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Strangeonium spectrum with screening effects and interpretation
of 1;(1911) and X(2300) observed by BESIII
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Motivated by two new states /;(1911) and X(2300) observed by BESIII, we have investigated the mass
spectrum and the strong decay properties of the strangeonium mesons within the modified Godfrey-Isgur
model by considering the screening effects. We have determined the free parameters using the masses and
widths of the well-established s5 states ¢(1020), ¢(1680), b (1415), f5(1525), and ¢3(1850). According
to our results, &;(1911) and X(2300) could be well explained as h;(2!P;) and h,(3'P,) s5 states,
respectively. Meanwhile, the possible assignments of X(2000), 17,(1870), and ¢(2170) as 3*S;, 1' D5, and
23D, are also discussed. Furthermore, the masses and widths of the 25, 35, 1P, 2P, 3P, 1D, and 2D s5
states are also given and compared with various theoretical predictions, which will be helpful for the
observations and confirmations of these states in the future.
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I. INTRODUCTION

The strangeonium states lying between the light ¢g states
and heavy QQ states are related to the long-range inter-
actions, and studying the ss meson system is crucial to
deepening our understanding of the nonperturbative prop-
erties of quantum chromodynamics (QCD) [1-12].
However, for a long time, only several strangeonium states
have been well established—i.e., ¢(1020), ¢(1680),
hi(1415), f4(1525), and ¢5(1850) [5]. Meanwhile, the
mixing between the singlet and the octet caused by the
SU(3) flavor symmetry breaking also complicates our
understanding of the strangeonium states. Systematically
studying the s¥§ states can help us to distinguish between
traditional gg states and non-gg states.

As a powerful platform to study the s5 state, the BESIII
Collaboration has performed a partial wave analysis of the
process J /y — ¢’y in 2023, and observed two new states,
hy(1900) and X(2000), with statistical significances of
24.00 and 16.9¢ in the ¢n invariant mass distribution
[13]. The quantum numbers, mass, and width of 7;(1900)
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are JPC=1t", M=1911+6+14 MeV, and T'=
149412 +23 MeV, and those of X(2000) are J7€ = 17,
M=1996+11+30MeV, and I' = 148 + 16 = 66 MeV.

It should be pointed out that another state with mass
around 2.0 GeV was also observed in the ¢r' mass
spectrum of the process J/w — ¢ny’ by BESII in 2019
[14]. Its mass and width are given by M = 2002.1 £
275+ 150MeV and I'=129+17+7 MeV when
assuming the spin-parity quantum numbers J* = 1~ for
this state. However, when regarding the state as J© = 17,
the mass and width will be M = 2062.8 + 13.1 4.2 MeV
andI' = 177 £ 36 + 20 MeV. Since the mass and width of
this state observed in Ref. [14] are consistent with those of
X(2000) observed in Ref. [13] within the experimental
uncertainties, the two states could be the same state.

Furthermore, recently BESIII has also reported another
new state, X(2300), by a partial wave analysis in the
process y(3686) — ¢ny’ with a covariant tensor approach,
and determined the mass M = 2316 + 9 £+ 30 MeV and
width 89 £ 15 4+26 MeV [15]. These newly observed
states 7;(1900), X(2000), and X(2300) further enrich
the 55 spectrum.

The spectrum of the s5 states has been studied in many
works. For instance, in Ref. [8], by using a modified Godfrey
and Isgur model (MGI model), the ¢ family has been well
studied. In this work, the new observed state X (2000) in 2019
is explained as the ¢(3S), and the state ¢p(2170) [also named
Y(2175)] is assigned as the ¢(2D) state. Furthermore, some
states such as f,(2010), f,(2150), X(2060), and X (2500)
can also be explained as strangeonium states based on a
nonrelativistic linear potential quark model [5]. The spectrum
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of the s¥ states—especially the excited states—has not yet
been well established, and the recently observed states could
shed light on this issue.

As we know, many potential models have been developed
to study the hadron spectrum [6,16-20]. In these models, the
potential between quarks usually includes a Coulomb term at
short distances and a linear confining term at large distances.
Due to the fact that these models explain hadron states based
on the fundamental assumptions of ¢g and ggg without
coupling with other components, they are commonly referred
to as quenched quark models. However, as more and more
hadron states are discovered in experiments, many of them
can no longer be well explained by quenched quark models.
Except for developing some exotic state models such as
multiquark state models, molecular state models, efc., the
unquenched model is also a good candidate in this direction.
The unquenched effects could come from the contributions
of the fluctuation caused by sea quarks and the vacuum
polarization effects. The previous one causes the coupled-
channel model [21-28], and the latter causes the screened
potential model [29-39]. These effects can cause mass shifts
with respect to the predictions of the quenched quark models.
In fact, both the coupled channel model and the screened
potential model have similar features under certain condi-
tions [32]. The MGI model is developed by combining the GI
model and screening effects [36-39], where the linear
potential in the GI model is replaced with a screened
potential, which is important for high excited states.

Thus, inspired by new observed states, we will system-
atically study the spectrum and decay properties of the
strangeonium by using the MGI model and the 3P, model.
We will investigate the possible assignments of the ss
states, especially /;(1911) and X(2300). Furthermore, we
will calculate the masses and strong decay properties of
other S-, P-, and D-wave mesons, and discuss the possible
assignments of the states X(2000), 7(1870), and ¢(2170).

Recently, we noted that Ref. [40] has studied the mass
spectrum and Okubo-Zweig-lizuka (OZI)-allowed two-
body decays of axial-vector mesons, including X(2300),
by, hy, and k. They computed the mass spectrum and wave
functions by diagonalizing the Hamiltonian matrix using a
harmonic oscillator basis. Their conclusion that /;(1911)
can be assigned as h;(2'P;) aligns with our results.
However, while we interpret X(2300) as h;(3'P,), its
mass and width remain unexplained in Ref. [40].

This article is organized as follows: In Sec. II, we give a
brief introduction of the modified GI model and the 3P,
model. In Sec. III, the numerical results are presented. The
summary is given in Sec. IV.

II. FORMALISM
A. Modified Godfrey-Isgur model

In this section, we briefly introduce the modified GI
(MGTI) model. First, for the GI model, the Hamiltonian of a
meson system with gg is defined as [6]

H=(p>+m2)'2+ (p* + m2)'? + Ve (p.r), (1)
with

) ) f7h
Ver(p.r) = H + Hip + HY (2)

where A is spin—indepizndent potential, I:Igép is color-
hyperfine interaction, and Hy? is spin-orbit interaction. The
explicit expression of HSM, I:Igép, and HS¢ are given in
Refs. [37,41,42].

The spin-independent potential H ;‘,’—I“f contains a constant

term, a linear confining potential, and a one-gluon exchange
potential

HM = G(r) + 8(r), (3)

&(r) = —zk:‘gir" {iﬂ A e‘xzdx}, 4)

2.2 .

~ e %" 1 2 ij’ 2
S(ry=0»b 1 — —d ,
") r[\/ﬁ"ierr{ +26u’2r2} \/77/0 ‘ x] e
(5)

where
1 1 1

=3t 3 (6)

Tkij Tk Oijj

By considering the strengths of the various interactions
depending on the center-of-mass (c.m.) momentum of the
interaction quarks, the potentials should be revised by the
momentum-dependent factors. Then, the Coulomb term,
the contact, tensor, vector spin-orbit, and scalar spin-orbit
potentials should be modified according to

G(r) — <1 +Ep2 )1/26(;»)(1 L >1/2,

1E> E\E,
Vi(”)_) mymy\ 24 Vi(r) (mym, 1/2“"’ (7)
myny E\E, mymy \ EVE,

where ¢; is the parameter of each term, and i corresponds to
the contact (c), tensor (¢), vector spin-orbit [so(v)], and
scalar spin-orbit [so(v)] terms [6].

Now, the effective potential of the Hamiltonian is
expressed as
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Gr(r) = 1+ p? 1/2G(r) - P2\ 12 S, .Llaébﬁ(v) +S2 ,Llaézg(v) . (S, +5,) .Llaéig(v)
B B EiE 2mr o or 2my> r or mym, r Or
2S 52 Sl.?z.;f_lsl,sz 02 19
VZG 3 G )
" Smim, 3mym < mymy o2 ror) " (8)

with

S, -L198%" s, -L10sy"
2m? r or 2m3 r or

Seff(r) = S(F) -

©)

where L and S are the orbit and spin quantum numbers. The subscripts 1 and 2 in the above expression correspond to the
quark and antiquark of a meson.

The modification of the GI model is achieved by introducing the screening effects into the initial GI model, which can be
taken into account by making a replacement as

b(1 —etr)

br = V¥ (r) =
(r) p

(10)

With this modification, the final expression for V*¢"(r) is shown as [37]

y b s Y 2107 /““’“ ) 1 L1 —2rc? / 2 1
Vser(p) = ot dx — = | et e Vdx—=)|. (11
(r) o r+e o <\/_ x5 ei? 20 \vz =5 (11)

B. The 3P, model

The two-body Okubo-Zweig-lizuka (OZI)-allowed strong decay behaviors are discussed by the 3P, model, which was
first proposed by L. Micu in 1969 [43] and then developed by A. Le Yaouanc et al. in the 1970s [44,45]. At present, it has
been developed as an important tool for studying the strong decay properties of hadrons [35,46-50]. In the *P, model, the S
matrix of the decay A — BC is defined as

S =1-2mi8(E; — E;)T. (12)

The transition operator 7 in the above expression is shown as [22,23,51]

—-p
7= =3y (1t = mi00) [ s os -7 (PGP ) ), (13)
|

where the indicators 3 and 4 in the above formula MLS(P) = Z (LM SMg|J M, )
correspond to the quark pairs generated by vacuum, and My My
its strength is represented by the dimensionless parameter . Ms ML
The vectors p; and p4 are the momenta of the quarks g5 and X (JgM;,JcM; |SM)
44, respectively. )(1 " (3)4,and w(3)4 are the spin, flavor, and [
color wave functions of the g3g,, respectively. The solid X / dQY ]y, M (P), (14)

harmonic polynomial Y'(p) = |p|'Y7(6,.¢,) represents

the momentum-space distribution of ¢3g,. It should be

pointed out that the meson-space wave functions of the =~ Where MMiMipMic (P) s the helicity amplitude and is
initial state A, and the final states BC, are obtained by  defined as

solving the MGI model in our calculations.

The partial wave amplitude ME5(P) of the decay A —
BC can be given by [52] (BC|T|A) = &*(Py — Py — Po) MM uMsoc (P). (15)
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TABLE 1. Parameters of the modified Godfrey-Isgur model.

Parameter Value

m, 0.22

my 0.22

my 0.419

b 0.19318 GeV?
c —0.249 GeV
oy 1.8401 GeV
s 1.554

€. —0.168

€ 0.025
€50(V) —-0.035

€50 (8) 0.05

U 0.05

Here, |A), |B), and |C) denote the mock meson states
defined in Ref. [53].

With the above amplitude, the decay width I'(A — BC)
can be obtained by

z|P|

I'A - BC) =—— Ls(p 2, 16
(4= B0 = AASIME@P. (1)
where |P| _ \/[Mf\—(MBJrMc)Z][Mi—(MB—Mc)z]’ and M,, My,

oM,
and M are the masses of the mesons A, B, and C,
respectively.

III. RESULTS AND DISCUSSIONS

In this work, only the pure ss states are investigated.
For strangeonium, we use ¢(1020), ¢(1680), h;(1415),
f5(1525), and ¢3(1850), which can be regarded as good
candidates of ss states [5], to fit the model parameters.1
However, these states are not enough to fit all model
parameters. So, we only fit a few parameters which have
significant impact on the model’s predictions, such as b, c,
o, s, and p. All the parameters involved in the MGI model
are listed in Table I. With these parameters, the spectrum
and the strong decay properties of strangeonium are
tabulated in Tables II-V, respectively. There are discrep-
ancies between our parameters and those used in Ref. [40].
In Ref. [40], the parameters are fitted to the experimental
data of the 17~ states, while in this work, the parameters of
the MGI model are fitted using established strangeonium

"It is worth noting that the &, (1595) shares the same quantum
numbers with the h,(1415), while Ref. [40] regards the
h,(1595) as a candidate for the 2! P, ¢g (¢ = u, d), the partner
of the h;(1900). We have reevaluated this assignment by
treating the /;(1595) as the 1' P, s5 state. Our analysis shows
that the predicted mass (1460 MeV) of the 1P, s5 state aligns
more closely with the /;(1415) than with the A;(1595). There-
fore, in this work, we adopt the 4 (1415) as the 1!P; s5 state,
consistent with Refs. [5,54].

states [e.g., ¢(1020), ¢(1680), hy(1415), f5(1525), and
$3(1850)] as benchmarks. Additionally, the exact uncer-
tainties of the predictions are difficult to determine, though
they are typically estimated to be around 20%—30% [34,55].

A. S-wave s5 states

The lowest S-wave vector s3 state is ¢(1020), which is
observed in a bubble chamber experiment at Brookhaven in
1962 [60], which has been confirmed by a large number
of experiments. Its mass and width are given by M =
1019.461 £0.016 MeV and I'=4.249+0.013 MeV [56].
The state can be well explained as 1°S [5]. Our prediction
of its mass is 1020 MeV which supports the assignment of
#(1020) as 13S;.

For the 2S-wave state s§, currently there is no exper-
imental data available for the state 2'S,, and our predicted
mass is 1542 MeV, as shown in Table II, which is close to
the predicted mass 1578 MeV based on the GI model [57]
and 1536 MeV based on Regge trajectories [58]. Compared
with different model results, the mass range of the state
218, s5 should be 1440-1630 MeV, and its main decay
mode is K*K with width 147 MeV, as shown in Table III.
For the 2S-wave vector meson, ¢(1680) is a good candidate
of 23S,. The state was first discovered in e*e™ — K K*7T
with an observed mass 1680 4+ 20 MeV and a width 150 +
50 MeV [56,61]. Our predicted mass and width can well
match the experimental values, especially the mainly decay
modes KK, K*K, and 5¢.

By now, there is no observation of the 318, s5 state in
experiments. As shown in Table II, the predicted range mass
is 1970-2144 MeV. Based on the P, model with wave
functions obtained using the MGI model, we predict the
width 158 MeV for this state, and the dominant decay modes
are K*K, K*K*, K;(1430)K, K3(1430)K, 1f(1370), and
nf1(1420). For the 33S, state, the predicted mass range is
2092-2250 MeV from various models, as shown in Table II,
and our predicted width is 118 MeV. By comparing the mass
and decay width, we support assigning X(2000) [M =
1996 + 11 =30 MeV and I' = 148 +£ 16 + 66 MeV] as a
338, vector meson.

B. 1P-wave ss states

The four 1P-wave states are the states with the most
abundant experimental information. For the states 13P,
1'P,, 13P,, and 13P,, our predicted masses are 1340 MeV,
1460 MeV, 1464 MeV, and 1523 MeV, respectively, as
shown in Table II.

For the f(1370) case, the amplitude analysis of the K K g
system produced in the radiative decays of J /y gives its mass
M = 1350 & 97)? MeV and width ' = 231 4+ 21775 MeV
[62]. Recently, the coupled-channel analysis of pp —
2°72%, 7%m, and K*K°z% at 900 MeV/c and of zx
scattering data gives its 7-matrix pole (1280.6 £ 1.6 &
474) —i(205.2 + 1.7 £20.7) MeV [63]. The study of
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TABLE II. The mass spectrum (in MeV) of the strangeonium.

nSHL J States RPP [56] This work QL [5] GI [6] XWZZ [57] EFG [58] SIKY [59] Pang [8] VFV [54]
1S, 657 797 960 657 743 690 956
135, $(1020) 1019.461 +£0.016 1020 1017 1020 1009 1038 1020 1030 1020
21S0 1542 1619 1630 1578 1536 1440 1795
238, $(1680) 1680 + 20 1646 1699 1690 1688 1698 1740 1687 1726
31S0 2022 2144 2125 2085 1970

338, X(2000) 1996 + 11 £ 30 2092 2198 2204 2119 2250 2147

1P, fo(1370) 1200 — 1500 1340 1373 1360 1355 1420 1180

11P1 hy(1415) 1409f§ 1460 1462 1470 1473 1485 1460 1511
13P1 f1(1420) 1426.3 £0.9 1464 1492 1480 1480 1464 1430 1508
13P2 f/2(1525) 15174 +£2.5 1523 1513 1530 1539 1529 1480 1556
23P, 1907 1971 1990 1986 1969 1800

2'P, X(1911) 1911 £ 6+ 14 1934 1991 2010 2008 2024 2040 1973
23P1 1948 2027 2030 2027 2016 2020

23p, 1969 2466 2480 2412 2540

33P0 2290 2434 2444 2364 2280

3P, X(2300) 2316 +9 + 31 2301 2435 2449 2398 2490

33P1 2314 2470 2468 2403 2480

3%pP, 2329 2466 2480 2412 2540

1°D, 1832 1809 1880 1883 1845 1750 1869

1'D, 1,(1870) 1842 + 8 1848 1825 1890 1893 1909 1830 1853
1°D, 1857 1840 1910 1904 1908 1810

13D, $3(1850) 1854 + 7 1853 1822 1900 1897 1950 1830 1875
23Dl $(2170) 2164 + 6 2220 2272 2342 2258 2260 2276

2'D, 2220 2282 2336 2321 2340

2°D, 2229 2297 2348 2323 2330

23D3 2223 2285 2337 2338 2360

the isoscalar scalar mesons and the scalar glueball from In 2018, the BESII Collaboration has observed

radiative decays of J/y gives its T-matrix pole (1370 +
40) — i(195 £ 20) MeV [64]. This information shows that
the f(1370) mass has a large uncertainty, but its average
mass value is about 1200-1500 MeV, which is consistent
with our prediction within error bars. Besides this, we have
also calculated its strong decay properties in Table I1I, and the
predicted total width is I' = 307 MeV, and the dominant
decay modes are KK and nn, which are in agreement with the
experimental measurements. The ratio of the partial widths of
two channels is I',,, /T'x ¢ = 0.29, which is close to the result
0.20 of Ref. [5].

hy(1415) with mass 1423 £2.1 £7.3 MeV and width
90.3 £9.8 £17.5 MeV in the process J/y — nKKnx
[65]. Later, BESIII has reported the /;(1415) in the partial
wave analysis of J/y — yi'n, and has determined the mass
and width to be 1384 +67) MeV and 66 + 1017 MeV
[66], respectively. Theoretically, the state /;(1415) can be
explained as a dynamically generated resonance of the
pseudoscalar-vector interaction [67,68], a mixed state of a
singlet and an octet with mixing angle 29.5° [9], or a pure
ss state in the constituent quark model [5,54]. Our
predicted mass 1460 MeV is larger than the experimental

TABLE IIl. The decay widths (in MeV) of strangeonium. The data in {braces} indicates that the width is calculated by using the
experimental initial-state mass.

n2S+1LI 13S1 21S0 23S1 13P0 11P1 13P1 13P2

KK 0.8 {0.8} 15.9 {15.2} 238.4 20.9 {20.3}
K*K 147.3 114.4 {127.7} 138.6 {81.6} 278.0 {210.5} 5.9 {5.3}

m 17.1 0.7 {0.7}
' e e 0.0007 {0.0003}
ng 2.4 {4.0)

Total 0.8 {0.8} 147.3 132.7 {146.9} 255.5 138.6 {81.6} 278.0 {210.5} 27.5 {26.3}
Exp. 4.249 +0.013 e 150 £+ 50 200 — 500 78 + 11 54.5+2.6 86+5
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data but consistent with other theoretical results as shown in
Table II. Thus, we adopt two choices of mass as input to
calculate the strong decay properties. First, assuming
hi(1415) as a 1'P, s5 state with the predicted mass
M = 1460 MeV, and the corresponding total decay width
is predicted to be I' = 139 MeV, which is larger than the
average experimental value 78 + 11 MeV [56]. Second,
using the experimental mass M = 1409 MeV as input, the
corresponding calculated width will now be I = 82 MeV,
which is consistent with experimental data. It should be
pointed out that with the assignment of the 1'P; s5 state,
the h,(1415) state can only decay into the KK* channel.

There are some different explanations for the f;(1420),
such as a candidate of the 13 P, s5 state, a hybrid state [69],
and a KK* molecule state [70]. Besides this, in Ref. [71],
by studying the production and decay of the f(1285) into
7ay(980) and K*K, the f;(1420) is not a genuine reso-
nance. The experimental information of f(1420) has not
been updated for a long time. The latest experimental mass
and width are given by the L3 Collaboration in 2007
with M = 1434 £5 + 5 MeV, and by the DELPHI Col-
laboration in 2003 with M = 1426 £ 6 MeV and I' =
514 14 MeV [72]. Considering f,(1420) as a 13P, s3
state, we predict its mass M = 1464 MeV, which is larger
than the experimental value 1426 MeV but is close to other
theoretical results shown in Table II. The KK* is the only
dominant strong decay mode, which is the same 1' P, state.
The width of f(1420) is predicted to be I' = 278 MeV if
the theoretical mass is used as input, and I' = 210 MeV
by using experimental mass, which are close to other
theoretical results [5,73], but larger than the experimental
data ' =54.5+2.6 MeV. However, as discussed in
Refs. [5,73], this discrepancy could be due to the nearby
KK*(892) threshold effects, which can lead to strong
suppression of the resonant width.

The f5(1525) is widely regarded as the 1°P, s5
state [5,6,73,74]. Our predicted mass 1523 MeV is con-
sistent with experimental mass, but the predicted width is
30 MeV or 28 MeV, which are less than the experimental
value, 86+5MeV. However, the branching fraction
B(f5(1525) = KK) ~70% is close to the measured value
of 88% from RPP [56], and 70% from Ref. [5]. Besides, the
branching fraction B(f}(1525) — nn) ~ 10% is also con-
sistent with the results of Ref. [5]. Furthermore, the ratio
R, kg =Tyy/Tkg = 14% is also close to 13% from
Ref. [5] and 11.5% from RPP [56]. It should be noticed
that, although there is no experimental information avail-
able on the channel f}(1525) - KK*(892), it is also an
important decay mode. Its branching fraction is predicted to
be 20% in our model and 21% in Ref. [5].

It is noteworthy that the f%(1525) and f,(1370) states
may be interpreted as molecular states formed through
vector-vector interactions [75-79]. To investigate this
possibility, we repeated our analysis by omitting the

f5(1525) from the input dataset. We found that the fitted
parameters exhibit no substantial changes, and the resulting
predictions remain consistent. Future precision measure-
ments of the processes proposed in Refs. [76-79] could
help to clarify the nature of these states.

C. 2P-wave s§ states

We predicted the masses of the four 2P-wave s5 states,
which are 1907 MeV, 1934 MeV, 1948 MeV, and 1969 MeV
for 23P,, 2'P,, 2°P,, and 2°P,, respectively. Due to the
screening effects, our predicted results are smaller than the
other predictions, as shown in Table II. Comparing the mass
information, one can find that the new observed state
hy(1911) (M = 1911 £ 6 £ 14 MeV) can be a good can-
didate as an h,(2'P)) s5 state. Besides this, as shown in
Table 1V, the predicted total decay width is 112 MeV and
96 MeV, both of which are close to the measured data at
I'=149 £ 12 +23 MeV. This further supports the
hi(2'P,) s5 state assignment. The branching fractions of
the dominant channels are B(h; (2'P;) - KK*) ~ 56% and
B(h,(2'P,) - K*K*) ~ 36%, respectively.

D. 3P-wave s§ states

Recently, X(2300), with a mass of 2316 + 9 + 30 MeV
and a width of 89 £ 15 £+ 26 MeV, was first reported by the
BESII Collaboration. According to Tables II and 1V,
X(2300) could be a good candidate for the 3' P, s5 state
with predicted mass 2301 MeV and width 112 MeV or
123 MeV. Its dominant decay modes are KK*, K*K*,
K*K,p, and KK3(1430) with branching fractions 35%,
12%, 22%, and 26%, respectively.

For the other 3P-wave s5 states, our predicted masses and
widths are M (33P,)) = 2290 MeV, M (3*P;) = 2314 MeV,
M(33P,) = 2329 MeV, I'(3°Py) = 102 MeV, I'(33P,) =
113 MeV, and I'(33P,) = 82 MeV. The predicted masses
are smaller than the predictions of the other models due to the
screening effects. As shown in Table IV, the main decay
modes of 3°P, s5 state are KK(25%), K*K*(16%),
K*K,5(13%), KK,4(29%), and KK(1460)(14%), and
those of 33P, s5 state are KK*(27%), K*K*(18%),
K*K,3(17%), KK,(10%), and KK3(1430)(19%). The
33P, s5 state can mainly decay into KK*(23%),
K*K*(17%), KK,3(13%), and KK3(1430)(17%) final
states.

E. 1D-wave s5 states

The 13D, s5 state has not been established in experi-
ments yet. The predicted mass within the MGI model is
1832 MeV, which is comparable with the mass range 1750—
1880 MeV of the various quark models, as shown in
Table II. With the wave functions obtained using the
MGI model, the strong decay width is predicted to be
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TABLE IV. The decay widths (in MeV) of the S-wave and P-wave strangeonium. The data in {braces} indicates that the width is

calculated by using experimental initial-state mass.

n*tL, 318, 338, 2°Py 2'p, 2Py 2’P, 3P 3P 3P, 3%P,
KK 11.2 {9.9} S51.8 0.1 24.8 1.2
K*K 49.7 43.3 {25.1} - 58.7 {55.2} 58.7 15.8 39.4 {41.7} 313 19.2
K*K* 12.0 0.4 {6.5} 62.2 38.1 {37.0} 44.1 21.1 16.4 13.4 {15.3} 20.2 14.4
K;(1430)K 54.3 - 0.6 0.1 0.3 {0.5} 0.6
K(*)(1430)I_<* .. 0.5
K 3K 6.2 {9.0} 355 0.8 {0.7} 0.2 31.1 2.5 0.7 {0.7} 2.9 11.3
K p3K* 12.6 24.9 {23.0} 19.2 6.1
K. K 17.2 {6.7} 3.9 0.3 {0.1} 17.6 0.2 30.0 0.8 {0.9} 11.2 34
K K" 1.2 {6.0} 5.7 22
K3(1430)K 20.2 24.4 {4.1} 3.6 11.4 7.4 29.4 {33.1} 21.1 14.3
K§(1430)I_(* .. 7.6
nm 1.4 0.02 0.4 0.1
n' 0.1 0.1 0.03 0.1
' 0.01 0.3 0.1
neg 1.0 {0.3} 1.8 {1.5} . 0.9 {0.9}
n'e - 0.03 {0.01} . 0.5 {0.5}
KK(1460) - 10.8 {1.2} 13.9 1.0
nfo(1370) 6.0 0.05 0.1
nhy(1415) 1.1 {0.8}

nf1(1420) 4.9 0.1
nfh(1525) . 02 02
Total 147.0  115.6 {63.5} 1549  103.8 {94.5} 132.1 7577 101.0  111.6 {122.7} 1125  81.7
Exp. 148 + 16 £ 66 149 £12 £23 89 £15£27
178 MeV, and the dominant decay modes are KK, K*K, ['(KK*) 135 17
K*K*, K 3K, and 5. I(KK) 77 (17)

The 7,(1870) was first observed by the Crystal Ball
Collaboration in the process et e~ — e e na’z° with mass
1881 £32 £40 MeV and width 221 £+ 92 + 44 MeV
[80]. Based on the results of multiple experimental groups,
the current average experimental values of mass and width
for 17,(1870) with quantum numbers 1¢(JF€) = 07 (27F) is
M = 1842 +£ 8 MeV and I' = 225 £+ 14 MeV [56], which
are consistent with our prediction for the 1'D, state, as
discussed in Ref. [46]. Our calculations show that this state
mainly decays into K*K and K*K*, which should be
helpful to search for this state in experiments.

There is no candidate for the 13D, state by now. The
predicted mass of the 13D, state is 1857 MeV, close to that
of the 1' D, state. However, as shown in Table V, the 1°D,
state could decay into the #¢ channel that is forbidden for
1'D, due to the charge-parity conservation, which could be
used to distinguish these two states in the future.

The ¢3(1850) state was first found in the process K~ p —
KKA of a high statistics bubble chamber experiment [81].
The predicted mass, 1853 MeV, and width, 98 MeV, for the
1° Dy state are consistent with the experimental data of M =
1854 £7 MeV and I" = 87J_r22§ MeV. Besides, the decay
ratio predicted in this work is

which is also consistent with the LASS experimental data
0.551085 of Ref. [82].

F. 2D-wave s§ states

For the 2D-wave states, combining our and other
theoretical results as listed in Table II, we can estimate
the mass ranges of the four 2D-wave states as 2220-
2342 MeV, 2220-2340 MeV, 2229-2348 MeV, and 2223—
2360 MeV.

The ¢(2170) state was found in 2006 in the process
ete™ - K™K~ zny by the BABAR Collaboration with fitted
mass 2175 + 10 = 15 MeV and width 58 & 16 4+ 20 MeV
[83]. Subsequently, a large amount of experimental works
have confirmed the existence of this state. The latest
experimental results reported by BESIII in 2023 indicates
that its mass is 2178 20 £ 5 MeV and width is 140 +
36 &+ 16 MeV [84], and its internal structure are still in
debate [85,86]. Now, the quantum numbers of this state are
determined to be I6(JF€) = 0~(177). As shown in Tables II
and V, our predicted mass and width for the 2D, s5 state are
in agreement with the experimental data. Our results show
that this state can decay into the modes KK (13%), K*K (8%),
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TABLE V. The decay widths (in MeV) of the D-wave strangeonium. The data in {braces} indicates that the width is calculated by

using experimental initial-state mass.

n*SHL, 1°D, 1'D, 1°D, 1°D; 23D, 2'D, 23D, 23D;
KK 50.1 17.1 {17.2} 25.7 {242} 3.1
K*K 59.8 92.9 {91.7} 123.3 22.7 {22.9} 15.7 {12.4} 27.2 389 0.02
K*K* 5.1 24.2 {21.3}) 14.3 55.7 {56.7} 51.6 {40.5} 21.1 26.5 26.9
K3(1430)I_( 6.4 0.2
K(*)(1430)I_<*
K 3K 57.0 0.3 {0.2} 0.5 2.2 {2.3} 20.9 {18.1} 0.1 1.8 10.1
K gK* 6.2 {7.1} 11.5 12.9 7.1
KK 37.4 {17.9} 0.4 204 32
KIA]'(*
K3(1430)K 22.2 {17.0} 40.3 27.4 13.4
K§(1430)I_(*
m

;/];/I/ “ee e e e IR e e e
ne 29 12 0.2 {0.2} 0.2 {0.1} 1.0 0.1
0o 0.1 {0.1} 0.1 0.1
KK (1460) 23.9 {23.7} 3.7
nfo(1370) 04
nhy(1415) 0.8 {0.5} . 0.2 0.4
nf1(1420) 0.3
nf5(1525) 0.6
Total 174.9 117.3 {113.2} 144.2 97.9 {99.3} 204.7 {161.7} 108.4 129.3 68.1
Exp. . 225 + 14 L 871—%38 1061—12;;1 C. L L
K*K*(25%), K,pK(10%), K,zK*(3%), K,K(18%), IV. SUMMARY

K3(1430)K(11%), KK (1460)(12%), and nh,(1415)(1%),
while the K*K* mode is highly suppressed, and the decay to
¢n and ¢’ have been observed, according to the recent
BESIII results. Indeed, many studies show that the ¢(2170)
state has a molecular nature [87-90].

We have also calculated the masses and the decay
properties of the 2' D,, 2°D,, and 23 D5 states, which will
be helpful in the future experiments. It is shown that the
2'D, state can decay into K*K (25%), K*K* (19%),
K;(1430)K (5%), K zK* (10%), K3(1430)K (36%),
nfo(1370) (1%), nf1(1420) (1%), and nf5(1525) (1%).
The decay modes for the 23D, state are K*K (30%), K*K*
1%), KzK (%), KzgK* (10%), K 4K (15%),
K3(1430)K (21%), and n¢ (2%). For the 23D state, it
can decay into KK (4%), K*K* (39%), KzK (14%),
K 5K* (10%), K\, K (4%), K5(1430)K (19%), KK (1460)
(6%), and nh,(1415) (1%). Comparing the proportions of
each channel, the decay channel KK plays an important
role in distinguishing the states 2°D,, 23D; from 2'D,,
23D2, because the latter two states are forbidden to decay
into KK. Besides, the proportion of KK (13%) for state
23D, is larger than the one (4%) for the 23D, state. For
2'D, and 2°D,, our results show that the 23D, state can
easily decay into the mode K, K (15%), which is forbidden
for the 2' D, state.

Inspired by new observed states A, (1911) and X(2300),
we have systematically investigated strangeonium mesons
within the modified GI model and the 3P, model. In our
calculations, meson space wave functions obtained using
the MGI potential model are adopted to calculate the strong
decay widths.

Our calculations indicate that /;(1911) can be regarded
as a good candidate for 2' P, s5 state with the predicted
mass 1934 MeV and total width 106 MeV, which are
consistent with the measured data M =1911+£6+
14 MeV and I' =149+ 12 £23 MeV. The branching
fractions of the dominant decay modes are B(h,(2'P;) —
KK*)~56% and B(h(2'P|) - K*K*) ~36%. The
X(2300) state with mass 2316 +9 + 30 MeV and width
89 4 15 26 MeV can be well interpreted as a 3'P, s5
state. The experimental information is in good agreement
with our calculation of the mass 2301 MeV and width
112 MeV. Furthermore, the predicted dominant decay
modes are KK*, K*K*, K*K,, and KK3(1430).

Furthermore, we have also calculated the spectrum and
strong decay properties of S-wave, P-wave, and D-wave s§
mesons. The possible assignments of X(2000) and 1,(1870)
as 33S, and 1! D, are discussed. For the 2D-wave state, our
results support 2D, assignment for ¢(2170), which is
consistent with the conclusion of Refs. [5,8].
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