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Recently, the BESIII Collaboration observed a ρ-like structure Yð2044Þ in eþe− → a2ð1320Þπ, suggesting
that Yð2044Þ may be a candidate of vector meson ρð2DÞ by comparing resonance parameters. However, the
theoretical prediction for the combined branching ratio Γeþe−Ba2ð1320Þπ for the pure ρð2DÞ state is about
2 orders of magnitude smaller than the experimental value. To resolve this discrepancy and decipher the
nature of Yð2044Þ, this work proposes an S-D mixing scheme to reanalyze the cross section of
eþe− → a2ð1320Þπ, and finds that the aforementioned branching ratio discrepancy can be resolved. Our
results show that the Yð2044Þ structure can be reproduced by introducing four theoretically predicted S-D
mixing ρ meson states ρ03S−2D, ρ

00
3S−2D, ρ

0
4S−3D, and ρ004S−3D as intermediate resonances, in which dominant

contribution arises from ρ003S−2D and their inference effect is also significant. Furthermore, we reanalyzed five
additional isospin vector processes eþe− → ωπ0, eþe− → f1ð1285Þπþπ−, eþe− → πþπ−, eþe− → ρη, and
eþe− → η0πþπ− based on the same S-D mixing framework, and simultaneously reproduced their
experimental cross section data. This work provides a unified framework to elucidate all observed ρ-like
structures near 2 GeV in the eþe− annihilation processes, and suggests that the S-D mixing effect may be
crucial for understanding the mass spectrum and decay behaviors of the higher ρ meson states.

DOI: 10.1103/pdfh-mk79

I. INTRODUCTION

Light hadron spectroscopy remains a central focus of the
particle physics community, offering a rich testing ground
for understanding the nonperturbative regime of quantum

chromodynamics (QCD). With the continuous accumulation
of experimental data, a wealth of phenomena associated with
light hadrons have been found. These discoveries not only
contribute to the systematic construction of the conventional
light hadron spectrum but also stimulate extensive discus-
sions on exotic hadronic states, such as hybrids, glueballs,
and multiquark configurations. Such investigations are
crucial for deepening our understanding of the hadron
spectroscopy and the strong interaction.
The BESIII Collaboration has played a pivotal role in

advancing light hadron spectroscopy [1]. Recently, BESIII
reported precise measurements of the cross sections of the
process eþe− → ηπþπ− at center-of-mass energies ranging
from 2.00 to 3.08 GeV [2]. Through a partial-wave analysis
on eþe− → ηπþπ−, a ρ-like structure denoted as Yð2044Þ
was observed in the cross section distribution for the
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subprocess eþe− → a2ð1320Þπ, with a fitted mass M ¼
2044� 21� 4 MeV and a fitted width Γ ¼ 163�
69� 24 MeV. Furthermore, the combined branching ratio
Γeþe−Ba2ð1320Þπ was determined to be ð34.6� 17.1� 6.0Þ
or ð137.1� 73.3� 2.1Þ eV, depending on whether con-
structive or destructive interference was assumed in the
analysis of the cross section. The resonance parameters of
Yð2044Þ are consistent with theoretical expectations for
the ρð2DÞ state, leading BESIII to propose Yð2044Þ as a
candidate for the n2Sþ1LJ ¼ 23D1 state within the ρ meson
family.
However, this interpretation is challenged by a notable

discrepancy: The theoretical predictions for dileptonic
width Γeþe− and branching ratio Ba2ð1320Þπ of the pure
ρð2DÞ state are 20 eV [3] and 3.6%, respectively, whose
combined product is at least nearly 2 orders of magnitude
smaller than the experimental value ð34.6� 17.1� 6.0Þ or
ð137.1� 73.3� 2.1Þ eV [2] reported for Yð2044Þ. In other
words, this implies that if Yð2044Þ is considered as pure
ρð2DÞ, its branching ratio for the decay ρð2DÞ →
a2ð1320Þπ would substantially exceed 100%. This incon-
sistency challenges the interpretation of Yð2044Þ as a pure
ρð2DÞ state and indicates the possible involvement of
additional dynamics. One possible explanation is the
interference effect among several excited ρ mesons. As
shown in Table I, four ρ states are expected near 2 GeV,
with relatively small mass gaps. Such a proximity usually
leads to strong interference effects in production and decay
processes, potentially complicating the extraction of reso-
nance parameters and decay characteristics of these inter-
mediate ρmeson states experimentally. Similar interference
mechanismshavebeensuccessfully applied todescribeother
vector structures in the 2 GeV region [3–7]. Motivated by
this, we reanalyze the eþe− → a2ð1320Þπ cross section
measured by BESIII [2], including four predicted ρ meson
states from Table I as intermediate resonances. However,
our analysis shows that the enhancement structure around
2044 MeV cannot be reproduced within the interference
framework alone, whose details can be found in Sec. II.
Given that interference effects alone cannot account

for the observed enhancement Yð2044Þ, an alternative

explanation is required. It is well known that the dileptonic
width of a D-wave vector quarkonium is strongly sup-
pressed compared to that of its S-wave counterpart, as
predicted by quark potential models. In fact, this suppres-
sion mainly contributes to the large discrepancy between
the theoretical and experimental combined branching
ratios. A potential mechanism of avoiding the dileptonic
rate suppression of a D-wave quarkonium is the S-D
mixing. Previous studies have demonstrated that S-D
mixing plays a crucial role in understanding the spectros-
copy of meson families, including the charmonium, botto-
monium, and ω meson [8–17].
In Sec. III, we first perform a systematic analysis of the

mass spectrum and decay behavior of ρ mesons around
2 GeV within the S-D mixing framework. In order to
determine the S-D mixing angles in these ρ meson
excitations, we need to identify some ideal decay processes,
in which the observed enhancement structure is dominated
by a single S-D mixing state, and the corresponding
interference effects can be ignored. Based on this, we
find two satisfactory processes eþe− → ωπ0 [18,19] and
eþe− → f1ð1285Þπþπ− [20,21] to fix the S-D mixing
angles between ρð3SÞ and ρð2DÞ, as well as between
ρð4SÞ and ρð3DÞ, respectively. Subsequently, we reanalyze
the cross sections of eþe− → a2ð1320Þπ [2] by considering
the interference effect from four theoretically predicted
ρ meson states ρ03S−2D, ρ003S−2D, ρ04S−3D, and ρ004S−3D as
intermediate resonances and find that the enhancement
structure associated with Yð2044Þ can be reproduced well,
which indicates that the problem of large discrepancy
between theoretical and experimental combined branching
ratios is fully solved. In addition, to further validate the
reasonableness of the proposed mixing angles and to
understand all ρ-like structures observed in different
eþe− annihilation processes around 2 GeV, we perform
a combined fit to the cross sections of processes eþe− →
ωπ0 [18,19], eþe− → f1ð1285Þπþπ− [20,21], eþe− →
πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ− [23] based
on a consistent theoretical framework. Our results provide a
unified understanding of all observed ρ-like enhancements
near 2 GeV in the electron-positron annihilation processes.

II. DATA FITTING OF e + e− → a2ð1320Þπ IN
AN INTERFERENCE FRAMEWORK

WITHOUT S-D MIXING

As mentioned in Sec. I, the small mass gaps among the ρ
mesons near 2 GeV, as listed in Table I, may lead to
significant interference effects in production processes. In
this context, the resonance parameters and decay informa-
tion of the enhancement structure in the cross section
distribution extracted using a single Breit-Wigner function
may deviate from theoretical predictions. Therefore, in this
section, we attempt to understand Yð2044Þ within the
interference framework. Here, we will reanalyze the cross
section data for eþe− → a2ð1320Þπ [2] by introducing the

TABLE I. The resonance parameters and decay properties of
excited ρ meson states around 2 GeV. Here, the values of the
masses, total widths, and dileptonic widths are taken from the
theoretical estimations in Ref. [3]. The Ba2ð1320Þπ are estimated
using the quark pair creation model with the same model
parameters as those employed in Ref. [3].

Parameters ρð3SÞ ρð2DÞ ρð4SÞ ρð3DÞ
Mass (MeV) 1862 2003 2180 2283
Total width (MeV) 115 179 102 158
Γeþe− (eV) 156 20 63 16
Ba2ð1320Þπ (10−2) 13.5 3.6 9.6 2.9
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contributions from the four theoretically predicted pure ρ
meson states near 2 GeV as listed in Table I.
The cross section of eþe− → a2ð1320Þπ can be modeled

as the coherent sum of a continuum amplitude and a
resonant amplitude [2]

σðsÞ ¼
����MDir þ

X
k

eiϕkMk

����
2

; ð1Þ

where ϕk is the relative phase angle between the different
amplitudes. The continuum amplitude MDir is written as

MDir ¼ C0 · s−n
ffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ðsÞ

p
; ð2Þ

where Φ2ðsÞ is two-body phase space. The resonant
amplitudeMk is described with a Breit-Wigner function as

Mk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓρ�k

eþe−B
ρ�k
a2ð1320ÞπΓ

tot
ρ�k

q

s −M2
ρ�k
þ iMρ�k

Γtot
ρ�k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ðsÞ

Φ2ðM2
ρ�k
Þ

s
; ð3Þ

where Mρ� , Γtot
ρ� , Γ

ρ�
eþe− , and Bρ�

a2ð1320Þπ are the mass, total

width, partial width to eþe−, and branching ratio for the
decay ρ� → a2ð1320Þπ of the intermediate excited ρ
mesons, respectively. These values are taken from the
theoretical calculations presented in Ref. [3], as summa-
rized in Table I. Here, the values of masses, total widths,
and dileptonic widths are taken from the theoretical
estimations in Ref. [3]. The Ba2ð1320Þπ are estimated using
the quark pair creation (QPC) model with the same model
parameters as those employed in Ref. [3]. The interference
phase angles and parameters included in the continuum
amplitude are treated as free parameters and determined by
fitting the cross section data of eþe− → a2ð1320Þπ [2]. The
fitting results with these parameters are listed in Table II.
Figure 1 presents the fitting result for the cross section

of eþe− → a2ð1320Þπ [2] with a fit quality of χ2=n:d:f: ¼
1.33 (number of degrees of freedom), where the gray solid
dots with error bars are BESIII data, the red solid curve
is the total fitting result, the short dashed line is the
continuum contribution, and the purple dot-dot-dashed
line, the gray dashed line, the green dot-dashed line, and
the dot line correspond to the ρð3SÞ, ρð2DÞ, ρð4SÞ, and
ρð3DÞ contributions, respectively. As shown in Fig. 1, the
peak structure near 2044 MeV cannot be reproduced
by considering the interference effects among the four
pure excited ρ meson states near 2 GeV listed in Table I.

This implies that the unsuccessful fit may be due to the
limited contribution of ρð2DÞ (with a mass of around
2044 MeV) to the eþe− → a2ð1320Þπ process.

III. DATA FITTING OF SIX ISOSPIN VECTOR
e+ e− ANNIHILATION PROCESSES IN
AN INTERFERENCE FRAMEWORK

WITH S-D MIXING

A. Spectra and decay properties of excited ρ meson
states near 2 GeV including S-D mixing

In this subsection, we will investigate the mass spectrum
and decay characteristics of the excited ρ mesons near
2 GeV under the S-D mixing framework. Within the S-D
mixing framework, the ρðnSÞ − ρððn − 1ÞDÞmixing can be
expressed as [17]
 jρ0nS−ðn−1ÞDi
jρ00nS−ðn−1ÞDi

!
¼
�

cos θ sin θ

− sin θ cos θ

� jρðnSÞi
jρððn − 1ÞDÞi

!
;

ð4Þ
where θ denotes the mixing angle between ρðnSÞ and
ρððn − 1ÞDÞ. The masses of ρ0nS−ðn−1ÞD and ρ00nS−ðn−1ÞD can

be determined by the masses of mnS, mðn−1ÞD, and the
mixing angle θ, i.e., [17],

m2
ρ0
nS−ðn−1ÞD

¼ 1

2

�
m2

ρðnSÞ þm2
ρððn−1ÞDÞ

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ρðnSÞ −m2
ρððn−1ÞDÞÞ2 sec22θ

q �
; ð5Þ

m2
ρ00
nS−ðn−1ÞD

¼ 1

2

�
m2

ρðnSÞ þm2
ρððn−1ÞDÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ρðnSÞ −m2
ρððn−1ÞDÞÞ2 sec22θ

q �
; ð6Þ

TABLE II. The parameters obtained by fitting the cross section
of eþe− → a2ð1320Þπ measured by the BESIII Collaboration [2].

Parameters Values Parameters Values

n 1.57� 0.01 C0 481.96� 8.65
ϕ1 (rad) 5.75� 0.08 ϕ2 (rad) 0.38� 0.24
ϕ3 (rad) 3.44� 0.09 ϕ4 (rad) 2.92� 0.43

FIG. 1. Fit to the cross section of the process eþe− →
a2ð1320Þπ measured by the BESIII Collaboration [2].
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where mnS and mðn−1ÞD are the masses of pure ρðnSÞ and
ρððn − 1ÞDÞ, respectively, calculated by an unquenched
relativized potential model [3]. By substituting the masses
of the pure ρ mesons from Table I into Eqs. (5) and (6), we
can derive the dependence of the masses of mixed states on
the mixing angle θ, as shown in Fig. 2. This figure indicates
that the mixed state mass mρ0

nS−ðn−1ÞD
decreases with increas-

ing the absolute value of the mixing angle θ, whereas
mρ00

nS−ðn−1ÞD
increases as the absolute value of θ increases.

Thus, the ρ-like structure with a mass of about 2044 MeV
mentioned in Sec. II may be one of the mixed states ρ003S−2D
derived from ρð3SÞ and ρð2DÞ. The determination of
mixing angles will be discussed later in this subsection.
Because of the distortion caused by the unavoidable

interference effects in production processes, it is necessary
to identify ideal processes to determine the S-D mixing
angles between ρð3SÞ and ρð2DÞ (θ3S−2D) and between
ρð4SÞ and ρð3DÞ (θ4S−3D). To achieve this goal, we will
investigate the decay properties of the ρ meson states
around 2 GeV within the S-D mixing framework. Here,
we employ the QPC model [24–26] to study the Okubo-
Zweig-Iizuka allowed two-body strong decays of these
mixed ρmesonic states. The partial widths of the ρ0nS−ðn−1ÞD
and ρ00nS−ðn−1ÞD decay to B and C can be expressed as

Γρ0
nS−ðn−1ÞD→BC ¼ π

4

jPj
m2

ρ0
nS−ðn−1ÞD

X
JL

���MJL
ρ0
nS−ðn−1ÞD

ðPÞ
���2; ð7Þ

Γρ00
nS−ðn−1ÞD→BC ¼ π

4

jPj
m2

ρ00
nS−ðn−1ÞD

X
JL

���MJL
ρ00
nS−ðn−1ÞD

ðPÞ
���2; ð8Þ

whereP ¼ PB ¼ −PC is the three-momentum of the particle
B in the center-of-mass frame, and L and J denote the
relative orbital angular and total spin momentum between
final states B and C. The mixed partial-wave amplitudes
of MJL

ρ0
nS−ðn−1ÞD

ðPÞ andMJL
ρ00
nS−ðn−1ÞD

ðPÞ can be represented as a

combination of the pure state amplitudes MJL
ρðnSÞðPÞ and

MJL
ρððn−1ÞDÞðPÞ, and are denoted by

0
@
MJL

ρ0
nS−ðn−1ÞD

ðPÞ
MJL

ρ00
nS−ðn−1ÞD

ðPÞ

1
CA¼

�
cosθ sinθ

−sinθ cosθ

� MJL
ρðnSÞðPÞ

MJL
ρððn−1ÞDÞðPÞ

!
;

ð9Þ

where the pure state amplitudes MJL
ρðnSÞðPÞ and

MJL
ρððn−1ÞDÞðPÞ adopt the results of Refs. [3,27].

The dileptonic widths of the mixed ρ0nS−ðn−1ÞD and
ρ00nS−ðn−1ÞD are given by [3–5,27,28]

Γeþe−
ρ0
nS−ðn−1ÞD

¼
4πα2mρ0

nS−ðn−1ÞD

3

���Meþe−
ρ0
nS−ðn−1ÞD

���2; ð10Þ

Γeþe−
ρ00
nS−ðn−1ÞD

¼
4πα2mρ00

nS−ðn−1ÞD

3

���Meþe−
ρ00
nS−ðn−1ÞD

���2: ð11Þ

Similar to the strong decay, the dileptonic decay amplitudes
can also be expressed as a function of the pure-state
dileptonic decay amplitudes as follows:

0
B@

Meþe−
ρ0
nS−ðn−1ÞD

Meþe−
ρ00
nS−ðn−1ÞD

1
CA¼

�
cosθ sinθ

− sinθ cosθ

� Meþe−
ρðnSÞ

Meþe−
ρððn−1ÞDÞ

!
; ð12Þ

where the dileptonic decay amplitudes of the pure higher
ρ meson states can be related to the zero-point behavior of
their radial wave functions, as specified by the formula
detailed in Refs. [3,27,28].
In Fig. 3, we present the decay behaviors of ρ03S−2D,

ρ003S−2D, ρ04S−3D, and ρ004S−3D as functions of the mixing
angle θ. Figure 3(a) presents the dependence of total widths
of the mixed ρ meson states on the mixing angle, with line

(a) (b)

FIG. 2. The dependence of the masses of mixed states on mixing angle θ. Panel (a) shows the masses of mixed states ρ03S−2D and
ρ003S−2D as a function of the mixing angle, while (b) shows the masses of mixed states ρ04S−3D and ρ004S−3D as a function of the mixing angle.
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(a) (b)

(d)(c)

(e) (f)

(h)(g)

FIG. 3. The decay behavior of ρ03S−2D, ρ
00
3S−2D, ρ

0
4S−3D, and ρ

00
4S−3D as functions of the mixing angle θ. Panel (a) shows the total widths

of mixed ρ mesons as a function of the mixing angle, and panel (b) shows the dileptonic widths of mixed ρ mesons as a function of the
mixing angle. Panels (c)–(h) show the combined branching ratios for mixed ρ mesons decay to a2ð1320Þπ, ωπ, f1ð1285Þρ, ππ, ρη and
ρη0, respectively, as a function of the mixing angle.
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shapes closely resembling those of the dependence of
masses on the mixing angle shown in Fig. 2. This indicates
that the variations in their total width are primarily
influenced by phase space. Figure 3(b) presents the
dependence of the dileptonc widths of the mixed ρ meson
states on the mixing angle, showing that the dilepton widths
of ρ03S−2D and ρ04S−3D decrease with the increasing positive
mixing angle, whereas those of ρ003S−2D and ρ004S−3D increase.
These six channels illustrated in Figs. 3(c)–3(h) encompass
all isospin vector processes studied to date in electron-
positron annihilation [29]. From Fig. 3, we can see that the
impact of S-D mixing effects on the decay behaviors of
these ρ meson states is highly significant. Next, we need to
identify the ideal processes to determine the values of
mixing angles θ3S−2D and θ4S−3D. Here, these ideal proc-
esses are defined as those in which a specific intermediate
ρ meson state dominates over other ρ meson states within
the 2 GeVenergy range and the corresponding interference
effect can be ignored. The logic for determining these two
mixing angles is as follows:
(1) Figure 3(c) indicates that if ρ003S−2D contributes sig-

nificantly to eþe− → a2ð1320Þπ, the mixing angle
between ρð3SÞ and ρð2DÞ must satisfy θ3S−2D > 0.

(2) Figure 3(d) shows that if the mixing angle
θ4S−3D > 0 is considered, the combined branching
ratios of ρ04S−3D to ωπ are relatively small, and the
contribution of ρ003S−2D to the structure Yð2034Þ
observed in the process eþe− → ωπ0 [18] will be
the most significant. It is noteworthy that although
ρ03S−2D and ρ004S−3D may also have significant con-
tributions to eþe− → ωπ0, their masses are consid-
erably distant from 2034 MeV; thus, the interference
contributions from ρ03S−2D and ρ004S−3D are unlikely
significant for producing the Yð2034Þ structure. In
this context, this resonance structure can be regarded
as a good candidate for ρ003S−2D. Therefore, substitut-
ing the mass of Yð2034Þ measured by the BESIII
Collaboration [18] into Eq. (6), the central value of
θ3S−2D ¼ �23.4° is obtained.

(3) Figure 3(e) shows that eþe− → f1ð1285Þρ is an
ideal process to determine the mixing angle θ4S−3D.
The study carried out by the BABAR Collaboration
on process eþe− → f1ð1285Þπþπ− [21] reveals that
πþπ− is dominantly from ρð770Þ. When ρ03S−2D and
ρ003S−2D serve as intermediate resonant states in
eþe− → f1ð1285Þπþπ−, their contributions will be
suppressed because ρð770Þ is off shell. Additionally,
the BABAR Collaboration observed an enhancement
structure in eþe− → f1ð1285Þπþπ− [21] processes
only around 2150 MeV, with no evidence of other
enhancement structure at higher energy regions, and
this indicates that the contribution of ρ004S−3D in this
process should be not significant, and the corre-
sponding mixing angle θ4S−3D is also unlikely to be
very large. Therefore, we have sufficient justification
to identify the ρ-like state with a mass of 2150�
40� 50 MeV observed in the process eþe− →
f1ð1285Þπþπ− [21] as ρ04S−3D. According to
Eq. (6), the central value of θ4S−3D is determined
to be θ4S−3D ¼ �25.1°. Here, the concrete sign will
be determined in Sec. III B through fitting a series of
cross section data of electron-positron annihilation
processes.

Figure 3(f) indicates that when both θ3S−2D and θ4S−3D
are greater than 0, the combined branching ratio Γeþe−Bππ

of ρ3S−2D is significantly larger than those of the other three
ρ meson states. Therefore, eþe− → πþπ− can serve as a
crucial process to determine the mixing angle θ3S−2D.
Unfortunately, there are no experimental measurements
of cross sections for eþe− → πþπ− processes below 2 GeV.
The combined branching ratios Γeþe−Bρη and Γeþe−Bρη0 as
functions of the mixing angle presented in Figs. 3(g) and
3(h), respectively, suggest that eþe− → ρη and eþe− → ρη0
may be more suitable for determining θ3S−2D. However,
due to the poor precision and statistical significance of
the experimental results for these two processes [2,23]
compared to those for eþe− → ωπ0 [19], we opt to use
eþe− → ωπ0 for the determination of θ3S−2D.

TABLE III. Masses and decay properties of ρ03S−2D, ρ
00
3S−2D, ρ

0
4S−3D, and ρ004S−3D. Here, the mixing angles for the 3S − 2D wave and

4S − 3D wave admixtures are taken as �23.4° and �25.1°, respectively.

Positive angle Negative angle

Parameters ρ03S−2D ρ003S−2D ρ04S−3D ρ004S−3D ρ03S−2D ρ003S−2D ρ04S−3D ρ004S−3D
Mass (MeV) 1828 2034 2150 2311 1828 2034 2150 2311
Γtot (MeV) 109 243 103 182 97 207 77 192
Γeþe− (eV) 93.35 85.94 31.03 51.81 169.59 1.14 79.21 0.02
Γeþe−Ba2ð1320Þπ (eV) 5.51 7.25 1.11 4.75 27.15 3.67 × 10−4 9.76 5.52 × 10−7

Γeþe−Bωπ0 (eV) 6.87 7.17 0.72 2.20 30.01 5.96 × 10−7 5.49 2.90 × 10−6

Γeþe−Bf1ð1285Þρ (eV) � � � � � � 0.63 0.11 � � � � � � 0.92 3.28 × 10−4

Γeþe−Bππ (eV) 12.70 2.61 2.74 1.00 1.38 0.14 0.46 2.01 × 10−3

Γeþe−Bρη (eV) 1.29 2.39 0.12 0.58 5.63 1.01 × 10−6 0.89 7.35 × 10−7

Γeþe−Bρη0 (eV) 0.02 0.13 0.02 0.02 0.12 1.76 × 10−6 0.03 2.62 × 10−7
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Table III presents the results for the masses, decay
widths, dileptonic widths, and combined branching ratios
of ρ03S−2D, ρ

00
3S−2D, ρ

0
4S−3D, and ρ004S−3D calculated by taking

θ3S−2D ¼ �23.4° and θ3S−2D ¼ �25.1°, which will be used
as input values for the corresponding parameters when
fitting the experimental data in Sec. III B. Supported by
theoretical studies of mass spectra and decay properties, the
resonance parameters and contributions of intermediate
resonant states can be determined. This will effectively
limit the number of free parameters in the fitting process
and avoid multiple solutions in the fitting results.

B. Combined analysis of six isospin vector e + e −
annihilation processes

The analysis in Sec. II shows that Yð2044Þ cannot be
explained solely by the interference framework without S-D
mixing. Therefore, in Sec III A, we conducted a systematic
study of the spectrum and decay properties of higher
ρ mesons around 2 GeV within the S-D mixing effect.
The results show that the S-D mixing significantly affects
the spectrum and decay properties of these ρ mesons. Based
on this, in this subsection, we employ two fitting schemes
to fit the cross section data for eþe− → a2ð1320Þπ [2],
eþe− → ωπ0 [18,19], eþe− → f1ð1285Þπþπ− [20,21],
eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ−
[23] to determine the sign of the mixing angle θ4S−3D and to
understand the nature of Yð2044Þ. Additionally, the signifi-
cant discrepancies in the resonance parameters of ρ-like
structures around 2 GeV observed in various electron-
positron annihilation processes have long been perplexing.
Another objective is to attempt to understand all observed
ρ-like structures around 2 GeV in these six processes within
a unified framework.
In the fitting process, the masses, widths, and the

relevant combined branching ratios Γeþe−Bfinal states of
intermediate ρ mesons take the values listed in Table III,
and the parameters C0 and n in the continuum amplitude
and the interference phase ϕk between the different
amplitudes are treated as a free parameters, which can
be determined by fitting to the experimental cross section
data. For processes eþe− → f1ð1285Þπþπ− and eþe− →
η0πþπ−, the two-body phase space Φ2ðsÞ in Eq. (2) should
be replaced with the three-body phase space Φ3ðsÞ. The
branching ratios Bf1ð1285Þπþπ− and Bη0πþπ− for ρ03S−2D,

ρ003S−2D, ρ
0
4S−3D, and ρ

00
4S−3D are calculated using the effective

Lagrangian approach, with the results shown in Table IV.
The amplitudes involved in the calculation can be found in
Refs. [4,6], and the coupling constants are derived from the
two-body decay properties presented in Table IV.
The fitting results for scheme 1 (θ4S−3D ¼ −25.1°) and

scheme 2 (θ4S−3D ¼ þ25.1°) are shown in Figs. 4 and 5,
respectively, with the relevant fitting parameters listed in
Tables V and VI. It can be seen that scheme 1 fails to
reproduce these cross section data, particularly for repro-
ducing the cross section data of eþe− → ωπ0 [18,19]. In
contrast, scheme 2 can well reproduce the cross section data
for all six processes. This implies that the mixing angle
between ρð4SÞ and ρð3DÞ favors θ4S−3D ¼ þ25°. Therefore,
in the previous subsection, it is reasonable to consider the
observed Yð2034Þ in eþe− → ωπ0 [18] as the ideal state for
ρ003S−2D to determine the mixing angle θ3S−2D, in which
θ4S−3D > 0 is assumed. Subsequently, we will provide a
detailed discussion on the fitting results of scheme 2.
From Fig. 5(a), it is evident that the cross section data for

the process eþe− → a2ð1320Þπ [18] can be well repro-
duced by introducing ρ03S−2D, ρ

00
3S−2D, ρ

0
4S−3D, and ρ

00
4S−3D as

intermediate resonance states. Although the combined
branching ratios Γeþe−Ba2ð1320Þπ of the four intermediate
ρ meson states presented in Table III are of similar
magnitude, the fitting result shows that the enhancement
structure near 2044 MeV primarily originates from ρ003S−2D.
This explains why the resonance parameters of Yð2044Þ
measured by the BESIII Collaboration are close to those
of ρ003S−2D calculated by this work. Hence, the nature of
Yð2044Þ encompasses contributions from all four ρ meson
states, with the predominant contribution coming from
ρ003S−2D. The combined branching ratio Γeþe−Ba2ð1320Þπ of
the mixed state ρ003S−2D is significantly enhanced compared to
that of the pure ρð2DÞ state due to the contribution from the
component of ρð3SÞ. Furthermore, by sufficiently consid-
ering the interference effect between the intermediate ρ
meson states and continuum contribution in our analysis, the
previously mentioned puzzle has been effectively resolved.
The fitting result for the cross section data of process

eþe− → ωπ0 [18,19] shown in Fig. 5(b) also indicates that
the resonant structure Yð2034Þ is primarily attributed to the
contribution of ρ003S−2D. From Table III, we can see that the
relative contribution of ρ003S−2D in process eþe− → ωπ0 is

TABLE IV. The the coupling constants of gρ�f1ð1285Þρ and gρ�η0ρ, and branching ratios of ρ
� decay to f1ð1285Þπþπ−

and η0πþπ−. Here, the values outside the parentheses represent the results with the mixing angle taken as positive,
while the values inside the parentheses represent the results with the mixing angle taken as negative.

Parameters gρ�f1ð1285Þρ (GeV−2) Γeþe−Bf1ð1285Þπþπ− (eV) gρ�η0ρ (GeV−1) Γeþe−Bη0πþπ− (eV)

ρ03S−2D 0.69 (0.50) 0.20 (0.22) 0.19 (0.33) 0.03 (0.19)
ρ003S−2D 0.037 (0.48) 0.02 (0.04) 0.30 (0.01) 0.18 (2.52 × 10−6)
ρ04S−3D 0.12 (0.079) 0.93 (1.38) 0.10 (0.07) 0.03 (0.04)
ρ004S−3D 0.033 (0.095) 0.20 (0.0006) 0.08 (0.02) 0.03 (4.27 × 10−7)
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greater than that in process eþe− → a2ð1320Þπ, and the
experimental measurements for process eþe− → ωπ0

exhibit higher precision. The width of ρ003S−2D calculated
based on Yð2034Þ≡ ρ003S−2D is 243 MeV, which is con-
sistent with 234� 30 of the experimentally measured
width of Yð2034Þ [18]. This further reinforces Yð2034Þ
as an ideal candidate state for ρ003S−2D. This fitting scheme
not only effectively reproduces the experimental data above
2 GeV measured by the BESIII Collaboration [18], but it
also accurately describes the experimental data measured
by SND [19]. The dip near 1.9 GeVappears to be a result of
interference between ρ03S−2D and ρ003S−2D.

The fitting result of eþe− → f1ð1285Þπþπ− [20,21]
presented in Fig. 5(c) shows that our fitting scheme
basically can describe the cross section distribution of this
process. As shown in Table IVand Fig. 5(c), ρ04S−3D plays a
crucial role in eþe− → f1ð1285Þπþπ−, while the contri-
butions from ρ03S−2D and ρ003S−2D are suppressed, making it a
golden process for studying ρ04S−3D. However, the current
experimental data still exhibit significant uncertainty. It is
hoped that future BESIII and Belle II experiments will
provide more precise measurements for this process.
Figure 5(d) shows that ρ04S−3D appears as a dip

around 2.15 GeV in the cross section distribution of

(a) (b)

(d)(c)

(e) (f)

FIG. 4. Fit to the cross sections of the processes eþe− → a2ð1320Þπ [2], eþe− → ωπ0 [18,19], eþe− → f1ð1285Þπþπ− [20,21],
eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ− [23] within scheme 1, the fitted results are shown in panels (a)–(f), respectively.
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(a) (b)

(d)(c)

(e) (f)

FIG. 5. Fit to the cross sections of the processes eþe− → a2ð1320Þπ [2], eþe− → ωπ0 [18,19], eþe− → f1ð1285Þπþπ− [20,21],
eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ− [23] within scheme 2, the fitted results are shown in panels (a)–(f), respectively.

TABLE V. Parameters obtained from the fit to the cross section distributions of the processes eþe− → a2ð1320Þπ [2], eþe− → ωπ0

[18,19], eþe− → f1ð1285Þπþπ− [20,21], eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ− [23] within scheme 1.

Reactions n C0 ϕ1 ϕ2 ϕ3 ϕ4 χ2=n:d:f:

eþe− → a2ð1320Þπ 1.39� 0.01 404.65� 8.41 0.58� 0.72 3.62� 0.14 2.51� 0.12 2.06� 1.78 2.15
eþe− → ωπ0 2.04� 0.01 1105.60� 7.07 3.36� 0.06 5.32� 0.04 2.24� 0.06 1.47� 0.65 2.79
eþe− → f1ð1285Þπþπ− 2.29� 0.02 6590.15� 279.53 5.30� 0.52 0.93� 1.27 1.21� 0.46 2.21� 1.93 1.63
eþe− → ππ 2.47� 0.02 2065.86� 48.67 3.33� 0.52 4.42� 0.22 4.31� 0.31 1.36� 3.14 0.97
eþe− → ρη 1.61� 0.01 478.52� 5.78 0.32� 0.63 1.93� 0.09 4.18� 0.10 3.66� 5.09 1.50
eþe− → η0πþπ− 2.09� 0.01 1775.41� 13.96 3.77� 0.24 0.39� 3.63 2.37� 0.21 3.60� 0.88 1.46
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eþe− → πþπ− [22], and the enhancement structure near
2.3 GeV is mainly attributed to contributions from ρ004S−3D.
Based on the relative values of Γeþe−Bπþπ− summarized in
Table III, eþe− → πþπ− can be considered an ideal process
for studying ρ03S−2D. As a typical decay channel for the ρ
meson states, it is hoped that the BESIII and Belle II
experiments will pay more attention to the eþe− → πþπ−
process, as it is vital for establishing the spectrum of the ρ
meson family.
The analyses from the BESIII Collaboration claim that

evidence of a dip structure around 2180 MeV was found in
the cross section line shape for eþe− → ρη with a statistical
significance of 3.0σ [2]. However, our fitting result for the
cross section of eþe− → ρη presented in Fig. 5(e) shows
that there is no apparent dip structure near 2180 MeV. A
more detailed energy scan is required in this region to draw
any conclusive statements.
The fittingresult forprocesseþe− → η0πþπ− [23] shownin

Fig. 5(f) indicates that the first three data points are not well
reproduced in our fitting scheme. This implies that the
branching ratio for Γeþe−Bρη0 calculated in this work is
underestimated compared to experimental measurement. A
similar puzzle has also emerged in the isospin scalar process
eþe− → ωη0 [30],where themeasuredΓeþe−Bωη0 byBESIII is
also greater than theoretical estimations. This puzzle neces-
sitates future experimental and theoretical investigations.
Overall, by introducing four theoretically predicted S-D

mixing ρ meson states ρ03S−2D, ρ
00
3S−2D, ρ

0
4S−3D, and ρ004S−3D

as intermediate resonance states, we have successfully
reproduced the cross section data for eþe− → a2ð1320Þπ
[2], eþe− → ωπ0 [18,19], eþe− → f1ð1285Þπþπ− [20,21],
eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ−
[23] within a unified theoretical framework. Our analysis
shows that the understanding of the experimentally
observed ρ-like structures around 2 GeV necessitates a
comprehensive consideration of both the S-D mixing and
interference effects.

IV. SUMMARY

Recently, the BESIII Collaboration observed a ρ-like
structure in eþe− → a2ð1320Þπ referred to as Yð2044Þ. The
resonance parameters of Yð2044Þ are consistent with
theoretical predictions for the ρð2DÞ state, prompting

BESIII to propose Yð2044Þ as a candidate for the
n2Sþ1LJ ¼ 23D1 state within the ρ meson family.
However, the combined branching ratio Γeþe−Ba2ð1320Þπ
for Yð2044Þ was measured to be ð34.6� 17.1� 6.0Þ or
ð137.1� 73.3� 2.1Þ eV, which is approximately 2 orders
of magnitude larger than 0.714 eV of the theoretical
prediction for ρð2DÞ [3]. Thus, resolving this discrepancy
is essential for understanding the nature of Yð2044Þ.
Considering that the small mass gaps among the ρ

mesons near 2 GeV may lead to significant interference
effects in production processes, we reanalyze the cross
section data of the eþe− → a2ð1320Þπ decay processes in
Sec. II by introducing the four pure ρ meson states listed in
Table I as intermediate states. However, our analysis shows
that Yð2044Þ cannot be explained solely within the inter-
ference framework, which implies the possible involvement
of additional dynamics. Experience from previous studies
of charmonium, bottomonium, and ω meson states [8–17]
indicates that the S-D mixing significantly affects the mass
spectrum and decay properties of higher ρ meson states.
Therefore, in Sec. III, we systematically investigate the
spectrum and decay properties of ρ mesons around 2 GeV
within the S-D mixing framework, and select ideal chan-
nels to determine the mixing angles θ3S−2D ¼ 23.4° and
θ4S−3D ¼ 25.1°. We then reanalyzed six isospin vector
processes eþe− → a2ð1320Þπ [2], eþe− → ωπ0 [18,19],
eþe− → f1ð1285Þπþπ− [20,21], eþe− → πþπ− [22],
eþe− → ρη [2], and eþe− → η0πþπ− [23], and these cross
section data were well reproduced by introducing four
theoretically predicted ρ mesonic states ρ03S−2D, ρ003S−2D,
ρ04S−3D, and ρ004S−3D as intermediate resonances. Our results
show the nature of Yð2044Þ encompasses contributions
from all four ρ meson states, with the predominant contri-
bution coming from ρ003S−2D. Additionally, we found that
Yð2034Þ observed in process eþe− → ωπ0 [18] can be
regarded as a good candidate for ρ003S−2D, and ρð2150Þ
observed in the process eþe− → f1ð1285Þπþπ− [20] can
serve as a candidate for ρ04S−3D. Furthermore, we have
identified several golden channels for investigating these
four ρmesons around 2 GeV, and we hope experiments like
BESIII and Belle II will focus more on these channels.
The properties of the light vector meson states around

2 GeV have long been poorly understood, impeding

TABLE VI. Parameters obtained from the fit to the cross section distributions of the processes eþe− → a2ð1320Þπ [2], eþe− → ωπ0

[18,19], eþe− → f1ð1285Þπþπ− [20,21], eþe− → πþπ− [22], eþe− → ρη [2], and eþe− → η0πþπ− [23] within scheme 2.

Reactions n C0 ϕ1 ϕ2 ϕ3 ϕ4 χ2=n:d:f:

eþe− → a2ð1320Þπ 1.64� 0.01 697.68� 8.60 3.55� 0.72 1.48� 0.14 3.99� 0.14 4.20� 0.14 1.24
eþe− → ωπ0 1.95� 0.01 928.09� 3.33 3.14� 0.06 6.11� 0.02 3.17� 0.04 3.13� 0.06 1.45
eþe− → f1ð1285Þπþπ− 2.25� 0.02 6201.76� 276.00 5.29� 0.68 0.92� 1.54 1.31� 0.52 2.29� 0.88 1.62
eþe− → πþπ− 2.17� 0.03 525.33� 23.00 6.25� 0.51 4.91� 0.18 4.07� 0.14 2.25� 0.26 0.86
eþe− → ρη 1.66� 0.01 430.72� 4.20 3.81� 0.39 3.05� 0.07 2.67� 0.23 1.84� 0.16 0.79
eþe− → η0πþπ− 2.06� 0.01 1579.80� 13.74 3.65� 0.63 0.34� 0.10 2.54� 0.25 4.10� 0.44 1.08

ZHOU, BAI, WANG, XU, and LIU PHYS. REV. D 112, 074021 (2025)

074021-10



progress on exploring higher vector meson spectra. Our
work not only provides an explanation for the nature of
Yð2044Þ, but also offers a unified framework to account for
all observed ρ-like structures near 2 GeV in the eþe−
annihilation processes, which advances the systematic
understanding of the ρ meson family and offers critical
insights into disentangling its higher-mass excitations. Our
analysis suggests that the S-D mixing and interference
effect may be crucial for understanding the mass spectrum
and decay behaviors of the highly excited ρ meson states.
This is also highly instructive for understanding the ω and
ϕ meson states around 2 GeV and higher energy regions.
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