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Using data samples collected at center-of-mass energies between 2.000 and 3.080 GeV with the

BESIII detector operating at the BEPCII collider, a partial-wave analysis is performed on the process

eþe− → ηπþπ−. In addition to the dominant eþe− → ρη component, the eþe− → a2ð1320Þπ process is

also sizable, contributing up to 24% of the total reaction. The measured cross sections of the process

eþe− → ηπþπ− are systematically higher than those of BABAR by more than 3σ at center-of-mass energies

between 2.000 and 2.300 GeV. In the cross section line shape for eþe− → a2ð1320Þπ, a resonant structure
is observed with a significance of 5.5σ, withM ¼ ð2044� 31� 4Þ MeV=c2, Γ ¼ ð163� 69� 24Þ MeV,

and BR ·ΓR
eþe− ¼ ð34.6� 17.1� 6.0Þ eV or ð137.1� 73.3� 2.1Þ eV. In the cross section line shape for

eþe− → ρη, an evidence of a dip structure around 2180 MeV=c2 is observed with statistical significance

of 3.0σ.
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Determining the hadronic contribution to the muon

anomalous magnetic moment (gμ − 2) is currently a high

priority in hadronic physics. The latest measurement of

ðgμ − 2Þ from Fermilab increased the tension between

experiments and theories to a 5.0σ discrepancy [1,2], while

recent lattice gauge theory predictions reduced this discrep-

ancy [3]. The Standard Model (SM) calculation of (gμ − 2)

requires inputs from experimental eþe− hadronic cross

section data to account for the hadronic vacuum polarization

term. An updated SM calculation that considers all available

hadronic data will likely yield a less significant discrepancy

with experiment [1]. In the calculation, a sum of exclusive

states must be used, in which the eþe− → ηπþπ− process

has a sizable contribution [4–6]. Improvedmeasurements of

this process are therefore important to improve the reliabil-

ity of the (gμ − 2) calculation.

The process eþe− → ηπþπ− has previously been studied

at energies from threshold to 3.5 GeV by several experi-

ments: DM1 [7], ND [8], DM2 [9], CMD-2 [10], SND

[11–13], BABAR [14,15], and CMD-3 [16]. In previous

studies, the eþe− → ηπþπ− final state was simulated using

only the eþe− → ρη hadronic intermediate state, while

other intermediate processes such as eþe− → a2ð1320Þπ
were not considered in the determination of the efficiency.

The two-body processes eþe− → ρη and eþe− →

a2ð1320Þπ are important for the spectroscopy of the excited

ρ-like states, including the ρð2000Þ, ρð2150Þ, and ρð2270Þ.
The ρð2000Þ was found in pp̄ collisions [17,18] and has

been explained as a radial excitation of the ρð1700Þ [18]

and as a mixed state with a 3D1 component [19,20].

Reference [20] indicates that eþe− → a2ð1320Þπ is a

good channel for investigating ρð2000Þ. The ρð2150Þ
was initially regarded as a 23D1 state [21] but was later

considered to be a 43S1 state [20,22–24]. The ρð2150Þ has
been widely studied in eþe−, pp̄, s-channel NN̄, and πp
experiments [25], but inconsistencies in the measured

masses and widths make the ρð2150Þ more controversial.

The ρð2270Þ was first observed in photoproduction [26]

and categorized as a 33D1 state [22,24]. Up to now there

have been no published results on the production of the

ρð2270Þ in eþe− collision experiments.

In this Letter, we present a partial-wave analysis (PWA)

of the process eþe− → ηπþπ− using data collected with

the BESIII detector. There are 19 datasets used in this

analysis, with c.m. energies from 2.00 to 3.08 GeV and a

total integrated luminosity of 648 pb−1. The charge-

conjugated processes are included by default in the

following discussions.

The BESIII detector has a geometrical acceptance of

93% of the full solid angle and consists of four main

components: (i) a small cell, helium-based multilayer drift

chamber (MDC), (ii) a time-of-flight system made from

two layers of plastic scintillator, (iii) an electromagnetic

calorimeter (EMC) made of CsI(Tl) crystals, and (iv) a

resistive plate chamber-based muon chamber. More details

of the design and performance of the BESIII detector can be

*
Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP

3
.

PHYSICAL REVIEW D 108, L111101 (2023)

Letter

2470-0010=2023=108(11)=L111101(10) L111101-1 Published by the American Physical Society



found in Ref. [27]. The GEANT4 [28] based Monte Carlo

(MC) simulation of the full detector is performed to

optimize the event selection criteria, to understand potential

backgrounds and to determine the detection efficiency. The

signal MC samples are generated with CONEXC [29], which

incorporates a higher-order initial state radiation (ISR)

correction. The subsequent decay η → γγ is simulated

by BesEvtGen [30,31]. Inclusive MC samples equivalent to

twice the datasets at
ffiffiffi

s
p ¼ 2.1250, 2.396, and 2.900 GeV

are generated, respectively, to study the backgrounds. The

eþe− → ðγÞeþe−; ðγÞμþμ−, and γγ events are simulated

with the BabaYaga generator [32], while eþe− → hadrons

events are generated with a hybrid generator [29].

To identify eþe− → ηπþπ− candidates, final states with

only one oppositely charged pion pair and at least two

photons are selected. The selection criteria for charged

tracks, particle identification (PID), and photons are the

same as described in Ref. [33]. A vertex fit is imposed on

the selected charged tracks to ensure that they originate

from the same interaction point. The η meson is recon-

structed with η → γγ. To suppress background due to the

miscombination of photons, cos θγ is required to be less

than 0.95, where θγ is the polar angle of one photon in the

helicity frame of the ηmeson. To further suppress the back-

ground, a four-constraint (4C) kinematic fit imposing

energy-momentum conservation is employed, and χ2
4C <

100 is required. The Bhabha events are removed with

the requirement of E=p < 0.8, where E is the deposited

energy in the EMC and p is the momentum measured by

the MDC for the charged pion. Based on an analysis of the

inclusive MC events, the processes eþe− → πþπ−π0π0 and
eþe− → πþπ−π0 are found to be the dominant back-

grounds, and no peaking background is observed. Signal

candidates are required to be within the η mass signal

region, which is defined as ½0.523; 0.573� GeV=c2 on

the photon pair invariant mass. The MðγγÞ distribution

at
ffiffiffi

s
p ¼ 2.125 is shown in Fig. 1, and Fig. 1 of the

Supplemental Material [34] shows the MðγγÞ at
ffiffiffi

s
p ¼

2.396 and
ffiffiffi

s
p ¼ 2.900 GeV. The events in the η mass

sideband regions, which are defined as [0.478, 0.503] and

½0.593; 0.618� GeV=c2, are used to estimate the back-

ground. The signal purities after sideband subtraction

for different c.m. energies are listed in Table I of the

Supplemental Material [34].

To obtain a reliable efficiency for the process eþe− →

ηπþπ− and to extract the contributions from the intermedi-

ate processes, a PWA based on the GPUPWA framework

[35] is performed on the surviving candidate events. The

quasi-two-body decay amplitudes in the sequential decay

processes eþe− → ηX, X → πþπ− and eþe− → πþðπ−ÞX,
X → π−ðπþÞη are constructed using covariant tensor ampli-

tudes [36]. The intermediate state X is parametrized by

relativistic Breit-Wigner (BW) functions with constant

widths, except for the wide ρð770Þ, which is described

by the Gounaris-Sakurai model [37]. The complex coef-

ficients of the amplitudes (relative magnitudes and phases)

of the individual intermediate processes are determined by

performing an unbinned maximum likelihood fit using

MINUIT [38]. The probability for the observed events is

characterized by the measured four-momenta of the par-

ticles in the final state [39]. The joint probability for

observing N events in the data samples is

L≡

Y

N

i¼1

jPXAXðξiÞj2ϵðξiÞΦðξiÞ
σ0

; ð1Þ

where AXðξiÞ is the amplitude corresponding to intermedi-

ate resonance X, ϵðξiÞ is the detection efficiency, ΦðξiÞ
is the standard element of phase space, and σ0 is the

normalization integral.

The fit procedure includes all possible intermediate

states from the PDG [25] that satisfy JPC conservation

in the subsequent two-body decay. The likelihood contri-

bution of background events is evaluated from the η

sideband region. All possible amplitudes are tried in the

fit, and only those with statistical significance larger than

5σ are retained. The statistical significance of amplitude is

estimated by incorporating the change in log-likelihood as

well as the degrees of freedom in the fits, where the

corresponding amplitude can be included or not.

The above strategy is implemented individually on the

datasets at
ffiffiffi

s
p ¼ 2.125, 2.396, and 2.900 GeV, which are

the datasets with the highest signal yields. The nominal

solution is summarized in Table I. The masses and widths

of the ρð770Þ and a2ð1320Þ in the PWA fit are determined

by scanning the likelihood value and are consistent with

those in the PDG [25]. Since the contribution of other

intermediate processes is relatively small, their masses and

widths are fixed to the PDG values. The fit fractions of

the intermediate states are also summarized in Table I.

The comparisons of invariant mass spectra and angular

distributions between data and the MC projections at
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FIG. 1. Fit to the MðγγÞ distribution at
ffiffiffi

s
p ¼ 2.125 GeV. Dots

with error bars are data, blue dashed line is the signal shape, red

dashed line is the continuum background, the black line gives the

total fit result.
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ffiffiffi

s
p ¼ 2.125, 2.396, and 2.900 GeVare shown in Figs. 2–4

of the Supplemental Material [34], respectively. The

MC results are consistent with data within statistical

uncertainties.

Due to limited statistics, the above optimization strategy

is not performed for the other 16 data samples. Instead, the

same intermediate components are used as those found to

be necessary at nearby c.m. energy points with higher

statistics. The same intermediates as
ffiffiffi

s
p ¼ 2.125 GeV are

used for the datasets with
ffiffiffi

s
p ¼ 2.000, 2.050, 2.100, 2.150,

2.175, 2.200, and 2.232 GeV. While the same intermedi-

ates as
ffiffiffi

s
p ¼ 2.396 GeV are used for datasets with

ffiffiffi

s
p ¼ 2.309, 2.386, 2.644, and 2.646 GeV. The same

processes as 2.900 GeVare used in the fits to the remaining

datasets.

The cross section σ at each c.m. energy is determined as

σ ¼ Nobs

L · ϵ · B · ð1þ δγÞ ; ð2Þ

whereNobs is the signal yield, L is the integrated luminosity

of the dataset, and ϵ is the detection efficiency extracted from

signal MC events which are generated with the generator

derived from the PWA. B is the product of the relevant

daughter branching fractions, i.e.,B ¼ Bðη → γγÞ ¼ 39.4%

for eþe− → ηπþπ−, B ¼ Bðρ → ππÞ · Bðη → γγÞ ¼ 39.4%

for eþe− → ρη, andB ¼ Bða2ð1320Þ → ηπÞ · Bðη → γγÞ ¼
5.7% for eþe− → a2ð1320Þπ, and ð1þ δγÞ is the ISR

correction factor obtained from a QED calculation [29,40]

and incorporating the input cross sections in this analysis,

where iterations are performed until the measured cross

section converges.

The signal yields for eþe− → ηπþπ− are extracted from a

simultaneous unbinned maximum-likelihood fit to the

MðγγÞ spectra at each c.m. energy. The signal is described

by an MC-simulated shape convolved with a Gaussian

function, which is used to compensate for the differences

in calibration and resolution between data and MC simu-

lation. The parameters of the Gaussian function are free.

A first-order Chebyshev polynomial is used to describe the

background. Once the signal yields for eþe− → ηπþπ− are

obtained, the signal yields for the intermediate processes of

eþe− → ρη and eþe− → a2ð1320Þπ are determined by

using their fractions derived from the PWA.

Below 2.3 GeV, the measured cross sections for eþe− →

ηπþπ− are systematically 30% higher than those of BABAR,

as shown in Fig. 2. The resulting cross sections and related

variables are listed in the Supplemental Material [34],

separately for eþe− → ηπþπ− and its intermediate proc-

esses eþe− → ρη and eþe− → a2ð1320Þπ.
By implementing the same strategy described inRef. [41],

the following sources of systematic uncertainties on the

measured cross sections are considered. The uncertainty

associated with the integrated luminosity, detection effi-

ciency and PID for charged track, and photon efficiency

have been studied in Refs. [42–44]. The helix parameters of

the simulated charged tracks are corrected to match the

resolution [45], and the difference with and without correc-

tion is taken as the systematic uncertainty related to the 4C

kinematic fit. The uncertainty regarding the ISR effect is

obtainedwith the accuracy of the radiation function [46] and

the contribution from the cross section line shape, which is

estimated by varying the model parameters of the line shape

fit as performed in Refs. [41,43]. The uncertainties origi-

nating from the E=p ratio and η helicity angle requirements

are estimated by the control samples of J=ψ → πþπ−π0 and

TABLE I. Statistical significances and fit fractions of possible intermediate processes at
ffiffiffi

s
p ¼ 2.125, 2.396, and 2.900 GeV.

ffiffiffi

s
p ¼ 2.125 GeV

ffiffiffi

s
p ¼ 2.396 GeV

ffiffiffi

s
p ¼ 2.900 GeV

Process Significance (σ) Fraction (%) Process Significance (σ) Fraction (%) Process Significance (σ) Fraction (%)

ρð770Þη >20 58.0� 1.0 ρð770Þη >20 69.5� 2.5 ρð770Þη >20 66.8� 2.2

a2ð1320Þπ >20 24.1� 0.8 a2ð1320Þπ >20 13.0� 1.1 a2ð1320Þπ >10 21.7� 2.1

ρð1450Þη >10 1.8� 0.3 ρð1450Þη 5.1 1.0� 0.4 ρð1450Þη >10 16.5� 0.4

a2ð1700Þπ >10 2.0� 0.3 ρ3ð1690Þη 9.7 2.5� 0.5 ρð1700Þη 6.5 2.1� 0.1

� � � � � � � � � a2ð1700Þπ 6.8 2.7� 0.4 � � � � � � � � �
� � � � � � � � � ρð1700Þη 5.8 1.9� 0.9 � � � � � � � � �
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FIG. 2. Cross sections of eþe− → ηπþπ−. Red solid dots

with error bars are BESIII, blue hollow squares with error bars

are BABAR [15], green hollow triangles with error bars are

CMD-3 [16], and black hollow dots with error bars are SND [13].

The systematic uncertainties for BESIII are included.
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J=ψ → KþK−η, respectively. The uncertainties related to

the fit procedure are investigated by varying the fit range,

replacing the linear function for the background with a

second-order polynomial function, and varying the width

of the Gaussian function for the signal. The uncertainties

from the branching fractions of intermediate states are taken

from the PDG [25]. Uncertainty associated with the MC

model for eþe− → ηπþπ− cross sections is estimated by the

alternative PWA model including all the components with

significance of more than 3σ.

The uncertainties due to the PWA fit mainly originate

from the BW parametrization form, resonance parameters,

extra resonances, barrier factor, and background estimation.

The uncertainties from the BW parametrization are esti-

mated by replacing the constant width in the relativistic BW

function by a mass-dependent width. The uncertainties

related to the resonance parameters, which are taken from

the PDG and fixed in the nominal fit, are estimated by

changing the mass and width by 1 standard deviation of the

PDG values. The uncertainties associated with the extra

resonances are estimated by alternative fits including all the

components with significance greater than 3σ. The uncer-

tainties regarding the barrier factor [47,48] are estimated by

varying the radius of the centrifugal barrier by 1 standard

deviation, assuming a uniform distribution of radius. The

uncertainties from the background estimation originate

from the background shape and the background fraction,

which are estimated by using the lower or upper sideband

events and varying the fraction by �σ, respectively. The

resulting largest differences to the nominal result are

assigned as the systematic uncertainties. The uncertainties

from the PWA fit are strongly affected by the statistics.

Thus, those uncertainties of data with
ffiffiffi

s
p ¼ 2.125,

ffiffiffi

s
p ¼ 2.396, and

ffiffiffi

s
p ¼ 2.900 GeV are assigned to their

nearby c.m. energies. Adding the systematic uncertainties

in quadrature yields the total systematic uncertainties of

about 3.9%–15.2% for different datasets, which are sum-

marized in Table IV for eþe− → ηπþπ−, Table V for

eþe− → ρη, and Table VI for eþe− → a2ð1320Þπ in the

Supplemental Material [34].

To investigate the possible structures in the measured

cross sections of the quasi-two-body process eþe− →

a2ð1320Þπ, a χ2 fit incorporating the correlated and

uncorrelated uncertainties among different c.m. energies

is performed. The fit probability density function is para-

metrized as the coherent sum of a continuum amplitude f1
and a resonant amplitude f2,

σðsÞ ¼ jf1 þ eiϕf2j2; ð3Þ

where ϕ is the relative phase angle between the amplitudes.

The amplitude f1 is written as

f1 ¼ C0 · s
−n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φð
ffiffiffi

s
p

Þ
q

; ð4Þ

where C0 · s
−n describes the energy-dependent cross sec-

tion of the continuum,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φð ffiffiffi

s
p Þ

p

is the two-body phase

space, which takes the angular momentum and the width of

the final state into account [36]. The resonant amplitude f2
is described with a BW function as

f2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12πΓee
R · BRΓ

tot
R

p

s −M2
R þ iMR · Γtot

R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φð ffiffiffi

s
p Þ

ΦðMRÞ

s

; ð5Þ

whereMR, Γ
ee
R , and Γtot

R are the mass, partial width to eþe−,
and total width of the assumed resonance R. BR is the

branching fraction for R → a2ð1320Þπ.
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FIG. 3. Fits to theeþe− → a2ð1320Þπ cross sections. (a)Solution
1, constructive interference. (b) Solution 2, destructive interference.

Solid squareswith error bars are BESIII data. The black solid curve

is the total fit result, the blue dashed line is the resonant component,

the green dashed line is the continuum contribution, and the

magenta dot-dashed line represents the interference between

the resonance and the continuum contribution. The systematic

uncertainties are included.

TABLE II. Resonant parameters from the fit to eþe− →

a2ð1320Þπ cross sections. The first uncertainty is statistical,

and the second one is systematic.

Parameter Solution 1 Solution 2

MR (MeV=c2) 2044� 31� 4

Γ
R
tot (MeV) 163� 69� 24

BRΓ
R
eþe− (eV) 34.6� 17.1� 6.0 137.1� 73.3� 2.1

ϕ (rad) 1.95� 0.97� 0.06 4.35� 0.48� 0.43
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Figure 3 shows the results of the fits to the cross sections

for eþe− → a2ð1320Þπ. There are two solutions with equal

fit quality and identical mass and width for the resonance,

while the product Γee
R · BR and phase angle ϕ are different

in the two solutions. The goodness of fit is χ2/n.d.f. =

11.1=13 ¼ 0.85, where n.d.f. is the number of degrees of

freedom. The fit parameters are summarized in Table II.

The statistical significance of this resonance is estimated to

be 5.5σ by comparing the change of χ2 (Δχ2 ¼ 40.4) with

and without the R amplitude in the fit and taking the change

of degrees of freedom (Δn.d.f. ¼ 4) into account. The

uncertainty of the parametrization of the continuum con-

tribution for eþe− → a2ð1320Þπ is estimated by replacing

the s-dependent continuum function C1=s
n with an expo-

nential function of the form C1 · e
−nð ffiffi

s
p

−MthÞ, where

Mth ¼ ma2
þmπ. The differences of the obtained mass

and width, which are 4 MeV=c2 and 24 MeV, respectively,

are taken as the systematic uncertainties.

Figure 4 shows the cross sections for eþe− → ρη. A dip

structure around 2180 MeV=c2 is observed with statistical

significance of 3.0σ. Unfortunately, exploratory studies are

not able to extract a physical resonance state. To make any

conclusive statement, a finer energy scan is needed in this

particular region.

In summary, we present a PWA of the process eþe− →

ηπþπ− using data samples collected by the BESIII detector

at 19 c.m. energies between 2.00 and 3.08 GeV. The cross

sections for the process eþe− → ηπþπ− and its subpro-

cesses eþe− → ρη and eþe− → a2ð1320Þπ have been

measured. The obtained cross sections of eþe− → ηπþπ−

are systematically higher than those of BABAR [15] by

more than 30% at
ffiffiffi

s
p

between 2.00 and 2.30 GeV. A

coherent fit to the cross section line shape for the process

eþe− → a2ð1320Þπ is performed using a resonant ampli-

tude and a continuum amplitude. One resonant structure is

observed with a significance of 5.5σ. Its mass, width, and

BR · ΓR
eþe− are determined to be ð2044� 31� 4Þ MeV=c2,

ð163� 69� 24Þ MeV, and (34.6� 17.1� 6.0) or

ð137.1� 73.3� 2.1Þ eV, respectively. The observed struc-
ture agrees with the properties of the ρð2000Þ resonance

observed in eþe− → ωπ0 [49], which indicates the first

observation of the decay ρð2000Þ → a2ð1320Þπ. To further

understand the dip structure around 2180 MeV=c2 observed
in the eþe− → ρη cross section line shape, it will be

necessary to acquire more energy points in order to improve

the precision of the cross sectionmeasurements in the future.
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