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Using a data sample of 448 × 106 ψð3686Þ events collected with the BESIII detector operating at the
BEPCII storage ring, the decays ψð3686Þ → γη and ψð3686Þ → γπ0 are observed with a statistical
significance of 7.3σ and 6.7σ, respectively. The branching fractions are measured to be Bðψð3686Þ → γηÞ ¼
ð0.85� 0.18� 0.05Þ × 10−6 and Bðψð3686Þ → γπ0Þ ¼ ð0.95� 0.16� 0.05Þ × 10−6. In addition, we
measure the branching fraction of ψð3686Þ → γη0 to be Bðψð3686Þ→γη0Þ¼ð125.1�2.2�6.2Þ×10−6,
which represents an improvement of precision over previous results.

DOI: 10.1103/PhysRevD.96.052003

I. INTRODUCTION

Radiative decays to light hadrons comprise a substantial
fraction of the decays of vector charmonium states, e.g., 6%
for J=ψ and 1% for ψð3686Þ [1] with respect to their total
width. In previous experiments, only about 10% of the
expected J=ψ and ψð3686Þ radiative decays have been
observed exclusively [2]. Within the framework of quantum
chromodynamics (QCD), radiative decays of the vector
charmonium states proceed predominantly via the emission
of a real photon from the c or c̄ quark, followed by the cc̄
annihilation into two gluons.
Various phenomenological mechanisms, such as ηc − ηð0Þ

mixing [3,4], final-state radiation by light quarks [5,6],
and the vector-meson dominance model in association with
ηc − ηð0Þ mixing [7], are proposed to explain the properties of
charmonium state radiative decays to a pseudoscalar meson.
Measurements of these charmonium radiative decays pro-
vide important tests for the different theoretical predictions.

The ratio RJ=ψ ≡ BðJ=ψ→γηÞ
BðJ=ψ→γη0Þ has been predicted based on the

first-order perturbative QCD calculation, and Rψð3686Þ ≡
Bðψð3686Þ→γηÞ
Bðψð3686Þ→γη0Þ is expected to be approximately the same;

i.e., Rψð3686Þ ≈ RJ=ψ [8]. The decay rates of J=ψ and
ψð3686Þ → γπ0 are expected to be smaller than those of
J=ψ and ψð3686Þ → γη or γη0 as a consequence of sup-
pressed gluon coupling to isovector currents. By assuming
that the partial widths of J=ψ → γη and γη0 are saturated by
the ηc − η0 mixing, the predicted branching fractions of
J=ψ → γη and γη0 were accounted for to the correct orders of
magnitude in Ref. [9].
The CLEO experiment [10] measured the branching

fractions of J=ψ and ψð3686Þ decays to γπ0, γη, and γη0

using a data sample of 27 × 106 ψð3686Þ events and found a
value of RJ=ψ ¼ ð21.1� 0.9Þ% and Rψð3686Þ < 1.8%, and
so, Rψð3686Þ ≪ RJ=ψ . The most recent experimental results
from the BESIII Collaboration [11] confirmed the small
value of Rψð3686Þ and made a first measurement of the
branching fraction Bðψð3686Þ→γπ0Þ of ð1.58�0.4ðstatÞ�
0.13ðsystÞÞ×10−6 based on a data sample of 106×
106ψð3686Þ events. These results suggest a deviation from
the saturation assumption [9] and imply that some other
mechanisms are important in ψð3686Þ radiative decays to a
pseudoscalar meson (P). Reference [7] discusses decay
mechanisms in the framework of the vector-meson domi-
nance model associated with ηc − ηð0Þ mixing in order to
interpret the difference between J=ψ and ψð3686Þ radiative
decays to a pseudoscalar meson and predicts
Bðψð3686Þ → γπ0Þ ¼ ð0.07–0.12Þ × 10−6. Reference [12]
predicts Bðψð3686Þ → γπ0Þ ≈ 2.19 × 10−7 in the
framework of the vector-meson dominance model. Another
model, named survival hypothesis [13], predicts 0.8 <
Bðψð3686Þ→γπ0Þ
Bðψð3686Þ→γηÞ < 1.2.

The BESIII detector [14] has accumulated ð106.9�
7.5Þ × 106 and ð341.1� 2.1Þ × 106 decays in 2009 and
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2012, respectively, adding up to a total of 448 ×
106 ψð3686Þ events, corresponding to an integrated lumi-
nosity of 509.4 pb−1. The number of ψð3686Þ decays was
determined by counting inclusive hadronic events [15,16].
The results reported in this paper are based on the complete
ψð3686Þ data sample collected with BESIII and thereby
supersede the previous measurements [11].

II. BESIII DETECTOR AND MONTE
CARLO SIMULATION

The BESIII detector is described in detail in Ref. [14].
The detector is cylindrically symmetric and covers 93% of
the solid angle around the interaction point (IP). The
detector consists of four main components: (a) a 43-layer
main drift chamber (MDC) provides momentum measure-
ments for charged tracks with a resolution of 0.5% at
1 GeV=c in a 1 T magnetic field, (b) a time-of-flight system
(TOF) composed of plastic scintillators has a time
resolution of 80 ps (110 ps) in the barrel (end caps),
(c) a 6240-cell CsI(Tl)-crystal electromagnetic calorimeter
(EMC) provides an energy resolution for photons at 1 GeV
of 2.5% (5%) in the barrel (end caps), (d) a muon counter
consisting of 9 (8) layers of resistive plate chambers in the
barrel (end caps) within the return yoke of the magnet
provides a position resolution of 2 cm. The electron and
positron beams collide with an angle of 22 mrad at the IP in
order to separate the eþ and e− beams after the collision.
Monte Carlo (MC) simulations are used to study back-

grounds and to determine the detection efficiencies. The
GEANT4-based [17] simulation software, BESIII Object
Oriented Simulation Tool (BOOST) [18], contains a descrip-
tion of the detector geometry and material as well as records
of the detector running conditions and performance. An
“inclusive” MC sample consists of 506 × 106 generic
ψð3686Þ events, for which the ψð3686Þ is produced by
the KKMC [19] generator, and its measured decay modes are
simulated by BESEVTGEN [20] by setting the branching
fractions of known decays according to the Particle Data
Group (PDG) [2], while the remaining unknown decay
modes are simulated by LUNDCHARM [21]. The signal events
ψð3686Þ → γP are generated according to the helicity
amplitude model HELAMP with the options ð1; 0;−1; 0Þ
[20], where the options indicate the amplitudes for different
partial waves. In the analysis of ψð3686Þ → γη, the promi-
nent decay mode η → γγ is not selected, since it suffers from
the huge quantum electrodynamics (QED) background
eþe− → γγ and as a consequence, from poor statistical
significance. The other two prominent decay modes η →
πþπ−π0 and π0π0π0 are selected. In the analysis of
ψð3686Þ → γη0, the η0 is reconstructed in its decay modes
η0 → πþπ−η and π0π0η with η → γγ, which have identical
final states as those in the analysis of ψð3686Þ → γη. Many
of the systematic uncertainties on the detection efficiency are
correlated in the two analyses and will cancel in the

measurement of Rψð3686Þ. In the MC simulation, the decays
of η0 → ππη and η → πππ are generated according to the
measured Dalitz plot distributions [22,23]. In the analysis of
ψð3686Þ → γπ0, the π0 signal is reconstructed with its
dominant decaymode π0 → γγ, and the corresponding decay
is described in theMCsimulationwith a uniformdistribution
in phase space.

III. ANALYSIS OF ψð3686Þ → γη0=η=π0

Charged tracks are reconstructed from hits in the MDC.
The polar angle of each track must satisfy j cos θj < 0.93.
Tracks are required to originate from the IP within�10 cm
along the beam direction and within 1 cm in the plane
perpendicular to the beam. All selected charged tracks are
assumed to be pions.
Photon candidates are reconstructed from isolated clus-

ters in the EMC. The deposited energy is required to be
larger than 25 MeV in the barrel region (j cos θj < 0.80) or
50 MeV in the end cap regions ð0.86 < j cos θj < 0.92Þ.
The energy deposited in the nearby TOF counter is
included to improve the reconstruction efficiency and
energy resolution. To eliminate clusters associated with
charged tracks, the angle extended from the IP between the
extrapolated impact point of any charged track in the EMC
and a photon candidate has to be larger than 10 deg. For the
decays including charged particles in the final states, the
timing of EMC clusters with respect to the event start time
is used to suppress electronics noise and photon candidates
unrelated to the event. For the decay with only neutral
particles in the final states, the timing requirements are not
applied because of the poorly defined start time.
Candidate π0 and ηmesons that do not originate from the

ψð3686Þ radiative decay are reconstructed from pairs of
photons. The invariant mass MðγγÞ is required to be within
[0.120, 0.150] and [0.522, 0.572] GeV=c2 for these π0 and
η candidates, respectively.

A. Decay ψð3686Þ → γη0

Candidate η0 mesons are reconstructed in their decays to
πþπ−η and π0π0η. We require that there are no additional
charged tracks and the number of photon candidates is less
than 9. The photon with the largest energy is regarded as the
radiative photon. Events in the range 0.80 < MðππηÞ <
1.10 GeV=c2 are kept for further analysis, and the η0 signal
region is defined as 0.92 < MðππηÞ < 0.98 GeV=c2. To
reduce the backgrounds and to improve themass resolution, a
four-constraint (4C) kinematic fit is applied to the final state
particle candidates, constraining the total four momentum to
the initial values of the colliding beams. The χ24C is required
to be less than 80. If more than one possible combination is
found in an event, the one with the smallest χ24C is retained.
For η0 → π0π0η, we define a variable χ2Mγγ

¼ðMðγ1γ2Þ−
Mπ0Þ2=σ2π0 þðMðγ3γ4Þ−Mπ0Þ2=σ2π0 þðMðγ5γ6Þ−MηÞ2=σ2η,
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whereMðγiγjÞ is the invariant masses of the photon pair γiγj,
Mπ0 , andMη are the nominal mass of the π0 and η taken from
the PDG [2], and σπ0 ¼ 4.8 MeV=c2 and ση ¼ 8.7 MeV=c2

are the corresponding mass resolutions. If there are multiple
π0 and η candidates in an event that involve the same photon,
only the candidate with the lowest χ2Mγγ

is retained.
To check the contribution from the continuum process

eþe− → γη0, we use 44 pb−1 of data collected at a center-
of-mass energy

ffiffiffi

s
p ¼ 3.65 GeV [15]. No event within the η0

signal region passes the η0 → π0π0η and η0 → πþπ−η
selection criteria. Therefore, the background from nonreso-
nant production is negligible. For the charged decay mode
η0 → πþπ−η, we use the events in the η sideband region,
½Mη − 9σ;Mη − 6σ� and ½Mη þ 6σ;Mη þ 9σ�, to check the
contribution of non-η backgrounds. The investigation
shows that this kind of background distributes uniformly
in the region of interest in the πþπ−η invariant mass
spectrum. A study of the inclusive ψð3686Þ MC sample
reveals that the channels ψð3686Þ → πþπ−J=ψ with
J=ψ → γη and ψð3686Þ → γηπþπ− are the dominant back-
grounds with an η in the final state. The channels
ψð3686Þ → π0π0J=ψ with J=ψ → γη and ψð3686Þ →
ηJ=ψ with J=ψ → γη and η → π0π0π0 are the main back-
grounds in the neutral mode, η0 → π0π0η. The contribution
from ψð3686Þ → γηπ0π0 is negligible because of the
small branching fraction. All of the above backgrounds
distribute smoothly and do not produce peaks in the
vicinity of the η0 signal in the ππη invariant mass spectrum,
MðππηÞ.
Figure 1 shows the MðππηÞ distributions for selected

πþπ−η (left) and π0π0η (right) candidates. Prominent η0
signals are observed in both decay modes. To determine the
signal yield, a simultaneous unbinned maximum likelihood
fit is performed to the mass spectra of both decay modes.
The ratio of the number of πþπ−η signal events to that of

π0π0η signal events is fixed to be
ϵπþπ−η·Bðη0→πþπ−ηÞ

ϵπ0π0η·Bðη0→π0π0ηÞ·B2ðπ0→γγÞ,

where Bðη0 → πþ=0π−=0ηÞ and Bðπ0 → γγÞ are the branch-
ing fractions taken from the PDG [2], and ϵπþπ−η ¼ 30.8%

and ϵπ0π0η ¼ 9.0% are the respective reconstruction effi-
ciencies determined from signal MC simulations. In the fit,
the signals are described by the MC-determined shapes
convolved with a Gaussian function representing the
remaining discrepancy between the data and MC simu-
lation, where the parameters of the Gaussian function are
left free in the fit. The backgrounds are described with an
ARGUS [24] function with the threshold parameter fixed
slightly below the kinematical limit to take into account the
finite experimental resolution on the η and π0 masses. The
fit results are shown in Fig. 1, and the goodness-of-fit is
χ2=d:o:f: ¼ 74.7=48. The signal yield of ψð3686Þ → γη0
corrected for reconstruction efficiency and decay branching
fractions of the η0 and its daughters is 56053.5� 980.8,
where the error is statistical only.

B. Decay ψð3686Þ → γη

The η candidates in the decay ψð3686Þ → γη are
reconstructed using the prominent decay modes πþπ−π0

and π0π0π0. The event selection is similar to that of the
ψð3686Þ → γη0 analysis, since they have the same final
states, except that we do not apply the requirement of the
angle between charged tracks and isolated photons because
of the higher momentum of the η candidates. As a
consequence, the photons from the π0 decay can be close
to the charged pions.
For ψð3686Þ → γη with η → πþπ−π0, the main back-

grounds come from the tail of continuum process
eþe− → γISRω, which is studied using the data taken at
ffiffiffi

s
p ¼ 3.65 GeV. The πþπ−π0 mass spectrum for the
continuum process is flat, and the expected number of
events is 251.6� 58.8. The backgrounds from ψð3686Þ
decays are examined with the 506 M inclusive MC sample.
Only one such event survives, and this class of background
is therefore ignored. For ψð3686Þ → γη with η → π0π0π0,
the possible peaking background is from the decays
ψð3686Þ → γχcJ with χcJ → ηðπ0π0π0ÞηðγγÞ, which is
expected to produce 0.6� 0.1 events in the signal region
according to the MC simulation. Therefore, this source of
background can be ignored. The background from the
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FIG. 1. Projection of the simultaneous fit to the invariant mass of Mðπþπ−ηÞ (left) and Mðπ0π0ηÞ (right). Dots with error bars show
data, the red solid curves show the total fit result, and the blue dashed lines represent the background contributions.
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continuum process, studied with the data taken at
ffiffiffi

s
p ¼ 3.65 GeV, is expected to contribute less than one
event and is also ignored.
The MðπππÞ invariant mass is used to determine the

signal yield of ψð3686Þ → γη. Figure 2 shows the distri-
bution of Mðπþπ−π0Þ (left) and Mðπ0π0π0Þ (right) for
selected πþπ−π0 and π0π0π0 candidates, respectively. A
clear peak for the η signal is seen in both MðπππÞ
distributions. The signal region is defined as [0.522,
0.572] GeV=c2 and the fit range is [0.380, 0.700]
GeV=c2. A simultaneous unbinned maximum likelihood
fit is applied to the Mðπþπ−π0Þ and Mðπ0π0π0Þ spectra.
The ratio of the number of πþπ−π0 signal events to that of

π0π0π0 signal events is fixed at
ϵ
πþπ−π0

·Bðη→πþπ−π0Þ
ϵπ0π0π0 ·Bðη→π0π0π0Þ·B2ðπ0→γγÞ,

where Bðη → πππÞ and Bðπ0 → γγÞ are the branching
fractions quoted from the PDG [2]; ϵπþπ−π0 ¼ 29.0% and
ϵπ0π0π0 ¼ 12.1% are the reconstruction efficiencies deter-
mined from the signal MC simulations. In the fit, the signal
is described with the MC-determined shape convolved with
a Gaussian function, where the parameters of the Gaussian
function are fixed to those obtained in the simultaneous fit
for ψð3686Þ → γη0, which has the same final state and
higher statistics. The background is described with an
ARGUS function, where the threshold parameter is fixed to
the sum of the mass of the three pion. The fit results are
shown in Fig. 2 as solid curves. The signal yield of
ψð3686Þ → γη after correcting for efficiency and decay
branching fractions of the η and its daughters is
382.5� 78.9, where the uncertainty is statistical only.
The goodness-of-fit is χ2=d:o:f: ¼ 16.6=11, using only
bins with at least seven events. The statistical significance
of ψð3686Þ → γη is 7.3σ by comparing the likelihood
values of the fits with or without the η signal included
[ΔðlnLÞ ¼ 27.0] and taking into account the change in the
number of degrees of freedom [Δðd:o:f:Þ ¼ 1].

C. Decay ψð3686Þ → γπ0

To select candidate events for the decay ψð3686Þ → γπ0,
the events are required to have exactly three reconstructed

showers and no good charged tracks. To suppress the QED
background eþe− → γγðγISRÞ, only photons in the barrel
region (j cos θj < 0.8) are accepted. A 4C kinematic fit is
performed, and the χ24C is required to be less than 40. The
most energetic photon is regarded as the radiative one. To
further suppress the QED background, the cosine of the
helicity angle of the π0, which is defined as the angle
between the momentum direction of the more energetic
photon in the π0 rest frame and the π0 momentum in the
ψð3686Þ rest frame, is required to be less than 0.7.
Based on a study of the continuum data at

ffiffiffi

s
p ¼

3.65 GeV and the inclusive MC sample, we find that the
eþe− → γγðγISRÞ processes contaminate the signal. One of
the photons converts into an eþe− pair, which are mis-
identified as two photons if the track finding algorithm
fails. To remove this kind of background, we require fewer
than eight hits in the MDC in the region between the two
radial lines connecting the IP and the two shower positions
in the EMC. According to MC studies, almost all of
peaking background caused by the gamma conversion
process in the eþe− → γγ events can be rejected with only
a 2.7% loss in the signal efficiency. The other backgrounds
are the decays ψð3686Þ → γχcJ (J ¼ 0, 2), with
χcJ → π0π0, which produce a peak in the signal region
in the two-photon invariant mass. According to MC
simulations and using the well-measured branching frac-
tions quoted in the PDG [2], the background is expected to
be 36.7� 1.7 events.
Figure 3 shows the MðγγÞ spectrum for selected

ψð3686Þ → γπ0 candidates. A clear peak from the π0

signal is observed. An unbinned maximum likelihood fit
to the MðγγÞ distribution is performed to determine the
signal yield. The fit function consists of three components
representing the signal, a smooth background from eþe− →
γγðγISRÞ events, and a contribution from ψð3686Þ → γχcJ
decays with χcJ → π0π0. The signal is modeled by a MC
simulated shape convoluted with a Gaussian function
representing the resolution difference between the MC
simulation and the data. The parameters of the Gaussian
function are left free in the fit. The shape parameters of the
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represent the data, the red solid curves show the total fit result, and the blue dashed lines correspond to the background contributions.
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smooth background are determined from the MC simu-
lation, and the magnitude is determined by the fit to data.
The size and shape of the contribution from ψð3686Þ →
γχcJ decays with χcJ → π0π0 are fixed according to the
expectation from MC studies. The results of the maximum
likelihood fit are shown in Fig. 3, and the goodness-of-fit is
χ2=d:o:f: ¼ 40.6=46. The signal yield after correcting for
the efficiency, which is 36.8% according to the MC
simulation, and the decay branching fractions of the π0

is 423.4� 71.4, and the statistical significance of the π0

signal is 6.7σ [ΔðlnLÞ ¼ 26.1, Δðd:o:f:Þ ¼ 3].
In the above three analyses, the branching fractions are

obtained using the signal yields Ncor
sig , corrected for the

detection efficiency and the subsequent branching fraction,

and the total number of ψð3686Þ events Nψð3686Þ
tot according

to B ¼ Ncor
sig

Nψð3686Þ
tot

. The results are summarized in Table I.

IV. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty in the
branching fraction measurements stem from the data-simu-
lation differences in the track reconstruction efficiency, the
photon detection efficiency, the η and π0 reconstruction
efficiency, and the kinematic fit, and the uncertainties from
the related branching fraction in the cascade decays, the
number of hits in the MDC, and the number of photons
required in ψð3686Þ → γπ0, the fit procedure, and the decay

models of the η0 and η in the MC simulation, as well as the
total number of ψð3686Þ events.
The uncertainty due to the charged track reconstruction

is studied with the control sample ψð3686Þ → πþπ−J=ψ ,
J=ψ → lþl−, and is 1% per track [25]. The uncertainty for
the photon detection efficiency is 1% for each photon on
average, obtained by studying the control sample J=ψ →
ρ0π0 [26]. In studying the ψð3686Þ → γπ0 mode, only the
photons within the barrel EMC region are used, which
significantly improves the systematic uncertainty, esti-
mated to be 0.5% per photon. For the reconstruction of
the η and π0 mesons from their two-photon decay mode, the
systematic uncertainty is 1.0% per meson [25].
The uncertainty associated with the kinematic fit arises

from the inconsistency of the track helix parameter and
photon between the data and the MC simulation. For the
decay processes including charged tracks in the final state,
we correct the three helix parameters (ϕ0; κ, and tan λ) of
the charged tracks in the signal MC samples to reduce this
deviation, where the correction factors are obtained by
comparing their pull distributions in a control sample of
ψð3686Þ → KþK−πþπ− between data and MC simulation,
as described in Ref. [27]. We also estimate the detection
efficiency without the helix parameter corrections, and the
resulting change in the detection efficiency, 1%, is taken as
the systematic uncertainty. For the decay processes with
purely neutral particles in the final states, the uncertainty
associated with the kinematic fit is studied using the decay
eþe− → γγγISR as the control sample. The ratios of the
number of events with and without the kinematic fit are
obtained. The difference in the ratios between the data and
MC simulations, 2.0%, is considered as the systematic
uncertainty due to the kinematic fit.
In the analysis of ψð3686Þ → γπ0, the additional require-

ment on the number of hits in the MDC is applied to
suppress the dominant background eþe− → γγðγISRÞ. The
corresponding efficiency is studied with the control sample
ψð3686Þ → γχc2 with χc2 → γγ, which has same final state
as the signal process of interest. The plane region used to
count the MDC hits in the control sample is larger than that
in the ψð3686Þ → γπ0 decay due to the smaller Lorentz
boost of the γγ system, and as a consequence, more MDC
hits from noise will be counted in the control sample. To
minimize this effect, we normalize the MDC hits according
to area by assuming the noise is distributed uniformly over
the MDC. The difference in the efficiency between the data
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FIG. 3. Unbinned maximum likelihood fit to the MðγγÞ
spectrum for the decay ψð3686Þ → γπ0. Dots with error bars
show data. The red solid curve shows the result of the fit, the blue
dashed line represents the contribution of the QED background,
and the green shaded histogram depicts the peaking background
from χcJ → π0π0 decays.

TABLE I. A comparison of our results with previously published BESIII measurements. Ncor
sig is the signal yield, corrected for

efficiency and subsequent branching fractions, as obtained from the fits. The statistical significances are presented as well.

Decay mode Significance Ncor
sig Bðψð3686Þ → γη0=η=π0Þ Previous results from BESIII [11]

ψð3686Þ → γη0 > 10σ 56053.5� 980.8 ð125.1� 2.2� 6.2Þ × 10−6 ð126� 3� 8Þ × 10−6

ψð3686Þ → γη 7.3σ 382.5� 78.9 ð0.85� 0.18� 0.04Þ × 10−6 ð1.38� 0.48� 0.09Þ × 10−6

ψð3686Þ → γπ0 6.7σ 423.4� 71.4 ð0.95� 0.16� 0.05Þ × 10−6 ð1.58� 0.40� 0.13Þ × 10−6
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and MC simulation is 1%, which is taken as a systematic
uncertainty. Analogously, the selection efficiency for the
photon multiplicity requirement, Nγ ¼ 3, is studied with
the same control samples. The resulting difference between
the data and MC simulation, 3.1%, is regarded as the
systematic uncertainty.
The sources of systematic uncertainty in the fit proce-

dures include the fit range and the background. The
uncertainty associated with the fit range is estimated by
varying the fit range by �0.01 GeV=c2; the largest result-
ing change in the signal yields with respect to the nominal
values are taken as the uncertainties. In the analysis of
ψð3686Þ → γη0 and γη, the uncertainties related to the
background shape are estimated by replacing the ARGUS
functions with polynomials functions in the fit. The
resulting changes in the signal yields with respect to the
nominal values are considered as the systematic uncertain-
ties. In the analysis of ψð3686Þ → γπ0, the peaking back-
grounds from the ψð3686Þ → γχc0;2 decay are included in
the fit and the corresponding strengths are fixed to the
values estimated from the MC simulation, incorporating
the branching fraction from the PDG [2]. To evaluate the
systematic uncertainty, we change the strength of the
peaking background by �1 times the standard deviations
of the background strength and repeat the fits. The larger
change of the signal yield, 2.1%, is taken as the systematic
uncertainty.
In the MC simulation, we generate the η0 → πþπ−η and

η → πþπ−π0 signals according to Refs. [22,23]. We vary
the parameters within �1 times the standard deviation in
the generator. The changes in the reconstruction efficiency,
0.6% for the η0 mode, and 0.4% for the ηmode, are taken as
the systematic uncertainties.
The uncertainty in the total number of ψð3686Þ decays is

estimated to be 0.6% [15,16]. The uncertainties related to

the branching fractions in the cascade decays are quoted
from the PDG [2].
Table II summarizes the various systematic uncertainties

for the decays of interest. The overall systematic uncer-
tainties are obtained by adding the individual uncertainties
in quadrature, taking into account the correlation between
the different decay modes. Compared to the previous
BESIII measurements [11], improved systematical uncer-
tainties are obtained due to the improved measurement of
the total number of ψð3686Þ events and better fits to the
corresponding invariant mass to determine the signal
yields.

V. SUMMARY

By analyzing the data sample of 448 × 106 ψð3686Þ
events collected at

ffiffiffi

s
p ¼ 3.686 GeV with the BESIII

detector, we observe clear signals of ψð3686Þ decays to
γη0, γη, and γπ0. The statistical significance of ψð3686Þ →
γη and γπ0 are 7.3σ and 6.7σ, respectively, and the decay
branching fractions are measured with much improved
precision, superseding the previous BESIII measurement
[11]. A comparison of these results to those in Ref. [11] is
shown in Table I. The branching fraction of ψð3686Þ → γη0
is very close to the previous result but with greater
precision, while those of ψð3686Þ → γη and γπ0 are lower
than the previous results, but consistent with them.
The ratio of branching fractions for ψð3686Þ radiative

decays to η and η0 is calculated to be Rψð3686Þ ¼
ð0.66� 0.13� 0.02Þ%. This is about 30 times smaller
than the corresponding ratio from J=ψ radiative decays,
RJ=ψ ¼ ð21.4� 0.9Þ%. The large difference in the ratios of
branching fractions between J=ψ and ψð3686Þ radiative
decays can be explained by the approach proposed in
Ref. [7]. The measured ratio of branching fractions

TABLE II. A summary of all sources of systematic uncertainties (in %) in the branching fraction measurements.
The ellipsis “…” indicates that the uncertainty is negligible or not applicable.

γη0ðπþπ−ηÞ γη0ðπ0π0ηÞ γηðπþπ−π0Þ γηðπ0π0π0Þ γπ0ðγγÞ
Tracking 2.0 … 2.0 … …
Photon detection 3.0 7.0 3.0 7.0 1.5
η reconstruction 1.0 1.0 … … …
π0 reconstruction … 2.0 1.0 3.0 …
Kinematic fit 1.0 2.0 1.0 2.0 2.0
Branching fraction 1.7 3.7 1.2 0.7 0.0

Requirement on MDC hits … … 1.0
Number of good photons … … 3.1
Fitting range 0.2 1.2 3.5
Background shape 0.3 1.2 …
Background estimation … … 2.1
η=η0 decay models 0.6 0.4 …
ψð3686Þ total number 0.6 0.6 0.6
Total 4.9 5.3 5.6
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Bðψð3686Þ→γπ0Þ
Bðψð3686Þ→γηÞ ¼ 1.11� 0.30 agrees with the predictions

in Ref. [13]. However, the predicted branching fraction
of ψð3686Þ → γπ0 in Ref. [7], Bðψð3686Þ → γπ0Þ ¼
ð0.66–1.15Þ × 10−7, is one order smaller than that in this
measurement. Further investigations are necessary to
understand the discrepancy. The results presented in this
paper provide an ideal benchmark for testing various
theoretical models of radiative decays of cc̄ bound states.
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