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A partial-wave analysis is performed on the decay J=ψ → γπ0π0π0 within the π0π0π0 invariant-mass
region below 1.6 GeV=c2, using ð10.09� 0.04Þ × 109 J=ψ events collected with the BESIII detector.
Significant isospin-violating decays of ηð1405Þ and f1ð1420Þ into f0ð980Þπ0 are observed. For the first
time, three axial vectors, f1ð1285Þ, f1ð1420Þ, and f1ð1510Þ, are observed to decay into π0π0π0. The
product branching fractions of these resonances are reported.
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I. INTRODUCTION

The non-Abelian structure of quantum chromodynamics
(QCD) predicts the existence of bound states beyond those
in the constituent quark model, such as glueballs, which are
formed from gluons [1–3]. The identification of glueballs
would provide further validation of the predictions of QCD
and the study of glueballs thus plays an important role in
the field of hadron physics. However, the possible mixing
of pure glueballs with nearby qq̄ nonet mesons makes the
identification of glueballs difficult, both experimentally and
theoretically. Glueballs are expected to be copiously
produced in radiative J=ψ decays [2–5], which are there-
fore regarded as an ideal hunting ground in the search of
glueballs.
The first glueball candidate, ιð1440Þ, was observed in

radiative J=ψ decay [6,7]. The ιð1440Þ is now generally
considered to be formed from two states, ηð1405Þ and
ηð1475Þ [8], of which the lower-mass meson is still
regarded as a potential glueball candidate despite its mass
being significantly less than Lattice QCD predictions [9–
11]. This is known as the long-standing “E=ι puzzle.” Some
commentators, however, consider the ηð1405Þ and ηð1475Þ
to be a single state observed in different decay modes [2]. A
further puzzle concerns the ηð1295Þ, generally considered
to be a radial excitation of the η meson. However, the
existence of this state has been questioned [2,12], though it
has been observed in π−p experiments [13–16], pp̄
annihilation [17–19], and also seen in the decays J=ψ →
γηππ [20] and B → ηππK [21]. Clarifying this question has

important consequences for the assignment of pseudoscalar
glueball candidates.
The availability of a large sample of J=ψ decays at BESIII

provides the opportunity to learnmore about the nature of the
ηð1405Þ and ηð1475Þ. BESIII has observed significant
isospin-violating processes ηð1405Þ → f0ð980Þπ0 in the
decay J=ψ → γηð1405Þ → γπ0f0ð980Þ → γ3π [22]. The
statistical significance of the ηð1405Þ signal is found to be
larger than 10σ and an enhancement potentially from the
f1ð1285Þ=ηð1295Þ is seen with a significance of 3.7σ in the
charged channel and with 1.2σ in the neutral channel. The
width of the f0ð980Þ measured in the ππ mass spectra is
anomalously narrower than the world-average value.
Interestingly, the isospin violation turns out to be sig-
nificant, with Bðηð1405Þ→π0f0ð980Þ→3πÞ=Bðηð1405Þ→
π0a0ð980Þ→ηππÞ¼ð17.9�4.2Þ% [8,22,23], which cannot
be explained by a0-f0 mixing. Based on this observation, a
triangular singularitymechanism has been proposed [24–27]
to explain the large isospin violation and the narrow line
shape of the f0ð980Þ. The role of f1ð1420Þ in the decay
J=ψ → γπ0π0π0 has also been discussed in Ref. [25].
It has been proposed that the axial-vector meson f1ð1285Þ

is a K�K̄ molecule [28]. The LHCb result [29] rules out the
tetraquark interpretation of f1ð1285Þ. The measurement of
the f1ð1285Þ mixing angle between the strange and non-
strange components of its wave function in the qq̄ structure
model [29] is also consistent with earlier determinations
assuming that f1ð1420Þ is another isoscalar in the 1þþ

nonet [30]. The f1ð1420Þ was observed in decays to K�K̄
[31] andKK̄π [32], and was proposed to be a hybrid meson
[33], a K�K̄ molecule [34], or a manifestation of the
f1ð1285Þ in the K�K̄ decay [35]. However, the absence
of the f1ð1420Þ in K−p reactions [36] suggests that the
less-established f1ð1510Þ [37], rather than the f1ð1420Þ,
may be the ss̄ member of the 1þþ nonet. Further inves-
tigations into the decay properties of these three axial-
vector mesons will contribute to a deeper understanding of
the nature of these states.
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Recently, BESIII observed large contributions from
ηð1405Þ; ηð1475Þ, f1ð1285Þ, and f1ð1420Þ in the
K0

SK
0
Sπ

0 invariant-mass region of ð1.1; 1.6Þ GeV=c2 in
J=ψ → γK0

SK
0
Sπ

0 decays [38], but no clear contribution
from the ηð1295Þ. Because the processes ηð1405Þ=
f1ð1420Þ → f0ð980Þπ0 are isospin violating in the final-
state π0π0π0, the possible backgrounds can be well sup-
pressed. To reveal the properties of pseudoscalars and axial
vectors around 1.3 and 1.4 GeV=c2, we perform a partial-
wave analysis (PWA) on J=ψ → γπ0π0π0ðπ0 → γγÞ decays
in the π0π0π0 invariant-mass [Mðπ0π0π0Þ] region
below 1.6 GeV=c2, based on ð10.09� 0.04Þ × 109 J=ψ
[39] events collected at the center-of-mass energy of
3.097 GeV with BESIII detector.

II. DETECTOR AND MONTE CARLO
SIMULATIONS

The BESIII detector [40] records symmetric eþe−
collisions provided by the BEPCII storage ring [41] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and consists
of a helium-based multilayer drift chamber, a plastic
scintillator time-of-flight (TOF) system, and a CsI(Tl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The magnetic field was 0.9 T in 2012,
which affects 10.8% of the total J=ψ data. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved with
steel. The charged-particle momentum resolution at
1 GeV=c is 0.5%, and the dE=dx resolution is 6% for
electrons from Bhabha scattering. The EMC measures
photon energies with a resolution of 2.5% (5%) at
1 GeV in the barrel (end-cap) region. The time resolution
in the TOF barrel region is 68 ps, while that in the end-cap
region is 110 ps. The end-cap TOF system was upgraded in
2015 using multigap resistive plate chamber technology
providing a time resolution of 60 ps, which benefits 87% of
the data used in this analysis [42].
Simulated data samples produced with a Geant4-based

[43] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam-energy spread and initial-state radiation in the
eþe− annihilations with the generator KKMC [44]. The
inclusive MC sample includes both the production of the
J=ψ resonance and the continuum processes incorporated
in KKMC [44]. All particle decays are modeled with EvtGen

[45] using branching fractions either taken from the Particle
Data Group (PDG) [8], when available, or otherwise
estimated with Lundcharm [46]. Final-state radiation from

charged final-state particles is incorporated using the Photos

package [47]. The signal MC events for J=ψ → γπ0π0π0,
with subsequent π0 → γγ decays, are generated uniformly
in phase space (PHSP).

III. EVENT SELECTION

In J=ψ → γπ0π0π0 decays, the final state consists of
seven photons. Photon candidates are identified using
showers in the EMC. The deposited energy of each shower
must be more than 25 MeV in the barrel region
(j cos θj < 0.80) and more than 50 MeV in the end-cap
region (0.86 < j cos θj < 0.92). To suppress electronic
noise and showers unrelated to the event, the difference
between the EMC time and the time to the most energetic
photon is required to be within ½−500; 500� ns. Candidate
events are required to have no charged track.
Pairs of photon candidates forming the π0 are selected

with χ21C < 10 by performing a one-constraint (1C) kin-
ematic fit with the mass of each pair of photons constrained
to the known mass of the π0 meson [8]. The number of π0

candidates is required to be at least three. To reduce
background events and improve mass resolution, a
seven-constraint (7C) kinematic fit is performed under
the hypothesis of J=ψ → γπ0π0π0, whose χ2 value is
denoted as χ27Cðγπ0π0π0Þ, imposing energy-momentum
conservation (4C) and three extra single π0 constraints
on each pair of photons (3C). For events with more than
one combination of J=ψ → γπ0π0π0, the combination with
the lowest value of χ27Cðγπ0π0π0Þ is selected. It is then
required that χ27Cðγπ0π0π0Þ < 40. To suppress background
contributions with eight photons, 4C kinematic fits are
performed separately under the hypotheses of J=ψ → 7γ
and J=ψ → 8γ, which yield goodness-of-fit χ2 values
of χ24Cð7γÞ and χ24Cð8γÞ, respectively. The condition
χ24Cð7γÞ < χ24Cð8γÞ is then required. A 7C kinematic fit
is also performed under the hypothesis of J=ψ → γηπ0π0,
whose χ2 value is denoted as χ27Cðγηπ0π0Þ. To sup-
press backgrounds from J=ψ → γηπ0π0, the condition
χ27Cðγπ0π0π0Þ < χ27Cðγηπ0π0Þ is required. To reject back-
grounds related to γπ0 from ω decays, and also back-
grounds of the miscombined π0 constructed from radiative
photon (γr) and another photon from π0 decays, the
conditions jMðγπ0Þ−MðωÞj> 0.06GeV=c2 and jMðγrγÞ−
Mðπ0Þj > 0.02 GeV=c2 are required, respectively. The γr
is identified in a 7C kinematic fit.
After imposing all the selection criteria above, a band

around 1.4 GeV=c2 in Mðπ0π0π0Þ that crosses with a band
around 1.0 GeV=c2 in Mðπ0π0Þ can be seen clearly in the
distribution of Mðπ0π0π0Þ versus Mðπ0π0Þ, as shown in
Fig. 1. The other two horizontal bands that are visible are
from η0 and η decays, respectively. The distributions of
Mðπ0π0Þ from the ηð1405Þ sideband region, defined by
0.20 GeV=c2 ≤ jMðπ0π0π0Þ − 1.40j ≤ 0.40 GeV=c2, and
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Mðπ0π0π0Þ from the f0ð980Þ sideband region, defined by
0.11GeV=c2 ≤ jMðπ0π0Þ−0.99j≤ 0.21GeV=c2 from the
closest π0π0 combination to the mass of f0ð980Þ, have also
been checked. No significant peaks are observed in the
spectrum of Mðπ0π0π0Þ, while the f1ð1285Þ and nonreso-
nant process may have minor contribution to f0ð980Þ in the
spectrum of Mðπ0π0Þ, as shown by the red distributions in
Fig. 2. Thus, 0þþ PHSP is used to describe the nonresonant

contribution in Mðπ0π0Þ in the PWA. To investigate the
properties of pseudoscalars and axial vectors around 1.3
and 1.4 GeV=c2 in Mðπ0π0π0Þ, we require events that
satisfyMðπ0π0π0Þ < 1.6 GeV=c2. As Fig. 1 indicates there
is a clear concentration around 0.98 GeV=c2 of Mðπ0π0Þ,
we require that each event should have at least a pair of π0

in the f0ð980Þ signal region within the mass window of
½0.89; 1.09� GeV=c2 to suppress possible backgrounds.
After applying these selections, 8810 events are retained.
The distributions of Mðπ0π0π0Þ and Mðπ0π0Þ for the
selected events are shown in Figs. 2(a) and 2(b), respec-
tively. Structures are seen in Fig. 2(a) around 1.3 and
1.4 GeV=c2, which will be studied in the PWA fit. A
narrow peak of f0ð980Þ can be seen clearly in Mðπ0π0Þ in
Fig. 2(b), which is consistent with the findings of a previous
study [22].
From a study using an inclusive MC sample of 10.01 ×

109 J=ψ events with a generic event-type analysis tool [48],
the major backgrounds are found to be J=ψ → ωπ0π0 and
J=ψ → γηπ0π0. The contributions of the backgrounds due
to J=ψ → ωπ0π0 decays obtained from the MC in the
distributions ofMðπ0π0π0Þ andMðπ0π0Þ are flat and can be
described as nonresonant components in the PWA fit.
Because there are prominent intermediate resonances in
the backgrounds from J=ψ → γηπ0π0, a multidimensional
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FIG. 1. Distribution of Mðπ0π0Þ versus Mðπ0π0π0Þ.
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FIG. 2. Distributions of (a)Mðπ0π0π0Þ, (b)Mðπ0π0Þ, and (c)Mðγπ0Þ, where (b) and (c) are filled three times for each event. The points
with error bars show the data events used in PWA; the red solid lines and dashed lines show the spectra from the sidebands of f0ð980Þ
and ηð1405Þ, respectively.
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reweighting method [49] is applied to the PHSP MC
sample to obtain a “datalike” MC sample of J=ψ →
γηπ0π0 decays. The weighted J=ψ → γηπ0π0 MC events
are subjected to the J=ψ → γπ0π0π0 event selection cri-
teria. The number of events surviving is normalized
according to the branching fraction and efficiency, resulting
in 666� 230 background events, which are subtracted in
the PWA.

IV. PARTIAL-WAVE ANALYSIS

A. Analysis method

A PWA is performed to disentangle the structures in the
Mðπ0π0π0Þ distribution using the GPUPWA framework
[50]. The quasi-two-body decay amplitudes in the decay
J=ψ → γX with sequential decays X → Yπ0; Y → π0π0 are
constructed using the covariant-tensor formalism described
in Ref. [51], where X and Y are the intermediate states. Due
to parity conservation and the absence of states with J ≥ 2
around the f0ð980Þ mass, only the 0þþ PHSP and f0ð980Þ
are considered for state Y. Following Ref. [51], for J=ψ
radiative decays to mesons including an intermediate
resonance X, the covariant-tensor amplitude AX is

AX ¼ ψμðm1Þe�νðm2ÞAμν ¼ ψμðm1Þe�νðm2Þ
X
i

ΛiU
μν
i ; ð1Þ

where ψμðm1Þ denotes the J=ψ polarization four-vector
with spin-projection m1, e�νðm2Þ represents the polarization
vector of the photon with spin projection m2, and Uμν

i
stands for the ith partial-wave amplitude of J=ψ radiative
decays to intermediate resonance X with a coupling strength
determined by the complex parameter Λi. The partial-wave
amplitudesUi are constructed with the four-momenta of the
particles in the final states, with specific expressions as given
in Ref. [51], where the exchange symmetry of identical
particles has already been accounted for.
Each intermediate resonance is parametrized by a con-

stant-width, relativistic Breit-Wigner (BW) propagator,

BWðsÞ ¼ 1

M2 − s − iMΓ
; ð2Þ

where s is the square ofMðπ0π0π0Þ orMðπ0π0Þ, andM and
Γ are the mass and width of the intermediate resonance,
respectively.
The complex parameters of the amplitudes and reso-

nance parameters, i.e. the masses and widths, are deter-
mined by an unbinned maximum-likelihood fit. The
probability to observe the ith event characterized by the
measurement ξi, i.e. the measured four-momenta of
the particles in the final states, is

PðξiÞ ¼
jMðξiÞj2εðξiÞΦðξiÞ

σ0
; ð3Þ

where εðξiÞ is the detection efficiency, ΦðξiÞ is the standard
element of PHSP, and MðξiÞ ¼

P
X AXðξiÞ is the matrix

element describing the radiative J=ψ decay to the final-state
π0π0π0 via intermediate resonanceX. The denominator σ0 ≡R
dξjMðξÞj2εðξÞΦðξÞ is the normalization integral.
Due to the narrow width of f0ð980Þ in the Mðπ0π0Þ

distribution, an approximate numerical convolution of BW
with a Gaussian function is applied to take into account the
resolution (9.6� 0.3 MeV). The μ and σ of the Gaussian
function and the resonance parameters of f0ð980Þ are
obtained by fitting the Mðπ0π0Þ distribution and are
subsequently fixed in the PWA.
The likelihood for observing N events in the data

sample is

L ¼
YN
i¼1

PðξiÞ ¼
YN
i¼1

jMðξiÞj2εðξiÞΦðξiÞ
σ0

; ð4Þ

and the fit for a given dataset minimizes − lnL, which is

− lnL ¼ −
XN
i¼1

ln

�jMðξiÞj2
σ0

�
−
XN
i¼1

ln ðεðξiÞΦðξiÞÞ

¼ −
XN
i¼1

ln jMðξiÞj2 þ N ln σ0 −
XN
i¼1

ln ðεðξiÞΦðξiÞÞ:

ð5Þ

In the fit the third term is ignored, as it is constant and has
no impact on the determination of the parameters or on the
related changes of − lnL.
The free parameters are optimized by using MINUIT [52].

The normalization integral σ0 is evaluated using MC
techniques. An MC sample of Ngen events uniformly
distributed in PHSP is generated. These events are sub-
jected to the same selection criteria applied to the data and
yield a sample of Nacc accepted events. The normalization
integral is computed as

σ0 ¼
Z

dξjMðξÞj2εðξÞΦðξÞ ∝ 1

Ngen

XNacc

k

jMðξkÞj2: ð6Þ

To take into account the ηπ0π0 background contribution in
data, the negative log-likelihood (NLL) value obtained
from reweighted ηπ0π0 MC events, −

P
i ωi · lnLbkgi is

subtracted from − lnLdata, i.e.,

− lnL ¼ −α
�
lnLdata −

X
i

ωbkgi · lnLbkgi

�
; ð7Þ

where ωbkgi represents the scaling factor of each back-
ground event and α is the normalization factor derived from
Ref. [53] to achieve an unbiased uncertainty estimation,
which can be expressed as
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α ¼
P

i∈ data&bkg ωiP
i∈ data&bkg ω

2
i
: ð8Þ

The number of fitted events NX for an intermediate
resonance X is defined as

NX ¼ σX
σ0

· N0; ð9Þ

where N0 is the number of selected events after background
subtraction and

σX ¼ 1

Ngen

XNacc

k

jAXðξkÞj2 ð10Þ

is calculated with the sameMC sample as the normalization
integral σ0. Similarly, the number of fitted interference
between an intermediate resonance X1 and another inter-
mediate resonance X2 is defined as

NX1;X2
¼ σX1;X2

σ0
· N0; ð11Þ

where

σX1;X2
¼ 1

Ngen

XNacc

k

2Re½AX1
ðξkÞAX2

ðξkÞ��: ð12Þ

The ratios σX=σ0 and σX1;X2
=σ0 are then the fitted fractions

for the intermediate resonance X and the interference
between an intermediate resonance X1 and another

intermediate resonance X2, respectively. The detection
efficiency εX for an intermediate resonance X is obtained
from the partial-wave amplitude weighted MC sample,

εX ¼
PNacc

k jAXðξkÞj2PNgen

i jAXðξiÞj2
: ð13Þ

The branching fraction of J=ψ → γX;X → π0f0ð980Þ=
0þþPHSP → π0π0π0 is

BðJ=ψ → γX → γπ0π0π0Þ ¼ NX

NJ=ψ · B3
π0→γγ

· εX
; ð14Þ

whereNJ=ψ is the total number of J=ψ events, and Bπ0→γγ is
the branching fraction of π0 → γγ quoted from Ref. [8].

B. PWA results

In this analysis, all combinations of possible resonances
in the PDG [8] with JPC ¼ 0−þ; 1þþ in π0π0π0, including
ηð1405Þ, f1ð1285Þ, f1ð1420Þ, f1ð1510Þ, ηð1295Þ, ηð1475Þ,
are considered. Possible nonresonant contributions in the
π0π0π0 system are described by 0−þ PHSP and 1þþ PHSP.
In the π0π0 system, we only consider the contributions from
f0ð980Þ and 0þþ PHSP. The distinct narrow peak observed
in the π0π0 invariant-mass spectrum related to resonances on
3π0 is much larger than the nonresonant contributions, which
can be explained by dynamic mechanisms near the K�K
thresholds [24–27]. Therefore, the interference between the
processes with nonresonant contribution both on π0π0π0 and

TABLE I. Masses, widths, BðJ=ψ → γX → γπ0f0ð980Þ=0þþPHSP → γπ0π0π0Þ, and significance of each
component in the baseline model, where the first uncertainties are statistical and the second systematic.

Resonance M (MeV=c2) Γ (MeV) B Significance (σ)

ηð1405Þ 1404þ0.8
−1.5

þ2.0
−8.1 46þ1.8

−2.0
þ4.2
−0.0 ð4.62� 0.15þ5.08

−0.18 Þ × 10−6 19.1
0−þ PHSP � � � � � � ð3.24� 0.08þ0.41

−1.54 Þ × 10−5 24.8
f1ð1285Þ 1281.9 22.7 ð5.64� 0.45þ0.74

−3.05 Þ × 10−7 13.3
f1ð1420Þ 1418þ1.7

−2.1
þ2.0
−2.2 46þ3.4

−2.3
þ6.1
−11.0 ð2.23� 0.16þ0.20

−1.20 Þ × 10−6 13.7
f1ð1510Þ 1518 73 ð7.91� 1.20þ0.74

−3.83 Þ × 10−7 8.8
1þþ PHSP � � � � � � ð2.60� 0.08þ1.48

−1.66 Þ × 10−5 13.3

TABLE II. Fractions of each component and interference fractions between two components (%) in the baseline
model, where the uncertainties are statistical only.

Resonance ηð1405Þ 0−þ PHSP f1ð1285Þ f1ð1420Þ f1ð1510Þ 1þþ PHSP

ηð1405Þ 44.4� 1.3 −8.0� 0.4 0.8� 0.1 0.0� 0.1 −0.2� 0.1 −0.9� 0.0
0−þ PHSP � � � 25.6� 0.5 0.0� 0.0 −0.1� 0.0 −0.0� 0.0 1.0� 0.1
f1ð1285Þ � � � � � � 4.8� 0.4 −1.8� 0.4 1.4� 0.2 −0.8� 0.2
f1ð1420Þ � � � � � � � � � 23.7� 1.5 −10.9� 1.0 4.0� 0.7
f1ð1510Þ � � � � � � � � � � � � 6.5� 0.8 −4.0� 0.5
1þþ PHSP � � � � � � � � � � � � � � � 14.3� 0.4
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FIG. 3. Superposition of data after background subtraction and the mass-dependent PWA fit projections for the distributions of
(a) Mðπ0π0π0Þ, (b) Mðπ01π02Þ, where π01π02 denotes the closest π0π0 combination to the mass of f0ð980Þ where the momentum of π01 is
larger than that of π02, (c) Mðγπ0Þ; cos θ of (d) γ in the J=ψ rest frame; (e) π01π

0
2 in the J=ψ rest frame, (f) π01 in the π01π

0
2 rest frame;

azimuthal angle between the normals to the two decay planes of (g) π01π
0
2 in the π

0π0π0 rest frame, and (h) π01 in the π
0
1π

0
2 rest frame. The

subplots in the lower panel in each plot are the corresponding pull distributions, where the red and blue lines indicate the reference lines
for the center (no deviation) and the deviation of �3σ, respectively.
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π0π0, i.e. 0−þPHSPðπ0π0π0Þ → π0 þ 0þþPHSPðπ0π0Þ and
1þþPHSPðπ0π0π0Þ → π0 þ 0þþPHSPðπ0π0Þ, and other
processes with resonances are ignored in the PWA fit.
Changes in the NLL value and the number of free

parameters in the fits with and without a resonance
included are used to evaluate the statistical significance
of each component. All components are retained in the
baseline model, except for the ηð1295Þ and ηð1475Þ, for
reasons discussed later.
The baseline model includes ηð1405Þ, f1ð1285Þ,

f1ð1420Þ, f1ð1510Þ, and the nonresonant decay J=ψ →
γπ0π0π0, which is modeled by 0−þ PHSP and 1þþ PHSP of
the π0π0π0 system, as listed in Table I. Due to the limited
sample size, only the masses and widths of ηð1405Þ and
f1ð1420Þ are free parameters in the PWA fit, while the
masses and widths of the other resonances are fixed to the
PDG values [8]. The masses and widths of all resonances in
the baseline model, the product branching fractions of
J=ψ → γX;X → π0f0ð980Þ=0þþPHSP → π0π0π0, and the
statistical significances are summarized in Table I, where the
first uncertainties are statistical and the second systematic.
The fit fractions of each component and their interference
fractions are listed in Table II.
The comparisons of data and the PWA fit projections

(weighted by MC efficiencies) of theMðπ0π0π0Þ,Mðπ0π0Þ,
Mðγπ0Þ distributions, and the Dalitz plots of the π0π0π0

system are shown in Figs. 3(a)–3(c) and 4. The compar-
isons of data and the projected MC angular distributions are
shown in Figs. 3(d)–3(h). The χ2=Nbins value is displayed
on each figure to demonstrate the goodness of fit, where
Nbins is the number of bins and the χ2 is defined as

χ2 ¼
XNbins

i¼1

ðni − νiÞ2
νi

; ð15Þ

where ni and νi are the numbers of events in data and the fit
projections with the baseline model in the ith bin of each
figure, respectively.
To investigate the contributions from different compo-

nents, a mass-independent (MI) PWA is performed as a
cross-check, which is necessary for studying the line shapes
of different decay processes in the Mðπ0π0π0Þ distribution
and for reducing the biases from a specific model regarding
the dynamics of the intermediate states. Here, we do not
consider contributions from the possible processes J=ψ →
R1ð→ γπ0ÞR2ð→ π0π0Þ and J=ψ → π0Rð→ γπ0π0Þ. In the
MI PWA, the Mðπ0π0π0Þ distribution in the range of
½1.0; 1.6� GeV=c2 is divided into 20 equal bins, while
the first four bins are combined into one large bin due
to the low number of entries. The intermediate states in the
Mðπ0π0π0Þ distribution for each bin are parametrized by an
individual complex constant, while the part of the ampli-
tude describing the dynamical function is constant over the
small range of invariant-mass squared s. With the MI PWA,
the contribution of components for different decay proc-
esses can be extracted. This method has already been
applied in Refs. [38,54]. The 0−þ and 1þþ components on
π0π0π0 are also included in our MI PWA. The comparison
of the results from the baseline PWA, i.e. the mass-
dependent (MD) PWA, and the MI PWA fits is shown in
Fig. 5. The results from the MD PWA and the MI PWA are
in qualitative agreement, where the structure around
1.3 GeV=c2 is dominated by a 1þþ contribution and the
structure around 1.4 GeV=c2 arises from 0−þ and 1þþ
contributions. However, it is observed that there are
discrepancies between the MD PWA and MI PWA in
the line shapes of the 0−þ and 1þþ resonances, which could
indicate that a more sophisticated model incorporating the
coupled-channel effect near the K�K threshold is required
to describe the data.
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FIG. 4. The Dalitz plots of the π0π0π0 system (filled six times for each event) from the (a) data and (b) PWA fit result.
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Various checks are performed based on the PWA base-
line model. If the 0þþ PHSP in π0π0 is replaced by a 2þþ
PHSP component, the NLL value is worsened by 385.8.
The fitted mass and width of the pseudoscalar resonance
around 1.4 GeV=c2 is 1404 MeV=c2 and 46 MeV, respec-
tively. These values are more compatible with the mass
and width of the ηð1405Þ as given in the PDG [8]
(1408.8 MeV=c2 and 50.1 MeV) rather than those of the
ηð1475Þ (1475 MeV=c2 and 90 MeV). If the mass and
width of ηð1405Þ in the baseline model are fixed to the
PDG resonance parameters of ηð1405Þ, the NLL value
degrades by 9.4. If the ηð1405Þ is replaced with ηð1475Þ,
with resonance parameters fixed to the PDG values, the
NLL value increases by 195.6. Due to the limited sample
size and the overlapping of the ηð1405Þ and ηð1475Þ, the
interference between them is difficult to resolve. Thus, the
possible existence of ηð1475Þ decaying into π0π0π0 cannot
be excluded entirely. When the ηð1295Þ is included in the
fit as an additional resonance, its fit fraction is small but
with a statistical significance larger than 5σ. This can be
caused by the possible interference between ηð1295Þ and
ηð1405Þ. In addition, when the ηð1295Þ is included, the line
shapes of the 0−þ and 1þþ components of the MD fit

exhibit significant discrepancies with the results from the
MI fit. Therefore, ηð1295Þ is not included in the baseline
solution. The effects brought by these two states are taken
into account when assigning systematic uncertainties from
the presence of possible additional resonances.

V. SYSTEMATIC UNCERTAINTIES

The common uncertainties include the systematic uncer-
tainties associated with the total number of J=ψ events
(0.4% [39]), photon detection (0.53% per photon [55,56]),
kinematic fit (1.2% from the study of MC), and the
knowledge of Bπ0→γγ (0.03% for each π0) [8]. The quad-
rature sum of them is 3.9%. Uncertainties from the PWA fit
procedure, where systematic uncertainties are assigned to
both the measurements of the branching fractions and
resonance parameters, has the following contributions.

(i) Detector resolution: To take into account the system-
atic uncertainty from the detector resolution on the
f0ð980Þ line shape in the Mðπ0π0Þ distribution, the
width of the Gaussian function used in the numerical
convolution, 9.6 MeV, is increased and decreased by
its statistical uncertainty, 0.3 MeV. The maximum

FIG. 5. Comparison of the results from the MD PWA and MI PWA fits on Mðπ0π0π0Þ for contributions with subdecays of
(a) f0ð980Þπ0 and (b) 0þþ PHSPπ0, and (c) the subdecays combined. In the MI PWA fit, the first four bins are combined due to the low
number of events.
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change observed with respect to the baseline result is
assigned as the corresponding uncertainty.

(ii) Additional resonances: Uncertainties from possible
additional resonances are estimated by adding the
ηð1295Þ and the ηð1475Þ, which are the two most
significant additional resonances, and also the pos-
sible 2−þ PHSP, into the baseline solution individu-
ally. The changes in the results induced by these
additional contributions are summed in quadrature
and assigned as the systematic uncertainty from the
presence of unknown resonances. Owing to the close
proximity between the ηð1405Þ and the ηð1475Þ, the
uncertainty in the branching fraction of ηð1405Þ
from this source is inherently large. Those contri-
butions from resonances at higher masses are neg-
ligible. For example, the ηð1760Þ cannot be
distinguished from 0−þ PHSP in our fit range.

(iii) Interferences:APWAfit considering the interferences
between 0−þPHSPðπ0π0π0Þ→π0þ0þþPHSPðπ0π0Þ
or 1þþPHSPðπ0π0π0Þ → π0 þ 0þþPHSPðπ0π0Þ and
other processes is performed. The difference observed
with respect to the baseline result is assigned as the
corresponding uncertainty.

(iv) Background level: Alternative fits are performed
raising and lowering the background by its uncer-
tainty. The maximum difference in the result is
assigned as the corresponding systematic uncertainty
on the branching fractions and resonance parameters.

For each alternative fit performed to estimate the systematic
uncertainties from the PWA fit procedure, the changes of the

results are taken as the one-sided systematic uncertainties.
For each measurement, the individual uncertainties are
assumed to be independent and are added in quadrature to
obtain the total systematic uncertainty on the negative and
positive sides, respectively. These systematic uncertainties
are applied to the measurements of the masses and widths of
the ηð1405Þ and the f1ð1420Þ, and are summarized in
Table III. The relative systematic uncertainties on the
branching-fraction measurements are summarized in
Table IV.

VI. SUMMARY

In summary, a PWA of the decay J=ψ → γπ0π0π0 has
been performed with Mðπ0π0π0Þ < 1.6 GeV=c2 based on
ð10.09� 0.04Þ × 109 J=ψ events collected with the BESIII
detector. In contrast to the one-dimensional fit to
Mðπ0π0π0Þ performed in a previous analysis [22], the
current study uses a PWA to disentangle the structures
around 1.3 and 1.4 GeV=c2 on Mðπ0π0π0Þ, determining
the separate contributions from the f1ð1285Þ, ηð1405Þ,
f1ð1420Þ, and f1ð1510Þ states. These results provide
valuable inputs for further development of phenomeno-
logical model around the K�K̄ mass threshold [57,58].
Three axial vectors, f1ð1285Þ, f1ð1420Þ, and f1ð1510Þ,

have been observed in the decay to π0π0π0 for the
first time, providing additional insights into our under-
standing of the JPC ¼ 1þþ nonet. The measured produc-
tion of f1ð1285Þ in J=ψ → γπ0π0π0 is consistent with the
upper limit estimation from the previous BESIII
study [22].
The measured production branching fraction of ηð1405Þ

is consistent with the previous study which was obtained
from one-dimensional fit to Mðπ0π0π0Þ [22]. However, the
current results suffer from a large uncertainty due to the
possible impact from the ηð1475Þ. To reveal the properties
of pseudoscalars around 1.4 GeV=c2 and address the
puzzle of ηð1405Þ=ηð1475Þ thoroughly, it requires a
sophisticated coupled-channel analysis incorporating the
K0

SK
0
Sπ

0 channel [38] and considering the triangle singu-
larity mechanism and other phenomenological mecha-
nisms [57,58].

TABLE III. The systematic uncertainties in the masses (in
MeV=c2) and widths (in MeV) of ηð1405Þ and f1ð1420Þ in the
baseline model, denoted as ΔM and ΔΓ.

ηð1405Þ f1ð1420Þ
Source ΔM ΔΓ ΔM ΔΓ

Detector resolution 0.0 0.0 0.0 0.0
Extra resonances −8.1 þ3.7 −2.2 þ4.5

−11.0
Interferences þ2.0 þ2.0 þ2.0 þ4.0
Background uncertainty 0.0 0.0 0.0 þ1.0
Total þ2.0

−8.1 þ4.2 þ2.0
−2.2

þ6.1
−11.0

TABLE IV. The systematic uncertainties (in %) in the branching-fraction measurements of the intermediate states
of the decay J=ψ → γX → γπ0π0π0. The quadrature sum of common systematic uncertainties (3.9%) has been
added into the last row.

Source ηð1405Þ 0−þ PHSP f1ð1285Þ f1ð1420Þ f1ð1510Þ 1þþ PHSP

Detector resolution þ0.8
−0.0

þ1.2
−0.0

þ0.0
−2.2

þ1.4
−0.0

þ0.8
−0.0

þ2.1
−0.0

Extra resonances þ104.2
−0.0

þ7.9
−46.5

þ12.6
−39.7

þ7.3
−50.7

þ8.1
−19.2

þ17.9
−63.8

Interferences þ34.5 −4.2 −36.4 −17.7 −44.2 þ53.5
Background uncertainty þ0.2

−0.0
þ9.2
−9.1

þ0.2
−2.8

þ2.8
−0.0

þ2.6
−2.0

þ6.7
−0.0

Total þ109.8
−3.9

þ12.8
−47.7

þ13.2
−54.1

þ8.8
−53.8

þ9.4
−48.4

þ57.0
−63.9

STUDY OF f1ð1420Þ AND ηð1405Þ IN THE … PHYS. REV. D 112, 032007 (2025)

032007-9



ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of the BEPCII
and the IHEP computing center for their strong support.
This work is supported in part by National Key R&D
Program of China under Contracts No. 2020YFA0406300,
No. 2020YFA0406400, and No. 2023YFA1606000;
National Natural Science Foundation of China (NSFC)
under Contracts No. 11635010, No. 11735014,
No. 11835012, No. 11922511, No. 11935015,
No. 11935016, No. 11935018, No. 11961141012,
No. 12022510, No. 12025502, No. 12035009,
No. 12035013, No. 12061131003, No. 12192260,
No. 12192261, No. 12192262, No. 12192263,
No. 12192264, No. 12192265, No. 12221005,
No. 12225509, No. No. 12235017, and
No. 12361141819; the Chinese Academy of Sciences
(CAS) Large-Scale Scientific Facility Program; the CAS
Center for Excellence in Particle Physics; Joint Large-Scale
Scientific Facility Funds of the NSFC and CAS under
Contract No. U1832207; CAS Key Research Program of
Frontier Sciences under Contracts No. QYZDJ-SSW
SLH003 and No. QYZDJ-SSW-SLH040; 100 Talents
Program of CAS; CAS Project for Young Scientists in
Basic Research YSBR-101; The Institute of Nuclear and
Particle Physics and Shanghai Key Laboratory for Particle
Physics and Cosmology; ERC under Contract No. 758462;
European Union’s Horizon 2020 research and innovation
program under Marie Sklodowska-Curie grant agreement

under Contract No. 894790; German Research Foundation
DFG under Contracts No. 443159800 and No. 455635585;
Collaborative Research Center No. CRC 1044,
No. FOR5327, and No. GRK 2149; Istituto Nazionale di
Fisica Nucleare, Italy; Knut and Alice Wallenberg
Foundation under Contracts No. 2021.0174 and
No. 2021.0299; Ministry of Development of Turkey under
Contract No. DPT2006K-120470; National Research
Foundation of Korea under Contract No. NRF-
2022R1A2C1092335; National Science and Technology
Fund of Mongolia; National Science Research and
Innovation Fund via the Program Management Unit for
Human Resources & Institutional Development, Research
and Innovation of Thailand under Contracts
No. B16F640076 and No. B50G670107; Polish National
Science Centre under Contract No. 2019/35/O/ST2/02907;
Swedish Research Council under Contract
No. 2019.04595; The Swedish Foundation for
International Cooperation in Research and Higher
Education under Contract No. CH2018-7756; U.S.
Department of Energy under Contract No. DE-FG02-
05ER41374.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] C. Amsler and N. A. Tornqvist, Phys. Rep. 389, 61 (2004).
[2] E. Klempt and A. Zaitsev, Phys. Rep. 454, 1 (2007).
[3] V. Crede and C. A. Meyer, Prog. Part. Nucl. Phys. 63, 74

(2009).
[4] A. V. Sarantsev, I. Denisenko, U. Thoma, and E. Klempt,

Phys. Lett. B 816, 136227 (2021).
[5] A. Rodas, A. Pilloni, M. Albaladejo, C. Fernandez-Ramirez,

V. Mathieu, and A. P. Szczepaniak (Joint Physics Analysis
Center), Eur. Phys. J. C 82, 80 (2022).

[6] D. L. Scharre et al., Phys. Lett. 97B, 329 (1980).
[7] C. Edwards et al., Phys. Rev. Lett. 49, 259 (1982); 50, 219

(E) (1983).
[8] S. Navas et al. (Particle Data Group), Phys. Rev. D 110,

030001 (2024).
[9] G. S. Bali, K. Schilling, A. Hulsebos, A. C. Irving, C.

Michael, and P. W. Stephenson (UKQCD Collaboration),
Phys. Lett. B 309, 378 (1993).

[10] C. J. Morningstar and M. J. Peardon, Phys. Rev. D 60,
034509 (1999).

[11] Y. Chen et al., Phys. Rev. D 73, 014516 (2006).
[12] E. Klempt, Int. J. Mod. Phys. A 21, 739 (2006).
[13] G. S. Adams et al. (E852 Collaboration), Phys. Lett. B 516,

264 (2001).

[14] S. Fukui et al., Phys. Lett. B 267, 293 (1991).
[15] D. Alde et al. (GAMS Collaboration), Phys. At. Nucl. 60,

386 (1997).
[16] J. J. Manak et al. (E852 Collaboration), Phys. Rev. D 62,

012003 (2000).
[17] A. Abele et al., Phys. Rev. D 57, 3860 (1998).
[18] A. V. Anisovich, D. V. Bugg, N. Djaoshvili, C. Hodd, J.

Kisiel, L. Montanet, A. V. Sarantsev, and B. S. Zou, Nucl.
Phys. A690, 567 (2001).

[19] C. Amsler et al., Eur. Phys. J. C 33, 23 (2004).
[20] J. E. Augustin et al. (DM2 Collaboration), Phys. Rev. D 46,

1951 (1992).
[21] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.

101, 091801 (2008).
[22] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.

108, 182001 (2012).
[23] C. Amsler et al. (Crystal Barrel Collaboration), Phys. Lett.

B 358, 389 (1995).
[24] J.-J. Wu, X.-H. Liu, Q. Zhao, and B.-S. Zou, Phys. Rev.

Lett. 108, 081803 (2012).
[25] X.-G. Wu, J.-J. Wu, Q. Zhao, and B.-S. Zou, Phys. Rev. D

87, 014023 (2013).
[26] M.-C. Du and Q. Zhao, Phys. Rev. D 100, 036005 (2019).

M. ABLIKIM et al. PHYS. REV. D 112, 032007 (2025)

032007-10

https://doi.org/10.1016/j.physrep.2003.09.003
https://doi.org/10.1016/j.physrep.2007.07.006
https://doi.org/10.1016/j.ppnp.2009.03.001
https://doi.org/10.1016/j.ppnp.2009.03.001
https://doi.org/10.1016/j.physletb.2021.136227
https://doi.org/10.1140/epjc/s10052-022-10014-8
https://doi.org/10.1016/0370-2693(80)90612-7
https://doi.org/10.1103/PhysRevLett.49.259
https://doi.org/10.1103/PhysRevLett.50.219
https://doi.org/10.1103/PhysRevLett.50.219
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1016/0370-2693(93)90948-H
https://doi.org/10.1103/PhysRevD.60.034509
https://doi.org/10.1103/PhysRevD.60.034509
https://doi.org/10.1103/PhysRevD.73.014516
https://doi.org/10.1142/S0217751X06031971
https://doi.org/10.1016/S0370-2693(01)00951-0
https://doi.org/10.1016/S0370-2693(01)00951-0
https://doi.org/10.1016/0370-2693(91)91263-U
https://doi.org/10.1103/PhysRevD.62.012003
https://doi.org/10.1103/PhysRevD.62.012003
https://doi.org/10.1103/PhysRevD.57.3860
https://doi.org/10.1016/S0375-9474(01)00349-9
https://doi.org/10.1016/S0375-9474(01)00349-9
https://doi.org/10.1140/epjc/s2003-01540-6
https://doi.org/10.1103/PhysRevD.46.1951
https://doi.org/10.1103/PhysRevD.46.1951
https://doi.org/10.1103/PhysRevLett.101.091801
https://doi.org/10.1103/PhysRevLett.101.091801
https://doi.org/10.1103/PhysRevLett.108.182001
https://doi.org/10.1103/PhysRevLett.108.182001
https://doi.org/10.1016/0370-2693(95)01040-W
https://doi.org/10.1016/0370-2693(95)01040-W
https://doi.org/10.1103/PhysRevLett.108.081803
https://doi.org/10.1103/PhysRevLett.108.081803
https://doi.org/10.1103/PhysRevD.87.014023
https://doi.org/10.1103/PhysRevD.87.014023
https://doi.org/10.1103/PhysRevD.100.036005


[27] Y. Cheng, L. Qiu, and Q. Zhao, Phys. Rev. D 111, 114015
(2025).

[28] F. Aceti, J.-J. Xie, and E. Oset, Phys. Lett. B 750, 609
(2015).

[29] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 112,
091802 (2014).

[30] G. Gidal et al., Phys. Rev. Lett. 59, 2012 (1987).
[31] C. Dionisi et al. (CERN-College de France-Madrid-Stock-

holm), Nucl. Phys. B169, 1 (1980).
[32] Z. Bai et al. (MARK-III Collaboration), Phys. Rev. Lett. 65,

2507 (1990).
[33] S. Ishida, M. Oda, H. Sawazaki, and K. Yamada, Prog.

Theor. Phys. 82, 119 (1989).
[34] R. S. Longacre, Phys. Rev. D 42, 874 (1990).
[35] V. R. Debastiani, F. Aceti, W.-H. Liang, and E. Oset, Phys.

Rev. D 95, 034015 (2017).
[36] D. Aston et al., Phys. Lett. B 201, 573 (1988).
[37] F. E. Close and A. Kirk, Z. Phys. C 76, 469 (1997).
[38] M. Ablikim et al. (BESIII Collaboration), J. High Energy

Phys. 03 (2023) 121.
[39] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 46,

074001 (2022).
[40] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 614, 345 (2010).
[41] C. Yu et al., in Proceedings of the 7th International Particle

Accelerator Conference (JACoW, Geneva, Switzerland,
2016), p. TUYA01, 10.18429/JACoW-IPAC2016-TUYA01.

[42] X. Li et al., Radiat. Detect. Technol. Methods 1, 13 (2017);
Y. Guo et al., Radiat. Detect. Technol. Methods 1, 15
(2017); P. Cao et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 953, 163053 (2020).

[43] S. Agostinelli et al. (Geant4 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 506, 250 (2003).

[44] S. Jadach, B. F. L. Ward, and Z. Was, Phys. Rev. D 63,
113009 (2001); Comput. Phys. Commun. 130, 260 (2000).

[45] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001); R.-G. Ping, Chin. Phys. C 32, 599 (2008).

[46] J. C. Chen, G. S. Huang, X. R. Qi, D. H. Zhang, and Y. S.
Zhu, Phys. Rev. D 62, 034003 (2000); R.-L. Yang, R.-G.
Ping, and H. Chen, Chin. Phys. Lett. 31, 061301 (2014).

[47] E. Barberio, B. van Eijk, and Z. Was, Comput. Phys.
Commun. 66, 115 (1991).

[48] X. Zhou, S. Du, G. Li, and C. Shen, Comput. Phys.
Commun. 258, 107540 (2021).

[49] B. Liu, X. Xiong, G. Hou, S. Song, and L. Shen, Proc. Sci.
ICHEP2018 (2019) 160.

[50] N. Berger, B. Liu, and J. Wang, J. Phys. Conf. Ser. 219,
042031 (2010).

[51] B. S. Zou and D. V. Bugg, Eur. Phys. J. A 16, 537 (2003).
[52] F. James and M. Roos, Comput. Phys. Commun. 10, 343

(1975).
[53] C. Langenbruch, Eur. Phys. J. C 82, 393 (2022).
[54] J. Z. Bai et al. (BES Collaboration), Phys. Rev. D 68,

052003 (2003).
[55] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 96,

112012 (2017).
[56] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 101,

032001 (2020).
[57] S. X. Nakamura, Q. Huang, J. J. Wu, H. P. Peng, Y. Zhang,

and Y. C. Zhu, Phys. Rev. D 107, L091505 (2023).
[58] S. X. Nakamura, Q. Huang, J. J. Wu, H. P. Peng, Y. Zhang,

and Y. C. Zhu, Phys. Rev. D 109, 014021 (2024).

M. Ablikim,1 M. N. Achasov,4,c P. Adlarson,76 O. Afedulidis,3 X. C. Ai,81 R. Aliberti,35 A. Amoroso,75a,75c Q. An,72,58,a

Y. Bai,57 O. Bakina,36 I. Balossino,29a Y. Ban,46,h H.-R. Bao,64 V. Batozskaya,1,44 K. Begzsuren,32 N. Berger,35

M. Berlowski,44 M. Bertani,28a D. Bettoni,29a F. Bianchi,75a,75c E. Bianco,75a,75c A. Bortone,75a,75c I. Boyko,36 R. A. Briere,5

A. Brueggemann,69 H. Cai,77 X. Cai,1,58 A. Calcaterra,28a G. F. Cao,1,64 N. Cao,1,18,64 S. A. Cetin,62a X. Y. Chai,46,h

J. F. Chang,1,58 G. R. Che,43 Y. Z. Che,1,58,64 G. Chelkov,36,b C. Chen,43 C. H. Chen,9 Chao Chen,55 G. Chen,1 H. S. Chen,1,64

H. Y. Chen,20 M. L. Chen,1,58,64 S. J. Chen,42 S. L. Chen,45 S. M. Chen,61 T. Chen,1,64 X. R. Chen,31,64 X. T. Chen,1,64

Y. B. Chen,1,58 Y. Q. Chen,34 Z. J. Chen,25,i S. K. Choi,10 G. Cibinetto,29a F. Cossio,75c J. J. Cui,50 H. L. Dai,1,58 J. P. Dai,79

A. Dbeyssi,18 R. E. de Boer,3 D. Dedovich,36 C. Q. Deng,73 Z. Y. Deng,1 A. Denig,35 I. Denysenko,36 M. Destefanis,75a,75c

F. De Mori,75a,75c B. Ding,67,1 X. X. Ding,46,h Y. Ding,34 Y. Ding,40 J. Dong,1,58 L. Y. Dong,1,64 M. Y. Dong,1,58,64 X. Dong,77

M. C. Du,1 S. X. Du,81 Y. Y. Duan,55 Z. H. Duan,42 P. Egorov,36,b G. F. Fan,42 J. J. Fan,19 Y. H. Fan,45 J. Fang,1,58 J. Fang,59

S. S. Fang,1,64 W. X. Fang,1 Y. Q. Fang,1,58 R. Farinelli,29a L. Fava,75b,75c F. Feldbauer,3 G. Felici,28a C. Q. Feng,72,58

J. H. Feng,59 Y. T. Feng,72,58 M. Fritsch,3 C. D. Fu,1 J. L. Fu,64 Y.W. Fu,1,64 H. Gao,64 X. B. Gao,41 Y. N. Gao,19

Y. N. Gao,46,h Yang Gao,72,58 S. Garbolino,75c I. Garzia,29a,29b P. T. Ge,19 Z.W. Ge,42 C. Geng,59 E. M. Gersabeck,68

A. Gilman,70 K. Goetzen,13 L. Gong,40 W. X. Gong,1,58 W. Gradl,35 S. Gramigna,29a,29b M. Greco,75a,75c M. H. Gu,1,58

Y. T. Gu,15 C. Y. Guan,1,64 A. Q. Guo,31,64 L. B. Guo,41 M. J. Guo,50 R. P. Guo,49 Y. P. Guo,12,g A. Guskov,36,b J. Gutierrez,27

K. L. Han,64 T. T. Han,1 F. Hanisch,3 X. Q. Hao,19 F. A. Harris,66 K. K. He,55 K. L. He,1,64 F. H. Heinsius,3 C. H. Heinz,35

Y. K. Heng,1,58,64 C. Herold,60 T. Holtmann,3 P. C. Hong,34 G. Y. Hou,1,64 X. T. Hou,1,64 Y. R. Hou,64 Z. L. Hou,1 B. Y. Hu,59

H. M. Hu,1,64 J. F. Hu,56,j Q. P. Hu,72,58 S. L. Hu,12,g T. Hu,1,58,64 Y. Hu,1 G. S. Huang,72,58 K. X. Huang,59 L. Q. Huang,31,64

P. Huang,42 X. T. Huang,50 Y. P. Huang,1 Y. S. Huang,59 T. Hussain,74 F. Hölzken,3 N. Hüsken,35 N. in der Wiesche,69

STUDY OF f1ð1420Þ AND ηð1405Þ IN THE … PHYS. REV. D 112, 032007 (2025)

032007-11

https://doi.org/10.1103/8hbx-79qp
https://doi.org/10.1103/8hbx-79qp
https://doi.org/10.1016/j.physletb.2015.09.068
https://doi.org/10.1016/j.physletb.2015.09.068
https://doi.org/10.1103/PhysRevLett.112.091802
https://doi.org/10.1103/PhysRevLett.112.091802
https://doi.org/10.1103/PhysRevLett.59.2012
https://doi.org/10.1016/0550-3213(80)90249-7
https://doi.org/10.1103/PhysRevLett.65.2507
https://doi.org/10.1103/PhysRevLett.65.2507
https://doi.org/10.1143/PTP.82.119
https://doi.org/10.1143/PTP.82.119
https://doi.org/10.1103/PhysRevD.42.874
https://doi.org/10.1103/PhysRevD.95.034015
https://doi.org/10.1103/PhysRevD.95.034015
https://doi.org/10.1016/0370-2693(88)90620-X
https://doi.org/10.1007/s002880050569
https://doi.org/10.1007/JHEP03(2023)121
https://doi.org/10.1007/JHEP03(2023)121
https://doi.org/10.1088/1674-1137/ac5c2e
https://doi.org/10.1088/1674-1137/ac5c2e
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://doi.org/10.1007/s41605-017-0014-2
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1103/PhysRevD.62.034003
https://doi.org/10.1088/0256-307X/31/6/061301
https://doi.org/10.1016/0010-4655(91)90012-A
https://doi.org/10.1016/0010-4655(91)90012-A
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.22323/1.340.0160
https://doi.org/10.22323/1.340.0160
https://doi.org/10.1088/1742-6596/219/4/042031
https://doi.org/10.1088/1742-6596/219/4/042031
https://doi.org/10.1140/epja/i2002-10135-4
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1140/epjc/s10052-022-10254-8
https://doi.org/10.1103/PhysRevD.68.052003
https://doi.org/10.1103/PhysRevD.68.052003
https://doi.org/10.1103/PhysRevD.96.112012
https://doi.org/10.1103/PhysRevD.96.112012
https://doi.org/10.1103/PhysRevD.101.032001
https://doi.org/10.1103/PhysRevD.101.032001
https://doi.org/10.1103/PhysRevD.107.L091505
https://doi.org/10.1103/PhysRevD.109.014021


J. Jackson,27 S. Janchiv,32 Q. Ji,1 Q. P. Ji,19 W. Ji,1,64 X. B. Ji,1,64 X. L. Ji,1,58 Y. Y. Ji,50 X. Q. Jia,50 Z. K. Jia,72,58 D. Jiang,1,64

H. B. Jiang,77 P. C. Jiang,46,h S. S. Jiang,39 T. J. Jiang,16 X. S. Jiang,1,58,64 Y. Jiang,64 J. B. Jiao,50 J. K. Jiao,34 Z. Jiao,23

S. Jin,42 Y. Jin,67 M. Q. Jing,1,64 X. M. Jing,64 T. Johansson,76 S. Kabana,33 N. Kalantar-Nayestanaki,65 X. L. Kang,9

X. S. Kang,40 M. Kavatsyuk,65 B. C. Ke,81 V. Khachatryan,27 A. Khoukaz,69 R. Kiuchi,1 O. B. Kolcu,62a B. Kopf,3

M. Kuessner,3 X. Kui,1,64 N. Kumar,26 A. Kupsc,44,76 W. Kühn,37 W. N. Lan,19 T. T. Lei,72,58 Z. H. Lei,72,58 M. Lellmann,35

T. Lenz,35 C. Li,47 C. Li,43 C. H. Li,39 Cheng Li,72,58 D. M. Li,81 F. Li,1,58 G. Li,1 H. B. Li,1,64 H. J. Li,19 H. N. Li,56,j Hui Li,43

J. R. Li,61 J. S. Li,59 K. Li,1 K. L. Li,19 L. J. Li,1,64 Lei Li,48 M. H. Li,43 P. L. Li,64 P. R. Li,38,k,l Q. M. Li,1,64 Q. X. Li,50

R. Li,17,31 T. Li,50 T. Y. Li,43 W. D. Li,1,64 W. G. Li,1,a X. Li,1,64 X. H. Li,72,58 X. L. Li,50 X. Y. Li,1,8 X. Z. Li,59 Y. Li,19

Y. G. Li,46,h Z. J. Li,59 Z. Y. Li,79 C. Liang,42 H. Liang,72,58 Y. F. Liang,54 Y. T. Liang,31,64 G. R. Liao,14 Y. P. Liao,1,64

J. Libby,26 A. Limphirat,60 C. C. Lin,55 C. X. Lin,64 D. X. Lin,31,64 T. Lin,1 B. J. Liu,1 B. X. Liu,77 C. Liu,34 C. X. Liu,1

F. Liu,1 F. H. Liu,53 Feng Liu,6 G. M. Liu,56,j H. Liu,38,k,l H. B. Liu,15 H. H. Liu,1 H. M. Liu,1,64 Huihui Liu,21 J. B. Liu,72,58

K. Liu,38,k,l K. Y. Liu,40 Ke Liu,22 L. Liu,72,58 L. C. Liu,43 Lu Liu,43 M. H. Liu,12,g P. L. Liu,1 Q. Liu,64 S. B. Liu,72,58

T. Liu,12,g W. K. Liu,43 W.M. Liu,72,58 X. Liu,38,k,l X. Liu,39 Y. Liu,38,k,l Y. Liu,81 Y. B. Liu,43 Z. A. Liu,1,58,64 Z. D. Liu,9

Z. Q. Liu,50 X. C. Lou,1,58,64 F. X. Lu,59 H. J. Lu,23 J. G. Lu,1,58 Y. Lu,7 Y. P. Lu,1,58 Z. H. Lu,1,64 C. L. Luo,41 J. R. Luo,59

M. X. Luo,80 T. Luo,12,g X. L. Luo,1,58 X. R. Lyu,64 Y. F. Lyu,43 F. C. Ma,40 H. Ma,79 H. L. Ma,1 J. L. Ma,1,64 L. L. Ma,50

L. R. Ma,67 Q. M. Ma,1 R. Q. Ma,1,64 R. Y. Ma,19 T. Ma,72,58 X. T. Ma,1,64 X. Y. Ma,1,58 Y. M. Ma,31 F. E. Maas,18

I. MacKay,70 M. Maggiora,75a,75c S. Malde,70 Y. J. Mao,46,h Z. P. Mao,1 S. Marcello,75a,75c Y. H. Meng,64 Z. X. Meng,67

J. G. Messchendorp,13,65 G. Mezzadri,29a H. Miao,1,64 T. J. Min,42 R. E. Mitchell,27 X. H. Mo,1,58,64 B. Moses,27

N. Yu. Muchnoi,4,c J. Muskalla,35 Y. Nefedov,36 F. Nerling,18,e L. S. Nie,20 I. B. Nikolaev,4,c Z. Ning,1,58 S. Nisar,11,m

Q. L. Niu,38,k,l W. D. Niu,55 Y. Niu,50 S. L. Olsen,10,64 Q. Ouyang,1,58,64 S. Pacetti,28b,28c X. Pan,55 Y. Pan,57 A. Pathak,10

Y. P. Pei,72,58 M. Pelizaeus,3 H. P. Peng,72,58 Y. Y. Peng,38,k,l K. Peters,13,e J. L. Ping,41 R. G. Ping,1,64 S. Plura,35 V. Prasad,33

F. Z. Qi,1 H. R. Qi,61 M. Qi,42 S. Qian,1,58 W. B. Qian,64 C. F. Qiao,64 J. H. Qiao,19 J. J. Qin,73 L. Q. Qin,14 L. Y. Qin,72,58

X. P. Qin,12,g X. S. Qin,50 Z. H. Qin,1,58 J. F. Qiu,1 Z. H. Qu,73 C. F. Redmer,35 K. J. Ren,39 A. Rivetti,75c M. Rolo,75c

G. Rong,1,64 Ch. Rosner,18 M. Q. Ruan,1,58 S. N. Ruan,43 N. Salone,44 A. Sarantsev,36,d Y. Schelhaas,35 K. Schoenning,76

M. Scodeggio,29a K. Y. Shan,12,g W. Shan,24 X. Y. Shan,72,58 Z. J. Shang,38,k,l J. F. Shangguan,16 L. G. Shao,1,64 M. Shao,72,58

C. P. Shen,12,g H. F. Shen,1,8 W. H. Shen,64 X. Y. Shen,1,64 B. A. Shi,64 H. Shi,72,58 J. L. Shi,12,g J. Y. Shi,1 S. Y. Shi,73

X. Shi,1,58 J. J. Song,19 T. Z. Song,59 W.M. Song,34,1 Y. J. Song,12,g Y. X. Song,46,h,n S. Sosio,75a,75c S. Spataro,75a,75c

F. Stieler,35 S. S. Su,40 Y. J. Su,64 G. B. Sun,77 G. X. Sun,1 H. Sun,64 H. K. Sun,1 J. F. Sun,19 K. Sun,61 L. Sun,77 S. S. Sun,1,64

T. Sun,51,f Y. J. Sun,72,58 Y. Z. Sun,1 Z. Q. Sun,1,64 Z. T. Sun,50 C. J. Tang,54 G. Y. Tang,1 J. Tang,59 M. Tang,72,58 Y. A. Tang,77

L. Y. Tao,73 M. Tat,70 J. X. Teng,72,58 V. Thoren,76 W. H. Tian,59 Y. Tian,31,64 Z. F. Tian,77 I. Uman,62b Y. Wan,55 S. J. Wang,50

B. Wang,1 Bo Wang,72,58 C. Wang,19 D. Y. Wang,46,h H. J. Wang,38,k,l J. J. Wang,77 J. P. Wang,50 K. Wang,1,58 L. L. Wang,1

L.W. Wang,34 M. Wang,50 N. Y. Wang,64 S. Wang,38,k,l S. Wang,12,g T. Wang,12,g T. J. Wang,43 W. Wang,59 W. Wang,73

W. P. Wang,35,58,72,o X. Wang,46,h X. F. Wang,38,k,l X. J. Wang,39 X. L. Wang,12,g X. N. Wang,1 Y. Wang,61 Y. D. Wang,45

Y. F. Wang,1,58,64 Y. H. Wang,38,k,l Y. L. Wang,19 Y. N. Wang,45 Y. Q. Wang,1 Yaqian Wang,17 Yi Wang,61 Z. Wang,1,58

Z. L. Wang,73 Z. Y. Wang,1,64 D. H. Wei,14 F. Weidner,69 S. P. Wen,1 Y. R. Wen,39 U. Wiedner,3 G. Wilkinson,70 M. Wolke,76

L. Wollenberg,3 C. Wu,39 J. F. Wu,1,8 L. H. Wu,1 L. J. Wu,1,64 Lianjie Wu,19 X. Wu,12,g X. H. Wu,34 Y. H. Wu,55 Y. J. Wu,31

Z. Wu,1,58 L. Xia,72,58 X. M. Xian,39 B. H. Xiang,1,64 T. Xiang,46,h D. Xiao,38,k,l G. Y. Xiao,42 H. Xiao,73 Y. L. Xiao,12,g

Z. J. Xiao,41 C. Xie,42 X. H. Xie,46,h Y. Xie,50 Y. G. Xie,1,58 Y. H. Xie,6 Z. P. Xie,72,58 T. Y. Xing,1,64 C. F. Xu,1,64 C. J. Xu,59

G. F. Xu,1 M. Xu,72,58 Q. J. Xu,16 Q. N. Xu,30 W. L. Xu,67 X. P. Xu,55 Y. Xu,40 Y. C. Xu,78 Z. S. Xu,64 F. Yan,12,g L. Yan,12,g

W. B. Yan,72,58 W. C. Yan,81 W. P. Yan,19 X. Q. Yan,1,64 H. J. Yang,51,f H. L. Yang,34 H. X. Yang,1 J. H. Yang,42 R. J. Yang,19

T. Yang,1 Y. Yang,12,g Y. F. Yang,43 Y. X. Yang,1,64 Y. Z. Yang,19 Z. W. Yang,38,k,l Z. P. Yao,50 M. Ye,1,58 M. H. Ye,8

Junhao Yin,43 Z. Y. You,59 B. X. Yu,1,58,64 C. X. Yu,43 G. Yu,13 J. S. Yu,25,i M. C. Yu,40 T. Yu,73 X. D. Yu,46,h C. Z. Yuan,1,64

J. Yuan,34 J. Yuan,45 L. Yuan,2 S. C. Yuan,1,64 Y. Yuan,1,64 Z. Y. Yuan,59 C. X. Yue,39 Ying Yue,19 A. A. Zafar,74 F. R. Zeng,50

S. H. Zeng,63 X. Zeng,12,g Y. Zeng,25,i Y. J. Zeng,59 Y. J. Zeng,1,64 X. Y. Zhai,34 Y. C. Zhai,50 Y. H. Zhan,59 A. Q. Zhang,1,64

B. L. Zhang,1,64 B. X. Zhang,1 D. H. Zhang,43 G. Y. Zhang,19 H. Zhang,72,58 H. Zhang,81 H. C. Zhang,1,58,64 H. H. Zhang,59

H. Q. Zhang,1,58,64 H. R. Zhang,72,58 H. Y. Zhang,1,58 J. Zhang,59 J. Zhang,81 J. J. Zhang,52 J. L. Zhang,20 J. Q. Zhang,41

J. S. Zhang,12,g J. W. Zhang,1,58,64 J. X. Zhang,38,k,l J. Y. Zhang,1 J. Z. Zhang,1,64 Jianyu Zhang,64 L. M. Zhang,61

M. ABLIKIM et al. PHYS. REV. D 112, 032007 (2025)

032007-12



Lei Zhang,42 P. Zhang,1,64 Q. Zhang,19 Q. Y. Zhang,34 R. Y. Zhang,38,k,l S. H. Zhang,1,64 Shulei Zhang,25,i X. M. Zhang,1

X. Y. Zhang,40 X. Y. Zhang,50 Y. Zhang,1 Y. Zhang,73 Y. T. Zhang,81 Y. H. Zhang,1,58 Y. M. Zhang,39 Yan Zhang,72,58

Z. D. Zhang,1 Z. H. Zhang,1 Z. L. Zhang,34 Z. X. Zhang,19 Z. Y. Zhang,43 Z. Y. Zhang,77 Z. Z. Zhang,45 Zh. Zh. Zhang,19

G. Zhao,1 J. Y. Zhao,1,64 J. Z. Zhao,1,58 L. Zhao,1 Lei Zhao,72,58 M. G. Zhao,43 N. Zhao,79 R. P. Zhao,64 S. J. Zhao,81

Y. B. Zhao,1,58 Y. X. Zhao,31,64 Z. G. Zhao,72,58 A. Zhemchugov,36,b B. Zheng,73 B. M. Zheng,34 J. P. Zheng,1,58

W. J. Zheng,1,64 X. R. Zheng,19 Y. H. Zheng,64 B. Zhong,41 X. Zhong,59 H. Zhou,35,50,o J. Y. Zhou,34 S. Zhou,6 X. Zhou,77

X. K. Zhou,6 X. R. Zhou,72,58 X. Y. Zhou,39 Y. Z. Zhou,12,g Z. C. Zhou,20 A. N. Zhu,64 J. Zhu,43 K. Zhu,1 K. J. Zhu,1,58,64

K. S. Zhu,12,g L. Zhu,34 L. X. Zhu,64 S. H. Zhu,71 T. J. Zhu,12,g W. D. Zhu,41 W. J. Zhu,1 W. Z. Zhu,19 Y. C. Zhu,72,58

Z. A. Zhu,1,64 J. H. Zou,1 and J. Zu72,58

(BESIII Collaboration)

1Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2Beihang University, Beijing 100191, People’s Republic of China

3Bochum Ruhr-University, D-44780 Bochum, Germany
4Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia

5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6Central China Normal University, Wuhan 430079, People’s Republic of China

7Central South University, Changsha 410083, People’s Republic of China
8China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China

9China University of Geosciences, Wuhan 430074, People’s Republic of China
10Chung-Ang University, Seoul 06974, Republic of Korea

11COMSATS University Islamabad, Lahore Campus, Defence Road, Off Raiwind Road,
54000 Lahore, Pakistan

12Fudan University, Shanghai 200433, People’s Republic of China
13GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

14Guangxi Normal University, Guilin 541004, People’s Republic of China
15Guangxi University, Nanning 530004, People’s Republic of China

16Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
17Hebei University, Baoding 071002, People’s Republic of China

18Helmholtz Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany
19Henan Normal University, Xinxiang 453007, People’s Republic of China

20Henan University, Kaifeng 475004, People’s Republic of China
21Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

22Henan University of Technology, Zhengzhou 450001, People’s Republic of China
23Huangshan College, Huangshan 245000, People’s Republic of China

24Hunan Normal University, Changsha 410081, People’s Republic of China
25Hunan University, Changsha 410082, People’s Republic of China
26Indian Institute of Technology Madras, Chennai 600036, India

27Indiana University, Bloomington, Indiana 47405, USA
28aINFN Laboratori Nazionali di Frascati, INFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy

28bINFN Sezione di Perugia, I-06100, Perugia, Italy
28cUniversity of Perugia, I-06100, Perugia, Italy

29aINFN Sezione di Ferrara, INFN Sezione di Ferrara, I-44122, Ferrara, Italy
29bUniversity of Ferrara, I-44122, Ferrara, Italy

30Inner Mongolia University, Hohhot 010021, People’s Republic of China
31Institute of Modern Physics, Lanzhou 730000, People’s Republic of China

32Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia
33Instituto de Alta Investigación, Universidad de Tarapacá, Casilla 7D, Arica 1000000, Chile

34Jilin University, Changchun 130012, People’s Republic of China
35Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

36Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
37Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16,

D-35392 Giessen, Germany
38Lanzhou University, Lanzhou 730000, People’s Republic of China

39Liaoning Normal University, Dalian 116029, People’s Republic of China

STUDY OF f1ð1420Þ AND ηð1405Þ IN THE … PHYS. REV. D 112, 032007 (2025)

032007-13

https://ror.org/03v8tnc06


40Liaoning University, Shenyang 110036, People’s Republic of China
41Nanjing Normal University, Nanjing 210023, People’s Republic of China

42Nanjing University, Nanjing 210093, People’s Republic of China
43Nankai University, Tianjin 300071, People’s Republic of China
44National Centre for Nuclear Research, Warsaw 02-093, Poland

45North China Electric Power University, Beijing 102206, People’s Republic of China
46Peking University, Beijing 100871, People’s Republic of China

47Qufu Normal University, Qufu 273165, People’s Republic of China
48Renmin University of China, Beijing 100872, People’s Republic of China
49Shandong Normal University, Jinan 250014, People’s Republic of China

50Shandong University, Jinan 250100, People’s Republic of China
51Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

52Shanxi Normal University, Linfen 041004, People’s Republic of China
53Shanxi University, Taiyuan 030006, People’s Republic of China

54Sichuan University, Chengdu 610064, People’s Republic of China
55Soochow University, Suzhou 215006, People’s Republic of China

56South China Normal University, Guangzhou 510006, People’s Republic of China
57Southeast University, Nanjing 211100, People’s Republic of China

58State Key Laboratory of Particle Detection and Electronics,
Beijing 100049, Hefei 230026, People’s Republic of China

59Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China
60Suranaree University of Technology, University Avenue 111, Nakhon Ratchasima 30000, Thailand

61Tsinghua University, Beijing 100084, People’s Republic of China
62aTurkish Accelerator Center Particle Factory Group, Istinye University, 34010, Istanbul, Turkey

62bNear East University, Nicosia, North Cyprus, 99138, Mersin 10, Turkey
63University of Bristol, H. H. Wills Physics Laboratory, Tyndall Avenue, Bristol, BS8 1TL, United Kingdom

64University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
65University of Groningen, NL-9747 AA Groningen, The Netherlands

66University of Hawaii, Honolulu, Hawaii 96822, USA
67University of Jinan, Jinan 250022, People’s Republic of China

68University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom
69University of Muenster, Wilhelm-Klemm-Strasse 9, 48149 Muenster, Germany

70University of Oxford, Keble Road, Oxford OX13RH, United Kingdom
71University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
72University of Science and Technology of China, Hefei 230026, People’s Republic of China

73University of South China, Hengyang 421001, People’s Republic of China
74University of the Punjab, Lahore-54590, Pakistan

75aUniversity of Turin and INFN, University of Turin, I-10125, Turin, Italy
75bUniversity of Eastern Piedmont, I-15121, Alessandria, Italy

75cINFN, I-10125, Turin, Italy
76Uppsala University, Box 516, SE-75120 Uppsala, Sweden

77Wuhan University, Wuhan 430072, People’s Republic of China
78Yantai University, Yantai 264005, People’s Republic of China

79Yunnan University, Kunming 650500, People’s Republic of China
80Zhejiang University, Hangzhou 310027, People’s Republic of China

81Zhengzhou University, Zhengzhou 450001, People’s Republic of China

aDeceased.
bAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
cAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
dAlso at the NRC “Kurchatov Institute,” PNPI, 188300, Gatchina, Russia.
eAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
fAlso at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education, Shanghai Key Laboratory for
Particle Physics and Cosmology, Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.

gAlso at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,
Shanghai 200443, People’s Republic of China.

hAlso at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.
iAlso at School of Physics and Electronics, Hunan University, Changsha 410082, China.

M. ABLIKIM et al. PHYS. REV. D 112, 032007 (2025)

032007-14

https://ror.org/05qbk4x57


jAlso at Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,
Guangzhou 510006, China.

kAlso at MOE Frontiers Science Center for Rare Isotopes, Lanzhou University, Lanzhou 730000, People’s Republic of China.
lAlso at Lanzhou Center for Theoretical Physics, Lanzhou University, Lanzhou 730000, People’s Republic of China.
mAlso at the Department of Mathematical Sciences, IBA, Karachi 75270, Pakistan.
nAlso at Ecole Polytechnique Federale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.
oAlso at Helmholtz Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany.

STUDY OF f1ð1420Þ AND ηð1405Þ IN THE … PHYS. REV. D 112, 032007 (2025)

032007-15


	Study of f1(1420) and n(1405) in the decay J/&psi;&rarr;&gamma;&pi;0&pi;0&pi;0
	I. INTRODUCTION
	II. DETECTOR AND MONTE CARLO SIMULATIONS
	III. EVENT SELECTION
	IV. PARTIAL-WAVE ANALYSIS
	A. Analysis method
	B. PWA results

	V. SYSTEMATIC UNCERTAINTIES
	VI. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


