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Recently, the BESIII Collaboration reported a resonance Yð2040Þ with M ¼ 2034� 13� 9 MeV and
Γ ¼ 234� 30� 25 MeV in the process of eþe− → ωπ0. In addition, new measurements with much higher
precision for the ρð1900Þ and ρð2150Þ states are obtained by the BESIII and BABAR Collaborations. In this
work, we perform a systematic study on the mass spectrum of the excited ρ resonances using the modified
Godfrey-Isgur model, and the strong decays of Yð2040Þ, ρð1900Þ, and ρð2150Þ within the 3P0 model. We
find that Yð2040Þ, ρð1900Þ, and ρð2150Þ can be interpreted as the ρð23D1Þ, ρð33S1Þ, and ρð43S1Þ states,
respectively. Meanwhile, the mass and strong decays of the ρð33D1Þ state are predicted as well, which could
be helpful to search for this state in the future.
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I. INTRODUCTION

The study of low-energy properties of mesons such as
mass spectra and decay modes is important to understand
the nonperturbative behaviors of QCD. Recently, there are
abundant experimental data on the excited ρ mesons, for
example, the resonance Yð2040Þ with M ¼ 2034� 13�
9 MeV and Γ ¼ 234� 30� 25 MeV was observed in the
process of eþe− → ωπ0 by the BESIII Collaboration [1].
Yð2040Þ could be the same state as ρð2000Þ which is
omitted from the summary table of the latest version of
Particle Data Group (PDG) [2], because they have similar
masses and decay widths [3–6]. In addition, many new
experimental measurements with much higher precision
for ρð1900Þ [7–10] and ρð2150Þ [11–13] are reported,
especially recent measurements show that the decay width
of ρð2150Þ is around 100 MeV [11–13] while a rather large
width 200–400 MeV was obtained in previous measure-
ments [3,14–16]. Thus, one can investigate the possible
quark-model assignments for those states using these
accurate experimental data.
In 1985, Godfrey and Isgur proposed the relativized

quark model (GI model) [17] which is widely used to
investigate the mass spectrum of mesons, however, there
appears a discrepancy between theoretical predictions and

experimental values as more and more excited states were
observed in the past decades. As discussed in Ref. [18],
the linear confining potential br will be screened and
softened by the vacuum polarization effects at large
distance, thus the linear confining potential in a meson
will be modified by the screening effects at large distance,
which are induced by the quark-antiquark creation. In
Refs. [19,20] the screening effects are introduced into the
GI model, as known the modified GI (MGI) model, which
gives a better description of the mass spectrum for excited
meson states. In this work, we shall adopt the MGI model
to estimate the mass spectrum of the excited ρ mesons,
based on which we give assignments for ρð1900Þ, Yð2040Þ,
and ρð2150Þ. Furthermore, in order to check these assign-
ments, we calculate the two-body OZI-allowed strong
decays for ρð1900Þ, Yð2040Þ, and ρð2150Þ within the
3P0 model by employing the meson wave functions obtai-
ned from the MGI model.
The organization of this paper is as follows. In Sec. II,

a brief review of theoretical works and experiments is
presented for ρð1900Þ, Yð2040Þ, and ρð2150Þ. We intro-
duce the MGI model and the 3P0 model in Secs. III and IV,
respectively. The numerical results of mass spectrum and
strong decays are shown in Sec. V. In Sec. VI we give a
summary of our results.

II. CURRENT STATUS OF EXCITED ρ MESONS

A. ρð1900Þ
The meson ρð1900Þ with M ¼ 1870� 10 MeV and

Γ ¼ 10� 5 MeV was first observed by the FENICE
Collaboration in the process of eþe− → NN̄ [21], sub-
sequently, a narrow dip structure, associated to the ρð1900Þ
with M ¼ 1910� 10 MeV and Γ ¼ 37� 13 MeV, was
also detected by the Fermilab E687 Collaboration through a
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study of the diffractive photoproduction of the 3πþ3π−
final state [22,23]. Recently, the existence of ρð1900Þ was
further confirmed by the BABAR Collaboration [7,8] and
the CMD-3 Collaboration [9,10]. The measurements from
BABAR indicate that the widths of ρð1900Þ are Γ ¼ 130�
30 MeV in eþe− → 3πþ3π−γ and Γ ¼ 160� 20 MeV in
eþe− → 2ðπþπ−π0Þγ [7]. The discrepancy of the decay
widths confuses our understanding of the ρð1900Þ nature.
A large decay width was obtained as Γ ¼ 151þ73

−75 MeV [24]
and Γ ¼ 186.8� 39.8 MeV [25] by analyzing the related
data. Theoretically the assignment of ρð1900Þ as ρð33S1Þ is
supported by the study of Regge trajectories [26], the 3P0

model [27], and the effective Lagrangian approach [28].

B. Yð2040Þ=ρð2000Þ
A resonance with JPC ¼ 1−− was detected by analyzing

the pp̄ → πþπ− process at M ¼ 1988 MeV [29], and it
should be an excited ρ meson marked as ρð2000Þ since the
P wave πþπ− can only have isospin I ¼ 1. Later, the
Crystal Barrel Collaboration found a similar resonance in
the processes of pp̄ → πþπ−, pp̄ → ωηπ0, and pp̄ → ωπ0

[3–6]. However, ρð2000Þ is omitted from the summary
table of PDG [2], and needs to be further studied exper-
imentally and theoretically. Very recently, a resonance
called Yð2040Þ was observed by the BESIII Collabo-
ration with a significance of more than 10σ [1], and the
similar structure was also observed in the processes J=ψ →
KþK−π0 [30] and eþe− → η0πþπ− [16,31]. The resonance
parameters of Yð2040Þ are M ¼ 2034� 13� 9 MeV and
Γ ¼ 234� 30� 25 MeV [1], respectively consistent with
the ρð2000Þ mass and decay width within the uncertainties
[3–6]. Thus, ρð2000Þ and Yð2040Þ are regarded as the same
state in this work.
Based on the measurements with large uncertainties of

the Crystal Barrel Collaboration [6], ρð2000Þ was assigned
as ρð23D1Þ in Ref. [27] by studying its two-body OZI-
allowed strong decay behaviors. Thus, those accumulated
abundant data with better accuracy on the resonance
parameters provide an ideal lab to restudy the possible
assignments of ρð2000Þ=Yð2040Þ.

C. ρð2150Þ
The ρð2150Þ was observed more than 30 years ago

[15,32,33], later it was confirmed by the GAMS [34,35]
and Crystal Barrel [3,6,36] Collaborations. In 2007, the
BABAR Collaboration observed ρð2150ÞwithM ¼ 2150�
40� 50 MeV and Γ ¼ 350� 40� 50 MeV in the process
eþe− → f1ð1285Þπþπ−γ [16]. The early measurements
of the ρð2150Þ width lie in the range of 200–400 MeV
[3,14–16], but the recent measurements indicate that the
decay width of ρð2150Þ is around 100 MeV as shown in
Table I, where we list the measured resonance parameters
of ρð2150Þ since 2012. There are four sets of parameters for
ρð2150Þ in Ref. [12], in which the different resonance

parameters are obtained by separately and simultaneously
fitting to the BESIII [11] and BABAR [13,37,38] datasets,
respectively. The parameters at the bottom of Table I should
be the most reliable among the four sets of parameters since
this fit combines all decay modes in Refs. [11,13,37,38],
and it is consistent with the latest results of the BESIII
Collaboration [11].
The ρð2150Þ is a good candidate of ρð43S1Þ according to

the analysis of mass spectrum [14,26,39], and the results
from the effective Lagrangian approach also support this
assignment [28]. In Ref. [27] the authors studied the two-
body strong decay behavior of ρð2150Þ by using simple
harmonic oscillator (SHO) functions as the wave functions
of mesons, and a good description of ρð2150Þ can be
obtained by considering it as ρð43S1Þ, however, a large
Γρð2150Þ ¼ 230� 50 MeV [3] was adopted in the analysis.
In this work we investigate the quark-model assignment for
ρð2150Þ basing on more accurate measurements of the
BESIII [11] and BABAR [12] Collaborations.

III. MASS SPECTRUM

In this section, we will give a brief introduction of the GI
model which was proposed by Godfrey and Isgur in 1985
[17]. The GI model plays an important role in studying the
mass spectrum of mesons, especially for the low-lying
states. For high excited states, it is necessary to introduce
the screening effects to the GI model, because the linear
confining potential br will be screened and softened by the
vacuum polarization effects at large distance, as discussed
in Refs. [18,40,41], The MGI model turns out to be able to
give a better description of the mass spectra for the higher
radial and orbital excitations [19,20,42–46].

A. The GI model

In GI model [17], the Hamiltonian of a meson includes
the kinetic energy term and the effective potential term,

H̃ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ p2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ p2

q
þ Ṽeffðp; rÞ; ð1Þ

with

Ṽeffðp; rÞ ¼ H̃conf þ H̃hyp þ H̃so; ð2Þ

TABLE I. Mass and decay width of ρð2150Þ measured by
experiments since 2012.

Mass (MeV) Width (MeV) Year

2254� 22 109� 76 [13] 2012
2239.2� 7.1� 11.3 139.8� 12.3� 20.6 [11] 2019
2227� 9� 9 127� 14� 4 [12] 2020
2201� 19 70� 38 [12] 2020
2270� 20� 9 116þ90

−60 � 50 [12] 2020
2232� 8� 9 133� 14� 4 [12] 2020

LI, LI, WANG, YAN, and SONG PHYS. REV. D 104, 034013 (2021)

034013-2



wherem1 andm2 denote the masses of quark and antiquark,
respectively, Ṽeffðp; rÞ is the effective potential between
quark and antiquark. In the nonrelativistic limit, the
effective potential can be simplified as

VeffðrÞ ¼ Hconf þHhyp þHso; ð3Þ
with

Hconf ¼
�
−
3

4
ðcþ brÞ þ αsðrÞ

r

�
F1 · F2

¼ SðrÞ þGðrÞ; ð4Þ

Hhyp ¼ −
αsðrÞ
m1m2

�
1

r3

�
3S1 · rS2 · r

r2
− S1 · S2

�

þ 8π

3
S1 · S2δ3ðrÞ

�
F1 · F2; ð5Þ

Hso ¼ HsoðcmÞ þHsoðtpÞ; ð6Þ

where hF1 · F2i ¼ −4=3 for a meson. The running cou-
pling constant αsðQ2Þ depends on the energy scaleQwhich
is related to the relative momentum between quark and
antiquark as Q ¼ jp⃗1 − p⃗2j. Since αsðQ2Þ is divergent at
low Q region, the authors of Ref. [17] assume that αsðQ2Þ
saturates as αsðQ2 ¼ 0Þ ¼ αcrititals , and αcrititals is a parameter
which is determined by fitting to the mass spectrum. αsðrÞ
is obtained from αsðQ2Þ by using Fourier transform, where
r is the relative distance between quark and antiquark.
Hconf reflects the spin-independent interaction, and it can
be divided into two parts SðrÞ and GðrÞ. The linear
confining potential SðrÞ ¼ brþ c plays an important role
at large r, and the Coulomb-type potential GðrÞ ¼
−4αsðrÞ=ð3rÞ is dominant at small r. Hhyp denotes the
color-hyperfine interaction which can cause the mixing of
different angular momenta, namely 3LJ and 3L0

J. H
so is the

spin-orbit interaction, which contains the color-magnetic
term HsoðcmÞ and the Thomas-precession term HsoðtpÞ. The
spin-orbit interaction will give rise to the mixing between
spin singlet 1LJ and spin triplet 3LJ if m1 ≠ m2, and the
specific expression of Hso is given in Ref. [17].
The GI model is a relativized quark model, and 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. [17]. 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,

f̃ðrÞ ¼
Z

d3r0ρ12ðr − r0Þfðr0Þ; ð7Þ

and the smearing function is defined as

ρ12ðr− r0Þ ¼ σ312
π3=2

e−σ
2
12
ðr−r0Þ2 ;

σ212¼ σ20

�
1

2
þ1

2

�
4m1m2

ðm1þm2Þ2
�

4
�
þ s2

�
2m1m2

m1þm2

�
2

:

ð8Þ
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, so it
is necessary to adopt a relativized quark model such as the
GI model to study the excited ρ mesons in this work.
Second, the momentum-dependent factors are intro-

duced to modify the effective potentials,

G̃ðrÞ →
�
1þ p2

E1E2

�
1=2

G̃ðrÞ
�
1þ p2

E1E2

�
1=2

; ð9Þ

ṼiðrÞ
m1m2

→

�
m1m2

E1E2

�
1=2þϵi ṼiðrÞ

m1m2

�
m1m2

E1E2

�
1=2þϵi

; ð10Þ

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. [17]. In the non-
relativistic limit, those momentum-dependent factors will
become unity.

B. The MGI model with screening effects

The following replacement is often employed to modify
the linear confining potential br in the quark model [40,41],

VðrÞ ¼ br → VscrðrÞ ¼ bð1 − e−μrÞ
μ

: ð11Þ

If r is small enough, we can have VscrðrÞ ¼ VðrÞ.
Therefore, this replacement will not affect the low-lying
meson states. The parameter μ is related to the strength of
the screening effects, and one can roughly understand that
the screening effects begin to work from r ∼ 1=μ. The value
of μ can be determined by fitting to the experimental
measurements. Furthermore, the smeared potential [19,20]
can be obtained by using Eq. (7),

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

��
; ð12Þ
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where σ ¼ σ12 defined in Eq. (8). The MGI model is widely
used in Refs. [19,20,42–46], and it gives a better descrip-
tion of the mass spectrum for both heavy-light mesons and
light mesons.
In this work, all the parameters involved in the MGI

model are listed in Table II followed Ref. [45], where a
systematic study is performed for the mass spectrum of the
light mesons. Here, we need to emphasize that there exist
differences of parameters between relativistic quark models
and nonrelativistic ones. For example, the mass parameters
of quarks are roughly consistent as mu ¼ md ∼ 0.2 GeV
and ms ∼ 0.4 GeV in relativistic quark models [17,45,47],
while mu ¼ md ∼ 0.3 GeV and ms ∼ 0.6 GeV are often
adopted by the nonrelativistic quark models [48,49]. The
mass spectrum and wave functions of the mesons can be
obtained by solving the Schrödinger equation with the
Hamiltonian in Eq. (1). Furthermore, the meson wave
functions are used as inputs to investigate the subsequent
strong decays for mesons.

IV. TWO-BODY OZI-ALLOWED
STRONG DECAYS

In addition to the mass spectrum, the decay widths are
crucial to identify the assignments for mesons. Here, we
give a brief introduction of the 3P0 model which is widely
used in studying two-body OZI-allowed strong decays of
mesons [50–58].
The 3P0 model was originally proposed by Micu [59] in

1968, and later it was further developed by Le Yaouanc
et al. [60]. Hitherto, 3P0 model has been considered as an
effective tool to study two-body strong decays of hadrons,
namely, A → BC. In the decay process, a flavor-singlet and
color-singlet quark-antiquark pair with JPC ¼ 0þþ is cre-
ated from the vacuum first, then, the created antiquark

(quark) combines with the quark (antiquark) in meson A to
form meson B (C) as shown in the left diagram of Fig. 1,
besides, another similar decay mode is depicted in the right
diagram of Fig. 1.
The transition operator T of the decay A → BC in the 3P0

model is given by [61]

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; ð13Þ

where p3ðp4Þ is the momentum of the created quark
(antiquark). γ is a dimensionless parameter which stands
for the strength of the quark-antiquark q3q̄4 pair created
from the vacuum, and it is often 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.
The helicity amplitude MMJA

MJB
MJC ðPÞ of the decay

process is defined with the help of the transition operator T,

hBCjTjAi ¼ δ3ðPA − PB − PCÞMMJA
MJB

MJC ðPÞ; ð14Þ

where jAi, jBi, and jCi denote the mock meson states
defined in Ref. [62], and P is the momentum of meson B in
the center of mass frame.
Furthermore, one can express the partial wave

amplitude MLSðPÞ with helicity amplitude for the decay
A → BC [63],

MLSðPÞ ¼
X

MJB;MJC;
MS;ML

hLMLSMSjJAMJAi

× hJBMJBJCMJC jSMSi

×
Z

dΩY�
LML

MMJA
MJB

MJC ðPÞ: ð15Þ

Finally, with the relativistic phase space, the total width
ΓðA → BCÞ can be expressed in terms of the partial wave
amplitude squared [61],

ΓðA → BCÞ ¼ πjPj
4M2

A

X
LS

jMLSðPÞj2; ð16Þ

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.

V. NUMERICAL RESULTS

A. Mass spectrum analysis

Here, we adopt both the MGI and GI models to calculate
the mass spectrum for excited ρ mesons. The parameters

TABLE II. Parameter values in MGI model [45].

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

FIG. 1. Two possible diagrams contributing to the process
A → BC in the 3P0 model.

LI, LI, WANG, YAN, and SONG PHYS. REV. D 104, 034013 (2021)

034013-4



involved in the GI model are taken from Ref. [17]. In
Table III, the numerical results are shown together with
recent experimental measurements. Here, we need to men-
tion that, in 2008, the BABAR Collaboration announced an
enhancement around 1.57 GeV [8] which is named as
ρð1570Þ shown in Fig. 2, however, this state has not been
confirmed by other experiments since 2008. Therefore,
we will not discuss it in this work. The mass differences
between the MGI model and the GI model become larger
for higher excited ρ mesons as shown in Fig. 2. For
example, the mass differences are as large as 100 MeV
for ρð33S1Þ, ρð23D1Þ, and ρð43S1Þ. Comparing the MGI
model predictions with the measured masses, one can
regard ρð1900Þ, Yð2040Þ, and ρð2150Þ as possible candi-
dates of ρð33S1Þ, ρð23D1Þ, and ρð43S1Þ, respectively.

B. Decay behavior analysis

It should be emphasized that the mass alone is insuffi-
cient to identify those assignments, and the decay behaviors
need to be analyzed. 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 ρð1900Þ,
Yð2040Þ, and ρð2150Þ. In this case, only the parameter γ
is unknown in the 3P0 model. Since ρð1900Þ, Yð2040Þ, and
ρð2150Þ are light mesons, we can assume they share the
same γ with other excited light mesons with JPC ¼ 1−−. We
obtain γ ¼ 6.57 for uū=dd̄ pair creation by fitting to the
total widths of ρð1700Þ, K�ð1680Þ, ωð1650Þ, ρð1450Þ,
K�ð1410Þ, ϕð1680Þ, and ωð1420Þ mesons. As for the ss̄
pair creation in the decay process, the γ value is multiplied
by a factor mu=ms.
The partial widths and total width of Yð2040Þ as ρð23D1Þ

are listed in Table IV. The total width is expected to
be 227.91 MeV, in good agreement with the recent
BESIII measurement of ΓYð2040Þ ¼234�30�25MeV [1].
Besides, the predicted branching ratio is ΓKþK−=Γ ≈ 0.14%
under the assignment of ρð23D1Þ, also consistent with the
BESIII measurement ΓKþK−=Γ ¼ 0.1%–0.2% [30]. The
main decay modes are ππ, ππð1300Þ, ρρ, πa1ð1260Þ,
a2ð1320Þπ, ππ2ð1670Þ, b1ð1235Þρ, and πh1ð1170Þ. The
background of ππ is complicated, and it is difficult to
identify new resonances. Apart from ππ and a2ð1320Þπ,
there exists at least one broad state in other main channels,
so it is hard to reconstruct the two-body processes involv-
ing a broad state experimentally. Therefore, a2ð1320Þπ
should be a good channel for investigating Yð2040Þ, and
the decay width is 9.76 MeV which is comparable with
the decay width 6.31 MeV of the observed mode πω.

FIG. 2. The theoretical and experimental masses of ρ mesons,
the black solid and red solid lines denote the predictions from the
GI model and MGI model, respectively.

TABLE III. The predicted and measured masses of ρ mesons.

State MGI (MeV) GI (MeV) Exp (MeV)

ρð13S1Þ 774 771 775.26� 0.25 [2]
ρð23S1Þ 1424 1456 1465� 25 [2]
ρð33S1Þ 1906 1998 1909� 17� 25 [8]

1880� 30 [7]
1860� 20 [7]

ρð43S1Þ 2259 2435 2239.2� 7.1� 11.3 [11]
2232� 8� 9 [12]
2254� 22 [13]

ρð53S1Þ 2542 2817 � � �
ρð13D1Þ 1646 1664 1720� 20 [2]
ρð23D1Þ 2048 2153 2034� 13� 9 [1]

2039� 8þ36
−18 [30]

1990� 80 [16]
ρð33D1Þ 2365 2557 � � �
ρð43D1Þ 2624 2915 � � �

TABLE IV. Decay widths of Yð2040Þ as the ρð23D1Þ (in MeV),
the initial mass is set to be 2034 MeV and the masses of all the
final states are taken from PDG [2].

Channel Mode ρð23D1Þ Mode ρð23D1Þ
1− → 0−0− ππ 19.77 KK 0.32

ππð1300Þ 14.81 KKð1460Þ 0.30
ππð1800Þ 1.28

1− → 0−1− πω 6.31 ρη0 0.013
ρη 2.17 KK� 0.015

ωð1420Þπ 6.68 ωð1650Þπ 0.14
KK�ð1410Þ 0.57 ρð1450Þη 0.51

1− → 1−1− ρρ 36.38 K�K� 0.13

1− → 0−1þ a1ð1260Þπ 26.60 h1ð1170Þπ 35.20
KK1ð1400Þ 0.098 b1ð1235Þη 6.23
KK1ð1270Þ 0.19

1− → 0−2þ a2ð1320Þπ 9.76 KK�
2ð1430Þ 0.027

1− → 0−2− ππ2ð1670Þ 39.15

1− → 0−3− πω3ð1670Þ 0.19

1− → 1−1þ b1ð1235Þρ 15.86 a1ð1260Þω 5.20

Total width 227.91

Experiment 234� 30� 25 [1]
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The dependence of the total width on the mass of the initial
state is shown in Fig. 3, and the pink error band indicates
the decay width ΓYð2040Þ ¼ 234� 30� 25MeV [1]. In the
mass range of the experimental value MYð2040Þ ¼
2034� 13� 9 MeV, the predicted total width is always
in agreement with the measurement. Thus, we can have a
nice description of Yð2040Þ on the mass spectrum and
decay behaviors under the assignment of ρð23D1Þ.
The decay widths of ρð1900Þ as ρð33S1Þ are shown in

Table V, and the main decay modes are ππ, πa1ð1260Þ,
πa2ð1320Þ, ππð1300Þ, ωð1420Þπ, and πω. Considering the
experimental conditions, πa2ð1320Þ and πω should be
the best channels for investigating ρð1900Þ. The predicted
total width of ρð1900Þ as ρð33S1Þ is 125.51 MeV which
agrees with the BABAR measurement of Γρð1900Þ ¼ 130�
30 MeV [7] very well. As we discussed above, there exists
a discrepancy for the ρð1900Þ width among different
experiments. Therefore, further precise measurements for
the ρð1900Þ width are necessary to pin down the ρð33S1Þ
assignment. In Fig. 4, we also show the dependence of
the total width on the mass of ρð1900Þ as ρð33S1Þ, the
pink error band indicates the uncertainties of the mea-
sured width. In the mass range of the experimental
value Mρð1900Þ ¼ 1880� 30 MeV [7], the predicted total
width is still in agreement with the BABAR value
Γρð1900Þ ¼ 130� 30 MeV.
The decay widths of ρð2150Þ as ρð43S1Þ are shown in

Table V. The total width is predicted to be 121.72 MeV,
which is in good agreement with the BESIII measurement
of 139.8� 12.3� 20.6 MeV [11] and the BABAR meas-
urement of 133� 14� 4 MeV [12]. We can see that the
main decay channels are ππð1300Þ, ππð1800Þ, πωð1420Þ,
and πa2ð1320Þ, among them πa2ð1320Þ should be the
easiest one to be measured by experiment as we discussed
for Yð2040Þ. In Fig. 5, we show the dependence of the total
width on the mass of ρð2150Þ. In the mass range of the
experimental value Mρð2150Þ ¼ 2232� 8� 9 MeV [12],
the predicted total width is still in agreement with the
BABAR value 133� 14� 4 MeV. Therefore, ρð2150Þ is a
very good candidate of ρð43S1Þ.
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FIG. 3. The dependence of the decay width on the mass of
Yð2040Þ as ρð23D1Þ, and the pink error band indicates the mea-
sured width for the Yð2040Þ from the BESIII Collaboration [1].

TABLE V. Decay widths of ρð1900Þ and ρð2150Þ as ρð33S1Þ
and ρð43S1Þ states (in MeV), the initial state masses are set to be
1880 MeV and 2232 MeV, respectively. The masses of all the
final states are taken from PDG [2].

Channel Mode ρð1900Þ ρð2150Þ
1− → 0−0− ππ 10.89 6.18

ππð1300Þ 14.52 15.96
ππð1800Þ � � � 10.07

KK 0.34 0.032
KKð1460Þ � � � 0.12

1− → 0−1− πω 21.07 5.41
ρη 4.63 0.82

ωð1420Þπ 29.61 18.92
ωð1650Þπ 0.017 0.15

KK� 0.27 0.0098
KK�ð1410Þ � � � 0.40

ρη0 0.13 0.11
ρð1450Þη � � � 0.59
ρηð1295Þ � � � 0.19
πð1300Þω � � � 0.14

1− → 1−1− ρρ 0.011 2.19
K�K� 0.11 0.41

1− → 0−1þ a1ð1260Þπ 10.16 7.73
h1ð1170Þπ 8.61 8.40
KK1ð1400Þ � � � 0.35
KK1ð1270Þ 0.94 0.32
b1ð1235Þη 1.76 1.26

1− → 0−2þ a2ð1320Þπ 22.36 14.71

1− → 0−2− ππ2ð1670Þ 0.067 3.44

1− → 0−3− πω3ð1670Þ 0.0043 2.24

1− → 1−1þ b1ð1235Þρ � � � 5.88
f1ð1285Þρ � � � 4.49
a1ð1260Þω � � � 5.86

1− → 1−2þ f2ð1270Þρ � � � 2.30
a2ð1320Þω � � � 3.03

1− → 0−4þ a4ð1970Þπ � � � 0.0048

Total width 125.51 121.72

Experiment 130� 30 [7] 133� 14� 4 [12]
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FIG. 4. The dependence of the decay width on the mass of
ρð1900Þ as ρð3SÞ, and the pink error band indicates the measured
width for the ρð1900Þ from the BABAR Collaboration [7].
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We also predict the decay behavior for ρð33D1Þ state with
the initial mass M ¼ 2365 MeV obtained in the MGI
model, as listed in Table VI. The ρð33D1Þwidth is predicted
to be 204.89 MeV, and the main decay modes are ρρ,
πh1ð1170Þ, ππ2ð1670Þ, and πa1ð1640Þ. It should be stressed
that the state ρð2270Þwith a mass of 2265� 40 MeV and a
width of 325� 80 MeV was reported by the Crystal Barrel
Collaboration [3,6], but is not further confirmed by other
experiments. In Ref. [27], the ρð2270Þ was regarded as the
candidate of ρð33D1Þ. Our predictions on the mass and width
for the ρð33D1Þ do not favor the assignment of ρð2270Þ
as ρð33D1Þ.

VI. SUMMARY AND CONCLUSION

In this work, we perform a systematic study on the mass
spectrum and decay properties for Yð2040Þ, ρð1900Þ, and
ρð2150Þ. The mass spectrum of the excited ρ mesons is
predicted within the MGI model where the screening
effects are taken into account. Moreover, the decay behav-
iors are calculated in the 3P0 model with the meson wave
functions obtained from the MGI model. We draw the
following conclusions by comparing the recent precise
experimental measurements with our theoretical results.
(1) The screening effects play an important role in

studying the masses of Yð2040Þ, ρð1900Þ, ρð2150Þ,
and ρð33D1Þ, and mass gaps around 100 MeVappear
whenwecompare theMGImodel predictionswith the
ones of the GI model.

(2) The newly observed state Yð2040Þ should be the
same state as ρð2000Þ which is omitted in the sum-
mary table of PDG [2], since they share the similar
resonance parameters [1,16,30].

(3) The Yð2040Þ, ρð1900Þ, and ρð2150Þ can be inter-
preted as the ρð23D1Þ, ρð33S1Þ, and ρð43S1Þ states,
respectively.

This work is helpful for us to reveal the inner structure of
Yð2040Þ, ρð1900Þ, and ρð2150Þ, which is crucial to under-
stand the ρ meson family. In addition, we expect that more
and more experimental measurements will be released in
future, especially the decay width of ρð1900Þ needs to be
measured precisely to pin down the ρð33S1Þ assignment.
Apart from the phenomenological models employed in

this work, much progress has been made on mass spectrum
and strong decays of theρmesons byusing latticeQCD in the
past decade. For example, masses are estimated in Ref. [64]
for a few excited ρmesons, and the authors of Ref. [65] also
compute the decay widths πρ and πω for ρð1450Þ and
ρð1700Þ. We expect that more and more results will be
released by latticeQCD in the near future, and the predictions
of this work can be checked for the excited ρ mesons.
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TABLE VI. The decay widths of ρð33D1Þ (in MeV), the initial
sate mass is set to be 2365 MeV and the masses of all the final
states are taken from PDG [2].

Channel Mode ρð33D1Þ Mode ρð33D1Þ
1− → 0−0− ππ 12.59 KK 0.029

ππð1300Þ 14.34 KKð1460Þ 0.097
ππð1800Þ 10.45

1− → 0−1− πω 2.28 KK�ð1680Þ 0.043
ρη 0.56 ρð1700Þη 0.082

ωð1420Þπ 3.73 ρηð1475Þ 0.090
ωð1650Þπ 0.59 ωπð1300Þ 1.17

KK� 0.013 ρηð1295Þ 0.70
KK�ð1410Þ 0.031 ρð1450Þη 0.89

ρη0 0.0020

1− → 1−1− ρρ 24.88 K�K� 0.039
ρρð1450Þ 13.15 K�K�ð1410Þ 0.073

1− → 0−1þ a1ð1260Þπ 13.08 b1ð1235Þη0 0.25
h1ð1170Þπ 17.54 πa1ð1640Þ 16.38
KK1ð1400Þ 0.11 b1ð1235Þη 2.94
KK1ð1270Þ 0.051

1− → 0−2þ a2ð1320Þπ 7.92 a2ð1700Þπ 4.98
KK�

2ð1430Þ 0.0016

1− → 0−2− ππ2ð1670Þ 17.69 πη2ð1645Þ 11.51
KK2ð1770Þ 0.019 KK2ð1820Þ 0.0018

1− → 0−3− πω3ð1670Þ 1.12 ηρ3ð1690Þ 0.11
KK3ð1780Þ 0.0007

1− → 1−1þ b1ð1235Þρ 3.35 K1ð1400ÞK� 0.077
a1ð1260Þω 2.17 K1ð1270ÞK� 0.25
ρf1ð1285Þ 1.18 ρf1ð1420Þ 0.17
ρh1ð1170Þ 4.52

1− → 2þ1− ρf2ð1270Þ 7.71 K�K�
2ð1430Þ 0.022

ωa2ð1320Þ 5.33

1− → 0−4þ a4ð1970Þπ 0.11

1− → 1−0þ a0ð1450Þω 0.46

Total width 204.89
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