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Using ð2712� 14Þ × 106 ψð2SÞ events collected with the BESIII detector at the BEPCII collider, we
search for the decays ηcð2SÞ → ωω and ηcð2SÞ → ωϕ via the process ψð2SÞ → γηcð2SÞ. No statistically
significant signals are observed. The upper limits of their product branching fractions at the 90%
confidence level are determined to be Bðψð2SÞ → γηcð2SÞ; ηcð2SÞ → ωωÞ < 1.04 × 10−6 and Bðψð2SÞ →
γηcð2SÞ; ηcð2SÞ → ωϕÞ < 1.85 × 10−7, respectively. We also update the branching fractions of χcJ → ωω
and χcJ → ωϕ via the ψð2SÞ → γχcJ transition. Their branching fractions are determined to be
Bðχc0→ωωÞ¼ ð10.66�0.11�0.57Þ×10−4, Bðχc1→ωωÞ¼ ð6.43�0.07�0.31Þ×10−4, Bðχc2→ωωÞ¼
ð8.75�0.08�0.42Þ×10−4, Bðχc0 → ωϕÞ ¼ ð1.18� 0.03� 0.07Þ × 10−4, Bðχc1 → ωϕÞ ¼ ð2.04�
0.15� 0.11Þ × 10−5, and Bðχc2 → ωϕÞ ¼ ð9.58� 1.07� 0.76Þ × 10−6, where the first uncertainties
are statistical and the second are systematic.
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I. INTRODUCTION

As bound states of cc̄ pairs, charmonia are an ideal
laboratory for testing the interplay between perturbative
and nonperturbative quantum chromodynamics (QCD) [1].
Except for the J=ψ and ψð2SÞ states, charmonium states
below the open charm production threshold, such as the
P-wave state hc, the S-wave ground state ηcð1SÞ, its first
radial excitation ηcð2SÞ, and the P-wave states χcJ (J ¼ 0,
1, 2), are not fully understood.
The decays of ηcð1SÞ and ηcð2SÞ into VV, where V

stands for a light vector meson, are expected to be sup-
pressed by the helicity selection rule (HSR) [2–4].
However, the measured branching fractions of ηcð1SÞ →
VV are typically of the order of 10−3 to 10−2. Such large
branching fractions imply that the perturbative description
of ηcð1SÞ decays is inadequate and that nonperturbative
mechanisms may play a crucial role [5]. Various non-
perturbative models, such as the intermediate meson
exchange model [6] and the charmonium light Fock
component admixture model [7], have been proposed. In
Ref. [8], the authors exploited the 3P0 quark-creation
mechanism model to calculate the decay width of ηcð1SÞ
into vector meson pairs (ϕϕ, ρρ, K�K̄�, ωω, ωϕ), and the

obtained results are compatible with the experimental
measurements.
In addition, the relative ratios Γðηcð2SÞ → VVÞ=

Γðηcð1SÞ → VVÞ are predicted to be around 19% in
Ref. [8]. Other predictions for the relative rate Bðηcð2SÞ →
l:h:Þ=Bðηcð1SÞ → l:h:Þ have been made within the frame-
work of perturbative QCD. Here, l:h: denotes the light
hadron channel. One model suggests [9]

Bðηcð2SÞ → l:h:Þ
Bðηcð1SÞ → l:h:Þ ≈

Bðψð2SÞ → l:h:Þ
BðJ=ψ → l:h:Þ ≈ 12%; ð1Þ

based on the assumption that the decays of J=ψ and ψð2SÞ
into light hadrons proceed through valence cc̄ annihilation
into three gluons at a typical distance scale of 1=mc. An
alternative analysis predicts

Bðηcð2SÞ → l:h:Þ
Bðηcð1SÞ → l:h:Þ ≈ 1; ð2Þ

as the dominant decay dynamics of the ηcð1SÞ and ηcð2SÞ
involve the annihilation of charmed quark pairs into two
gluons [10]. Using the available experimental data, the
authors of Ref. [11] examined the branching fraction ratios
of ηcð1SÞ and ηcð2SÞ in several decay modes, and found
that the values are different from both theoretical expect-
ations, albeit with large uncertainties. In experiments, the
Belle Collaboration determined the branching fraction of
ηcð1SÞ → ωω to be ð1.62� 0.57Þ × 10−3 [12]. And the
BESIII Collaboration set the upper limit on the branching
fraction of ηcð1SÞ → ωϕ at the 90% confidence level (CL)
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as 2.5 × 10−4 [13]. However, the ηcð2SÞ decays into these
two final states have not been studied yet.
On the other hand, the measured branching fractions of

the χcJ → VV decays [14] are significantly larger than the
predictions based on perturbative QCD calculations [15].
Especially, the BESIII experiment observed the χcJ → ωϕ
decays [14], which violate the HSR and are expected to be
doubly OZI suppressed. Recently, the branching fractions
of χcJ → ωϕ were updated using 448 × 106 ψð2SÞ
events [16], in which the χc0;c1 → ωϕ decays are confirmed
and the χc2 → ωϕ decay is reported with a statistical
significance of 4.8σ. The mechanism behind this unex-
pectedly large branching fraction remains unclear and
needs further investigation.
In 2009, 2012, and 2021, a data sample of ð2712�

14Þ × 106 ψð2SÞ events has been collected by the BESIII
experiment [17], providing a good opportunity to study the
ηcð2SÞ decays. In this study, we search for the ηcð2SÞ →
ωω and ηcð2SÞ → ωϕ decays via the ψð2SÞ → γηcð2SÞ
process, with ω and ϕ mesons reconstructed through ω →
πþπ−π0 and ϕ → KþK−, respectively. Using the same data
sample, we update the branching fractions of χcJ → ωω
and χcJ → ωϕ with improved precision. An additional
dataset recorded at the center-of-mass energy of 3.65 GeV
is utilized to determine the contributions from the con-
tinuum processes.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [18] records symmetric eþe−
collisions provided by the BEPCII storage ring [19] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and consists
of a helium-based multilayer drift chamber (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, provid-
ing a 1.0 T magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive plate chamber
muon identifier modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution is 6% for the 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 of the TOF
barrel section is 68 ps, while that of the end cap section is
110 ps. The end cap TOF system was upgraded in 2015
with multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps, which benefits about 85% of
the data used in this analysis [20].
Monte Carlo (MC) simulated data samples produced

with a Geant4-based [21] software package, which includes

the geometric description of the BESIII detector [22] and
the detector response, are used to determine the detection
efficiency and to estimate the background contributions.
The simulation includes the beam energy spread and initial-
state radiation (ISR) in the eþe− annihilations modeled
with the generator KKMC [23]. The inclusive MC sample,
which is used to study the background contribution,
includes the production of the ψð2SÞ resonance, the ISR
production of the J=ψ , and the continuum processes
incorporated in KKMC [23]. All particle decays are modeled
with EvtGen [24] using branching fractions either taken from
the Particle Data Group (PDG) [25], when available, or
otherwise estimated with LUNDCHARM [26]. Final state
radiation from charged final state particles is incorporated
with the PHOTOS package [27].
The exclusive decays ψð2SÞ → γX are generated accord-

ing to the angular distribution ð1þ λ cos2 θÞ, where X
refers to the ηcð2SÞ or χcJ state, θ is the polar angle of the
radiative photon in the rest frame of the ψð2SÞ; the value of
λ is set to 1 for the ηcð2SÞ, and to 1, −1=3, and 1=13 for χcJ
(J ¼ 0, 1, 2) [28], respectively. The X → ωω and X → ωϕ
decays are generated using HELAMP [24], the helicity
amplitude model where the angular correlation between
the vector meson decays has been considered. Furthermore,
two exclusive MC samples are generated to describe the
background contributions, including ψð2SÞ → π0π0J=ψ ;
J=ψ → πþπ−ω generated with the JPIPI [24] and phase
space (PHSP) models and ψð2SÞ → ωKþK− generated with
the PHSP model. The PHSP model represents the generic
phase space for n-body decays, averaging over the spins of
both initial and final states.

III. EVENT SELECTION

Candidate events for ψð2SÞ → γηcð2SÞ with ηcð2SÞ →
ωω are required to contain at least five photons and four
charged tracks, while candidate events for ψð2SÞ →
γηcð2SÞ with ηcð2SÞ → ωϕ must contain at least three
photons and four charged tracks. For each charged track,
the distance of closest approach to the interaction point (IP)
is required to be less than 10 cm along the z-axis (the
symmetry axis of the MDC), and less than 1 cm in the
plane perpendicular to the z-axis. The polar angle (θ) of
the track must be within the fiducial volume of the MDC
ðjcos θj < 0.93Þ. Charged-particle identification (PID) is
based on the combined information from the specific
ionization energy loss in the MDC (dE=dx) and the flight
time measured by the TOF, forming a χ2PIDðhÞ variable for
each track, where h represents the charged-particle hypoth-
esis (π, K, or p).
Photons are reconstructed from isolated showers in the

EMC. The deposited energy of each shower is required to
be at least 25 MeV in both barrel region ðjcos θj < 0.80Þ
and end cap region ð0.86 < jcos θj < 0.92Þ. To suppress
electronic noise and showers unrelated to the event, the
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difference between the EMC time and the event start time is
required to be within [0, 700] ns.
The π0 candidate is reconstructed from a photon pair with

an invariant mass satisfying Mγγ ∈ ð0.10; 0.15Þ GeV=c2. A
one-constraint (1C) kinematic fit is performed to improve
the energy resolution, constraining the invariant mass of the
two photons to the nominal π0 mass [25].
In the selection of ψð2SÞ → γωω candidate events, the

four charged tracks are assumed to be pions. A six-
constraint (6C) kinematic fit is applied, constraining the
total reconstructed four-momentum to that of the initial
state and the invariant masses of each photon pair to the
nominal π0 mass [25]. If there are additional photons and π0

candidates in the event, the combination with the minimum
χ26C is chosen. To suppress the background, the results from
a four-constraint (4C) fit are used, constraining only the
total four-momentum. The requirement of χ24C is optimized
by maximizing the figure of merit (FOM) defined as
S=ð3=2þ ffiffiffiffi

B
p Þ [29], where the number of 3 indicates

three standard deviations, S and B are the numbers of
signal and background events in the ηcð2SÞ signal region
M2ðπþπ−π0Þ ∈ ð3.60; 3.66Þ GeV=c2, respectively. Here, S is
calculated under the branching fraction assumption
Bðηcð2SÞ → ωωÞ ¼ Bðηcð1SÞ → ωωÞ [25]; and B is esti-
mated from the inclusive MC sample. The candidate events
satisfying χ24C < 15 are kept. The twoω candidates with the

minimum ðMð1Þ
πþπ−π0 −MωÞ2 þ ðMð2Þ

πþπ−π0 −MωÞ2 are taken
as the signal, where Mω is the nominal ω mass [25].
The mass windows for both ω candidates are set as
Mπþπ−π0 ∈ ð0.737; 0.826Þ GeV=c2, and they are randomly
labeled. After these selections, no fake ω-pair peak is found
in the MC simulation of the ηcð2SÞ → 2ðπþπ−π0Þ decay.

The distributions of Mð1Þ
πþπ−π0 versus M

ð2Þ
πþπ−π0 for the signal

MC simulation and data are shown in Fig. 1, where a clear
ωω signal can be seen as indicated by the central red box.
The peaking background events from the γωπþπ−π0 and
γ2ðπþπ−π0Þ final states are evaluated with the sideband
regions labeled by a, b, and c. These two peaking back-
ground contributions are referred to as the γω3π and γ6π
events in the following discussion. The method used to
estimate the peaking background contributions will be
introduced in Secs. IV and V.
In the selection of ψð2SÞ → γωϕ candidate events, the

four charged tracks are assumed to be two pions and two
kaons. A five-constraint (5C) kinematic fit is applied,
constraining the total reconstructed four-momentum to that
of the initial state (4C) and the invariant mass of the γγ pair
to the nominal π0 mass [25]. We define χ2 ¼ χ25C þP

2
i¼1 χ

2
PIDðπÞ þ

P
2
i¼1 χ

2
PIDðKÞ as the sum of the χ2 from

the 5C kinematic fit and the χ2 from PID for the π or K
particle hypothesis. To determine the types of final state
particles and to select the best combination when additional
photons or π0 candidates are found in an event, the

combination with the minimum χ2 is chosen, and addi-
tionally χ24C < 17 is required.
Similarly, the FOM is optimized under the branching

fraction assumption Bðηcð2SÞ → ωϕÞ ¼ Bðηcð1SÞ → ωϕÞ
[25] and the upper limit on the branching fraction of
ηcð1SÞ → ωϕ is used. The mass windows for the ω and ϕ
candidates are set to be Mπþπ−π0 ∈ ð0.737; 0.826Þ GeV=c2
and MKþK− ∈ ð1.005; 1.035Þ GeV=c2, respectively. The
distributions of Mπþπ−π0 versus MKþK− for the signal MC
simulation and data are shown in Fig. 2, where the
ω → πþπ−π0 and ϕ → KþK− signals are clearly
seen. The peaking background contributions from the
γπþπ−π0ϕ, γωKþK−, and γπþπ−π0KþK− final states are
evaluated with the sideband regions labeled by a, b, and c,
and are referred to as the γϕ3π, γω2K, and γ3π2K events,
respectively.
Nonradiative decays ψð2SÞ → VV can form a peak in the

MVV distribution around the ηcð2SÞ mass. To suppress this
peaking background, a modified kinematic fit is applied to
the candidate events, where the energy of the radiative
photon is allowed to vary in the fit (3C fit) and the obtained
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FIG. 1. Distributions of Mð1Þ
πþπ−π0 versus Mð2Þ

πþπ−π0 in the ωω
mode for signal MC sample (top) and data (bottom). The red box
represents the γωω signal region, the green boxes represents the
γωπþπ−π0 sideband regions (a) and (b), and the orange boxes
represents the γ2ðπþπ−π0Þ sideband regions (c). The cyan, blue,
violet and pink dotted boxes in the bottom figure represent four
alternative sideband regions used in the systematic uncertainty
study (Sec. IV).
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invariant mass (M3C
VV) distributions are used to extract the

signal yields. The M3C
VV distributions offer a resolution

similar to the VV invariant mass from the 4C kinematic fit,
but the background level is reduced since the nonradiative
peak is shifted toward the ψð2SÞ mass region [30].

IV. BACKGROUND ESTIMATION

The study of the ψð2SÞ inclusive MC sample
indicates that the dominant peakingbackgroundcontributions
in theM3C

VV distributions come fromψð2SÞ → γωπþπ−π0 and
ψð2SÞ → γ2ðπþπ−π0Þ for theωωmode (referred to as γω3π
and γ6π, respectively), and from ψð2SÞ → γπþπ−π0ϕ,
ψð2SÞ → γωKþK−, and ψð2SÞ → γπþπ−π0KþK− for the
ωϕ mode (referred to as γϕ3π, γω2K and γ3π2K, respec-
tively). Several decay modes contribute in theM3C

ωω andM3C
ωϕ

distributions as nonpeaking background events, with small
contributions at the level of about 1.4%.

A. Peaking background

The peaking background contributions are estimated
from the 2-dimensional (2D) sideband regions defined in

Figs. 1 and 2, and the signal yields are extracted from
the fits to theM3C

VV distributions as discussed in Sec. V. The
scale factors between the 2D signal and sideband regions are
determined from a 2D fit to the 2D invariant mass distri-
butions and calculated according to the integral of each
components in the defined regions. In the 2D fit, the product
of two double Gaussian functions is used to describe theVV
signal events, a double Gaussian multiplied by a second-
order polynomial is used to describe the eventswith only one
V in the final state, and the product of two second-order
polynomials is used to represent the events with no V
resonance in the final state. The projections of the 2D fits on
M3C

πþπ−π0 and M3C
πþπ−π0=M

3C
KþK− are shown in Fig. 3 for the

γωω mode and in Fig. 4 for the γωϕ mode in the region
ð3.35; 3.60Þ GeV=c2. The scale factors (f) for the events
between theVV signal and sideband regions are summarized
in Table I. The factors are determined separately for the three
χcJ states. TheM3C

VV signal regions of χc0, χc1, and χc2 states
are defined as ð3.35; 3.47Þ GeV=c2, ð3.47; 3.53Þ GeV=c2,
and ð3.53; 3.60Þ GeV=c2, respectively.

B. ψð2SÞ → ππJ=ψ

The fraction of the background events from ψð2SÞ →
ππJ=ψ is approximately 1.0% for the γωω mode, primarily
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the pink dashed lines are the fits of the γ6π events.
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stemming from ψð2SÞ → π0π0J=ψ , and less than 0.4% for
the γωϕ mode. By examining the recoil mass distributions
of the ππ system in data, no distinct J=ψ peak is observed
in the J=ψ mass region of ð3.05; 3.15Þ GeV=c2. Since
these events are smoothly distributed in the M3C

VV distribu-
tion, no specific requirement is imposed to veto the minor
contribution from ψð2SÞ → ππJ=ψ . For the γωω mode, a
dedicated ψð2SÞ → π0π0J=ψ MC sample is generated and
the MC line shape is used to describe this background.

C. Wrong γωω combinations

The ψð2SÞ → γχcJ; χcJ → ωω decays contaminate the
ηcð2SÞ signal region in case of a misassignment of the
radiative photon. These events account for 61% of
the background in the mass region ð3.60; 3.70Þ GeV=c2.
In Fig. 5(a) the comparison of the M3C

ωω distributions
between data and the three summed χcJ signals in the
inclusive MC sample is illustrated. The inclusive MC line
shape is used to describe this background in the fit to data.

D. ψð2SÞ → ωK +K −
The fraction of the background events from ψð2SÞ →

ωKþK− in the region ð3.60; 3.70Þ GeV=c2 is 64% for
the γωϕ mode, derived from the inclusive MC sample. The
comparison of the M3C

ωϕ distributions between data and the
ψð2SÞ → ωKþK− MC sample is shown in Fig. 5(b).
Around the ψð2SÞ peak, the distribution of data can be
well described by the MC simulation. Therefore, the MC
line shape is used to describe this background in the fit
to data.

TABLE I. The scale factors (f) of each χcJ decay between the
VV signal and sideband regions, where the uncertainties are
statistical.

ωω mode ω1π
þπ−π0 πþπ−π0ω2 2ðπþπ−π0Þ

f∶ χc0 0.554� 0.005 0.547� 0.005 0.303� 0.006
f∶ χc1 0.469� 0.003 0.471� 0.003 0.220� 0.003
f∶ χc2 0.447� 0.005 0.448� 0.006 0.200� 0.005

ωϕ mode ωKþK− πþπ−π0ϕ πþπ−π0KþK−

f∶ χc0 0.401� 0.005 0.684� 0.005 0.273� 0.005
f∶ χc1 0.510� 0.005 0.811� 0.005 0.413� 0.005
f∶ χc2 0.362� 0.005 0.628� 0.005 0.231� 0.005
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(black dots with error bars) and ψð2SÞ → γχcJ from the inclusive
MC sample (green histogram); (b) Comparison of the M3C

ωϕ

distributions between data (black dots with error bars) and
ψð2SÞ → ωKþK− from the signal MC sample (green histogram).
(a) ωω mode. (b) ωϕ mode.
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E. Continuum contribution

The background from the continuum processes is esti-
mated using the data sample collected at the center-of-mass
energy of 3.650 GeV. After applying the selection criteria,
the contribution from surviving events is minimal.
Considering the difference in production cross sections
and integrated luminosities between the ψð2SÞ and con-
tinuum data samples, a scale factor of 9.48 is applied to the
data sample at 3.650 GeV. The estimated numbers of
continuum background events are 39� 20 for the γωω
mode and 30� 17 for the γωϕ mode.

V. SIGNAL EXTRACTION

The number of signal events is extracted by an unbinned
maximum likelihood fit of theM3C

VV distributions within the
range from 3.35 to 3.70 GeV=c2, which includes the χcJ
signals. Figures 6 and 7 display the MVV distributions and
the best fit results for the γωω and γωϕmodes, respectively,
across the entire fit range and in the range only containing
the ηcð2SÞ signal. The χ2=ndf values of the fits are
218.8=167 ¼ 1.3 for the γωω mode and 111.9=167 ¼
0.7 for the γωϕ mode, where ndf is the number of degrees
of freedom.
In the fit, the line shape of the ηcð2SÞ is described by

½ðBWðmÞ × E3
γ × fdðEγÞÞ ⊗ DG × ϵðmÞ� ⊗ G; ð3Þ

where m represents M3C
VV , BWðmÞ ¼ 1

2π ·
Γ

ðm−m0Þ2þΓ2=4 is the

Breit-Wigner function for the ηcð2SÞ or χcJ resonance, with
m0 and Γ representing the mass and width fixed to

individual PDG values [25]; Eγ ¼
M2

ψð2SÞ−m
2

2Mψð2SÞ
is the energy

of the transition photon in the rest frame of ψð2SÞ [Mψð2SÞ
is the nominal mass of the ψð2SÞ]; fdðEγÞ ¼ E2

0

EγE0þðEγ−E0Þ2
is the function to damp the diverging tail raised by E3

γ, as
used by the KEDR experiment [31] for a similar process,

where E0 ¼
M2

ψð2SÞ−M
2
ηcð2SÞ

2Mψð2SÞ
is the nominal energy of the

transition photon; DG ¼ DGðm;m1; σ1; m2; σ2; rÞ is a
double Gaussian function used to describe the mass
resolution, and the parameters are estimated by using
signal MC samples and fixed in the fit to data; ϵðmÞ is
the detection efficiency as a function of m, parametrized by
fitting the efficiencies determined at each m using an
ARGUS function multiplied by a polynomial [32]; G ¼
Gðm;m3; σ3Þ is a single Gaussian function describing the
difference of the mass resolution between data and MC
simulation. For the χcJ signals, the parameters of the single
Gaussian function are left free in the fit to data, while for
the ηcð2SÞ signal they are fixed to the values extrapolated
from the values determined at the χcJ signals following a
linear assumption, which are m3 ¼ −1.85 MeV=c2 and

σ ¼ 0.34 MeV for the γωω mode; and m3 ¼
−0.77 MeV=c2 and σ ¼ 1.31 MeV for the γωϕ mode.
For the γωω mode, three background components,

ψð2SÞ → π0π0J=ψ , ψð2SÞ → γχcJ; χcJ → ωω, and non-
peaking background contributions, are included in the
fit. The line shape and the number of background events
of ψð2SÞ → π0π0J=ψ are fixed according toMC simulation
and the branching fractions taken from the PDG [25]. The
second component comes from ψð2SÞ → γχcJ; χcJ → ωω,
where the radiative photon is wrongly assigned. The line
shape from the inclusive MC sample extracted with
RooKeysPdf [33] is used. An additional ARGUS function
is added in the fit to describe the nonpeaking background
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FIG. 6. The M3C
ωω distributions in the whole fit range (a) and in

the range only containing the ηcð2SÞ signal (b). The dots with
error bars are data, the red solid curves are the fit results, the blue
dashed lines are the χcJ signal shapes, the red dashed lines are the
ηcð2SÞ signal shapes, the pink dotted line are the contributions
from ψð2SÞ → π0π0J=ψ , the green dashed lines are the back-
ground contributions from wrong γωω combinations (in which
the radiative photon is misassigned), and the orange dotted lines
are the nonpeaking background contributions.
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contribution from unknown processes. The yields of the
second and third components are free in the fit. For the γωϕ
mode, two background components are used: one to
describe the ψð2SÞ → ωKþK− contribution, with the line
shape fixed according to the MC simulation [25]; the other
is an ARGUS function used to describe the smoothly
distributed background events.
The peaking background contributions from χcJ →

ωπþπ−π0 and χcJ → 2ðπþπ−π0Þ for the γωω mode, and
from χcJ → ωKþK−, χcJ → πþπ−π0ϕ, and χcJ →
πþπ−π0KþK− for the γωϕ mode, are estimated by using
the events from the 2D sideband regions as shown in Figs. 3
and 4, respectively. The same formula as used for the VV
signal region is adopted to fit the M3C

VV distributions in the
sideband regions. The fit results of the ωπþπ−π0 and

2ðπþπ−π0Þ contributions and of the ωKþK−, πþπ−π0ϕ,
and πþπ−π0KþK− contributions are shown in Figs. 8
and 9, respectively.
The number of χcJ → VV signal events (Nnet

data) is
calculated by

Nnet
data ¼ Nfitted

VV − fðaÞ × Nfitted
ðaÞ

− fðbÞ × Nfitted
ðbÞ þ fðcÞ × Nfitted

ðcÞ ; ð4Þ

where fa;b;c are the scale factors between the VV signal and
sideband regions as listed in Table I, and Nfitted

a;b;c are the
numbers of events in the corresponding VV sideband
regions. The obtained results are summarized in Table II.
The statistical significance is calculated from the differ-

ence of the logarithmic likelihoods [34], −2 lnðL0=LmaxÞ,
where Lmax and L0 are the maximized likelihoods with and
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FIG. 7. The M3C
ωϕ distributions in the whole fit range (a) and in

the range only containing the ηcð2SÞ signal (b). The dots with
error bars are data, the red solid curves are the fit results, the blue
dashed lines are the χcJ signal contributions, the red dashed lines
are the ηcð2SÞ signal shapes, the green dotted lines are the
contributions from ψð2SÞ → ωKþK−, and the orange dotted lines
are the nonpeaking background contributions.
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FIG. 8. The M3C
ωω distributions in the sideband regions:

(a) γω3π, (b) γω3π, and (c) γ6π. The dots with error bars are
data, the red solid curves are the best fit results, the blue dashed
lines illustrate the χcJ signal shapes, the pink dotted lines
represent the contribution from ψð2SÞ → π0π0J=ψ , the green
dot-dashed lines show the background contribution from wrong
γωω combinations, and the orange dot-dashed lines are the
nonpeaking background.
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without the signal component, taking into account the
difference in the number of degrees of freedom. The
statistical significances of ηcð2SÞ → ωω and ηcð2SÞ →
ωϕ are 1.6σ and 1.2σ, with signal yields of 44� 26 and
6.0� 3.2, respectively. The decay χc2 → ωϕ is observed
with a statistical significance of 12.9σ.

An input/output check is performed using the inclusive
MC samples to validate the fitting procedure. The output
numbers determined from the fit are found to be consistent
within one standard deviation with the input ones, indicat-
ing no bias.
We set the upper limits on the signal yields for ηcð2SÞ →

ωω and ηcð2SÞ → ωϕ at the 90% CL with the likelihood
scan method as shown in Fig. 10. For each signal decay, the
upper limit of Nsig is determined by solving the equationRNsig

0 LðxÞdx=Rþ∞
0 LðxÞdx ¼ 0.9, where x is the assumed

ηcð2SÞ signal yield, and LðxÞ is the corresponding maxi-
mized likelihood of the fit.

VI. SYSTEMATIC UNCERTAINTY ESTIMATION

Table III summarizes the sources of systematic uncer-
tainties, which are described in details as follows.

(i) MDC tracking. The systematic uncertainty of the π
tracking is studied via the control sample J=ψ →
πþπ−π0 [35]. A 2D systematic uncertainty matrix is
provided with 11 intervals along PTðπÞ and 10
intervals along cos θ. The systematic uncertainty
of each pion track is determined using a weight
method according to the PTðπÞ and cos θ distribu-
tions in the signal MC process. The systematic
uncertainty for kaon tracking is estimated to be
1.0% per K track using the control sample J=ψ →
K0

SK
�π∓ [36].

(ii) Photon reconstruction. The photon detection effi-
ciency is studied by using the control sample
eþe− → γμþμ− in the photon energy region
(0.1, 1.2) GeV.

(iii) Mass window. The systematic uncertainty from the
π0 mass window is assigned as the difference
between the efficiencies of data and MC simulation
caused by theMγγ requirement. This uncertainty has
been assigned as 1.0% by using the control sample
of J=ψ → π0pp̄ [37].

The systematic uncertainties from the ω and ϕ
mass windows are estimated by fitting the Mπþπ−π0

or MKþK− distributions in data and examing the
mass resolution difference. The difference in the
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FIG. 9. The M3C
ωϕ distributions in the sideband regions:

(a) γϕ3π, (b) γω2K, and (c) γ3π2K. The dots with error bars
are data, the red solid curves are the best fit results, the blue
dashed lines show the χcJ signal shapes, the green dashed lines
represent the contribution from ψð2SÞ → ωKþK−, and the
orange dot-dashed lines are the nonpeaking background.

TABLE II. The numbers of signal events for the χcJ in signal and sideband regions, where the uncertainties are statistical.

Channel Nfitted
ωω Nfitted

ω1π
þπ−π0 Nfitted

πþπ−π0ω2
Nfitted

2ðπþπ−π0Þ Nnet
data

χc0 → ωω 19120� 171 2106� 59 1940� 57 1867� 56 17458� 178
χc1 → ωω 12993� 124 1644� 46 1612� 46 963� 40 11674� 128
χc2 → ωω 15678� 131 1894� 49 1832� 48 1331� 46 14276� 135

Channel Nfitted
ωϕ Nfitted

ωKþK− Nfitted
πþπ−π0ϕ Nfitted

πþπ−π0KþK− Nnet
data

χc0 → ωϕ 1989� 50 58� 10 116� 14 25� 7 1893� 51
χc1 → ωϕ 468� 23 64� 9 156� 14 115� 12 356� 26
χc2 → ωϕ 198� 15 45� 8 70� 9 60� 9 151� 17
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acceptance efficiencies for each mass window be-
tween data and MC simulation is taken as the
systematic uncertainty.

(iv) Kinematic fit. The systematic uncertainty from the
kinematic fit is estimated by correcting the helix
parameters of the charged tracks in the MC simu-
lation [38]. The differences in the detection effi-
ciencies with and without correcting the helix
parameters is taken as the uncertainty.

(v) Helicity angle. For the χc1 → ωω decay, the cos θω
distributions differ between data andMC simulation.
To take into account this difference into the un-
certainty estimation, the cos θω distributions are

divided into 100 bins, and an averaged efficiency
is calculated from the signal MC sample, by weight-
ing the efficiency obtained for each bin by the
fraction of generated events within that bin; in
analogous way, the averaged efficiency is calculated
for the data sample, by weighting the selected events
using the bin-dependent efficiency obtained from
signal MC sample. The difference between the
averaged efficiencies for data and MC simulation
is taken as the systematic uncertainty.

(vi) Sideband. The systematic uncertainty from the
choice of the sideband regions is estimated by
changing the ranges as shown in Figs. 1(b) and
2(b), and the maximum difference of the fitted signal
yield is taken as the systematic uncertainty.
The scale factors listed in Table I are calculated

with parameters fixed to the results from the 2D fit;
the uncertainties introduced by the fit parameters are
estimated by generating multidimensional Gaussian
random numbers using the covariance matrix values
from the fit as input. The standard deviation of the
resultant number of the χcJ events is taken as the
systematic uncertainty.

(vii) Detection efficiency. In the estimation of the detec-
tion efficiencies of the ηcð2SÞ → VV decays, the
contribution from the 2D VV sideband regions is not
considered. The change of the detection efficiency
after considering the 2D VV sideband contributions
is taken as the systematic uncertainty.

(viii) Total number of ψð2SÞ events. The total number of
ψð2SÞ events in data is determined to be ð2712�
14Þ × 106 [17]; and its relative uncertainty is 0.5%.

(ix) Input branching fractions. The systematic uncer-
tainties from the branching fractions of ψð2SÞ → γX
(where X is the χcJ), ω → πþπ−π0, ϕ → KþK− and
π0 → γγ decays are quoted from the PDG [25].

(x) Damping function form. An alternative damping
function used by the CLEO Collaboration [39],
fdðEγÞ ¼ expð−E2

γ=8β2Þ where β is a free param-
eter, is chosen to estimate the related uncertainty.
The difference in the fitted signal yields between the
nominal and alternative damping functions is taken
as the systematic uncertainty.

(xi) Efficiency curve. The efficiency curve is fitted by an
ARGUS function multiplied by a polynomial. As an
alternative choice, we describe the efficiency curve
derived with RooHistPdf [40], and take the differ-
ence in the branching fraction with these two
efficiency curves as the systematic uncertainty.

(xii) MC resolution and detector resolution. The system-
atic uncertainties related to the modeling of the MC
resolution is estimated by using RooKeysPdf [33] to
replace the double Gaussian resolution function. The
change of the branching fraction is taken as the
systematic uncertainty.

 = 149.0 at 90% CLsig
up

N

m
ax

 / 
L

i
L

sigN
0

0.2

0.4

0.6

0.8

1

0 100 200 300

(a)

 = 26.3 at 90% CLsig
up

N

m
ax

 / 
L

i
L

sigN

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80

(b)

FIG. 10. Likelihood distributions as a function of the number of
signal events for the two decay modes, where the black lines
represent the likelihood distribution for data, and the red lines are
the normalized likelihood distribution including the systematic
uncertainties. (a) ψð2SÞ → γηcð2SÞ → γωω. (b) ψð2SÞ →
γηcð2SÞ → γωϕ.
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The detector resolution difference between data
and MC simulation for the ηcð2SÞ signal is obtained
by fitting the χcJ signals and extrapolating to the
ηcð2SÞ mass. The resolution difference for the line
shape of the ηcð2SÞ signal is varied by �1σ, and the
largest variation of the branching fraction is taken as
the systematic uncertainty.

(xiii) Background shape. The main background contribu-
tions are from continuum, ψð2SÞ → π0π0J=ψ and
ψð2SÞ → ωKþK−. In the nominal fit, the continuum
contribution is not included since it is very small.
The change of the branching fraction after taking
this contribution into account is taken as the sys-
tematic uncertainty.
The systematic uncertainty from the fixed

ψð2SÞ → π0π0J=ψ background yield is estimated
by varying it within �1σ of the quoted branching
fractions [25], and refitting the M3C

VV distributions.
The uncertainties from the line shapes of ψð2SÞ →
π0π0J=ψ and ψð2SÞ → γχcJ; χcJ → ωω for the ωω
mode, and ψð2SÞ → ωKþK− for the ωϕ mode are
estimated by changing RooKeysPdf [33] into
RooHistPdf [40]. The uncertainty from the non-
peaking background contribution is determined by

replacing the ARGUS function with a 1st-order
polynomial multiplied by a truncation function,
which is used to set the PDF to zero in the mass
region above 3.69 GeV=c2 (as it exceeds the phase
space). For each case, the difference in the signal
yields is taken as the systematic uncertainty.

The systematic uncertainty on the upper limit of signal
yield Nup

sig at the 90% CL includes additive and multipli-
cative sources. The additive systematic uncertainty includes
the damping function form, the efficiency curve, the MC
resolution, the resolution difference between data and MC
simulation, and the background shape. They are considered
separately. For each decay and each case, the largest upper
limit of the signal yield is selected. The sources of
multiplicative systematic uncertainty are listed in
Table III. It is incorporated by convolving a Gaussian
function to the likelihood distribution in which the total
multiplicative systematic uncertainty is taken as the stan-
dard deviation [41]. This is accomplished via

L0ðNÞ ¼
Z

1

0

L
�
S

Ŝ
N

�
exp

�
−ðS − ŜÞ

2σ2S
N

�
dS; ð5Þ

TABLE III. Systematic uncertainties (in %) for the branching fraction measurements.

Source ηcð2SÞ → ωω χc0 → ωω χc1 → ωω χc2 → ωω ηcð2SÞ → ωϕ χc0 → ωϕ χc1 → ωϕ χc2 → ωϕ

MDC tracking 0.5 0.4 0.5 0.4 2.2 2.2 2.2 2.2
Photon reconstruction 2.5 2.5 2.5 2.5 1.5 1.5 1.5 1.5
Mass window-π0 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
Mass window-ω1 0.0 0.0 0.0 0.0 � � � � � � � � � � � �
Mass window-ω2 0.0 0.0 0.0 0.0 � � � � � � � � � � � �
Mass window-ω � � � � � � � � � � � � 0.0 0.0 0.0 0.0
Mass window-ϕ � � � � � � � � � � � � 0.1 0.1 0.1 0.1
Kinematic fit 1.8 1.5 1.5 1.7 3.1 2.6 2.9 2.6
Helicity angle � � � � � � 0.5 � � � � � � � � � � � � � � �
Sideband region � � � 0.2 0.2 0.2 � � � 0.7 1.7 2.2
Sideband factor � � � 0.0 0.1 0.1 � � � 0.1 0.3 0.5
Detection efficiency 0.7 � � � � � � � � � 1.4 � � � � � � � � �
Total number of ψð2SÞ events 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Bðψð2SÞ → γχcJ) � � � 2.0 2.5 2.1 � � � 2.0 2.5 2.1
Bðω → πþπ−π0) 1.6 1.6 1.6 1.6 0.8 0.8 0.8 0.8
Bðϕ → KþK−) � � � � � � � � � � � � 1.0 1.0 1.0 1.0
Bðπ0 → γγ) 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
Damping function form � � � 0.2 0.1 1.3 � � � 0.1 0.4 0.9
Efficiency curve � � � 0.0 0.1 0.1 � � � 0.0 0.4 0.3
MC resolution � � � 0.3 0.2 0.4 � � � 0.1 1.0 1.7
Resolution between data and MC � � � � � � � � � � � � � � � � � � � � � � � �
Continuum background � � � 0.0 0.0 0.0 � � � 0.1 1.2 2.5
Shape of ψð2SÞ → π0π0J=ψ � � � 0.0 0.0 0.0 � � � � � � � � � � � �
Number of ψð2SÞ → π0π0J=ψ � � � 0.0 0.0 0.0 � � � � � � � � � � � �
Shape of inclusive MC � � � 0.4 0.3 0.2 � � � � � � � � � � � �
Shape of ψð2SÞ → ωKþK− � � � � � � � � � � � � � � � 0.0 0.4 0.3
ARGUS function � � � 2.8 0.3 0.5 � � � 3.8 0.7 5.4

Total 4.1 5.4 4.8 4.8 4.6 6.1 5.6 7.9
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where Ŝ is associated with the nominal efficiency, σS is its
multiplicative systematic uncertainty, and LðNÞ is the
likelihood distribution obtained from fitting the likelihood
of the signal yields as shown in Fig. 10.

VII. RESULT AND SUMMARY

Using ð2712� 14Þ × 106 ψð2SÞ events collected by the
BESIII detector, we search for the hadronic decays
ηcð2SÞ → ωω and ηcð2SÞ → ωϕ via the ψð2SÞ →
γηcð2SÞ process, and update the branching fractions of
the χcJ → ωω and χcJ → ωϕ decays.
The upper limits of the product branching fractions of

ψð2SÞ → γηcð2SÞ; ηcð2SÞ → VV at the 90% C. are deter-
mined using

Bðψð2SÞ → γηcð2SÞ; ηcð2SÞ → VVÞ < Nup
sig

Ntot
ψð2SÞ ·

Q
i Bi · ϵ

;

ð6Þ

whereNtot
ψð2SÞ is the total number of ψð2SÞ events, Bi are the

branching fractions taken from the PDG [25], ϵ is the
detection efficiency, which is ð6.78� 0.23Þ% for the γωω
mode and ð12.10� 0.29Þ% for the γωϕ mode, and Nup

sig is
the upper limit of the number of signal events, which are
149.0 and 26.3 for the ωω and ωϕmodes, respectively. The
branching fraction of ψð2SÞ → γηcð2SÞ is not divided out,
Bðψð2SÞ → γηcð2SÞÞ ¼ ð5.2þ2.0

−1.5Þ × 10−4 [42], as it is with
large uncertainty. Thus, the upper limits of the product
branching fractions of ψð2SÞ → γηcð2SÞ; ηcð2SÞ → ωω
and ψð2SÞ → γηcð2SÞ; ηcð2SÞ → ωϕ are 1.04 × 10−6 and
1.85 × 10−7 at the 90% CL, respectively.
The branching fractions of ηcð2SÞ=χcJð1PÞ → ωω and

χcJð1PÞ → ωϕ are calculated by

Bðηcð2SÞ=χcJ → VVÞ ¼ Nnet
data

Ntot
ψð2SÞ ·

Q
i Bi · ϵ

; ð7Þ

where Nnet
data represents the number of signal events.

The branching fractions of ηcð2SÞ → VV decays
are determined to be Bðηcð2SÞ → ωωÞ ¼ ð5.93 �
3.57ðstatÞ � 6.57ðsystÞÞ × 10−4 and Bðηcð2SÞ → ωϕÞ ¼

ð8.11 � 4.34ðstatÞ � 12.03ðsystÞÞ × 10−5. The statistical
significances of the ηcð2SÞ → ωω and ηcð2SÞ → ωϕ
are 1.4σ and 1.1σ after considering systematic uncertain-
ties, respectively. Combining our branching fraction of
ηcð2SÞ → ωω and that of ηcð1SÞ → ωω [12], we calculate
the branching fraction ratio to be

Bðηcð2SÞ → ωωÞ
Bðηcð1SÞ → ωωÞ ¼ 0.36þ0.48

−0.36 : ð8Þ

The precision of the current measurement does not allow to
distinguish between the theoretical predictions of the three
models [8–10].
For the branching fractions of χcJ → VV, the detection

efficiencies in Eq. (7) are determined with the same fit
procedure used in data. The peaking contributions esti-
mated using the 2D sideband regions are subtracted.
Table IV lists the detection efficiencies and calculated
branching fractions. The χc2 → ωϕ decay is observed with
a statistical significance greater than 10σ. The measured
branching fractions of the χcJ decays are consistent with the
world average values [25], with precision improved by at
least a factor of two. These measurements provide better
constraints for the theoretical models used to explain the
decay dynamics of charmonium states.
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