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Although there are some experimental hints for the higher excited ρ mesons, our knowledge of their
properties is theoretically very poor. Based on our recent work about excited ρmesons [Z. Y. Li et al., Phys.
Rev. D 104, 034013 (2021)], we present the mass spectra and decay properties of the higher excited ρ

mesons with the modified Godfrey-Isgur quark model and the 3P0 strong decay model, and compare our
predictions with the experimental hints, which should be helpful to search for these higher excited ρ
mesons.
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I. INTRODUCTION

In the last decades, a large number of light vector mesons
with masses below 2.4 GeV have been reported exper-
imentally [1–7], and a lot of research has been conducted
theoretically based on these experimental data [8–15].
These experimental and theoretical studies are crucial to
deepen our understanding of the light vector mesons. In
addition, the higher excited light vector mesons above
2.4 GeV play an important role in the processes involving
the baryon antibaryon interactions [16]. However, there are
few theoretical and experimental studies on the higher
excited light vector mesons, so it is necessary to study their
properties, which should be helpful in searching for them
experimentally.
Recently, we have studied the mass spectra and strong

decay properties of the excited ρ mesons Yð2040Þ=
ρð2000Þ, ρð1900Þ, and ρð2150Þ with the modified
Godfrey-Isgur (MGI) model and the 3P0 model, where
the Godfrey-Isgur model is modified by substituting the
linear potential by the screened potential [17,18], and found
that they can be assigned as ρð23D1Þ, ρð33S1Þ, and ρð43S1Þ,
respectively [19]. We have also shown that the screening
effects are crucial to promote theoretical descriptions of the
of the spectra for the observed excited ρ mesons, as shown

in Fig. 2 of Ref. [19]. We have predicted that the Yð2040Þ
mainly decays toππ andπω,which is in goodagreementwith
the measurements of the processes pp̄ → ππ and eþe− →
ωπ [5,20]. For ρð1900Þ, the predicted main decay modes are
πω and a2ð1320Þπ, which is also consistent with the
experimental measurements [3]. For ρð2150Þ, its main decay
modes are expected to be ππ, πωð1420Þð→ 6πÞ, and
πa2ð1320Þð→ 6πÞ,which is consistentwith the experimental
results [3]. Based on the successful descriptions of the
excited mesons Yð2040Þ=ρð2000Þ, ρð1900Þ, and ρð2150Þ,
we would like to extend our study to the higher excited ρ
mesons with masses above 2.4 GeV in this work.
Although the higher excited ρ mesons above 2.4 GeV

have not been reported experimentally, there exist some
hints of them in the experimental measurements. For
instance, in 2002, Anisovich et al. analyzed experimental
data of the process pp̄ → ωηπ0 measured by the Crystal
Barrel collaboration, and showed that there exists a peak
structure with JPC ¼ 1−− around 2.4 GeV [21]. Later in
2006, the BABAR collaboration reported the ωπþπ−π0

energy-dependent reaction cross section, as shown in
Fig. 18 of Ref. [22], where one can easily find a peak
around 2.6 GeV, which may be the higher excited ρ meson
according to the G parity conservation.
In 2007, the BABAR collaboration presented the cross

section of the process eþe− → KþK−πþπ−π0, where there
is a peak structure around 2.5 GeV [23]. The analysis of the
BABAR measurements within the vector meson dominance
model shows the existences of the ρð1900Þ and another
resonance with mass ofM ¼ 2550� 13 MeV and width of
Γ ¼ 209� 26 MeV [24], where the latter one is expected
to have the same quantum numbers as ρð1900Þ. In addition,
the cross sections of eþe− → η0πþπ− and eþe− →
f1ð1285Þπþπ− processes reported by BABAR indicate that
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there exist some structures around 2.5 GeV, although it is
difficult to claim the existences of new resonances due to
the insufficient data statistics [23].
In a word, there exist some hints of the higher excited ρ

mesons according to the above experimental measure-
ments, as pointed out in Ref. [25], and the existences of
the higher excited ρ mesons above 2.4 GeV need to be
confirmed by more precise experimental measurements in
future. The theoretical predictions for their mass spectra
and decay properties are crucial to search for them
experimentally. Thus, we will study the mass spectra
and decay properties of the higher excited ρ mesons above
2.4 GeV with the MGI model and the 3P0 strong decay
model, as used in our previous work [19].
The organization of this paper is as follows. First we

introduce the MGI model and the 3P0 model in Secs. II
and III, respectively. Then we present the numerical results
of the mass spectra and strong decays for the higher excited
ρ mesons in Sec. IV. Finally a short summary is given
in Sec. V.

II. RELATIVISTIC QUARK MODEL

The Godfrey-Isgur relativistic quark model (GI model)
was proposed in 1985 by Godfrey and Isgur [26], and is
widely used in describing the mass spectra of mesons [27–
29], especially for the lower excited mesons. However, the
masses of the higher excited mesons measured by experi-
ments are much lower than the predictions of the GI model.
Many studies show that the screening effects play an
important role in studying the higher radial and orbital
excited mesons [17,18], and we adopt the MGI model,
which involves the screening effects, to calculate the mass
spectra of the high excited ρ mesons. First we present a
brief introduction of the GI model and the MGI model.

A. GI model

Within the GI model, the Hamiltonian of the meson’s
internal interaction can be written as [26]

H̃ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ p2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ p2

q
þ Ṽeffðp; rÞ; ð1Þ

wherem1 andm2 denote the masses of quark and antiquark
in the meson, respectively, p ¼ p1 ¼ −p2 is the center-of-
mass momentum, and r corresponds to the spatial coor-
dinate. The Ṽeffðp; rÞ is the effective potential between
quark and antiquark and can be expressed as follows in the
nonrelativistic limit:

VeffðrÞ ¼ Hconf þHhyp þHso; ð2Þ

where Hconf is the spin-independent potential and includes
the spin-independent linear confinement and Coulomb-
type interaction:

Hconf ¼
�
−
3

4
ðcþ brÞ þ αsðrÞ

r

�
F1 · F2;

¼ SðrÞ þGðrÞ; ð3Þ

where hF1 · F2i ¼ −4=3 for a meson. αsðQ2Þ is the running
coupling constant of QCD, which depends on the energy
scaleQ. αsðQ2Þ is divergent at lowQ region. The authors of
Ref. [26] assume that αsðQ2Þ saturates as αsðQ2 ¼ 0Þ ¼
αcrititals , which is regarded as a parameter to be determined by
fitting to experimental data.αsðrÞ is obtained fromαsðQ2Þ by
using Fourier transform, where r is the relative distance
between quark and antiquark. Hhyp denotes the color-
hyperfine interaction,

Hhyp ¼ −
αsðrÞ
m1m2

�
1

r3

�
3S1 · rS2 · r

r2
− S1 · S2

�

þ 8π

3
S1 · S2δ3ðrÞ

�
F1 · F2: ð4Þ

Hso is the spin-orbit interaction that contains the color-
magnetic term HsoðcmÞ and the Thomas-precession term
HsoðtpÞ,

Hso ¼ HsoðcmÞ þHsoðtpÞ; ð5Þ

HsoðcmÞ ¼ −αsðrÞ
r3

�
1

m2

þ 1

m2

��
S1
m1

þ S2
m2

�
· LðF1 · F2Þ;

ð6Þ

HsoðtpÞ ¼ −
1

2r
∂Hconf

∂r

�
S1
m2

1

þ S2
m2

2

�
· L: ð7Þ

The spin-orbit interaction will give rise to the mixing
between spin singlet 1LJ and spin triplet 3LJ if m1 ≠ m2.
In GI model, the relativistic effects are introduced by

two main ways. First, in the quark-antiquark scattering,
the interactions should depend on both quark momentum
p⃗1 and antiquark momentum p⃗2, or a linear combination
of them as p⃗1 − p⃗2 and p⃗1 þ p⃗2, so they must be nonlocal
interaction potentials as pointed out in Ref. [26]. In order
to take this effect into account, a smearing function
ρ12ðr − r0Þ is used to transform the basic potentials
GðrÞ and SðrÞ into the smeared ones G̃ðrÞ and S̃ðrÞ, the
specific form is

f̃ðrÞ ¼
Z

d3r0ρ12ðr − r0Þfðr0Þ; ð8Þ

and the smearing function ρ12ðr − r0Þ is defined as

ρ12ðr − r0Þ ¼ σ312
π3=2

e−σ
2
12
ðr−r0Þ2 ; ð9Þ
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σ212¼σ20

�
1

2
þ1

2

�
4m1m2

ðm1þm2Þ2
�

4
�
þs2

�
2m1m2

m1þm2

�
2

: ð10Þ

For a heavy-heavy QQ̄ meson system, ρ12ðr − r0Þ will
turn into delta function δ3ðr − r0Þ as one increases the quark
mass mQ, in this case, one can obtain f̃ðrÞ ¼ fðrÞ, which
indicates that the relativistic effects can be neglected for a
heavy-heavy QQ̄ meson. However, the relativistic effects
are important for heavy-light mesons and light mesons;
therefore, it is necessary to consider relativistic effects in
the study of excited ρ mesons.
Second, the momentum-dependent factors are intro-

duced to modify the effective potentials, as shown in the
following formula:

G̃ðrÞ →
�
1þ p2

E1E2

�
1=2

G̃ðrÞ
�
1þ p2

E1E2

�
1=2

; ð11Þ

ṼiðrÞ
m1m2

→

�
m1m2

E1E2

�
1=2þϵi ṼiðrÞ

m1m2

�
m1m2

E1E2

�
1=2þϵi

; ð12Þ

where G̃ðrÞ is the Coulomb-type potential, and ṼiðrÞ
represents the contact, tensor, vector spin-orbit, and scalar
spin-orbit terms as explained in Ref. [26]. In the non-
relativistic limit, those momentum-dependent factors will
become unity.
With the help of the detailed expressions of Eq. (1), we

could obtain the mass spectra and wave functions of
mesons by solving the Schrödinger equation with the
Gaussian expansion method, and the meson wave functions
are used as inputs to investigate the subsequent strong
decays for mesons.

B. MGI model involving the screening effects

In GI model, the linear potential br tends to infinity with
the increasing of the distance between quark and antiquark,
however for the large distance, the quark-antiquark pairs
are generated in the vacuum, and the colors of quark and
antiquark are screened in a meson, which implies that the
simple linear potential br cannot accurately describe the
interaction between quarks for higher excited mesons
[17,18,30,31]. The study of the lattice QCD shows
that the effective potential of mesons deviates from the
traditional linear potential when the distance between
quark and antiquark is greater than 1 fm [32]. Therefore,
it is very important to introduce the screening effects when
studying the masses of higher radial and orbital excited
mesons.
The screening effects are introduced to the GI model by

substituting linear potential br with the following form
[17,18,30]:

VðrÞ ¼ br → VscrðrÞ ¼ bð1 − e−μrÞ
μ

; ð13Þ

when r is small enough, we can have VscrðrÞ ¼ VðrÞ;
therefore, this replacement will not affect the lower-lying
meson states. The parameter μ is related to the strength of
the screening effects and can be determined by fitting to the
experimental data.
Furthermore, the smeared potential of Eq. (8) can be

rewritten as [30,33]

ṼscrðrÞ ¼ b
μr

�
e

μ2

4σ2
þμr

�
1ffiffiffi
π

p
Z μþ2rσ2

2σ

0

e−x
2

dx −
1

2

�

×
μþ 2rσ2

2σ2
þ r − e

μ2

4σ2
−μr μ − 2rσ2

2σ2

×

�
1ffiffiffi
π

p
Z μ−2rσ2

2σ

0

e−x
2

dx −
1

2

��
; ð14Þ

where σ ¼ σ12 is defined in Eq. (10).
The MGI model is widely used in the studies of mass

spectrum of heavy-heavy mesons, heavy-light mesons, and
light mesons [12,19,27,30,33–39]. The parameters of the
MGI model are taken from Ref. [27], as tabulated in
Table I. The values of other parameters can be found
in Ref. [26].

III. 3P0 STRONG DECAY MODEL

In addition to the mass spectrum, the strong decay
properties are crucial for experiments to search for the
higher excited ρ mesons. Here, we give a brief introduction
of the 3P0 model, which is widely used in studying two-
body Okubo-Zweig-Iizuka (OZI)-allowed strong decays of
mesons [8,36,40–42].
The 3P0 model was originally proposed by Micu [43] in

1968, and later it was further developed by Le Yaouanc
et al. [44,45]. The 3P0 model has been considered as an
effective tool to study two-body OZI-allowed strong decays
of hadrons. For the process A → Bþ C, the main idea of
the 3P0 model is that a flavor-singlet and color-singlet
quark-antiquark pair with JPC ¼ 0þþ is created from the
vacuum firstly, then, the created antiquark (quark) com-
bines with the quark (antiquark) in meson A to form meson
BðC) as shown in Figs. 1(a) and 1(b).
The transition operator T of the decay A → Bþ C in the

3P0 model is given by [46]

TABLE I. Parameter values in the MGI model [27].

Parameter Value Parameter Value

mu (GeV) 0.163 s 1.497
md (GeV) 0.163 μ (GeV) 0.0635
ms (GeV) 0.387 ϵc −0.138
b (GeV2) 0.221 ϵsov 0.157
c (GeV) −0.240 ϵsos 0.9726
σ0 (GeV) 1.799 ϵt 0.893
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T ¼ −3γ
X

m

h1m1 −mj00i
Z

d3p3d3p4δ3ðp3 þ p4Þ

× Ym
1

�
p3 − p4

2

�
χ341;−mϕ

34
0 ω34

0 b†3ðp3Þd†4ðp4Þ; ð15Þ

where p3ðp4Þ is the momentum of the created quark
(antiquark). The dimensionless parameter γ stands for
the strength of the quark-antiquark q3q̄4 pair created from
the vacuum, and is usually determined by fitting to the
experimental data. χ341;−m, ϕ

34
0 , and ω34

0 are spin, flavor, and
color wave functions of the created quark-antiquark pair,
respectively.
With the transition operator T, the helicity amplitude

MMJA
MJB

MJC ðPÞ can be written as

hBCjTjAi ¼ δ3ðPA − PB − PCÞMMJA
MJB

MJC ðPÞ; ð16Þ

where jAi, jBi, and jCi denote the mock meson states
defined in Ref. [47], and P is the momentum of meson B in
the center of mass frame. Then the helicity amplitude is
obtained as

MMJA
MJB

MJC ðPÞ ¼ γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p X

MLA
;MSA

;
MLB

;MSB
;

MLC
;MSC

;m

hLAMLA
SAMSA jJAMJAihLBMLB

SBMSB jJBMJBihLCMLC
SCMSC jJCMJCi

× h1m1−mj00ihχ14SBMSB
χ32SCMSC

jχ12SAMSA
χ341−mi½f1IðP;m1;m2;m3Þ þ ð−1Þ1þSAþSBþSCf2Ið−P;m2;m1;m3Þ�;

ð17Þ

where f1 ¼ hϕ14
B ϕ32

C jϕ12
A ϕ34

0 i and f2 ¼ hϕ32
B ϕ14

C jϕ12
A ϕ34

0 i correspond to the flavor superposition of the two combinations
depicted in Figs. 1(a) and 1(b), respectively. The momentum space integral IðP; m1; m2; m3Þ is given by

IðP; m1; m2; m3Þ ¼
Z

d3pψ�
nBLBMLB

�
m3

m1 þm3

PB þ p

�
ψ�
nCLCMLC

�
m3

m2 þm3

PB þ p

�
ψnALAMLA

ðPB þ pÞYm
1 ðpÞ: ð18Þ

Furthermore, the partial wave amplitude MLSðPÞ for the decay A → Bþ C can be expressed as [48]

MLSðPÞ ¼
X

MJB
;MJC

;

MS;ML

hLMLSMSjJAMJAihJBMJBJCMJC jSMSi
Z

dΩY�
LML

MMJA
MJB

MJC ðPÞ: ð19Þ

Finally, within the relativistic phase space, the total
width ΓðA → Bþ CÞ can be expressed in terms of the
partial wave amplitude squared [46]

ΓðA → Bþ CÞ ¼ πjPj
4M2

A

X

LS

jMLSðPÞj2; ð20Þ

where jPj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2

A−ðMBþMCÞ2�½M2
A−ðMB−MCÞ2�

p
2MA

, MA, MB, and
MC are the masses of the mesons A, B, and C, respectively.

IV. NUMERICAL RESULTS

A. Mass spectrum analysis

First, we have calculated the masses of the higher excited
ρ mesons within the MGI and GI models, which are shown

in Table II. There are six higher excited ρ mesons in the
region of 2.4–3.0 GeV, which are ρð53S1Þ, ρð63S1Þ,
ρð73S1Þ, ρð43D1Þ, ρð53D1Þ, and ρð63D1Þ. The deviations

(a) (b)

FIG. 1. Two possible diagrams contributing to the process A →
Bþ C in the 3P0 model. (a) The created antiquark (quark)
combines with the quark (antiquark) of meson A to form meson
BðCÞ, (b) the created antiquark (quark) combines with the quark
(antiquark) of meson A to form meson CðBÞ.

TABLE II. Masses of the higher excited ρ mesons predicted by
the GI and MGI models.

State MGI (MeV) GI (MeV)

ρð53S1Þ 2542 2817
ρð63S1Þ 2774 3160
ρð73S1Þ 2967 3470
ρð43D1Þ 2624 2915
ρð53D1Þ 2840 3239
ρð63D1Þ 3020 3554
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between the predictions of MGI and GI models are about
300–500 MeV, which implies that the screening potential
plays an important role in studying the masses of the higher
excited ρ mesons. It should be pointed out that the MGI
model has also been adopted to study the spectra of the ϕ
mesons [11], the B mesons [31], charmonia [36], charmed
mesons [33], and charmed-strange mesons [30], and give a
better descriptions for the spectra, which makes our
predictions for the high excited ρ mesons more reliable.
The recent analyses of the BABAR measurements about

the process eþe− → KþK−πþπ−π0 indicate the existence
of one resonance with mass M ¼ ð2550� 13Þ MeV [24],
which is in good agreement with our predicted mass of
ρð53S1Þ. In addition, the cross section of the process
eþe− → ωπþπ−π0 measured by BABAR indicates that there
are hints of the higher excited ρ mesons. From Fig. 2, one
can find one datum point around 2.54 GeV, very close to
our predicted mass 2542 MeVof ρð53S1Þ, and an enhance-
ment structure around 2.64 GeV, which could be related to
the state ρð43D1Þwith a mass of 2624 MeV. Another datum
point appears around 2.76 GeV, close to the predicted mass
of ρð63S1Þ. Although some hints of the higher excited ρ
mesons exist, one cannot claim those resonances due to the
poor quality of the present data, and the more accurate
measurements in future are crucial to confirm the existence
of these resonances.
In addition, the light mesons with different radial

excitation could be well fit to the following quasilinear
ðn;M2Þ Regge trajectories [49],

M2
n ¼ M2

0 þ ðn − 1Þμ2; ð21Þ

where Mn stands for the mass of the meson with radial
quantum number n, andM2

0 and μ
2 are the parameters of the

trajectories. With the assignments of ρð770Þ as ρð13S1Þ,
ρð1450Þ as ρð23S1Þ, ρð1900Þ as ρð33S1Þ, ρð1700Þ as

ρð11D1Þ, and Yð2040Þ as ρð23D1Þ, respectively, we obtain
the parameters M2

0 ¼ 0.64 GeV2 and μ2 ¼ 1.45 GeV2 for
S-wave ρ mesons, and M2

0 ¼ 2.96 GeV2 and μ2 ¼
1.23 GeV2 for D-wave ρ mesons. We plot the Regge
trajectories in Fig. 3, and tabulate masses in Table III.
The two trajectories of S wave and D wave are not quite
parallel because their slops are different. It should be
stressed that the trajectories slopes for S wave and D wave
could be different, for instance, in Ref. [11] the slope is
μ2 ¼ 1.5 GeV2 for S-wave ω=ρ meson family, and μ2 ¼
1.05 GeV2 for D-wave ω=ρ meson family. It should be
pointed out that the mass predictions of Regge trajectories
are in good agreement with the measured masses of ρ
mesons and the MGI predictions.

B. Decay behavior analysis

In this work, we employ the 3P0 model with the realistic
meson wave functions obtained from the MGI model to
evaluate the decay widths of ρð53S1Þ, ρð43D1Þ, ρð63S1Þ,

FIG. 2. Comparison of the masses of the higher excited ρ
mesons predicted by MGI model with the shape of the cross
section of the process eþe− → ωπþπ−π0 reported by BABAR.
The red dotted lines are masses predicted with MGI model, and
the blue data points are the BABAR experimental data.

FIG. 3. The Regge trajectories for the ρðn3S1Þ and ρðn3D1Þ
masses, where the parameters M2

0 ¼ 0.64 GeV2 and μ2 ¼
1.45 GeV2 for ρðn3S1Þ, and M2

0 ¼ 2.96 GeV2 and μ2 ¼
1.23 GeV2 for ρðn3D1Þ.

TABLE III. Comparison of the measured masses of ρmesons to
the predictions of the Regge trajectories and the MGI model.

n2Sþ1LJ State RPP (MeV) [3] MGI (MeV) Regge (MeV)

ρð13S1Þ ρð770Þ 775.26� 0.23 774 798
ρð23S1Þ ρð1450Þ 1465� 25 1424 1445
ρð33S1Þ ρð1900Þ 1880� 30 1906 1882
ρð43S1Þ ρð2150Þ 2232� 8� 9 2259 2235
ρð53S1Þ 2542 2539
ρð63S1Þ 2774 2810
ρð73S1Þ 2967 3058
ρð13D1Þ ρð1700Þ 1720� 20 1646 1720
ρð23D1Þ Yð2040Þ 2034� 13� 9 2048 2046
ρð33D1Þ 2365 2327
ρð43D1Þ 2624 2578
ρð53D1Þ 2840 2806
ρð63D1Þ 3020 3017
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ρð53D1Þ, ρð73S1Þ, and ρð63D1Þ. The value of parameter γ is
taken from our previous work [19], where it was obtained
by fitting to the decay widths of the light mesons with same
quantum numbers as ρmesons. γ ¼ 6.57� 0.25 is used for
the uū=dd̄ pair creation, and the γ value of ss̄ pair creation
is suppressed by an additional factor mu=ms. The predicted
masses by the MGI model are used for the unobserved
excited ρ mesons in the calculations of the strong decay
widths, and the masses of the other mesons are taken from
“Review of Particle Physics” (RPP) [3]. Due to the broken
of the SU(3) flavor symmetry, K1ð11P1Þ and K1ð13P1Þ do
not possess definite C parity. These two state can in
principle mix to give the physical K1ð1270Þ and K1ð1400Þ,

K1ð1270Þ ¼ sin θK1
K1ð13P1Þ þ cos θK1

K1ð11P1Þ;
K1ð1400Þ ¼ cos θK1

K1ð13P1Þ − sin θK1
K1ð11P1Þ; ð22Þ

with the mixing angle θK1
¼ 34° [50].

The partial widths and total width of ρð53S1Þ are listed in
Table IV.1 The total decay width of ρð53S1Þ is expected to be
Γ ¼ 143 MeV, which is close to the lower limit
of the width Γ ¼ ð209� 26Þ MeV obtained in Ref. [24].
The main decay modes of ρð53S1Þ are ππð1300Þð→ 4πÞ,
ππð1800Þð→ 4πÞ, πωð1420Þð→ 4π; 6πÞ, ρρð1450Þð→ 4π;
6πÞ, πa1ð1640Þð→ 4πÞ, and πa2ð1700Þð→ ηππ; πKK̄Þ, thus
one can search for the ρð53S1Þ in the channels of 4π, 6π, ηππ,
and πKK̄.
The partial widths and total width of ρð43D1Þ are

listed in Table V. The total decay width of ρð43D1Þ is
expected to be Γ ¼ 105.82 MeV, consistent with the broad
structure around 2.64 GeV in Fig. 2. The predicted main
decay modes are ππð1300Þð→ 4πÞ, ππð1800Þð→ 4πÞ,
ρρð1450Þð→ 4πÞ, πh1ð1170Þð→ 4πÞ, πa1ð1640Þð→ 4πÞ,

TABLE IV. The decay widths of ρð53S1Þ (in MeV), the initial
state mass is set to be 2542 MeVand the masses of the final states
are taken fromRPP [3]. (Note: thewidths presented in this table and
the following tables are straightly calculated, and the numbers with
the level of 0.01 MeV do not correspond to precision).

Channel Mode ρð53S1Þ Mode ρð53S1Þ
1− → 0−0− ππ 2.52 KK <0.01

ππð1300Þ 12.71 KKð1460Þ 0.01
ππð1800Þ 9.28

1− → 0−1− πω 0.81 KK�ð1680Þ 0.01
ρη 0.03 ρð1700Þη 0.09

ωð1420Þπ 11.07 ρηð1475Þ 0.17
ωð1650Þπ 0.11 ωπð1300Þ 1.02

KK� 0.02 ρηð1295Þ 0.67
KK�ð1410Þ <0.01 ρð1450Þη 0.65

ρη0 0.14
1− → 1−1− ρρ 5.64 K�K� 0.15

ρρð1450Þ 12.93 K�K�ð1410Þ 0.49
1− → 0−1þ a1ð1260Þπ 3.26 b1ð1235Þη0 0.17

h1ð1170Þπ 4.22 πa1ð1640Þ 9.81
KK1ð1400Þ 0.10 b1ð1235Þη 0.49
KK1ð1270Þ 0.10

1− → 0−2þ a2ð1320Þπ 4.83 a2ð1700Þπ 27.80
KK�

2ð1430Þ 0.01
1− → 0−2− ππ2ð1670Þ 3.65 πη2ð1645Þ 1.94

KK2ð1770Þ 0.02 KK2ð1820Þ 0.03
1− → 0−3− πω3ð1670Þ 2.46 ηρ3ð1690Þ 0.02

KK3ð1780Þ <0.01
1− → 1−1þ b1ð1235Þρ 3.38 K1ð1400ÞK� 0.02

a1ð1260Þω 3.14 K1ð1270ÞK� 0.09
ρf1ð1285Þ 3.00 ρf1ð1420Þ 0.16
ρh1ð1170Þ 2.50

1− → 2þ1− ρf2ð1270Þ 3.93 K�K�
2ð1430Þ 0.03

ωa2ð1320Þ 5.10
1− → 0−4þ a4ð1970Þπ 0.91
1− → 1−0þ a0ð1450Þω 0.52
Total width 143.01

TABLE V. The decay widths of ρð43D1Þ (in MeV), the initial
state mass is set to be 2624 MeV and the masses of all the final
states are taken from PRR [3].

Channel Mode ρð43D1Þ Mode ρð43D1Þ
1− → 0−0− ππ 5.55 KK <0.01

ππð1300Þ 11.16 KKð1460Þ <0.01
ππð1800Þ 7.07

1− → 0−1− πω 0.48 KK�ð1680Þ 0.01
ρη 0.07 ρð1700Þη 0.07

ωð1420Þπ 2.23 ρηð1475Þ <0.01
ωð1650Þπ 0.23 ωπð1300Þ 0.61

KK� 0.01 ρηð1295Þ 0.36
KK�ð1410Þ <0.01 ρð1450Þη 0.37

ρη0 0.14
1− → 1−1− ρρ 4.81 K�K� 0.02

ρρð1450Þ 14.42 K�K�ð1410Þ 0.06
1− → 0−1þ a1ð1260Þπ 4.00 b1ð1235Þη0 0.10

h1ð1170Þπ 6.90 πa1ð1640Þ 10.54
KK1ð1400Þ 0.04 b1ð1235Þη 0.82
KK1ð1270Þ 0.05

1− → 0−2þ a2ð1320Þπ 0.96 a2ð1700Þπ 7.09
KK�

2ð1430Þ <0.01
1− → 0−2− ππ2ð1670Þ 6.02 πη2ð1645Þ 4.48

KK2ð1770Þ 0.05 KK2ð1820Þ 0.01
1− → 0−3− πω3ð1670Þ 1.35 ηρ3ð1690Þ 0.10

KK3ð1780Þ <0.01
1− → 1−1þ b1ð1235Þρ 1.15 K1ð1400ÞK� 0.04

a1ð1260Þω 0.39 K1ð1270ÞK� 0.08
ρf1ð1285Þ 0.52 ρf1ð1420Þ 0.14
ρh1ð1170Þ 1.14

1− → 2þ1− ρf2ð1270Þ 5.71 K�K�
2ð1430Þ 0.01

ωa2ð1320Þ 3.58
1− → 0−4þ a4ð1970Þπ 0.40
1− → 1−0þ a0ð1450Þω 0.60
Total width 105.82

1It should be stressed that the widths presented in Tables IV–IX
are straightly calculated, and the uncertainties of our results will be
discussed in the end of this section.
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and ππ1ð1670Þð→ 4πÞ, thus one can search for ρð43D1Þ in
the 4π channel.
The partial widths and total width of ρð63S1Þ are listed in

Table VI. The total decay width of ρð63S1Þ is expected to be
Γ ¼ 67.46 MeV, and the main decay modes are predicted to
be ππð1300Þð→4πÞ, ππð1800Þð→4πÞ, ρρð1450Þð→4π;6πÞ,
πa2ð1700Þð→ ηππ; πKK̄Þ, ρf2ð1270Þð→ 4πÞ, and
ωa2ð1320Þ. Considering the width of the intermediate state
a2ð1320Þ is 107� 5 MeV, the ρð63S1Þ state is expected to
be observed in the ωa2ð1320Þ channel.
The partial widths and total width of ρð53D1Þ are listed

in Table VII. The total decay width of ρð53D1Þ is expected
to be Γ ¼ 59.00 MeV, and the predicted main decay modes
are ππð1300Þð→ 4πÞ, ππð1800Þð→ 4πÞ, ρρð1450Þð→ 4πÞ,
and πa1ð1640Þð→ 4πÞ. Thus ρð53D1Þ is expected to be
observed in the 4π channel.
The partial widths and total width of ρð73S1Þ are listed in

Table VIII. The total decay width of ρð73S1Þ is expected
to be Γ ¼ 61.37 MeV, and the predicted main decay

modes are ππð1300Þð→4πÞ, ππð1800Þð→4πÞ, ρρð→ 4πÞ,
ρρð1450Þð→4π;6πÞ, πa2ð1700Þð→ 4πÞ, πa1ð1640Þð→ 4πÞ,
and ωa2ð1320Þ. Thus one can search for the ρð73S1Þ state
in the ωa2ð1320Þ and 4π channels.
The partial widths and total width of ρð63D1Þ are listed in

Table IX. The total decay width of ρð63D1Þ is expected to be
Γ ¼ 23.88 MeV, and the predicted main decay modes are
ππð1300Þð→ 4πÞ, ππð1800Þð→ 4πÞ, πa1ð1640Þð→ 4πÞ,
and πa2ð1700Þð→ 4πÞ. The state ρð63D1Þ is expected to
be observed in the 4π channel.
Finally, we give some discussions about the uncertainties

of the calculated widths. Indeed, the uncertainties mainly
come from the fitted parameter γ. The γ ¼ 6.57� 0.24 is
obtained by fitting to the widths of ρð1700Þ, K�ð1680Þ,
ωð1650Þ, ρð1450Þ, K�ð1410Þ, ϕð1680Þ, and ωð1420Þ [19],
which will give the uncertainties for the decay widths,

ΔΓ
Γ

∼
δðγ2Þ
γ2

¼ 2γδðγÞ
γ2

¼ 7.3%: ð23Þ

TABLE VI. The decay widths of ρð63S1Þ (in MeV), the initial
state mass is set to be 2774 MeV and the masses of all the final
states are taken from RPP [3].

Channel Mode ρð63S1Þ Mode ρð63S1Þ
1− → 0−0− ππ 0.51 KK <0.01

ππð1300Þ 4.83 KKð1460Þ <0.01
ππð1800Þ 5.36

1− → 0−1− πω <0.01 KK�ð1680Þ <0.01
ρη 0.02 ρð1700Þη 0.04

ωð1420Þπ 3.29 ρηð1475Þ 0.12
ωð1650Þπ 0.03 ωπð1300Þ 0.21

KK� <0.01 ρηð1295Þ 0.14
KK�ð1410Þ 0.01 ρð1450Þη 0.10

ρη0 0.08
1− → 1−1− ρρ 3.67 K�K� <0.01

ρρð1450Þ 7.26 K�K�ð1410Þ 0.10
1− → 0−1þ a1ð1260Þπ 0.59 b1ð1235Þη0 0.09

h1ð1170Þπ 0.79 πa1ð1640Þ 5.44
KK1ð1400Þ 0.02 b1ð1235Þη 0.08
KK1ð1270Þ 0.02

1− → 0−2þ a2ð1320Þπ 0.36 a2ð1700Þπ 13.82
KK�

2ð1430Þ <0.01
1− → 0−2− ππ2ð1670Þ 0.95 πη2ð1645Þ 0.59

KK2ð1770Þ <0.01 KK2ð1820Þ <0.01
1− → 0−3− πω3ð1670Þ 0.63 ηρ3ð1690Þ <0.01

KK3ð1780Þ <0.01
1− → 1−1þ b1ð1235Þρ 2.57 K1ð1400ÞK� <0.01

a1ð1260Þω 1.78 K1ð1270ÞK� 0.01
ρf1ð1285Þ 1.68 ρf1ð1420Þ 0.10
ρh1ð1170Þ 1.94

1− → 2þ1− ρf2ð1270Þ 4.12 K�K�
2ð1430Þ <0.01

ωa2ð1320Þ 4.36
1− → 0−4þ a4ð1970Þπ 1.31
1− → 1−0þ a0ð1450Þω 0.36
Total width 67.46

TABLE VII. The decay widths of ρð53D1Þ (in MeV), the initial
state mass is set to be 2840 MeVand the masses of the final states
are taken from RPP [3].

Channel Mode ρð53D1Þ Mode ρð53D1Þ
1− → 0−0− ππ 3.46 KK <0.01

ππð1300Þ 10.25 KKð1460Þ <0.01
ππð1800Þ 7.90

1− → 0−1− πω 0.04 KK�ð1680Þ 0.10
ρη <0.01 ρð1700Þη 0.07

ωð1420Þπ 1.19 ρηð1475Þ 0.01
ωð1650Þπ 0.20 ωπð1300Þ 0.17

KK� <0.01 ρηð1295Þ 0.11
KK�ð1410Þ 0.02 ρð1450Þη 0.10

ρη0 0.04
1− → 1−1− ρρ 0.58 K�K� <0.01

ρρð1450Þ 5.44 K�K�ð1410Þ 0.04
1− → 0−1þ a1ð1260Þπ 1.34 b1ð1235Þη0 0.07

h1ð1170Þπ 2.64 πa1ð1640Þ 7.35
KK1ð1400Þ 0.02 b1ð1235Þη 0.16
KK1ð1270Þ 0.02

1− → 0−2þ a2ð1320Þπ 0.84 a2ð1700Þπ 5.81
KK�

2ð1430Þ <0.01
1− → 0−2− ππ2ð1670Þ 1.58 πη2ð1645Þ 1.68

KK2ð1770Þ 0.01 KK2ð1820Þ <0.01
1− → 0−3− πω3ð1670Þ 0.62 ηρ3ð1690Þ 0.03

KK3ð1780Þ <0.01
1− → 1−1þ b1ð1235Þρ 1.22 K1ð1400ÞK� 0.01

a1ð1260Þω 0.69 K1ð1270ÞK� 0.03
ρf1ð1285Þ 0.91 ρf1ð1420Þ 0.12
ρh1ð1170Þ 0.93

1− → 2þ1− ρf2ð1270Þ 1.41 K�K�
2ð1430Þ <0.01

ωa2ð1320Þ 0.84
1− → 0−4þ a4ð1970Þπ 0.52
1− → 1−0þ a0ð1450Þω 0.46
Total width 59.00
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V. SUMMARY AND CONCLUSION

In this work, we present the masses and strong decay
widths of the higher excited ρ mesons ρð53S1Þ, ρð43D1Þ,
ρð63S1Þ, ρð53D1Þ, ρð73S1Þ, and ρð63D1Þ. The deviations
between the theoretical masses predicted with MGI and GI
models are about 300–500 MeV, which implies that the
screening effects are important for the higher excited ρ
mesons. We also show some experimental hints for the
existences of the higher excited ρ mesons, and one cannot
claim these resonances based on the poor measurements at
present.
In addition to the masses of the higher exited ρ mesons,

the strong decay widths are also calculated, which are
Γρð5SÞ ¼ 143 MeV, Γρð4DÞ ¼ 106 MeV, Γρð6SÞ ¼ 67 MeV,
Γρð5DÞ ¼ 59 MeV, Γρð7SÞ ¼ 61MeV, and Γρð6DÞ ¼ 24MeV,
respectively. According to our theoretical predictions, those
states are expected to be observed in the final states of 4π,
6π, ηππ, πKK̄, ωa2ð1320Þ. Our theoretical study on their
masses and decay properties should be useful to search for
these resonances experimentally.
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TABLE VIII. The decay widths of ρð73S1Þ (in MeV), the initial
state mass is set to be 2967 MeVand the masses of the final states
are taken from RPP [3].

Channel Mode ρð73S1Þ Mode ρð73S1Þ
1− → 0−0− ππ <0.01 KK <0.01

ππð1300Þ 4.24 KKð1460Þ 0.01
ππð1800Þ 5.77

1− → 0−1− πω 0.16 KK�ð1680Þ <0.01
ρη 0.16 ρð1700Þη 0.09

ωð1420Þπ 1.14 ρηð1475Þ 0.12
ωð1650Þπ 0.16 ωπð1300Þ <0.01

KK� <0.01 ρηð1295Þ <0.01
KK�ð1410Þ <0.01 ρð1450Þη <0.01

ρη0 0.11
1− → 1−1− ρρ 6.86 K�K� 0.04

ρρð1450Þ 9.09 K�K�ð1410Þ <0.01
1− → 0−1þ a1ð1260Þπ 1.21 b1ð1235Þη0 0.08

h1ð1170Þπ 0.42 πa1ð1640Þ 4.28
KK1ð1400Þ 0.01 b1ð1235Þη 0.15
KK1ð1270Þ 0.01

1− → 0−2þ a2ð1320Þπ <0.01 a2ð1700Þπ 6.86
KK�

2ð1430Þ 0.02
1− → 0−2− ππ2ð1670Þ 0.70 πη2ð1645Þ 0.55

KK2ð1770Þ 0.01 KK2ð1820Þ
1− → 0−3− πω3ð1670Þ 0.04 ηρ3ð1690Þ 0.05

KK3ð1780Þ < 0.01
1− → 1−1þ b1ð1235Þρ 3.09 K1ð1400ÞK� <0.01

a1ð1260Þω 1.92 K1ð1270ÞK� <0.01
ρf1ð1285Þ 1.57 ρf1ð1420Þ 0.06
ρh1ð1170Þ 3.21

1− → 2þ1− ρf2ð1270Þ 4.21 K�K�
2ð1430Þ 0.02

ωa2ð1320Þ 3.72
1− → 0−4þ a4ð1970Þπ 0.53
1− → 1−0þ a0ð1450Þω 0.24
Total width 61.37

TABLE IX. The decay widths of ρð63D1Þ (in MeV): the initial
state mass is set to be 3020 MeVand the masses of the final states
are taken from RPP [3].

Channel Mode ρð63D1Þ Mode ρð63D1Þ
1− → 0−0− ππ 0.84 KK <0.01

ππð1300Þ 4.29 KKð1460Þ <0.01
ππð1800Þ 5.22

1− → 0−1− πω <0.01 KK�ð1680Þ <0.01
ρη 0.02 ρð1700Þη 0.03

ωð1420Þπ 0.40 ρηð1475Þ 0.03
ωð1650Þπ 0.06 ωπð1300Þ 0.02

KK� <0.01 ρηð1295Þ 0.01
KK�ð1410Þ 0.01 ρð1450Þη <0.01

ρη0 0.03
1− → 1−1− ρρ 0.37 K�K� <0.01

ρρð1450Þ 0.47 K�K�ð1410Þ 0.03

(Table continued)

TABLE IX. (Continued)

Channel Mode ρð63D1Þ Mode ρð63D1Þ
1− → 0−1þ a1ð1260Þπ 0.16 b1ð1235Þη0 0.05

h1ð1170Þπ 0.40 πa1ð1640Þ 2.90
KK1ð1400Þ <0.01 b1ð1235Þη <0.01
KK1ð1270Þ <0.01

1− → 0−2þ a2ð1320Þπ 0.05 a2ð1700Þπ 2.93
KK�

2ð1430Þ <0.01
1− → 0−2− ππ2ð1670Þ 0.14 πη2ð1645Þ 0.16

KK2ð1770Þ <0.01 KK2ð1820Þ <0.01
1− → 0−3− πω3ð1670Þ 0.10 ηρ3ð1690Þ <0.01

KK3ð1780Þ <0.01
1− → 1−1þ b1ð1235Þρ 0.91 K1ð1400ÞK� <0.01

a1ð1260Þω 0.97 K1ð1270ÞK� <0.01
ρf1ð1285Þ 0.98 ρf1ð1420Þ 0.07
ρh1ð1170Þ 0.77

1− → 2þ1− ρf2ð1270Þ 0.37 K�K�
2ð1430Þ <0.01

ωa2ð1320Þ 0.05
1− → 0−4þ a4ð1970Þπ 0.31
1− → 1−0þ a0ð1450Þω 0.27
Total width 23.88
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