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In this work, we predict the spectroscopy behavior of these light unflavored vector mesons with masses
at the range of 2.4 ~ 3 GeV, which are still missing in the experiment. By presenting their mass spectrum
and studying their two-body Okubo-Zweig-lizuka allowed decay widths, we discuss the possible
experimental evidences of these discussed states combining with the present experimental data. Especially,
we strongly suggest that our experimental colleagues carry out the exploration of these higher states via the
e*e™ annihilation into light mesons. It is obvious that BESTIT and Belle II will be potential experiments to

achieve this target.
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I. INTRODUCTION

As a main body of the hadron family, light hadron
spectroscopy has special status in the whole hadron family,
which has inspired the classification of the hadron based on
SU(3) symmetry in 1964 [1,2], and has aroused the interest
from both theorists and experimentalists in exploring exotic
states like glueball, hybrid, and multiquark states [3-6].
With the running of BESIII and Belle II, it is a good chance
to launch a profound research on light flavor mesons,
which can deepen our understanding of how quarks and
gluons interact with each other to form hadrons.

Focusing on the study of light unflavored vector meson
spectroscopy, we find big progress being made by experi-
ments in the past years [7-9]. A typical example is the
observation of the Y(2175) [10] and the following meas-
urement [11-16] around the ¥ (2175), which have stimulated
extensive discussions of decoding the property of the
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Y(2175) [17-22]. Among these possible explanations to
the Y(2175), categorizing the Y(2175) into the ¢ meson
family is a popular one [17,23,24], which should still be
tested in an experiment. In fact, the light unflavored vector
mesons also include these states in the p and @ meson
families. With the accumulation of data with unprecedented
statistical accuracy, a series of p and w states around 2 GeV
were observed in experiments [25-33]. By the joint effort
from both theorists and experimentalists, our knowledge of
light unflavored vector meson spectroscopy below 2.2 GeV
has been promoted, which is the situation of the study of
unflavored vector meson spectroscopy. But, it is not the
whole aspect of light unflavored vector meson spectroscopy.

The experiments have released the data of e*e™ annihi-
lation into light mesons [34-37], where the collision energy
reaches up to ~3 GeV. When checking these data, we find
possible enhancement structures existing in the correspond-
ing invariant mass spectra with a mass range from 2.4 GeV to
3 GeV. For example, in the eTe™ — ortr 70 process [34],
several enhancement structures existing in the energy range
of 2.4 GeV are obvious. However, in the process of
ete™ — nt a7, we cannot find a conspicuous enhance-
ment structure [35]. Thus, we still need more precise data. In
the following, we can find many narrow structures above
24 MeV in the process of eTe™ — Ki°(1430)K~z*
reported by the BABAR Collaboration [36]. The cross
section of eTe™ — ¢f5(1525) was also measured by
the BABAR Collaboration. Here, there exists possible
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enhancement clusters around 2.7 GeVand a clear J /y signal
[36]. And then, the Belle Collaboration studied the process
of ete™ > ¢pntn~ and eTe™ — pf(980) [37], where the
event accumulation around 2.4 GeV and 2.6 GeV can be
found. We conjecture that these enhancement structures with
low significance can be due to these unknown light
unflavored vector mesons.

At present, our knowledge of higher states of the light
unflavored vector meson family, which have the masses
above 2.4 GeV, is obviously absent. This research status
causes us to reinforce the investigation of these higher
states of the light unflavored vector meson family, which
becomes a central task of this work.

In this work, we apply the modified Godfrey-Isgur model
[38] to present the masses distribution of the discussed
higher states of the light unflavored vector meson family,
where their spatial wave functions can be gotten numeri-
cally, which can be as the input of the following calculation
of their two-body Okubo-Zweig-lizuka (OZI) allowed
decays. For performing the realistic estimate of these OZI
allowed decays, the quark pair creation (QPC) model is
adopted here [39—41], which was applied to study the strong
decay of different kinds of hadrons [23,42-50]. We hope that
our study on mass spectrum and decay width of the p, w, and
¢ mesons in 2.4 ~ 3 GeV can provide valuable information
to the future experimental explorations.

As emphasized in Ref. [51], the BESIII experiment at the
BEPCII is still an ideal platform to hunt for light hadrons.
We have reason to believe that the present work can attract
the BESIII interest of studying this topic in an experiment.
In addition, the running of Belle II with the initial state
radiation method will be a potential experiment to finding
these discussed light unflavored vector mesons.

This paper is organized as follows. After the Introduction
in Sec. I, we present the spectroscopy behavior by the
modified Godfrey-Isgur (MGI) model and the QPC model,
where the mass spectrum and two-body OZI allowed strong
decays of these discussed higher states of light unflavored
vector meson are given in Sec. II. The possible experimental
evidence of these discussed states is given in Sec. II1. Finally,
the paper ends with a short summary in Sec. IV.

II. SPECTROSCOPY BEHAVIOR

There were different approaches to study the meson
spectroscopy, which include lattice QCD [52,53], Regge
trajectories [44,54,55], nonrelativistic potential models
[56-58], QCD string approaches [59,60], relativistic poten-
tial models [61,62], and so on. In this work, we adopt the
MGI model [38] by replacing the linear potential with the
screened potential in the Godfrey-Isgur (GI) model [63].
Here, the screened potential indicated by the lattice studies
[64,65] was employed in Refs. [66-68], which is also
inspired by the coupled-channel effects [69,70]. A suc-
cessful application of the MGI model is to depict the mass
spectrum of these observed charmed-strange mesons [38],
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FIG. 1. The procedure of presenting the aspect of light
unflavored vector meson spectroscopy.

where the masses of the most observed D, mesons can be
understood well. Later, the MGI model was further adopted
to perform the mass spectrum analysis of charmed mesons
[71], charmonia [72,73], and bottomonia [74]. Along this
line, in this work we still apply the MGI model to discuss
these higher states of the light unflavored vector meson
family. Besides the mass spectrum, the spatial wave
functions of these higher unflavored mesons could be
extracted for getting the two-body OZI allowed strong
decay widths via the QPC model. In Fig. 1, we show the
procedure of how to obtain the whole aspect of these higher
light unflavored vector meson spectroscopies.

A. Mass spectrum

The Hamiltonian depicting the interaction between quark
and antiquark in the MGI model is

H=\fmi+p 4 \[m+p + Vapr). (1)

where m; and m, denote the mass of quark and antiquark,
respectively. The effective potential of the gg interaction
has the form [38]

Ve (p.x) = HOGE 4 Feont, (2)

where the first term #°%F is a y* ® y, one-gluon-exchange
potential, which is a short distance interaction, and the
A in Eq. (2) is a long distance 1 ® 1 confining
interaction. The model includes smearing transformations
and momentum-dependent terms. Firstly, the smearing
transformations could be expressed as

Veff(p7r) = /d31’/,0ij<r - 1)V (p. 1), (3)
where the p;;(r—1r’) is the Gaussian smearing function
with

, U?j -2, (r-1')?
p,-j(r—r) :72'3/28 Y > (4)
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The parameters o and s in Eq. (5) could be determined by
the spin splits of the mesons.

The HOCF in Eq. (2) contains Coulomb, contact, tensor,
and vector spin-orbit terms, i.e.,

['ZIOGE — 612(’") + f/cont(r) 4 Vtens(r) + f/sov(r)_ (6)

The Coulomb term Gy,(r) is spin independent with
definition

G(r) = [ @epe=) (3 - terttn)

k

= > - Skert(mr) ™

where @, = (0.25,0.15,0.2) and y, = (1/2,4/10/2,
\/1000/2) with k=1, 2, 3 [63], and the 7; could be
obtained by

Tk:;' (8)
+

I\)| -
=

o
]

Additionally, the semirelativistic correction with momen-
tum-dependent factors is introduced. For the Coulomb term,
the correction is

G(r) = <1 +g—;)]/2G12(r)<1 +£—;>1/2. 9)

For the spin-dependent terms, the semirelativistic correction
could be written as

) 1/24¢; 1/2+4¢;
Vi~ () () L o
E,Ej E,Ej

The remaining terms in Eq. (6) are spin-dependent potentials,
which are defined as

~ 2S1 * 82 ~.
cont _ 2 ¢
V() = SRV (0) (1)
~ . 3Sl‘rS2‘r/}’2—S|'S2 82 11 ~
tens _ — 1
VER(n = < 3mym, or* ror (),
(12)
_ S, -L10GY%'(r) S, -L19G%(r)
Vsov(r) — —= —=
2my r Or 2m5 r Or
L1 FISOV
+(S1 +SZ) _8G12 (r) (13)

mm, r Or

TABLE 1. The value of these parameters involved in the MGI
model.

Parameter Value Parameter Value
m, (GeV) 0.22 my (GeV) 0.22
m, (GeV) 0.424 b (GeV?) 0.229
€, —0.164 €505 0.9728
oy (GeV) 1.8 s (GeV) 3.88
u (GeV) 0.081 ¢ (GeV) -0.30
Esov 0.262 € 1.993

In Egs. (11)—(13), the semirelativistic correction factors in
Eq. (10) with ¢; = €., €,, and €, impacts the potentials
veont(p), Vs () and V¥ (r), respectively.'

The second part of Eq. (2) contains a screened confine-
ment potential and a scalar spin-orbit interaction, i.e.,

I:Iconf — 312 + Vsos. (14)

In the MGI model, the screen effect [38] is introduced,
where we should make a replacement,

b(l —e™*")

br - (15)
U
Then the S;, in Eq. (14) is defined as
- b(1—e™*"
S50 = [ @epye-r" = he qe)

where b is the strength of the confinement, and the u is a
parameter to scale the screening effect. Then the scalar
spin-orbit interaction could be obtained by

_Si-L1981(r) S, L1983%(r)
2m? r Or 2m3 r Or

Ves(r) = . (17)

where the S§33(r) and §3%°(r) contain semirelativistic
correction factors in Eq. (10) with ¢; = €.

In the above formula, S; and S, denote the spin of quark
and antiquark, respectively. L indicates the orbital momen-
tum between two quarks. More details of the MGI model
can be found in Ref. [38].

The values of all parameters used in the MGI model are
collected in Table. I. With these preparations, we further
present the mass spectrum of light unflavored vector
mesons in Fig. 2. In Refs. [23,44,75], the Lanzhou group
performed the study of mass spectrum and two-body OZI
allowed decay of the mesons in the p, @, and ¢ family and
discussed how to categorize these observed light vector p,

'"The spin-orbit and tensor interactions without smearing
transformations may contain the 1/r° term. But for S-wave
states, the spin-orbit and tensor operators are zero, thus the spin-
orbit and tensor potentials do not lead to singularities.
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FIG. 2. The comparison of calculated results calculated in this work and the experimental data of mass of higher p, w, and ¢ states.
Here, the red dots denote the experimental data from Refs. [28,34,76,78].

, and ¢ states below 2.4 GeV collected in particle data
group (PDQG) [76] into the p, @, and ¢ family. Here, the
MGI model was adopted, which was applied to study
various light flavor systems, including kaon family [49], ¢
states below 2.6 GeV [77], and high spin light flavor
mesons [50]. When further exploring the property of these
higher states of the p, @, and ¢ family, we still use the MGI
model for presenting the mass spectrum analysis. Here,
besides reproducing the masses of these low lying states,
the masses of higher states are also obtained. Our calculated
result explicitly shows that there exists accumulation of
these 55, 65, and 7S states of p, w, and ¢ mesons in the
mass range from 2.4 GeV to 3 GeV.

In this work, we also calculate the dilepton decay widths
of these discussed light unflavored vector mesons. The
dilepton decay width of a unflavored meson can be
expressed as [63]

4
F(,Are— = ?ﬂazmp\/l

2, (18)

where the m is the mass of the vector meson. The M in
Eq. (18) is the decay amplitude. For S-wave vector mesons,

we employ M, = \/EV[,, M, = /2/3V,, and My =
—\/m V4 to express the decay amplitudes of the p, , and
¢ states, respectively. In potential models, the factors V,
V,, and V, can be written as

\% -3/2

plojd — m_zﬁll/z (2”)

« [ @pan et () )

E\E,

where m and m, are consistent quark masses in the meson,
and E; and E, are energies of the quarks. The ®(p) in
Eq. (19) is the radial part of the spatial wave function in the
momentum space, which is extracted from the potential
model. And the 7 is calculated by i =2 [ d*pE|p(p)|%
where ¢(p) = ®(p)Y,,(L,). Besides, we use M), =
V4/3V,, M, = \/4/27V,,, and My =—/8/27V} to
denote the decay amplitudes of the D-wave vector p, @,
and ¢ mesons, respectively. The V), V,, and Vi could be
expressed by

%mm=m*mmmﬂﬁﬂ/H%Mﬂ*ﬂﬂm

1/2 2
SO el Ry (v Iy (20)
E\E, E,
With preparations above, the dilepton decay widths of these
discussed light unflavored vector mesons are calculated and
presented in Table II.

In the following section, we pay more attention to their
two-body OZI allowed strong decays, which can give
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TABLE II. The dilepton decay widths of the discussed light
unflavored vector mesons in units of keV.

States  p(5S)  p(6S)  p(7S)  p(4D) p(5D)  p(6D)
', 0.0377 0.0204 0.0195 0.0070 0.0052 0.0029
States  w(5S) w(6S) w(7S) w(4D) (5D) w(6D)
I+~ 0.0042 0.0023 0.0022 0.0008 0.0006 0.0003
States  ¢p(4S) ¢(55) @p(6S) ¢(3D) $(4D) P(5D)
e~ 0.0492 0.0291 0.0162 0.0096 0.0058 0.0037

important hints to the experimental search for them. Here,
we need to emphasize that the numerical forms of the
spatial wave function of these discussed light vector
unflavored mesons can be obtained, which are, as the
input of the following discussion, by their decay behavior.
|

284+1
A Lagam, ) (Pa)) =
My, My,

X

where the m | and m, are masses of quark ¢, and antiquark
¢», respectively. For the mock state wave function of the
meson B (C), we simply replace “A” by “B” (“C”) in
Eq. (21). The n4 in Eq. (21) is the radial quantum number of
the meson A. The S, L, and J, are spin, orbital angular
momentum, and total angular momentum, respectively. Note
that p, = % is the relative momentum of the ¢,g,
pair, where p; and p, are the momentum of ¢, and g,,
respectively. Since the particles here are on shell, the integral
variable p, in Eq. (21) is three dimensional. Note that P, =
P1 + p, and E4 are total momentum and total energy of the

meson A, respectively. The 1, v, (p ) 18 the spatial wave
function in momentum space. The Zs M, 12, and w'? are

the spin, flavor, and color wave functlons respectively.

MMiaMipMe (P) = S8ELERE g
My, Ms My
MSB.MLC.MSC.WI

x (Iml — m|00><ZSBMS )(sCMY |)(SAMS )(1 m>
OV (P.my, my, my) + (—1)!T5aSutSe (a2l | )2

x (P52 |91 45

V2E; > (LaMy SiMg,|JxM,,)

B. Two-body OZI allowed strong decay

For calculating the two-body OZI allowed strong
decay of these discussed higher unflavored vector meson
states, we apply the QPC model, which is an effective
approach to quantitatively estimate such physical quantity
[39-41].

In the QPC model, when a meson decay occurs, a quark-
antiquark pair is created from the vacuum with the quantum
number JP¢ = 0" and combines with the corresponding
antiquark and quark in the initial meson to produce two
final mesons. In Ref. [79], the authors introduced the
wave functions of the mock states when calculating the
transition amplitudes. In the QPC model, the wave function
of a mock state is also adopted. In the decay process
A — BC, the wave function of the mock state A is defined
as [41,79]

3 12 12 .12
X/dPAV/nALAMLA(PA))(SAMSA A Dy

m; my
— P, + ——2 p , 21
q1 (m1+ A PA)C]2< my + my A PA>> ( )

|
The total decay width in the center-of-mass (CM) frame
is given by

z |P|
MBS, (22)
TP

Here, P is the momentum outgoing meson (meson B or
meson C). M, is the mass of meson A. L and S denote the
relative orbital angular and total spin momentum between
meson B and C, respectively. M5 denotes the partial wave
amplitude and is related to the helicity amplitude
MMiaMipMic according to Jacob-Wick formula [80]. In
the CM frame, the specific form of MMuMisMic can be
written as

(LaMyp, SuM g, |JsM ;) {LgM SgMg, |TgM; ) (LcMy ScMg |JcM, )

(=P, my, my, m3)), (23)

where y as the strength of the quark-antiquark pair created from the vacuum is fixed to be 6.57 [77]. ¢, denotes the flavor
wave function of this quark-antiquark pair. Note that I(P, m,,m;, m3) is the momentum space integral,
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mj
I(P,my, my, = [ &Ppy* —P
(P, my, my, my3) / PV nyLomM,, <m1 ¥ +P>

* nsj
XWneLeMy, <—m2 e P +P>

XWn,LaM,, (P +p)V7(p), (24)

where V7" (p) is a solid harmonic that gives the momentum
space distribution of the created quark-antiquark pair.

In our previous works, the QPC model was employed to
deal with the two-body OZI allowed strong decays of light
unflavored vector mesons, which include w(2S), w(1D),
$(25), and $(2D) [23] and p(2S), p(35), p(4S), p(1D),
p(2D), and p(3D) [44], where the experimental widths
have been well reproduced. In addition, we predicted the
partial and total widths of the ¢(1D), w(2D), ¢(3S), and
w(3S) states [23]. Until now, these excited light unflavored
vector mesons below 2.4 GeV have been systemically
studied. Thus, in the present work, we do not list the results
of these low-lying states.

Focusing on the light unflavored vector mesons existing
in the range of 2.4 ~ 3 GeV, we continue to adopt the QPC
model to estimate the strong decay widths, which is a main
task of the following subsections.

1. p states

As shown in Fig. 2, there are six p states [p(55), p(6S),
p(7S), p(4D), p(5D), and p(6D)] existing in the mass
range of 2.4 ~3 GeV.

The obtained total and main partial decay widths of
p(5S) are shown in Fig. 3, which show that za,(1700) is
the dominant decay channel, and the total width of p(5S)
can reach up to 81.85 MeV. In Fig. 3, we also list their
several typical decay modes like zz and zw, easily
accessible at experiment. However, the branching ratios
of these typical decays are not obvious. Of course, the
p(5S) state can also decay into an open-strange meson pair.
However, our result shows that their contribution to the
total width is not significant. For example, p(5S) —
KK,(1270) and K*K;(1270) have branching ratios of
0.43% and 0.41%, respectively. Thus, in this work, we
do not collect the decay channels relevant to the open-
strange meson pair in Fig. 3.

The predicted decay behavior of p(6S) is given in Fig. 4.
Similar to the p(5S) state, its dominant decay channel is
also za,(1700), while the pp(1450), =, (1880), zz(1800),
and zz(1300) modes have sizable contributions to the total
decay width, which is predicted to be around 57.25 MeV.
Additionally, the particle widths of KK;(1270) and
K*K,(1270) are 0.18 MeV and 0.16 MeV, respectively,
which are not listed in Fig. 3.

The calculation results for the p(7S) are presented in
Fig. 3, where pp(1450) and 77,(1880) are its dominant
decay modes. In addition, the contribution of the zz(1800),
7a,(1700), zz(1300), and pp decay modes to total width

cannot ignored. As the typical channels, 7z and 7@ have
the branching ratios of 1.09% and 0.10%, respectively.

Accompanying with these three S-wave states, three
corresponding D-wave states exist in the same mass range.
In Fig. 3, the two-body OZI allowed strong decay behavior
of p(4D), p(5D), and p(6D) are given by presenting the
total decay width and the branching ratios of their partial
decays. The total decay widths of p(4D), p(5D), and
p(6D) are 92.33 MeV, 55.69 MeV, and 32.96 MeV,
respectively, where their main decay modes are
7, (1880), zz(1300), and zz(1800). Since these three
D-wave p states have sizable 7z decay rates, the ete™ —
zzr process can be as the ideal channel to identify these D-
wave p states, which should stimulate experimentalists’
interest in measuring the cross section of e*e™ — zx with
energy of collision up to 3 GeV.

2. w states

In the following, we check the two-body OZI allowed
strong decay of six higher @ mesonic states, which include
o(55), w(6S), o(7S), w(4D), w(5D), and w(6D), where
their total decay widths and partial decay widths estimated
by the QPC model are shown in Fig. 3.

The total widths of @(55) and w(6S), which are
contributed by the main decay channels like pag(1450),
7p(1450), pa;(1260), and pa,(1320), are 69.98 MeV and
45.10 MeV, respectively. It is worth noting that the typical
mode zp has sizable contribution to the total width. Thus,
e'e™ annihilation into zp is a perfect process to exper-
imentally search for these w states. Similar to the situation
of the discussed p states, w(5S) and w(6S) decaying into an
open-strange meson pair are not significant.

The decay properties of w(7S) we predicted are pre-
sented in Fig. 3, where its dominant decay mode is the
pa,(1700) channel. Other main decay modes of @(75)
include pa,(1320), ay(980)p(1450), pay(1450), and
pa;(1260). These partial decay widths of w(7S5) into an
open-strange meson pair are tiny in our calculation, which
are not shown here.

Additionally, we also study three D-wave o states existing
in the mass range 2.4 ~ 3 GeV. The estimated total decay
width and branching ratios of partial decay of w(4D),
@(5D), and w(6D) are listed in Fig. 3, where the obtained
total width of w(4D), @(5D), and w(6D) are 49.84 MeV,
27.25 MeV, and 15.26 MeV, respectively. These D-wave @
states mainly decay into zb,(1235) and pay(1450). Other
decay channels like zp(1450) and pay(980) also have a non-
negligible effect on their total decay widths. Additionally,
w(4D) and w(5D) all have sizable zp decay rates, which are
more significant than w(6D).

3. ¢ states

In this subsection, we discuss two-body strong decays of

P(4S), $(5S), ¢(6S), ¢(3D), $p(4D), and ¢(5D), which
are also listed in Fig. 3.
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T (55 =81.85 MeV T (65 =57.25 MeV T (75)=45.42 MeV T, 1p)=92.33 MeV T50)=55.69 MeV T (60)=32.96 MeV
mas(1700) ¢ 13.61% may(1700) ¢ 10.62% pp(1450) ¢ 9.59% 775(1880) ¢ 24.66% 775(1880) ¢ 25.64% 775(1880) ¢ 23.46%
pp(1450) ¢ 9.41% pp(1450) ¢ 9.13% 7y (1880) ¢ 9.05% 7 (1300) ¢ 9.96% 7 (1300) ¢ 11.82% 7 (1800) ¢ 14.43%
w(1300) ¢ 8.40% 75(1880) ¢ 7.56% 7w (1800) ¢ 7.26% wm(1800) ¢ 9.06% 7w (1800) ¢ 11.52% 7(1300) ¢ 13.02%
ay(1450)w ¢ 7.83% 7w (1800) ¢ 7.33% mas(1700) ¢ 6.76% mh(1170) $ 6.33% T ¢ 5.48% 7 ¢5.01%
mw(1420) ¢ 7.65% 7 (1300) ¢ 7.31% 77 (1300) ¢ 6.16% T $ 5.86% ma(1700) ¢ 5.13% 7ay(1700) ¢ 4.95%
7 (1800) ¢ 6.97% 7w (1420) ¢ 5.04% PP ¢5.14% PP $5.59% whi(1170) ¢ 4.51% mha(1170) ¢ 2.96%
mas(1320) ¢ 4.11% ap(1450)w ¢ 4.07%  ao(980)ax(1320) ¢ 4.50% may(1700) ¢ 4.45% pp(1450) ¢ 3.87% ao(1450)w ¢ 2.94%
whi(1170) ¢ 3.28%  ao(980)w(1420) ¢ 3.89% ax(1700)w ¢ 4.07% ma,(1260) ¢ 3.91% ap(1450)w ¢ 3.40% pp(1450) ¢ 2.39%

T $2.33% ¢ 1.73% 77T ¢ 1.09% pp(1450) ¢ 3.68% ma1(1260) ¢ 2.49%  b1(1235)b;(1235) ¢ 2.25%
rrw{1.5o% w{o.m% m«){o.l% w{o.m% w{o.z?% w{o.m%

I, (55)=69.98 MeV T, (65)=45.10 MeV T, (75)=37.14 MeV T, (4p)=49.84 MeV Ty (5p)=27.25 MeV I(6p)=15.26 MeV
pao(1450) ¢ 26.92% pag(1450) ¢ 14.88% pax(1700) ¢ 15.87% by (1235) ¢ 26.64% pag(1450) ¢ 22.77% pao(1450) ¢ 20.88%
mp(1450) ¢ 20.06% mp(1450) ¢ 13.44% pas(1320) ¢ 12.53% pao(1450) ¢ 19.07% 7by(1235) ¢ 19.33% mbi(1235) $ 12.38%
pay(1260) ¢ 10.90% pax(1320) ¢ 12.53%  ao(980)p(1450) ¢ 11.60% pao(980) ¢ 15.55% pag(980) ¢ 7.83% par(1260) ¢ 6.87%
pas(1320) ¢ 8.57% pax(1260) ¢ 11.59% pao(1450) ¢ 10.86% mp(1450) ¢ 8.32% 7p(1450) ¢ 7.54% pas(1700) ¢ 6.51%
by (1235) 9 847%  ao(980)p(1450) ¢ 10.39% pai(1260) ¢ 9.88% pax(1320) ¢ 7.30% pas(1320) ¢ 5.60% mp(1450) ¢ 6.30%

TP ¢ 5.48% paz(1700) ¢ 6.18% mp(1450) ¢ 6.80% wf>(1270) ¢ 3.57% pax(1700) ¢ 3.76% pma(1830) ¢ 6.01%

pay(930) ¢ 4.91% pay(930) ¢ 5.91% pag(930) ¢ 5.99% TP ¢ 3.52% b1(1235)a1(1260) ¢ 3.67%  b1(1235)a1(1260) ¢ 5.61%
7ps(1690) ¢ 3.14% by (1235) ¢ 5.05% w f(1270) ¢ 4.60% mp3(1690) ¢ 2.87%  b1(1235)7(1300) ¢ 3.50% pa(1670) ¢ 4.00%
w f(1270) ¢ 2.60% wf>(1270) $ 4.21%  b1(1235)a;(1260) ¢ 2.80% pa;(1260) ¢ 2.44% pa;(1260) ¢ 3.40% b1 (1235)m(1300) ¢ 3.33%
wf1(1285) ¢ 2.13% 0 ¢ 2.30% 0 ¢ 0.40% nhi(1170) ¢ 2.34% 0 ¢ 1.75% 0 ¢ 0.72%
T4(15)=140.87 MeV| T4(55=103.79 MeV]| Ty(65)=71.24 MeV ICo(30)=171.56 MeV] T4(4p)=128.95 MeV]| ICo(50)=105.75 MeV]
KK,(1270) ¢ 15.41% KK,(1270) ¢ 15.36% K K;(1270) ¢ 15.06% KK,(1270) ¢ 29.20% KK,(1270) ¢ 24.18% KK,(1270) ¢ 20.54%

KK*¢1447%  K'K,(1400) 9 13.31% KK*(1410) ¢ 12.69% K*K* $13.85% K'K*91290%  K'K*(1410) ¢ 12.50%
KK*(1410) ¢ 14.18% KK*(1410) $12.56%  K*K1(1400) ¢ 12.06% KK(1460) $10.04%  K*K*(1410) ¢ 9.81% K'K* $10.64%

K*K,(1400) ¢ 12.57% KK* $10.67% KK*$941% K*K,(1270) ¢ 9.58% K*K,(1270) ¢ 9.64% K*K,(1270) ¢ 8.11%
K K3(1430) ¢ 9.07% K K;(1430) ¢ 8.12% K K3(1430) ¢ 7.65% KK ¢842% K K(1460) ¢ 8.56% K K(1460) ¢ 7.81%
K K(1460) ¢ 7.30% K*K*(1410) ¢ 6.86% K K(1460) ¢ 6.67% K K*(1410) ¢ 5.22% KK ¢7.24% K*K3;(1430) ¢ 6.97%
K*K;5(1430) ¢ 5.66% KK (1460) ¢ 6.79% K*K;(1430) ¢ 6.22% KK~ $498% K" K;(1430) ¢ 6.30% KK ¢6.26%
K*K;(1430) ¢ 4.85% K*K{(1430) ¢ 6.60% KK ¢4.26% K*K3(1430) ¢ 4.69% K K*(1410) ¢ 3.84% I£1(1270) K/(1400) ¢ 4.16%

KK $4.70% KK $4.46% K*K,(1270) ¢ 3.74% K*K*(1410) $ 4.60% KK;(1430) ¢ 3.77% K*K*(1680) ¢ 3.93%
KK,(1400) ¢ 2.70% K*F;(1430) ¢ 2.72% K*K;(1430) ¢ 1.30% KK;(1430) ¢ 4.29% KK*¢$357% KK* $265%

FIG. 3. The two-body strong decay behaviors of these discussed light vector mesons with the mass range from 2.4 GeV to 3 GeV.
Here, we show their branching ratio of main channels and the total decay width.
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From Fig. 3, we can notice that the main decay channels
of ¢(4S), ¢(55), and ¢(6S) are KK;(1270), KK*,
KK*(1410), and K*K;(1400), where the total decay
widths of them are 140.87 MeV, 103.79 MeV, and
71.24 MeV, respectively. Due to the sizable contribution
of the channel KK* to the total decay widths of these
discussed ¢ states, exploring S-wave ¢ mesonic states via
the ete™ — KK* process is suggested.

In the same mass range, there are three D-wave ¢
mesons. In this work, we also estimate their decay behav-
iors. ¢(3D) has the total width of 171.56 MeV, where the
branching ratio of its KK (1270) decay channel is 29.20%,
which is the main decay channel. Other modes including
K*K*, KK(1460), K*K,(1270), and KK are also signifi-
cant. The predicted total width of ¢(4D) is 128.95 MeV.
The channels of KK,(1270), K*K*, K*K*(1410), and

K,(1270) have the branching ratios of 24.18%,
12.90%, 9.81%, and 9.64%, respectively. And then, the
obtained total decay width of ¢(5D) is 95.12 MeV in this
work. The results presented in Fig. 3 further indicate that the
branching ratio of the ¢(5D) decays into KK;(1270),
K*K*(1410), K*K*, and K*K(1270) can reach up to
20.54%, 12.50%, 10.64%, and 8.11%, respectively.

Through the theoretical calculation given in this work, we
find that the decay mode K*K3;(1430) of the six ¢ states
discussed above has a significant contribution to their total
decay widths. Thus, measuring the cross section of ete™ —
K3(1430) Kz with energy of collision up to 3 GeV will be a
promising approach to identify these highly excited ¢ states.
As shown in Fig. 4(c), indeed there are many obvious
enhancement structures existing in the collision energy range
of 2.4 ~2.7 GeV for eTe™ - K3°(1430)K~x", which may
correspond to these discussed ¢ mesons. More precise data is
expected in future experiments.

III. EXPERIMENTAL EVIDENCE

When having the theoretical results of masses of these
higher states of light unflavored vector mesons, we can
make a comparison of our results with the experimental
data as shown in Fig. 4. Firstly, focusing on the data of
ete™ - wrtn 70 [34], which has a close relation with
higher p mesons due to the G-parity conservation, we find
that the invariant mass distribution shows obvious enhance-
ment structures like the event accumulation around
2.65 GeV. This broad structure overlaps with the predicted
p(6S) and p(5D) states. There exists a jump point around
2.76 GeV, which may corresponds to p(7S). And then, an
unnotable fluctuation around 2.81 GeV just locates at the
position of p(6D). Additionally, a bump structure around
2.4 GeV should have a relation with p(5S), while around
the p(4D) state, we can also find an obvious jump point.

The data of ete™ — 77~ 2° [35] is an ideal process to
identify @ states. Although we mark these predicted w
states in the corresponding cross section data, we cannot
identify the obvious bump structure corresponding to these

p(5S) p(4D) p(6S)p(5D)

o, 't
T

06k, | Lo G M

p(7$)p{5D) (a) o (58 AD)()(GS)LS (5D) ® (7S o GD(b)

024 L

i

.?*+?,**+*,f+?+,++++

o(e’e->on'77") (nb)
o(e’e->r'nr’) (nb)
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N
2l
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FIG. 4. A comparison of theoretical masses of these discussed
light vector p, w, and ¢ mesons and the experimental data of
ete” > wntnn® [34], ete »ataa® [35], efe —
K30(1430)K=n" [36], eTe™ — ¢~ [36], eTe™ — ¢ f(980)
[36],and eTe™ — ¢ f,(1525) [36]. These observed light vector p,
, and ¢ states below 2.4 GeV collected in PDG [76] have been
studied in our previous work [23,44,75]. Thus, here we do not list
these light vector p, @, and ¢ states below 2.4 GeV. Here, dots
with the error bars are experimental data, while red dashed lines
correspond to the mass of these discussed vector states.

states since the precision of the measured data is not
enough. Thus, we have to wait for further precise mea-
surements of the cross section of eTe™ — z7 7~ 7.

In the following, we check four measured processes
etem - K3°(1430)K=zt  [36], ete” — ¢pntn~ [37],
ete” = ¢fp(980) [37], and eTe” — pf,(1525) [36].
For ete™ — K3°(1430)K~z*, there exists abundant event
clusters. Since these predicted higher p, @, and ¢ states
can decay into open-strange meson pairs, it is difficult
to distinguish p, ®, and ¢ states via the ete™ —
K3°(1430)K~z* channel. Further data analysis of e*e~ —
K3°(1430)K~z* is an interesting research issue similar to
the way adopted in Refs. [18,75].

Different from ee™ — K3°(1430)K-7", ete™ —
@f0(980) can be the ideal process to identify these higher
¢ states. Two obvious structures around 2.4 GeV and
2.7 GeV may correspond to ¢(4S) and ¢(5S5), respectively.
Of course, we may also find an event accumulation around
2.5 GeV corresponding to ¢(3D). For ete™ — ¢pntn, the
structure at 2.41 GeV and the enhancement around 2.7 GeV
may have a relation to the ¢(4S), ¢(5S)/¢(4D). For
ete” - ¢ntn~, the broad structure around 2.65 GeV
contains the information of the predicted ¢(55)/¢(4D).

In fact, this simple comparison of the experimental data
and masses of these discussed vector states only reflects
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TABLE III. The fitting parameters of depicting the Born cross TABLE IV. The fitting parameters of depicting the Born cross
section of ete™ = wata 7. section of ete™ = ¢f((980).

Parameters Solution Parameters Solution

T, o-B(p(5S) = wnta7°) (eV) 3.38 +0.96 [y -B(h(5S) = ¢pf0(980)) (eV) 1.36 £ 0.0.31
T, -B(p(6S) = wntn~ %) (eV) 0.62 +£0.44 [+ -B(h(6S) = ¢f0(980)) (eV) 0.94 +£0.32
T, o-B(p(5D) = wrta ") (eV) 0.86 £0.52 b y(ss) (rad) 4.324+0.21
I,--B(p(6D) » otz 7°) (eV) 0.96 +£0.52 Dy(6s) (rad) 3.86 +0.17
Pp(ss) (rad) 4.76 £ 0.21 a (x1073 GeV~2) -0.92 + 0.004
B p(6s) (rad) 3.92+0.44 b 1.92 +£0.09
bp(sp) (rad) 5524035  x*/dof 0.49
®pop) (rad) 520 £0.38

a (x1073 GeV~?) —4.08 £+ 0.05

b 0.54 + 0.01 With this preparation, we first fit the measured cross
y/d.of 0.60 section of ete™ — watx~ 2 [34]. The comparison in

some possible evidences of these predicted higher states of
light unflavored vector meson. For further illustrating it, in
the following, we take two processes, ete™ — wrxtz~7°
and ete” - ¢f((980), as examples to make further
analysis.

In general, the cross section can be parametrized as the
coherent sum of an s-dependent continuum amplitude and a
resonant amplitude described by a Breit-Wigner function
[81], 1.e.,

2

o(s) = (25)

ae_b(\/E_Mth) _|_ ZRBWR(\/E>ei¢R

where a and b are the continuum parameters, M, is the
sum of the masses of the final state particles, and ¢y is the
phase angle between the amplitudes. The Breit-Wigner
function is given by

\/ 12214 € BRIt
BWR(\[) =

- , 26
VTS T ME 1 iMT (26)

where My, T'%'¢, and T'¢" denote the mass, partial width to
ete™, and total width of the assumed intermediate reso-
nance R. By is the branching ratio for R — (final states).

Total
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- 9(5S)

Total H (b)’
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FIG. 5. The fitted result of the cross section of
(@) ete” —» wnta a° and (b) ete™ — ¢f(980). The black
dots with the error bar are experimental data [34,36].

Fig. 4(a) indicates that p(5S), p(6S), p(5D), and p(6D)
should be considered in our fit, where the resonance
parameters for these vector states are taken from our
calculation given in Sec. II, and the fitted parameters are
listed in Table III. As shown in Fig. 5(a), we can depict the
data of the cross section of ete™ — watn 7’ [34], by
which the values of T'4 ¢ By for these considered light
unflavored vector mesons can be obtained. This informa-
tion is valuable to further study around these light unfla-
vored vector mesons.

Along this line, we may study the ete™ — ¢f((980)
process [36]. The fitted result can be found in Fig. 5(b).
When considering the contributions from ¢(5S) and ¢(65),
we can describe the experimental data well, where the
fitting parameters are listed in Table IV.

We expect more precise data, which can be applied to
identify these discussed higher light unflavored vector
mesons.

IV. SUMMARY

In the past decades, the process of et e™ annihilation into
light mesons can be an ideal platform to probe the light
vector mesonic state. A typical example is the observation
of Y(2175), which had stimulated theorists’ interest in
revealing its inner structure [17-22]. In recent years,
BESIII, as the main force of studying light hadron
spectroscopy, has accumulated more and more data of
e e annihilation into light mesons [35,81-88]. Especially,
these experimental measurements from BESIII make con-
structing light unflavored vector mesons around 2 GeV
become possible [18,75,86-88].

Although big progress has been made by both
experimentalists and theorists, our knowledge of these
light unflavored vector mesons existing in the mass
range of 2.4 ~3 GeV is not abundant, which inspires
our attention.

In this work, we obtain the masses and decay widths of
these discussed higher p, w, and ¢ states in the 2.4 ~ 3 GeV
mass range and make a rough comparison with the present
experimental data as shown in Fig. 4. Although the present
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precision of experimental data is not enough to conclude
whether these event clusters can be identified as these
predicted states, we still want to show this possible
evidence. With the improvement of experimental precision,
we suggest our experimental colleagues pay attention to
these predicted higher vector states.

As emphasized in the recent white paper released
by BESII [51], the study around light hadrons will
still be one of the tasks of the BESIII experiment in
the next ten years. According to our study, we strongly
suggest our experimental colleagues pay attention to the
2.4 ~3 GeV energy range of collision, which has a close
relation to these predicted light unflavored vector meson
states.
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