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Based on a data sample of ð1.0087� 0.0044Þ × 1010 J=ψ events collected by the BESIII detector at the
BEPCII accelerator, the absolute branching fraction (BF) of the decay J=ψ → γη is measured with high
precision using events in which the radiative photon converts to eþe−. Using the measured absolute BF of
J=ψ → γη, the absolute BFs of four dominant η decay modes are measured for the first time. The results are
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BðJ=ψ → γηÞ ¼ ð1.067� 0.005� 0.023Þ × 10−3, Bðη→ γγÞ¼ð39.86�0.04�0.99Þ%, Bðη→π0π0π0Þ¼
ð31.96�0.07�0.84Þ%, Bðη → πþπ−π0Þ ¼ ð23.04� 0.03� 0.54Þ%, and Bðη → πþπ−γÞ ¼ ð4.38�
0.02� 0.10Þ%, where the first and second uncertainties are statistical and systematic, respectively. The
results are consistent with the world average values within two standard deviations.

DOI: 10.1103/PhysRevD.104.092004

I. INTRODUCTION

As two members of the ground-state nonet of pseudo-
scalar mesons, the η and η0 mesons play an important part
in understanding low energy quantum chromodynamics
(QCD) [1,2]. Precise measurements of their branching
fractions (BFs) are important for a wide variety of physics
topics. For example, the decay widths of η, η0 → γγ are
related to the quark content of the two mesons [3]. The BFs
of η, η0 → 3π decays can provide valuable information on
light quark masses [4]. The BFs of η, η0 → πþπ−γ decays
are related to details of chiral dynamics [5,6], and the BFs
of some rare decays of the η and η0 can test fundamental
QCD symmetries [7] and probe for physics beyond the
standard model [8]. As the BFs of the rare decays are
obtained via normalization to the dominant decay modes, a
precise determination of the BFs of the dominant decay
modes of the η and η0 is essential. While the absolute BFs of
dominant η0 decays have been measured with high pre-
cision by the BESIII experiment [9], no absolute BFs of η
decays have yet been measured. The exclusive BFs of the η
summarized by the Particle Data Group (PDG) [10] are
all relative measurements. This is due to the difficulty of
tagging inclusive decays of the η. The most precise
measurements so far are from the CLEO experiment
[11], where the BFs were presented under the assumption
that the five dominant decay modes measured in their work
account for 99.9% of all η decays.
In the previous work by BESIII on η0 decays [9], absolute

BFs were measured using J=ψ → γη0 events in which the
radiative photon converts to eþe−. The converted photons
are utilized to tag the inclusive decays of η0. In this work,
with a much larger J=ψ sample, a similar but optimized
method is used to tag inclusive decays of the η, and the
absolute BFs of dominant η decay modes are measured for
the first time.

II. BESIII DETECTOR

The BESIII detector [12] records symmetric eþe−
collisions provided by the BEPCII storage ring [13], which
operates with a design luminosity of 1 × 1033 cm−2 s−1 in
the center-of-mass energy range from 2.0 to 4.9 GeV.
BESIII has collected large data samples in this energy
region [14]. The cylindrical core of the BESIII detector
covers 93% of the full solid angle and consists of a beam
pipe, a helium-based multilayer drift chamber (MDC),
a plastic scintillator time-of-flight system (TOF), and a

CsI(Tl) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet providing
a 1.0 T (0.9 T in 2012) magnetic field. Around 10.8% of
J=ψ events were collected in 2012. The beam pipe has two
layers with 2 mm gaps between them. The inner layer
diameter is 63 mm with a thickness of 0.8 mm, while the
thickness of the outer layer is 0.5 mm. The inner diameter
of the MDC is 118 mm. 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 [15].

III. DATASET AND MC SIMULATION

A sample of ð1.0087� 0.0044Þ × 1010 J=ψ events col-
lected by BESIII is used for this analysis. The total number
of J=ψ events collected in the years of 2009, 2012,
2018, and 2019 at BESIII is determined using inclusive
J=ψ decays with the method described in Ref. [16]. For
the selected inclusive J=ψ events, the background due
to QED processes, beam-gas interactions, and cosmic
rays is estimated using the continuum data samples atffiffiffi
s

p ¼ 3.08 GeV. The detection efficiency for the inclusive
J=ψ decays is obtained using the data sample of
ψð3686Þ → πþπ−J=ψ . The efficiency difference between
the J=ψ produced at rest and the J=ψ from the decay
ψð3686Þ → πþπ−J=ψ is estimated by comparing the cor-
responding efficiencies in Monte Carlo (MC) simulation.
The uncertainties related to the signal MC model, track
reconstruction efficiency, fit to the J=ψ mass peak, back-
ground estimation, noise mixing, and reconstruction effi-
ciency for the pions recoiling against the J=ψ are studied.
Finally, the number of J=ψ events collected at BESIII is
determined to be NJ=ψ ¼ ð10087� 44Þ × 106.
Simulated data samples are produced with a GEANT4-

based [17] Monte Carlo package [18], which includes the
geometric description of the BESIII detector and the
detector response [19,20]. They are used to determine
the detection efficiency and estimate the backgrounds. The
simulation includes the beam energy spread and initial state
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radiation (ISR) in the eþe− annihilations modeled with
the generator KKMC [21]. A sample of 1.0011 × 1010

simulated inclusive J=ψ events is used to estimate the
background events. This inclusive MC sample includes
both the production of the J=ψ resonance and the con-
tinuum processes incorporated in KKMC. The known decay
modes are modeled with EVTGEN [22] using BFs taken
from the Particle Data Group (PDG) [10], and the remain-
ing unknown charmonium decays are modeled with
LUNDCHARM [23]. Final state radiation (FSR) from charged
final state particles is incorporated using PHOTOS [24].
In addition, a sample of 1 × 108 J=ψ → γη simulated

events is generated to determine the detection efficiency. In
the simulation, the η decay BFs from the PDG [10] are
used, and the decay modes are described with theoretical
models that have been validated in previous works, as listed
in Table I. To study background distributions, exclusive
MC samples for specific background processes, such as
eþe− → γγ, are generated. The simulated processes and the
corresponding theoretical models are listed in Table I.

IV. EVENT SELECTION AND
BACKGROUND ANALYSIS

To tag inclusive decays of the η, J=ψ → γη events in
which the radiative photon converts to an eþe− pair are
selected using the photon conversion finder (PCF) package
[33]. Reconstructed photon conversion events have an
energy resolution twice as good as photons reconstructed
in the EMC. The signal of the η meson is extracted from
the recoil mass spectrum of the eþe− conversion pair,
Mrecoilðeþe−Þ. The BF of J=ψ → γη is calculated with

BðJ=ψ → γηÞ ¼ Nobs
γη

NJ=ψ · εγη · f
: ð1Þ

Here, Nobs
γη is the number of observed J=ψ → γη, γ → eþe−

events, NJ=ψ is the total number of J=ψ decays, εγη is the
detection efficiency obtained from MC simulation, and f is
a factor used to correct for the difference in photon
conversion efficiencies between data and MC simulation.
After that, J=ψ → γη, η → X events are reconstructed to

study the η decay BFs. Here, X stands for one of the four
dominant η decay modes: γγ, π0π0π0, πþπ−π0, and πþπ−γ.
To improve statistics, the radiative photons are required
to be detected in the EMC istead of converting to eþe−.
The absolute BFs of η → X are then obtained with

Bðη → XÞ ¼ Nobs
X

εX · NJ=ψ · BðJ=ψ → γηÞ ¼
Nobs

X

εX
·
εγη · f

Nobs
γη

:

ð2Þ

Here, Nobs
X denotes the number of observed J=ψ → γη,

η → X events, and εX the MC-determined reconstruction
efficiency.

A. Inclusive channel

To select J=ψ → γη events where the radiative photon
converts to eþe−, candidate events are required to have at
least two oppositely charged tracks. The charged tracks are
reconstructed using information from the MDC and are
required to pass within �30 cm of the run-by-run deter-
mined interaction point (IP) along the beam direction.
They must also have a polar angle (θ) within the range
j cos θj < 0.93, where θ is defined with respect to the MDC
axis. In the next step, particle identification (PID) require-
ments are applied. The combined information from the
specific energy loss in the MDC (dE=dx), TOF, and EMC
is used to calculate the probability that the track originates
from an electron or positron. This probability is then
compared to the corresponding probability that the track
originates from a muon, pion, kaon, or proton. A track is
assumed to be an electron or positron if its probability is
larger than the other particle hypotheses. The event is kept
for further analysis if there is at least one positron and one
electron candidate.
The radiative photon is reconstructed from the eþe− pair

using the PCF. At BESIII, the helix parameters of charged
tracks are determined assuming that the IP is the origin,
which is not true in our case since the conversion point
(CP) is generally displaced from the IP. The conversion
point of the photon is estimated using the track projections
of eþe− in the x-y plane, perpendicular to the beam
direction. The midpoint of the centers of the two track
projections is taken as the CP, as shown in Fig. 1(a). As
most photon conversions occur at the beam pipe and the
inner wall of the MDC, the distances from the CP to IP in
the x-y plane, denoted by Rxy, is usually greater than 2 cm.
Hence, Rxy > 2 cm is required to suppress nonconversion
eþe− pairs. Moreover, as the radiative photon has high

TABLE I. Generator models used for MC simulations.

Decay mode Generator model

J=ψ → γη Helicity amplitude [25]
η → γγ Phase space [25]
η → π0π0π0 Dalitz plot analyses [26]
η → πþπ−π0 Dalitz plot analyses [26]
η → πþπ−γ Box anomaly proceed [27]
η → γeþe− Electromagnetic Dalitz decays [27]
η → γμþμ− Electromagnetic Dalitz decays [27]
Other η decays Phase space [25]
eþe− → γγ BABAYAGA [28–30]
eþe− → eþe− BABAYAGA [28–30]
J=ψ → eþe−η Electromagnetic Dalitz decays [31]
J=ψ → πþπ−π0 Dalitz plot analyses [32]
J=ψ → ωη Helicity amplitude [25]
J=ψ → ωπ0 Helicity amplitude [25]
J=ψ → γη0 Helicity amplitude [25]
η0 decays Same as in [9]
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energy, the opening angle between the conversion eþ and
e− tracks is close to zero. Based on this, several selection
criteria are applied to suppress the nonconversion eþe−
tracks: (i) The sum of the minimum distances from the CP
to the two track projections, denoted by jΔxyj, has to be less
than 0.2 cm, see Fig. 1(a). (ii) The minimum distance
between the tracks of eþe− in the beam direction, denoted
by Δz, has to be less than 1.5 cm. (iii) The angle between
the x-y plane and the plane determined by the momentum
vectors of eþ and e−, denoted by Ψpair, has to be within
½−0.5; 0.5� radians, see Fig. 1(b). The Ψpair of converted
eþe− concentrate around zero because their polar angles
are essentially the same, but their azimuth angles are
slightly different as the track parameters are extrapolated
to the IP rather than the CP. (iv) The angle between the
momentum vector of the radiative photon and the direction
from IP to CP, denoted by θeg, has to satisfy cos θeg > 0.8,
see Fig. 1(a).
After the reconstruction of the radiative photon, further

selection criteria are applied to suppress background
events. Since almost all known η decays contain at least
one photon, we require that at least one photon is detected
in the EMC to suppress fully charged background con-
tributions. The photon candidate must have a deposited
energy greater than 25 MeV when detected in the barrel
region (j cos θj < 0.80) and greater than 50 MeV when
detected in the end cap region (0.86 < j cos θj < 0.92). The
angle between the detected position of the photon candidate
and the closest extrapolated charged track must be larger
than 10 degrees to exclude photons that originate from
charged tracks. The difference between the EMC time of

the photon candidate and the event start time is required to
be within [0, 700] ns to suppress electronic noise and
photons unrelated to the event. Furthermore, to suppress
eþe− → γγ and J=ψ → γ1X, X → γ2γ3, where γ2 or γ3
converts to eþe−, three selection criteria are applied: (i) The
energy of all photons (except for the radiative one) are
required to be less than 1.4 GeV. (ii) For events that have
fewer than five photons, −0.998 < cos θγγ < 0 is required,
where θγγ is the angle between the radiative photon and the
most energetic one of the other photons. (iii) For events that
have only two charged tracks and fewer than four photons,
j cos θmissj < 0.98 is required, where θmiss is the polar angle
of the missing momentum of the event. Finally, to suppress
J=ψ → eþe−ðγÞ, γ → eþe− events, all events that have
more than two charged tracks are required to satisfy
2Ptrk − Pγ < 0.8 GeV, where Pγ and Ptrk are the magni-
tude of the momentum of the radiative photon and the most
energetic charged track excluding the converted eþe−,
respectively.
According to a study with the MC sample, only 0.06% of

the J=ψ → γη events that passed all of the above selection
criteria have more than one eþe− combination. All combi-
nations are retained for further analysis.
The recoil mass spectra of eþe− for data and the

corresponding inclusive MC sample, after all the selection
criteria have been applied, are shown in Fig. 2. There are
large differences between the two samples. The reason is
that some background processes are not included in the
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FIG. 1. (a) Projections of eþ and e− tracks in the x-y plane. The
z axis shows the direction of the magnetic field. The recon-
structed vertex of the tracks is near the IP (since the IP is used in
the determination of the track helix parameters). Point CP is the
conversion point obtained with the PCF and is supposed to be the
true vertex of the tracks. The distance from the IP to CP is Rxy.
The points O1, O2 are the centers of the two track projections.
The points A, B are the intersection points of O1O2 and the two
track projections, and the distance between A and B is jΔxyj. The
arrow Pγ represents the momentum of the converted photon, and
the angle between the arrow and the IP-CP is θeg. (b) Illustration
of Ψpair. The arrow Peþ (Pe− ) represents the momentum of
the eþ (e−).
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FIG. 2. Recoil mass spectrum of eþe− for the final event
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upon each other. The histogram filled with light green oblique
lines represents the J=ψ → γη0 events, the green filled solid
histogram J=ψ → ωπ0 events, the histogram filled with light blue
grids J=ψ → ωη events, the histogram filled with dark blue
horizontal lines J=ψ → πþπ−π0 events, and the histogram filled
with pink vertical lines the other background events.
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inclusive MC sample. These missing backgrounds
are from the processes eþe− → γγ, eþe− → eþe−, and
J=ψ → eþe−η. These processes are instead studied with
exclusive MC samples. In addition, to describe the back-
ground events more accurately, some processes already
included in the inclusive MC sample are simulated exclu-
sively. These processes are J=ψ → γη0, J=ψ → πþπ−π0,
J=ψ → ωη, and J=ψ → ωπ0. The remaining backgrounds
are studied with the inclusive MC sample. Different
background components from the inclusive MC sample
are shown in Fig. 2. The background caused by wrong
eþe− combinations of J=ψ → γη events is ignored.

B. Exclusive channels

Candidate events for the processes J=ψ → γη, η → X
(X ¼ γγ, π0π0π0, πþπ−π0 or πþπ−γ) are reconstructed with
the following common selection criteria: (i) Charged tracks
detected in the MDC are required to have a polar angle
j cos θj < 0.93, and the distance of closest approach to the

IP must be less than 10 cm along the beam direction and
less than 1 cm in the transverse plane. (ii) Photons are
reconstructed with the same selection criteria as described
in Sec. IVA, except that only photons detected in the barrel
region (j cos θj < 0.80) of the EMC are used, where the
photon detection efficiency of data is in good agreement
with that of MC simulation. In addition, for the neutral
decays of η → γγ and η → π0π0π0, instead of being within
[0, 700] ns of the event start time, the EMC times of the
photons are required to be within ½−500; 500� ns of the
EMC time of the most energetic photon. (iii) The events
must have the correct number of charged tracks and at least
the minimum number of photons associated with the given
final state. (iv) A kinematic fit on the final state particle
candidates is performed. The kinematic fit adjusts the track
energy and momentum within the measured uncertainties
so as to satisfy energy and momentum conservation for the
given final state hypothesis. This improves the momentum
resolution and reduces the background. (v) To maximize
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FIG. 3. Unbinned maximum likelihood fit to the mass spectra of the η decay modes. The black dots with error bars represent data, the
red solid lines the fit results, the light blue dashed lines the peaking backgrounds, and the dark blue dotted lines the other backgrounds.
The bottom panel shows the corresponding pull distribution. (a) The η → γγ channel. (b) The η → π0π0π0 channel. (c) The η → πþπ−π0

channel. (d) The η → πþπ−γ channel.
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the figure of merit, defined as S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, the maximum

value of the kinematic fit quality of the candidate events, χ2,
is restricted. Here, S is the number of corresponding signal
events estimated by MC simulation, and Sþ B is the
number of data events. (vi) If there are multiple possible
photon combinations, the combination with the minimum
χ2 is chosen for further analysis. (vii) For the channels
X ¼ π0π0π0, πþπ−π0, and πþπ−γ, the energy of the
radiative photon is much larger than that of the other
photons. Therefore, the most energetic photon is taken as
the radiative photon.
In the case of J=ψ → γη, η → γγ, a four-constraint (4C)

kinematic fit imposing energy-momentum conservation is
performed, and the fit quality χ24C is required to be less than
80. To suppress the eþe− → γγðγÞ process, the energy of
the photons is required to be greater than 0.07 GeV. The η is
reconstructed using γγ pairs, shown in Fig. 3(a). As it is
impossible to separate the radiative photons from the
η-decay photons, all γγ combinations are kept. MC sim-
ulations of the signal show that the mass spectrum of the
wrong γγ combinations is flat. In addition, the background
distributions have been investigated with the inclusive MC
sample. Except for events from the processes J=ψ → ωη,
ω → γπ0, η → γγ, and J=ψ → γf0ð2100Þ, f0ð2100Þ → ηη,
η → γγ, which form a small peak in the signal region,
the distribution of the other background contributions is
smooth.
For the decay J=ψ → γη, η → π0π0π0, a seven-constraint

(7C) kinematic fit imposing energy-momentum conserva-
tion and constraints on the three π0 masses is performed.
The fit χ27C is required to be less than 100. The three-π0

combination with the least χ27C is used to reconstruct the η,
as displayed in Fig. 3(b). A very clean η peak is observed.
Using the inclusive MC sample of J=ψ decays, the back-
ground study indicates that only the decays J=ψ → ωη,
ω → γπ0, η → 3π0, and J=ψ → γf0ð2100Þ, f0ð2100Þ →
ηη, η → 3π0 may contribute to a very small peak in the
signal region, as indicated by the dashed line in Fig. 3(b).
The J=ψ → γη, η → πþπ−π0 candidates are selected

with a five-constraint (5C) kinematic fit imposing energy-
momentum conservation and a constraint on the mass of the
π0, and the χ25C is required to be less than 100. After the
above requirements, the πþπ−π0 invariant mass is illus-
trated in Fig. 3(c), where a prominent η peak is seen. We
also perform a background study with the inclusive MC
sample, and the result indicates that no peaking background
is seen in the η mass region.
The J=ψ → γη, η → πþπ−γ candidates are selected using

a 4C kinematic fit, and the χ24C is required to be less than 60.
If more than two good photons are found, a 5C kinematic fit
under the J=ψ → γη, η → πþπ−π0 hypothesis is performed.
After requiring that the kinematic fit probability of γπþπ−γ
is greater than that under the hypothesis of γπþπ−π0, the
mass spectrum of πþπ−γ is shown in Fig. 3(d). The MC

simulation shows that the background events from
η → πþπ−π0 may contribute to a broad bump on the left
side of the η peak, while no peaking background events are
found in the signal region.

V. MEASUREMENT OF BðJ=ψ → γηÞ
To measure the BF of the J=ψ → γη decay, an unbinned

maximum likelihood fit is performed to the recoil mass
spectrum of the eþe− pair. The fit includes a signal
component and background contributions estimated from
exclusive and inclusive simulations.
The distribution of the signal events is described by a

modified double-tailed Crystal Ball function,

X¼ x−μ

σ
; fðxÞ¼

8>>>>>><
>>>>>>:

expð−1
2
jkj1þ

1
1þ0.5jkjÞ

ð1−jkj2
n −jkj

n XÞn
; X <−jkj

expð−1
2
jXj1þ 1

1þ0.5jXjÞ; −jkj≤X≤ jKj
expð−1

2
jKj1þ

1
1þ0.5jKjÞ

ð1−jKj2
N þjKj

N XÞN
; X > jKj

:

ð3Þ

Different from the standard Crystal Ball function [34],
Eq. (3) uses a modified Gaussian function as the core
portion and consists of two power-law low-end tails. The
parameters n, k, N, and K describe the two tails, while μ
and σ are parameters of the modified Gaussian function. We
first fit the signal MC sample with Eq. (3), where all the
parameters are included in the fit. In the second step, a fit to
data is performed, in which the values of n, k, N, and K are
fixed to the results obtained by fitting the signal MC
sample. The parameters μ and σ are determined by the fit
to data.
Background events from the processes eþe− → γγ,

eþe− → eþe−, J=ψ → eþe−η, J=ψ → πþπ−π0, J=ψ →
ωη, J=ψ → ωπ0, and J=ψ → γη0 are described with shapes
extracted from their corresponding exclusive MC samples.
The number of J=ψ → γη0 events is left free in the fit,
while the numbers of events from the other six processes
are fixed according to N ¼ Lσε or N ¼ NJ=ψBε. Here, L is
the integrated luminosity of the data sample, NJ=ψ is the
number of J=ψ events, ε stands for the efficiency estimated
with the corresponding MC sample, and σ (or B) stands for
the corresponding cross section (or BF). The BFs of the
J=ψ → eþe−η and J=ψ → πþπ−π0 decays are obtained
from Refs. [35,36]. The BFs of J=ψ → ωη and J=ψ → ωπ0

are obtained from Ref. [37].
The remaining background events are described using

the shape extracted from the inclusive MC sample. The
normalization of this component is determined by the fit.
The result of the fit is shown in Fig. 4.
In the last step, a correction factor f, which accounts

for the difference in the photon conversion efficiency
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between data and MC simulation, is implemented in the
BF calculation. Using eþe− → γγ events collected atffiffiffi
s

p ¼ 3.08 GeV, just below the J=ψ resonance, the factor
f ¼ 1.010� 0.004� 0.005 is estimated with

f ≡ Ndata
conv=Ndata

γγ

Nmc
conv=Nmc

γγ
≈
εdataconv

εmc
conv

; ð4Þ

whereNconv andNγγ are the observed numbers of eþe− → γγ
events with and without one γ → eþe− conversion, respec-
tively. The energy of the radiative photons in the eþe− → γγ
sample and the J=ψ → γη sample are very close.
Both the reconstruction of the converted andnonconverted

photons are the same as described above. The systematic

uncertainty of f is conservatively estimated to be ðf − 1Þ=2.
The yields of J=ψ → γη, γ → eþe− events is Nobs

γη ¼
87887� 373. The detection efficiency obtained from
the MC simulation is εγη ¼ ð8.090� 0.009Þ × 10−3, and
BðJ=ψ → γηÞ is determined to be ð1.067� 0.005Þ × 10−3,
where the uncertainty is statistical.

VI. MEASUREMENT OF Bðη → XÞ
The signal yields of the exclusive channels are obtained

by performing unbinned maximum likelihood fits to the
mass spectra of γγ, π0π0π0, πþπ−π0, and πþπ−γ candidates,
respectively. In the fits, the signal component is modeled by
the MC-simulated shape convolved with a Gaussian func-
tion to account for the difference in the mass resolution
between MC simulation and data. The parameters of the
Gaussian function are free in the fit. When simulating the
signal shape of the η → γγ channel, only the right γγ
combination of the MC events is used. The wrong γγ
combinations are removed according to the simulation
information.
The backgrounds of the η → γγ and η → π0π0π0 chan-

nels are modeled with two components: (i) a second-order
Chebyshev polynomial function which describes the non-
peaking background and (ii) a peaking background shape
which is determined with MC simulation, and the number
of the peaking background events is fixed according to the
corresponding BF from PDG [10]. The background of the
η → πþπ−π0 channel is modeled by the shape obtained
from the inclusive MC sample. The background of the
η → πþπ−γ channel is modeled by the sum of a second-
order Chebyshev polynomial function and the shape
obtained from the J=ψ → γη, η → πþπ−π0 MC sample.
Here, the magnitudes of different components are left free
in the fit. The fit results of the four channels are shown
in Fig. 3.
The signal yields obtained from the fits, the detection

efficiencies estimated with MC simulations, and the BFs of
the four dominant η decay modes are listed in Table II.
Note that the BFs from CLEO and the PDG are all relative
measurements.
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FIG. 4. Unbinned maximum likelihood fit to the eþe− recoil
mass spectrum. In the top panel, the black dots with error bars are
data. The black solid curve gives the fit result. The red dashed line
represents the distribution of all backgrounds. The blue solid,
purple dotted, pink solid, dark blue dashed, brown solid, green
dotted, light blue dashed, and yellow dashed lines represent the
backgrounds from eþe− → γγ, eþe− → eþe−, J=ψ → eþe−η,
J=ψ → γη0, J=ψ → ωη, J=ψ → ωπ0, J=ψ → πþπ−π0, and the
other backgrounds, respectively. The bottom panel shows the
corresponding pull distribution.

TABLE II. Summary of BFs and comparison with previous results. The first error is statistical and the second
systematic.

Bðη → XÞð%Þ
X Nobs

η→Xð×105Þ εγηð%Þ This work CLEO PDG

γγ 20.78� 0.02 48.46� 0.01 39.86� 0.04� 0.99 38.45� 0.40� 0.36 39.41� 0.20
π0π0π0 2.831� 0.006 8.230� 0.004 31.96� 0.07� 0.84 34.03� 0.56� 0.49 32.68� 0.23
πþπ−π0 6.131� 0.008 24.73� 0.01 23.04� 0.03� 0.54 22.60� 0.35� 0.29 22.92� 0.28
πþπ−γ 2.018� 0.005 42.86� 0.01 4.38� 0.02� 0.10 3.96� 0.14� 0.14 4.22� 0.08
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VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of BðJ=ψ → γηÞ have been
evaluated for the fit procedure, the reconstruction efficiency
of the converted photon, the efficiencies of the background
suppression criteria, and the number of J=ψ candidates. The
systematic uncertainties of Bðη → XÞ have been evaluated
for the fit procedure, the photon detection efficiency, the
tracking efficiencies of charged pions, the kinematic fit
efficiency, the efficiencies of the background suppression
criteria, and the BFs of the decays π0 → γγ and J=ψ → γη.
As the number of J=ψ cancels when calculating Bðη → XÞ,
the systematic uncertainty of Bðη → XÞ does not contain
the uncertainty of the number of J=ψ . The reconstruction
efficiencies cannot be canceled as the radiative photons are
reconstructed in different ways.
The fit uncertainty comes from three sources: the fit range,

the signal shape, and the background shape. The uncertainty
arising from the fit range is estimated by varying the range.
The change of the efficiency caused by the change of the fit
range is considered. The change in the BF is taken as the
systematic uncertainty. To estimate the uncertainty arising
from the signal shape, we use theBukin function [38] instead
of theMC-simulated shape to describe the signal component.
The Bukin function is an asymmetric function with five
parameters: μ, σ, ξ, ρ1, and ρ2. The parameters μ and σ are the
position and width of the peak, respectively, ξ describes
the asymmetry of the peak, and ρ1, ρ2 describe the tails of the
peak. In the fit to the exclusive channels, all the parameters of
the Bukin function are free. However, in the fit to the
inclusive channel, we first fit the signal MC sample with
all the parameters of the Bukin function free. Then, we fit the
data with values of ρ1, ρ2 fixed to the results of the fit to the
signal MC sample, and μ, σ, ξ are free. The differences
between the nominal results and the results from the
alternative method are taken as the systematic uncertainties.
The systematic effect arising from the background shapes

is estimated with different methods for different channels.
For the inclusive channel, two uncertainty sources are
considered: the peaking background and the other back-
ground shape uncertainty. For the peaking background, the
number of events is fixed during the fit. We vary the number
by one standard deviation, and the difference with respect to
the nominal result is taken as the uncertainty. For the
uncertainty of the remaining background, a second-order
Chebyshev function is added to the fit, and the induced
change of the BF is taken as the uncertainty. The square root
of the summed squares of the two uncertainties is taken as the
background uncertainty. For the η → πþπ−π0 channel, we
use a second-order Chebyshev function instead of the MC-
simulated shape in the fit and take the change of the BF as the
uncertainty. For the η → γγ, η → π0π0π0, and η → πþπ−γ
channels, the order of the Chebyshev polynomial functions
used in the fit is changed, and the induced change of theBF is
chosen as the uncertainty. For the η → γγ and η → π0π0π0

channels, the number of the peaking background events,

which is fixed during the fit, is varied by one standard
deviation, and the induced change of the BF is taken as one
source of the uncertainty. The uncertainties from different
sources are added in quadrature.
As the reconstruction efficiency of the converted photon

is corrected with the factor f, the uncertainty of f is taken
as the associated systematic uncertainty.
For photons directly detected by the EMC, the uncer-

tainty of the detection efficiency has been studied using
a control sample of eþe− → γμþμ− events. The four-
momentum of the initial-state-radiation photon is predicted
using only the four-momentum of the μþμ− pair. The
photon detection efficiency is defined as the fraction of
predicted photons with four-momentum matching that
of the actual photons in the EMC. The systematic uncer-
tainty is defined as the relative difference in efficiency
between data and MC simulation. It is found that the
photon detection efficiency of data is consistent with the
MC simulation within 0.5%. The effect of the discrepancy
between data and the MC simulation is estimated by using a
reweighing technique. The weighted relative uncertainties
for the η → γγ, η → π0π0π0, η → πþπ−π0, and η → πþπ−γ
channels are determined to be 0.21%, 0.18%, 0.18%, and
0.17% per photon, respectively.
The tracking efficiency uncertainty of charged pions has

been studied with the control sample J=ψ → πþπ−π0. The
momentum of the πþ is predicted using the four-momentum
of π−π0, and the tracking efficiency of the πþ is defined as
the fraction of the number of events in which πþπ−π0 are
reconstructed and the number of events in which π−π0 are
reconstructed. The systematic uncertainty is defined as the
relative difference in efficiency between data and MC
simulation. The weighted average uncertainties for the
tracks are obtained using bins of transverse momentum.
The weighted average relative uncertainties for the
η → πþπ−π0 and η → πþπ−γ channels are 0.13% and
0.14% per track, respectively.
The uncertainty associated with the kinematic fit arises

from the inconsistency of the χ2 distribution between data and
theMCsimulation. The reconstructed energy and angle of the
photons, the helix parameters of the charged tracks, and their
errors of the MC simulation are corrected to make their
distributions more consistent with data. This makes the χ2

distributions of data and the MC simulation more consistent
as well. The correctedMC simulation is used for the nominal
results. The difference of the kinematic fit efficiencies before
and after the correction is taken as the uncertainty. The relative
uncertainties for the four exclusive channels are 0.11%,
0.29%, 0.09%, and 0.22%, respectively.
There are also efficiency uncertainties caused by the

selection criteria used to suppress the background. For
selection criteria that cause only a small efficiency loss, the
corresponding uncertainties are conservatively estimated as
half of the efficiency loss. Such selection criteria include
χ24C < χ25C for the η → πþπ−γ channel and the photon
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energy requirement Eγ > 0.07 GeV for the η → γγ chan-
nel. For the selection that requires at least one photon
detected in addition to the radiative photon, which is
applied on the inclusive channel, the change of the BF
obtained with or without the selection is taken as the
corresponding uncertainty. For other selection criteria, we
vary the value of the selection criteria and take the change
of the BF as the corresponding uncertainty. Such selection
criteria include Eγ < 1.4 GeV, −0.998 < cos θγγ < 0,
j cos θmissj < 0.98, and 2Ptrk − Pγee < 0.8 GeV, which
are all applied on the inclusive channel.
The uncertainty of the number of J=ψ events is described

in Sec. III. Finally, the BF uncertainty of the π0 → γγ decay
is taken from the PDG [10].
The systematic uncertainties are summarized in

Tables III and IV. In Table III, the uncertainty of the
number of J=ψ events only contributed to the total
uncertainty in the measurement of BðJ=ψ → γηÞ, as it
can be canceled when calculating Bðη → XÞ. The total
systematic uncertainty is given by the quadratic sum of the
individual contributions.

VIII. SUMMARY

Based on ð1.0087� 0.0044Þ × 1010 J=ψ events col-
lected by BESIII at BEPCII, the BF of the decay
J=ψ → γη is measured with high precision, and the
absolute BFs of four dominant η decays are measured
for the first time. The measured BF of J=ψ → γη is
ð1.067� 0.005� 0.023Þ × 10−3, which is in agreement
with the world average value, ð1.108� 0.027Þ × 10−3

[10], within two standard deviations, but with improved
precision.
The measured BFs of η decays are summarized in

Table II. The value of Bðη → πþπ−γÞ is consistent with
the world average values [10] within two standard devia-
tions, and the measured BFs of the other η decays are
within one standard deviation. Compared with the BFs
measured by CLEO [11], only the Bðη → πþπ−π0Þ is in
agreement within one standard deviation. The ratios of the
measured BFs of η are summarized in Table V, which are
in agreement with CLEOs result within two standard
deviations. The sum of the four BFs, which provides a
first constraint on the unknown decay modes of η, is
ð99.24� 0.09� 2.31Þ%, where the first error is statistical
and the second systematic.
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