
Study of f 1ð1420Þ and ηð1405Þ in the decay J=ψ → γπ
0
π
0
π
0

M. Ablikim et al.
*

(BESIII Collaboration)

(Received 6 June 2025; accepted 18 July 2025; published 15 August 2025)

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.

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

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 112, 032007 (2025)

2470-0010=2025=112(3)=032007(15) 032007-1 Published by the American Physical Society



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 at
ffiffiffi

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 χ2
1C < 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 χ2
7Cðγπ0π0π0Þ, 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 χ2
7Cðγπ0π0π0Þ is selected. It is then

required that χ2
7Cðγπ0π0π0Þ < 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 χ2
4Cð7γÞ and χ2

4Cð8γÞ, respectively. The condition

χ2
4Cð7γÞ < χ2

4Cð8γÞ is then required. A 7C kinematic fit

is also performed under the hypothesis of J=ψ → γηπ0π0,

whose χ2 value is denoted as χ2
7Cðγηπ0π0Þ. To sup-

press backgrounds from J=ψ → γηπ0π0, the condition

χ2
7Cðγπ0π0π0Þ < χ2

7Cðγηπ0π0Þ 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

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
 per bin]2c) [10 MeV/2c) (GeV/0�0�(M

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
 p

e
r 

b
in

]
2
c

) 
[1

0
 M

e
V

/
2
c

) 
(G

e
V

/
0
�

0
�

0
�(

M

1

10

210

3
10

410

FIG. 1. Distribution of Mðπ0π0Þ versus Mðπ0π0π0Þ.

)2
c) (GeV/0�0�0�(M

1 1.2 1.4 1.6

2
c

E
v
e
n
ts

 /
 2

0
 M

e
V

/

0

200

400

600

800

1000

1200

1400

)2
c) (GeV/0�0�(M

0.9 0.95 1 1.05

2
c

E
n
tr

ie
s
 /
 1

0
 M

e
V

/

0

200

400

600

800

1000

1200

1400

1600

1800

2000

)2
c) (GeV/0��(M

1 2

2
c

E
v
e
n
ts

 /
 2

0
 M

e
V

/

0

100

200

300

400

500
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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
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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 U
μν
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
Y

N

i¼1

PðξiÞ ¼
Y

N

i¼1

jMðξiÞj2εðξiÞΦðξiÞ
σ0

; ð4Þ

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

− lnL ¼ −

X

N

i¼1

ln

�jMðξiÞj2
σ0

�

−

X

N

i¼1

ln ðεðξiÞΦðξiÞÞ

¼ −

X

N

i¼1

ln jMðξiÞj2 þ N ln σ0 −
X

N

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

X

Nacc

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 ωi
P

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

X

Nacc

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

X

Nacc

k

2Re½AX1
ðξkÞAX2

ðξkÞ��: ð12Þ

The ratios σX=σ
0 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 jAXðξkÞj2
PNgen

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 1404
þ0.8
−1.5

þ2.0
−8.1 46

þ1.8
−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 1418
þ1.7
−2.1

þ2.0
−2.2 46

þ3.4
−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) Mðπ0
1
π0
2
Þ, where π0

1
π0
2
denotes the closest π0π0 combination to the mass of f0ð980Þ where the momentum of π0

1
is

larger than that of π0
2
, (c) Mðγπ0Þ; cos θ of (d) γ in the J=ψ rest frame; (e) π0

1
π0
2
in the J=ψ rest frame, (f) π0

1
in the π0

1
π0
2
rest frame;

azimuthal angle between the normals to the two decay planes of (g) π0
1
π0
2
in the π0π0π0 rest frame, and (h) π0

1
in the π0

1
π0
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
X

Nbins

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
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