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Using a data sample of ð448.1� 2.9Þ × 106 ψð3686Þ decays collected by the BESIII detector at the
Beijing Electron Positron Collider (BEPCII), we observe the decays χcJ → ϕϕηðJ ¼ 0; 1; 2Þ, where the χcJ
are produced via the radiative processes ψð3686Þ → γχcJ. The branching fractions are measured
to be Bðχc0 → ϕϕηÞ ¼ ð8.41� 0.74� 0.62Þ × 10−4, Bðχc1 → ϕϕηÞ ¼ ð2.96� 0.43� 0.22Þ × 10−4,
and Bðχc2 → ϕϕηÞ ¼ ð5.33� 0.52� 0.39Þ × 10−4, where the first uncertainties are statistical, and the
second are systematic. We also search for intermediate states in the ϕϕ or ηϕ subsystems, but no significant
structure is seen due to the limited statistics.

DOI: 10.1103/PhysRevD.101.012012

*Corresponding author.
lihuijing@fudan.edu.cn

†Corresponding author.
fjz@mail.tsinghua.edu.cn

‡Corresponding author.
luot@fudan.edu.cn

aAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
bAlso at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.
cAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
dAlso at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia.
eAlso at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for

Particle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.
fAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
gAlso at Istanbul Arel University, 34295 Istanbul, Turkey.
hAlso at Key Laboratory of Nuclear Physics and Ion-Beam Application (MOE) and Institute of Modern Physics, Fudan University,

Shanghai 200443, People’s Republic of China.
iAlso at Harvard University, Department of Physics, Cambridge, Massachusetts 02138, USA.
jAlso at Government College Women University, Sialkot—51310, Punjab, Pakistan.
kAlso at the NRC “Kurchatov Institute,” PNPI, 188300, Gatchina, Russia.
lAlso at Bogazici University, 34342 Istanbul, Turkey.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

OBSERVATION OF THE DECAYS χcJ → ϕϕη PHYS. REV. D 101, 012012 (2020)

012012-3

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.012012&domain=pdf&date_stamp=2020-01-24
https://doi.org/10.1103/PhysRevD.101.012012
https://doi.org/10.1103/PhysRevD.101.012012
https://doi.org/10.1103/PhysRevD.101.012012
https://doi.org/10.1103/PhysRevD.101.012012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


I. INTRODUCTION

Studies of the properties of cc̄ states play an important
role in understanding the interplay between perturbative
and nonperturbative effects in quantum chromodynamics
(QCD). Besides J=ψ and ψð3686Þ decays [1], the decays of
the χcJ (J ¼ 0, 1, 2) [2,3] are also valuable to probe a wide
variety of QCD phenomena.
To date, only a few measurements have been performed

for decays of the form χcJ → VVP, where V and P denote
vector and pseudoscalar mesons, respectively [1], and no
measurement of the branching fraction for χcJ → ϕϕη has
previously been reported. The interest in these final states
arises from the search for glueballs in the ϕϕ invariant mass
(Mϕϕ) spectrum. A previous partial wave analysis of the
decay J=ψ → γϕϕ decay by the BESIII Collaboration [4]
confirmed the existence of the ηð2225Þ and observed the
three tensor states f2ð2010Þ, f2ð2300Þ and f2ð2340Þ,
which were first observed in the process π−p → ϕϕn
[5]. Different experiments also searched for glueballs
decaying to ϕϕ in B decays [6], but none have so far
been observed [7]. Although there are no theoretical
expectations, the decays χcJ → ϕϕη may contain contri-
butions from intermediate states decaying to ϕϕ and ηϕ,
and observations of the same resonances as those in J=ψ
decays would provide supplementary and conclusive
information regarding their existence.
Due to abundant χcJ production in ψð3686Þ radiative

decays [1], the BESIII experiment provides an ideal place
to search for new χcJ decays. The BESIII detector has
collected ð448.1� 2.9Þ × 106 ψð3686Þ decays [8], which
is the world’s largest data sample of ψð3686Þ decays
produced in eþe− annihilation. In this paper, we report
the first measurements of the branching fractions of χcJ
decays to ϕϕη. The ϕ meson can be reconstructed with
ϕ → KþK−, ϕ → πþπ−π0 and ϕ → K0

SK
0
L decays, and the

η meson with η → γγ and η → πþπ−π0 decays. Compared
to the ϕ → KþK− and η → γγ modes, other decay modes
suffer from higher backgrounds and lower detection effi-
ciencies. So in this analysis, the two ϕ mesons and the η
meson are reconstructed with ϕ → KþK− and η → γγ
processes.

II. DETECTOR AND MONTE CARLO
SIMULATIONS

The BESIII detector is a magnetic spectrometer [9]
located at the Beijing Electron Positron Collider
(BEPCII) [10]. The cylindrical core of the BESIII detector
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
providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identifier modules interleaved with steel.

The acceptance for charged particles and photons is 93%
over a 4π solid angle. The momentum resolution for
charged particles 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 part is 68 ps, while that of the
end cap part is 110 ps.
Large samples of simulated events are produced with a

GEANT4-based [11] Monte Carlo (MC) package that
includes the geometric description of the BESIII detector
and the detector response. These samples are used to
determine the detection efficiency and to estimate the
backgrounds. The simulation includes the beam energy
spread and initial state radiation (ISR) in the eþe−
annihilation modeled with the generator KKMC [12]. The
“inclusive” MC sample consists of the production of
the ψð3686Þ resonance, the ISR production of the J=ψ ,
and the continuum processes incorporated in KKMC [12].
The known decay modes are modeled with EvtGen [13]
using branching fractions taken from the Particle Data
Group [1], and the remaining unknown decays of the
charmonium states are modeled with LUNDCHARM [14].
The final state radiation (FSR) from charged final state
particles is simulated with the PHOTOS package [15].
For the signal MC samples, the ψð3686Þ → γχcJ decays

are generated with the electric dipole (E1) transition [16,17]
assumption, where the angular distribution is 1þ λ cos2 ϑ
[18,19]. Here, ϑ is the polar angle of the radiative photon in
the rest frame of the ψð3686Þmeson, and λ is 1,−1=3, 1=13
for J ¼ 0, 1, 2, respectively. The processes χcJ → ϕϕη and
η → γγ are generated uniformly in phase space.

III. EVENT SELECTION

The cascade decay of interest is ψð3686Þ → γχcJ; χcJ →
ϕϕη, with ϕ → KþK− and η → γγ. Candidate events are
required to have four charged tracks with zero net charge
and at least three photons. Charged tracks in an event are
required to have a polar angle θ with respect to the beam
direction within the MDC acceptance j cos θj < 0.93, and a
distance of closest approach to the interaction point within
10 cm along the beam direction and 1 cm in the plane
transverse to the beam direction. The TOF and dE=dx
information are combined to evaluate particle identification
(PID) confidence levels for the π andK hypotheses, and the
particle type with the higher confidence level is assigned to
each track. All charged tracks must be identified as kaons.
Electromagnetic showers are reconstructed from clusters
of energy deposited in the EMC. The energy deposited
in nearby TOF counters is included to improve the
reconstruction efficiency and energy resolution. Photon
candidates must have a minimum energy of 25 MeV in the
barrel region (j cos θj < 0.80) or 50 MeV in the end cap
region (0.86 < j cos θj < 0.92). To exclude showers from
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charged particles, a photon must be separated by at least 10°
from the nearest charged track. The measured EMC time is
required to be within 0 and 700 ns of the collision time to
suppress electronic noise and energy deposits unrelated to
the event of interest.
A four-constraint (4C) kinematic fit imposing overall

energy-momentum conservation is performed with the
γγγKþK−KþK− hypothesis, and the events with χ24C <
40 are retained. The requirement is based on the optimi-
zation of the figure of merit (FOM), FOM≡ Nsig=

ffiffiffiffiffiffiffiffi

Ntot
p

,
where Nsig and Ntot are the number of signal events and
total number of events estimated from the signal MC
sample and data, respectively. For events with more than
three photon candidates, the combination with the smallest
χ24C is retained. Further selection criteria are based on the
four-momentum updated by the kinematic fit.
After the above requirements, the η candidate is recon-

structed in its decay to γγ using the γγ pair with invariant
mass Mγγ closest to the nominal η mass [1]. The η signal
region is defined as 0.52 ≤ Mγγ ≤ 0.58 GeV=c2, with its
half width approximately three times larger than the
detector resolution (ση ¼ 10 MeV=c2). Figure 1(a) shows
a fit to the Mγγ distribution. In the fit, the signal shape is
modeled by the MC-simulated line shape convolved with a
Gaussian function with free width and the background is
described by a linear function. The two signal ϕ candidates
are chosen from the combination with the minimum
value of ΔM2¼ðMKþ

i K
−
j
−mϕÞ2þðMKþ

1−iK
−
1−j
−mϕÞ2, where

MKþK− is the invariant mass of KþK−, mϕ is the nominal ϕ
mass [1], and i, j can be 0 or 1. In each event, one of the ϕ
candidates is randomly chosen to be ϕ1 with the other ϕ2.
MC studies show that the miscombination rates for both η
and ϕ candidates are no more than 0.1%. The ϕ signal
region is defined as 1.005 ≤ MKþK− ≤ 1.035 GeV=c2, with
its half width about three times the sum of the detector
resolution (σϕ ¼ 1 MeV=c2) and intrinsic width [1].
Figure 1(b) shows the fit to theMKþK− distribution obtained
when one of the two combinations is randomly selected.
In the fit, the signal shape is modeled as a P-wave
Breit-Wigner convolved with a Gaussian function, and
the background shape is represented by the function
bðMKþK−Þ ¼ ðMKþK− − 2mKÞce−dMKþK− , where mK is the
nominal K mass [1], and c and d are free parameters. The
two-dimensional (2D) ϕ signal region is shown as the area
A in Fig. 2, where MKþK−ð1Þ and MKþK−ð2Þ denote the
invariant masses of the randomly assigned KþK−ð1Þ and
KþK−ð2Þ, respectively.
The mass recoiling against the η is required to be less

than 3.05 GeV=c2 to suppress background from the decay
ψð3686Þ → ηJ=ψ ; J=ψ → γϕϕ. All combinations of Mγγ

are required to be outside the range ½0.115; 0.150� GeV=c2
to suppress background events with π0 decays, and the
invariant mass of γη must be outside the range

½1.00; 1.04� GeV=c2 to suppress background from the
decay ψð3686Þ → ϕϕϕ, where one ϕ decays to γη.
A total of 495 candidate events survive in the R1

region, which corresponds to the area A with Mγγ in
the signal region, as shown in Fig. 3(a). The distributions

)2 (GeV/cγ γM
0.45 0.5 0.55 0.6 0.65

)2
E

ve
nt

s/
(5

.0
 M

eV
/c

0

50

100

150

(a)

)2 (GeV/c-
 K+KM

1 1.05 1.1

)2
E

ve
nt

s/
(2

.0
 M

eV
/c

0

50

100

150

200

(b)

FIG. 1. Fits to (a) Mγγ and (b) MKþK− , where one of the two
combinations is randomly selected. The dots with error bars are
from data, the red lines are the best fit results, and the long dashed
green lines are the background shapes. The red arrows show the
signal region, and the dashed blue arrows show the sideband
regions.
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FIG. 2. Distribution of MKþK−ð1Þ vs MKþK−ð2Þ. The solid red
rectangle (area A) and dashed blue rectangles (areas B) denote the
2D ϕ signal region and 2D ϕ sideband regions, respectively. The
hatched pink rectangle (area C) is where both MKþK−ð1Þ and
MKþK−ð2Þ lie in the ϕ sideband region.
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of M2
ηϕ1

vs M2
ηϕ2

from the three χcJ states are depicted in
Fig. 4, where the signal regions of χc0, χc1, and χc2 are de-
fined as [3.38, 3.45], [3.48, 3.54], and ½3.54; 3.60� GeV=c2
for the invariant mass Mϕϕη, respectively.

IV. BACKGROUND AND SIGNAL YIELDS

According to a study of the inclusive MC sample,
consisting of 5.06 × 108 ψð3686Þ decays, the background
sources can be categorized into two classes. Class I
background is from events that do not form an η signal
in theMγγ distribution. This background is estimated using
events in the η sideband regions of Mγγ ∈ ½0.47; 0.50� ∪
½0.60; 0.63� GeV=c2. Class II background arises from
decays having only one ϕ present, which is described
using events in the 2D ϕ sideband regions (the areas B of
Fig. 2), where oneMKþK− lies in the ϕ signal region and the
other is in the ϕ sideband region of MKþK− ∈ ½1.045;
1.075� GeV=c2. Since there are no events observed in the
area C of Fig. 2, in which bothMKþK− lie in the ϕ sideband
region, we ignore this contribution.
The possible quantum electrodynamics (QED) processes

under the ψð3686Þ peak consist of the peaking and non-
peaking parts. According to the Born cross sections
measured by the BESIII [20] and Belle experiments [21]
and the nominal solution below, the upper limits on the
numbers of events at 90% confidence level are estimated to
be less than 0.1 for the QED peaking eþe− → γχcJ
processes, and thus their contributions can be negligible.
The QED nonpeaking processes that do not have the χcJ
signals, like eþe− → γϕϕη, can contribute to the flat
distributions in Fig. 3. The QED processes are also studied
using a 48.8 pb−1 off-resonance data sample taken at a
center-of-mass energy of 3.65 GeV [22], where the scaling
factor of the integrated luminosity is 0.07 compared with
the ψð3686Þ data sample [8]. But no events survive after
applying the same event selection criteria.
The signal yields are obtained from unbinned maximum

likelihood fits to theMϕKþK−γγ spectra, where at least one of
the ϕ candidates has an invariant mass within the signal
window. The fits are performed in the R1, R2, and R3
regions, where the latter two regions correspond to the area
A with Mγγ in the sideband regions, and the areas B with
Mγγ in the signal region, respectively. In the fits, the signal
shape in the MϕKþK−γγ distribution is extracted from signal
MC simulations, and the background shape is modeled as a
constant, where the background is from the events that do
not form the χcJ signals, such as other ψð3686Þ decays
and the possible QED nonpeaking processes. Figure 3
shows the fit results. The contribution of the areas B with
Mγγ in the sideband region is negligible, since there are
only two events. The signal yields for χcJ → ϕϕη decays
are estimated by

Nsig
obs ¼ NR1

obs − fR2 · NR2
obs − fR3 · NR3

obs; ð1Þ

where Nr
obs is the number of observed events for the

corresponding r region (r ¼ R1, R2, or R3), and both
the normalization factors fR2 and fR3 are 1.0, which have
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FIG. 3. Fits to theMϕKþK−γγ distributions for (a) the R1 region,
(b) the R2 region, and (c) the R3 region. The dots with error bars
are from data, the solid red lines are the best fit results, and the
long dashed green lines are the fitted backgrounds.
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been evaluated from the ratios of the background yields in
the η and 2D ϕ signal and sideband regions, respectively.
The numbers of events obtained by the fits to MϕKþK−γγ in
different regions for χcJ → ϕϕη decays are summarized in
Table I, along with their statistical significances.

V. BRANCHING FRACTIONS

The branching fractions for χcJ → ϕϕη decays are
determined by

BχcJ→ϕϕη ¼
Nsig

obs

Nψð3686Þ · B0 · ϵ
; ð2Þ

where Nψð3686Þ is the total number of ψð3686Þ decays,
B0 ¼ Bψð3686Þ→γχcJB

2
ϕ→KþK−Bη→γγ is the product of the

branching fractions cited from the world average values
[1], and ϵ is the detection efficiency.
In order to obtain the best possible estimate for the

detection efficiencies, the signal MC samples are corrected
in two aspects:

(i) The track helix parameters [23] are modified to
reduce the difference of the kinematic fit χ24C
between the data and MC sample, where the
correction factors for their resolutions are obtained
from a clean control sample of the ψð3686Þ →
KþK−πþπ− decay.

(ii) Taking into account E1 transition effects on the line
shapes of χcJ mesons generated with the Breit-
Wigner functions, a weighting factor ðEγ1

Eγ10
Þ3 [24] is

applied to the MϕKþK−γγ spectra, where Eγ1 is the
radiative photon’s energy in the rest frame of the
ψð3686Þ meson without detector reconstruction
effects, and Eγ10 is the most probable transition
energy,

Eγ10 ¼
E2
cms −m2

χcJ

2Ecms
: ð3Þ

Here mχcJ are the nominal masses of the χcJ mesons [1],
and Ecms is the center-of-mass energy of 3.686 GeV. The
detection efficiencies are determined to be ð5.30� 0.02Þ%,
ð6.77� 0.03Þ%, and ð6.62� 0.03Þ% for χc0, χc1, and
χc2 → ϕϕη decays, respectively.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty include the total
number of ψð3686Þ decays, the MDC tracking efficiency,
PID efficiency, photon detection efficiency, η and ϕ mass
requirements, kinematic fit, fit procedure, peaking back-
ground estimation, and cited branching fractions.
The total number of ψð3686Þ decays is Nψð3686Þ ¼

ð448.1� 2.9Þ × 106 [8], which is determined by counting
hadronic events. The systematic uncertainty is 0.6%.
The control samples of J=ψ → K0

SK
�π∓; K0

S → πþπ−

decays [25] have been used to investigate the MDC
tracking efficiency, and the difference of 1% per K� track
between the data and MC simulation is assigned as the
systematic uncertainty. By means of the same control
sample, the uncertainty due to PID efficiency is estimated
to be also 1% per K� track. The systematic uncertainty
from the photon detection efficiency is determined to be 1%
per photon utilizing a control sample of J=ψ → ρ0π0 with
ρ0 → πþπ− and π0 → γγ [26].
The systematic uncertainty arising from the η (ϕ) mass

requirement is evaluated by changing the mass resolution
and shifting the mass window. In the nominal fit, the η
signal shape is described as the shape derived from signal
MC simulation convolved with a Gaussian function, and
the ϕ signal shape is modeled as a P-wave Breit-Wigner
function convolved with a Gaussian function. Alternative
fits are performed by modeling the η signal shape with the
shape from signal MC simulation, changing the width of
the Gaussian function for the ϕ signal shape to that
obtained from the signal MC sample, and varying the
η (ϕ) mass window by the respective mass resolution
obtained in the fit to the signal shape. The difference of the
efficiency of the η (ϕ) mass requirement between the data
and MC sample is taken as the systematic uncertainty from
the η (ϕ) mass requirement.
In the nominal analysis, the track helix parameters for

charged tracks from signal MC samples are modified to
improve the agreement between the data and MC simu-
lation. An alternative detection efficiency is obtained with
no modification to the track helix parameters, and the
difference is assigned as the systematic uncertainty asso-
ciated with the kinematic fit.
The sources of systematic uncertainty from the fit

procedure include the signal shape, background shape,
and the fit range.

(i) In the nominal fit, the χcJ signal shape is modeled
with the MC simulation. An alternative fit is
performed with the MC simulation convolved with
a Gaussian function with free width, and the differ-
ence of the signal yield is taken as the systematic
uncertainty from the χcJ signal shape.

(ii) Different order Chebyshev functions instead of a
constant are used in the alternative fits to describe
the background. The largest difference of the signal

TABLE I. The numbers of observed events for different regions
in χcJ → ϕϕη decays, as well as their statistical significances
(Sig.). The errors are statistical only.

Mode NR1
obs NR2

obs NR3
obs Sig.

χc0 201.2� 15.6 0.0� 0.9 14.6� 4.7 18σ
χc1 108.0� 11.0 8.6� 3.1 15.8� 4.2 10σ
χc2 160.7� 13.2 1.5� 1.5 15.6� 4.2 17σ
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yield is assigned as the systematic uncertainty from
the background shape.

(iii) The fit ranges are varied from ½3.3; 3.6� GeV=c2 to
[3.25, 3.61] or ½3.35; 3.6� GeV=c2. The largest
difference of the signal yield is taken as the
systematic uncertainty associated with the fit range.

The quadratic sumof the above three systematic uncertainties
is taken as the systematic uncertainty from the fit procedure.
In the nominal fit, events in the η sideband and 2D ϕ

sideband regions are used to estimate contributions from
peaking background sources with no η signal and only one
ϕ signal, respectively. Alternative fits are performed by
varying the width of the η (ϕ) sideband regions within one
standard deviation of the corresponding mass resolution,
and the largest difference of the signal yield is taken as the
corresponding systematic uncertainty. The quadratic sum of
the two cases is taken as the systematic uncertainty from
peaking backgrounds.
The uncertainties associated with the branching fractions

of ψð3686Þ → γχcJ, ϕ → KþK− and η → γγ are extracted
from the world average values [1]. The systematic uncer-
tainty due to the trigger efficiency is negligible according to
the studies in Ref. [27].
The total systematic uncertainty on the measured branch-

ing fractions for χcJ → ϕϕη decays is the quadratic sum of
each individual contribution, as summarized in Table II.

VII. RESULTS AND DISCUSSION

The measured branching fractions of χcJ → ϕϕη decays
are summarized in Table III, where the first uncertainties
are statistical, and the second are systematic.

Figure 5 shows the projections on the Mϕϕ and Mηϕ

spectra. There are two combinations ofMηϕ for each event.
Compared with those from the signal MC samples, some
excesses in data are observed. However, considering the
limited statistics, it is hard to draw a conclusion that
intermediate states appear in χcJ → ϕϕη decays. Perhaps
in the future, utilizing more data samples, it would be
worthwhile to combine other ϕ and η decay modes, such as
ϕ → πþπ−π0, ϕ → K0

SK
0
L, and η → πþπ−π0 decays, to

perform a partial wave analysis of χcJ → ϕϕη decays, so
that we can make clear conclusions on the existence of
intermediate states.

VIII. SUMMARY

In summary, the decays χcJ → ϕϕη have been measured
for the first time through ψð3686Þ radiative decays, based on
4.48 × 108 ψð3686Þ decays collected with the BESIII
detector. The resulting branching fractions are ð8.41�
0.74� 0.62Þ × 10−4, ð2.96� 0.43� 0.22Þ × 10−4, and
ð5.33� 0.52� 0.39Þ × 10−4 for χc0;1;2 → ϕϕη decays,
where the first and second uncertainties are statistical and
systematic, respectively. At the present level of statistics, no
obvious resonant structure is observed in the Mϕϕ or Mηϕ

spectra.
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