’ el DDy DiD]
[ 43726 1 [ (57.1,40.9) ] (0.0,0.0) (0.0,0.0) [ (52.8,32.9) ] (0.1,0.2) [ 740 ]
- 4249.0 (39.5,21.2) (0.8,0.7) (0.7,0.8) (42.7,11.4) (23,2.2) 36.3
4078.5 (3.1,-) (18.0,10.4) (16.0,16.6) (3.8,-) (49.2,33.2) 60.2
| 39382 | 0.3,-) (34.0,-) | (30.3,282) | (0.8,-) | 48.4,3.6) | | 31.8 |
Iy’ Jlym e DDy~ (D¥*D; + DD/ V2
[ 4308.0 ] (0.9,0.6) (0.8,0.8) (8.5,6.9) [ 97.7,46.9) ] (0.2,0.4) [ 555 ]
. 4225.1 (3.0,1.8) (2.7,2.7) (36.8,26.0) (1.6,0.1) (23.4,30.3) 60.9
4166.9 (22,11 (1.9,1.9) (54.5,33.8) 0.1,-) (49.6,50.8) 87.5
| 4089.8 | | 46.9,13.5) | | (41.7,382) | (0.2,0.1) (0.6,-) | (26.8,9.3) | | 61.0 |

22.3 MeV. The higher state is broader than the lower one.
The masses of both states are close to that of X(4274) de-
termined by CMS [3]. If these two ¢scs mesons do exist,
the width ratio for the higher tetraquark between its two
rearrangement decay channels is predicted to be

L'(J/ye)
rovoey =23 (13)
and that for the lower tetraquark would be
TUND o4 (14)

r(D;*D;)

These two values are different and the ratio can be used
to uncover the nature of a 2** exotic state measured in fu-
ture experiments. The mass gap between both tetraquarks
is smaller than the width of any of them. It is also pos-
sible that only one state around 4.3 GeV be experiment-
ally observed, but there are actually two states. The com-
parison of measurements in future experiments with the
aforementioned width ratio between J/y¢ and D;*D:~
will be helpful to understand possible structures of the
observed state(s).

In the case of =0**, there are four possible cscs
tetraquarks. The estimated mass of the highest state
(4372.6 MeV) is close to the mass of X(4350). This res-
ult is consistent with the chiral quark model prediction of
Ref. [14]. According to Table 3, the width of the highest
state is approximately 74 MeV, which is larger than the

JPC

width of X(4350) (13*1®+4 MeV). Note that the experi-
mental value has a large uncertainty and we adopted a
crude model. Future studies are still needed. At present,
we can temporarily assign X(4350) as the highest cscs
tetraquark state with quantum numbers J7¢ = 0**. In this
case, our calculations indicate that its dominant decay
channels are J/y¢ and D:*D:~, which could be used to
test the assignment.

The lowest 0** cs¢s tetraquark has a mass of 3938.2
MeV and width of 31.8 MeV. It is a good candidate of
the recently reported X(3960). According to our results,
this scalar tetraquark decays dominantly into the 7.7
channel with the branching fraction Br[X(3938.2) —
n.p =89%]. Although the coupling with the channel
DDy is also strong, the suppressed phase space results in
a small partial width. With the assignment of X(3960) as
the lowest scalar ¢s¢5 tetraquark state, we predict a de-
cay ratio of

L'(nen)
o) 7.8. (15)
The search for X(3960) in the 7.1 and DY D; channels and
check of this ratio can help better understand the nature
of this exotic state.

The mass and width of the second lowest 0** cscs
tetraquark are estimated to be 4078.5 MeV and 60.2
MeV, respectively, from our model. This mass is approx-
imately 55 MeV smaller than that of X,(4140) [1], but the
width is consistent with that of X,(4140). If X((4140) can
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be interpreted as this cscs tetraquark, the ratios between
different partial widths are

') :Tyen) : T(DID;)~1:1.6:3.2, (16)

which can be tested in future experiments.

The second highest 0** state has a mass of 4249.0
MeV and a width of 36.3 MeV. At present, no experi-
mentally observed state can be related to this tetraquark,
but its existence is possible. Although X(4274) has a sim-
ilar mass and width, the quantum numbers are different.
Further search for a cscs state around 4250 MeV in the
channel J/y¢, n.a', n.n, DD, or DID; is strongly
needed.

In the 17~ case, there are four csc5§ tetraquark states.
According to Table 3, the widths of these states are all
around 50-90 MeV. For the lightest state, the coupling
with the 7.¢ channel is weak and the corresponding par-
tial width is extremely small. Therefore, this tetraquark
has three dominant rearrangement decay channels. The
width ratios between them are

T(J/yn) :T(JJym) :T(D:D,)~15:41:1.0,  (17)

where D:D; simply means the C-odd D:*D; /D! D:~ state.
For the second lowest state, its mass is close to that of
X,(4140). One may choose J/ym', J/¥m, n.¢, and DD to
detect this tetraquark. Their dominant decay modes are
n.¢ and D:D; and a ratio T'(n.¢) : [(D:D,)~0.7 is pre-

dicted. For the second highest state, it is around the
threshold of D:*D!~ and has two dominant rearrange-
ment decay modes, namely 7.¢ and D:D,. The channels
JIyn', J/yn, and D:*D:~ are suppressed. This tetraquark
has similar properties to those of the second lowest one.
For the highest state, which is around 4.3 GeV, it mainly
decays into 7.¢ and D:*D:” with a ratio I'(5.¢):
I'(Di*D;™) =~ 0.2. So far, no exotic states can be assigned
as the 17~ c¢sc§ tetraquarks. Whether such states exist or
not needs to be determined by future measurements.

IV. DISCUSSIONS AND SUMMARY

The above results were based on the assignment of
X1(4140) as the lower 1** ¢sc5 tetraquark. Now, we ana-
lyze the case using the mass and width of X(4274) rather
than X,(4140) as inputs. Assuming that X(4274) with
mass 42865 MeV and width 51+7 MeV [64] corres-
ponds to the higher 1** cscs tetraquark, all the tetra-
quark masses in Table 2 would be 27.6 MeV lower. Ta-
ble 4 lists the width results we obtained. All of them are
smaller than those in Table 3. In this case, the mass of
X,(4140) is perfectly consistent with the updated value
for the LHCb measurement [12], but the width is much
smaller. The estimated mass of the lowest 0™ state is ap-
proximately 45 MeV smaller than the measured value of
X(3960) [1]. The obtained width (19.4 MeV) is also smal-
ler than the measured value, i.e., 43713 MeV. The second
lowest 0** state is approximately 82 MeV below the
measured mass of Xy(4140) and its width is smaller than
the measured one, which makes the interpretation of

Table 4. Rearrangement decays for the cscs states resulting from assigning X(4274) as the higher 1** c¢sc§ tetraquark. The numbers in
parentheses are (100[M[?/C?,T), where the coupling parameter C is extracted from the width of X(4274) (51 MeV [64]). The partial

width I" and total width Ty, are expressed in units of MeV.

Jre Mass Channels Csum
Jve Dyt Dy
- [ 42893 ] { (83.4,35.6) | { (47.5,14.3) } { 499 ]
| 4267.0 | (16.6,6.7) | (52.5,12.9) 19.6 |
Jiyg (Dy*D; —=DEDY)/ V2
o [ 4286.0 ] { (99.8,42.3) | { (8.2,8.7) } { 51.0 |
| 41188 | (0.2,0.0) (91.8,45.2) 452 |
JIpé nen’ el DDy~ D; Dy
[ 4345.0 ] (57.1,27.5) | (0.0,0.0) (0.0,0.0) [ (52.8,21.2) (0.1,0.1) [ 489 ]
- 42214 (39.5,13.5) (0.8,0.4) (0.7,0.6) (42.7,-) (23,1.5) 16.0
4050.9 (3.1,-) (18.0,6.6) (16.0,11.5) (3.8,-) (49.2,21.3) 39.5
| 3910.6 | 0.3,-) (34.0,-) | (30.3,19.4) | 0.8,-) | (48.4,-) | 194 |
T Tjum ned DDy (D D5 + DD/ V2
[ 42804 ] (0.9,0.4) (0.8,0.6) (8.5,4.7) [ (97.7,27.4) (0.2,0.2) [ 333 ]
- 41975 (3.0,1.2) (2.7,1.9) (36.8,17.4) (1.6,-) (23.4,19.5) 39.9
4139.2 (2.2,0.7) (1.9,1.3) (54.5,22.0) 0.1,-) (49.6,30.0) 53.9
| 4062.1 | (46.9,4.4) (41.7,26.3) (0.2,0.1) 0.6,-) (26.8,-) | 308 |
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X0(4140) as cscs less reliable. The highest 0** state has a
mass closer to that of X(4350) than the previous case, but
the width is still larger than the measured value. Compar-
ing the possible tetraquark interpretations in the case us-
ing the LHCD results for X;(4140) obtained in Ref. [11]
with those of the case using X(4274) as the reference
state, it is concluded that the former case provides a bet-
ter description than the latter one.

Up to now, we considered only one case for the mass
and width of X,(4140) taken from Ref. [11]. We may also
adopt the PDG values [64] or updated LHCb values [12]
as inputs. Tables 5 and 6 show the obtained results in
these two cases, respectively. The masses using the PDG
values are the same as those in the last section, but the
widths are much narrower. The width of the higher 1**
state is at least 26 MeV smaller than the PDG result for
X(4274). Although the width of the highest 0** state is
compatible with that of X(4350), the width of the
(second) lowest 0** state is at least 20 (34) MeV smaller
than that of X(3960) (X,(4140)). Therefore, the tetra-
quark picture using the PDG values is not as good as the
case considered in the last section. In the case using the
updated LHCb values, the masses are approximately
equal to those of the case using X(4274) as the reference
state, but the widths are much larger. This feature of the
width leads to an unacceptable interpretation for X(4274),
X(3960), X((4140), and X(4350) as cscs tetraquarks.

Let us now analyze the width ratios mentioned in the
last section. When comparing such ratios between the
above mentioned four cases, it is found that the width ra-
tio of a tetraquark is mainly affected by whether the tetra-

Table 5.

quark has the same channels. When the decay channels
are the same in these cases, the width ratios are not af-
fected much. When a channel is kinematically forbidden
in some cases, the ratio changes accordingly. The in-
volved cscs tetraquarks are the highest 0**, second low-
est 07, and highest 1*~ states.

From the above discussions, the calculated masses
and widths of csc5s tetraquark states using the reference
state X;(4140) whose mass and width are determined in
Ref. [11] are more reasonable than other cases. Given that
the input width of X,(4140) still has large uncertainty, the
obtained tetraquark widths may be updated. As a model
calculation to understand the properties of the observed
exotic states, we considered only the ¢s¢s component in
the present study. In fact, a physical charmonium-like
state is probably a mixture of c¢, cnén (n = u,d), and cscs
components. The possible assignments discussed in the
last section may be improved once the mixture configura-
tion can be considered. In that case, one would probably
find appropriate positions for more states such as X(3930)
[66, 67].

In a previous study [60], we presented the K factors
for various cscs tetraquark states. According to those res-
ults, we argued that the highest 2**, highest 1**, and
second highest 0** state are probably more stable than
other states. According to Table 3, the estimated decay
widths do not always satisfy this feature. The reason is
that the decay width of a tetraquark is affected by the
coupling matrix element, phase space, and number of de-
cay channels, while the K factors are just directly related
to the coupling matrix elements [58].

Rearrangement decays for the cscs states resulting from assigning X;(4140) as the lighter 17+ ¢scs tetraquark. The numbers

in parentheses are (100|M|?/C?,T'), where the coupling parameter C is extracted from the PDG width of X;(4140) (19 MeV [64]). The

partial width I" and total width T are expressed in units of MeV.

Jre Mass Channels Tsum
Iy DDy~
- { 4316.9 | { (83.4,12.3) } { (47.5,5.5) } { 178 ]
4294.6 | (16.6,2.3) (52.5,5.3) 77 |
Iy (D*D; -D! D)/ \2
o { 4313.6 | { (99.8,14.6) } { (8.2,3.0) } { 17.6 |
4146.5 | (0.2,0.0) (91.8,19.0) 19.0 |
Iy nen’ el Dy*Dy” D; Dy
[ 43726 [ (57.1,9.4) ] [ 0.0,00) ] [ 0.0,00) ] (52.8,7.5) (0.1,0.0) [ 169 ]
- 4249.0 (39.5,4.9) (0.8,0.2) (0.7,0.2) (42.7,2.6) (2.3,0.5) 8.3
4078.5 (3.1,-) (18.0,2.4) (16.0,3.8) (3.8,-) (49.2,7.6) 13.8
| 39382 0.3,-) | (340,-) | | (30.3,65) | 0.8,-) (48.4,0.8) 7.3
Iy’ Jym Ned DDy~ (D D; + DI D)/ V2
[ 4308.0 [ 09,01 ] [ ©08,02) ] [ 85,16 ] (97.7,10.7) (0.2,0.1) [ 127
- 4225.1 (3.0,0.4) (2.7,0.6) (36.8,5.9) (1.6,0.0) (23.4,6.9) 13.9
4166.9 (2.2,0.2) (1.9,0.4) (54.5,7.7) 0.1,-) (49.6,11.6) 20.0
| 4089.8 | 46.9,3.1) | | 41.7,8.7) | | 02,00) | 0.6,-) (26.8,2.1) | 140
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Table 6.

Rearrangement decays for the c¢scs states resulting from assigning X;(4140) as the lighter 1** cscs tetraquark. The numbers

in parentheses are (100|M|?/C?,T"), where the coupling parameter C is extracted from the updated LHCb width of X;(4140) (162 MeV
[12]). The partial width I" and total width T'em are expressed in units of MeV.

Jrec Mass Channels Tsum
I/ DDy
- { 42884 ] { (83.4,128.8) } { (475,51.5) } [ 1803
4266.1 (16.6,24.2) (52.5,46.4) L 706
JIye (D;*D; ~DiD;)/ V2
- { 4285.1 | { (99.8,152.9) } { (8.2,31.5) } [ 1843
4118.0 | (0.2,0.0) (91.8,162.0) | 162.0
Iy e el] DDy DiD;y
[ 43441 | [ (57.1,99.6) ] (0.0,0.1) (0.0,0.1) [ (52.8,76.5) ] (0.1,0.4) [ 1767
- 4220.5 (39.5,48.6) (0.8,1.6) (0.7,2.1) (42.7,-) (23,54) 577
4050.0 (3.1,-) (18.0,23.9) (16.0,41.8) (3.8,-) (49.2,77.0) 142.7
| 3909.7 | (0.3,-) (34.0,-) | (30.3,70.3) | (0.8,-) (48.4,-) | 703
Iy’ Jlym e DDy~ (D¥*D; + DD/ V2
[ 42795 ] (0.9,1.5) (0.8,2.0) [ 85169 1 [ (977,987 ] (0.2,0.9) [ 1199
- 4196.6 (3.0,4.3) (2.7,6.8) (36.8,62.7) (1.6,-) (23.4,70.3) 144.2
41384 (2.2,2.4) (1.9,4.7) (54.5,79.4) 0.1,-) (49.6,107.8) 1942
| 40613 | | 469,15.1) | | 41.7,953) | (0.2,0.2) (0.6,-) (26.8,-) | 110.6

To summarize, we studied properties of the compact
cscs tetraquark states in the present study. The masses
and rearrangement decay widths were estimated under the
assumption that X(4140) is the lower 1** ¢s¢5§ tetraquark.
Our results show that the recently reported state X(3960)
announced by the LHCb Collaboration [1] could be as-
signed as the lowest 0** csc5 tetraquark, and X(4350),
observed by Belle [5], as the highest 0** tetraquark. Our
results also suggest that X,(4140) may be a candidate for

the second lowest 0" cscs tetraquark. The ratios
between partial widths of dominant channels for these an-
nounced states were predicted. If all the compact cs¢s tet-
raquarks exist, besides these five candidates, seven states
are still awaiting to be observed. Four of them have
quantum numbers J*¢ = 1", two of them have J©¢ =2**,
and one of them has J7“ = 0**. Possible finding channels
for them are presented. Hopefully, these predictions will
be confirmed by future experimental data .
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