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Using (2.712 ± 0.014) × 109 ψ(3686) events collected with the BESIII detector operating at the
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BEPCII, we find an evidence of the ηc(2S) → K+K−η′ decay with a statistical significance of 3.1σ.
Its decay branching fraction is measured to be (12.24±4.60(stat.)±2.37(syst.)±4.68(extr.))×10−4,
where the first uncertainty is statistical, the second is systematic, and the third uncertainty is from
the branching fraction of the ψ(3686) → γηc(2S) decay. The upper limit on the product branching
fraction B[ψ(3686) → γηc(2S)]× B[ηc(2S) → K+K−η′] is set to be 1.14× 10−6 at 90% confidence
level. In addition, the branching fractions of χc1 → K+K−η′ and χc2 → K+K−η′ are updated to
be (8.47±0.09(stat.)±0.47(syst.))×10−4 and (1.53±0.04(stat.)±0.08(syst.))×10−4, respectively.
The precision is improved by twofold.

I. INTRODUCTION

Charmonium states are composed of a pair of charm
and anti-charm quarks. Their decay dynamics can be
used to probe the strong interaction and to test models
of Quantum Chromodynamics (QCD). It is well predict-
ed that the ratio of branching fractions of ψ(3686) to J/ψ
decays into the same light hadron final state is around
13%, the so-called “12% rule” which was first proposed
by Appelquist and Politzer using perturbative QCD [1].
Although this rule has been verified for several hadronic
channels [2], there are exceptions for the ρπ and K∗K̄
final states, where the ratio is suppressed at least by
an order of magnitude [3], known as the “ρπ puzzle”.
The ηc(2S) and ηc(1S) are the spin-singlet partners of
ψ(3686) and J/ψ, respectively. The corresponding ratio
for these two states was calculated in Refs. [4] and [5].
In Ref. [4], the ratio is predicted to be 13%, while the
authors of Ref. [5] argue that the ratio is 1, consider-
ing that the spin-singlet states are dominantly decaying
into light hadron final states via two-gluon intermedi-
ate states. Using the related experimental information
from light hadron final states [6], the authors of Ref. [7]
recently tested this branching fraction ratio in several
decay modes [7] and found that the experimental data
significantly deviates from both theoretical predictions.

The available data on the measurement of the branch-
ing fractions of the ηc(2S) decays is currently still lim-
ited. Although various experiments have searched for
nineteen decay modes so far, only seven decay branching
fractions have been measured [6]. Looking for new decay
modes of ηc(2S) will provide a better understanding of
its decay properties. Considering the radiative magnetic
dipole transition, ψ(3686) → γηc(2S) [8], the ηc(2S) de-
cays into 3(π+π−) [9], π+π−η [10], and K0

SKπππ [11]
were studied at BESIII. Obvious ηc(2S) signal events
were observed in the 3(π+π−) [9] and K0

SKπππ [11] de-
cay modes with statistical significances larger than 5σ.
The decay of ηc(2S) → K+K−η′ has not been measured
yet, while the branching fraction of ηc(1S) → K+K−η′

has been measured to be (0.87± 0.18)% [6].

The χcJ → K+K−η′(J = 1, 2) decays were first ob-
served by BESIII in the ψ(3686) → γχcJ decay with
(106.4± 0.9)× 106 ψ(3686) events. The branching frac-
tions of χc1 → K+K−η′ and χc2 → K+K−η′ were mea-
sured to be (8.75±0.87)×10−4 and (1.94±0.34)×10−4,
respectively [12].

In this paper, we search for the ηc(2S) → K+K−η′

decay via the ψ(3686) → γηc(2S) decay, and report

the updated measurements of the branching fractions
of χcJ → K+K−η′ (J = 1 and 2). The decay of
χc0 → K+K−η′ is forbidden by spin-parity conservation.

II. BESIII DETECTOR, DATA SAMPLE, AND
MONTE CARLO SIMULATION

The BESIII detector [13] records symmetric e+e− col-
lisions provided by the BEPCII storage ring [14] in the
center-of-mass (c.m.) energy (

√
s) range from 1.84 to

4.95 GeV, with a peak luminosity of 1 × 1033 cm−2s−1

achieved at
√
s = 3.77 GeV. BESIII has collected large

data samples in this energy region [15–17]. The cylin-
drical 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 calorime-
ter (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 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 resolu-
tion in the TOF barrel region is 68 ps, while that in the
end cap region was 110 ps. The end cap TOF system was
upgraded in 2015 using multigap resistive plate cham-
ber technology, providing a time resolution of 60 ps [18],
which benefits 83% of the data used in this analysis.
(2.712 ± 0.014) × 109 ψ(3686) [19] events collected by

the BESIII detector are used to search for ηc(2S)/χcJ →
K+K−η′ signal events, including (107.7 ± 0.6) × 106

ψ(3686) events collected in 2009, (345.4 ± 2.6) × 106

ψ(3686) events collected in 2012, and (2259.3±11.1)×106

ψ(3686) events collected in 2021. An additional contin-
uum data set recorded at

√
s = 3.65 GeV with an inte-

grated luminosity of 401 pb−1 [19] is used to determine
the nonresonant continuum background contributions.
Simulated samples produced with a geant4-based [20]

Monte Carlo (MC) package which includes the geomet-
ric description of the BESIII detector and the detector
response, are used to determine the detection efficien-
cy and to estimate the backgrounds. The production of
the ψ(3686) resonance is simulated with the kkmc gen-
erator [21] taking into account the beam energy spread
and initial state radiation in the e+e− annihilations.
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Subsequent decays of the ψ(3686) are modeled with evt-
gen [22] using branching fractions either taken from the
Particle Data Group [6], when available, or otherwise
estimated with lundcharm [23]. Final state radiation
(FSR) from charged final state particles is incorporated
using the photos package [24].

In this analysis, exclusive MC simulations of the sig-
nal reactions ψ(3686) → γηc(2S), γχc1,2 with ηc(2S),
χc1,2 → K+K−η′ are generated, where the η′ is recon-
structed via its two main decay modes η′ → π+π−γ and
η′ → π+π−η with η → γγ. The radiative transition
ψ(3686) → γηc(2S), γχc1,2 is modeled by following the
angular distribution of (1 + λcos2θ), where θ is the po-
lar angle of the radiative photon in the rest frame of the
ψ(3686) state with λ set to be 1 for ηc(2S) and -1/3, 1/13
for χc1 and χc2, respectively [25]. The dynamics in the
χcJ → K+K−η′ decay is considered by using Dalitz plots
as input for the MC generator. For the η′ → π+π−γ de-
cay, a model that takes into account the ρ−ω interference
and box anomaly is used [26]. All other decays are mod-
eled evenly distributed in phase space with evtgen [22].
An inclusive MC simulation is used to study the back-
ground contributions, which includes the production of
the ψ(3686) resonance, the ISR production of the J/ψ,
and the continuum processes incorporated in kkmc [21].
An additional exclusive MC simulation of the reaction
ψ(3686) → K+K−η′ is generated with evtgen [22] to
better investigate background contribution of this pro-
cess.

III. EVENT SELECTION

Charged tracks detected in the MDC are required to be
within a polar angle (θ) range of | cos θ| < 0.93, where θ is
defined with respect to the z-axis, which is the symmetry
axis of the MDC. The distance of the closest approach to
the interaction point must be less than 10 cm along the
z-axis, |Vz|, and less than 1 cm in the transverse plane,
|Vxy|. The helix parameters of the charged tracks in MC
simulation are corrected to improve the consistency be-
tween data and MC simulation [27].

Photon candidates are identified using showers in the
EMC. The deposited energy of each shower must be more
than 25 MeV in both the barrel (| cos θ| < 0.8) and end
cap (0.86 < | cos θ| < 0.92) regions. To suppress electron-
ic noise and energy depositions unrelated to the event,
the difference between the EMC cluster time and the
reconstructed event start time is required to be within
[0, 700] ns.

Charged particle identification (PID) is based on com-
bining the dE/dx and TOF information to construct
a χ2

PID. The values χ2
h−PID(i) are calculated for each

charged track i for each particle hypothesis h (h = π or
K). If there is no valid PID information for the charged
track, the χ2

h−PID(i) value is set to 0.

For the η′ → π+π−γ mode, four charged tracks with
net charge zero and at least two good photon candi-

dates are required. A four-constraint (4C) kinematic
fit is performed to constrain the four-momenta of the
final state particles to the initial one. The best pho-
ton candidates and the species of the charged tracks
in the final state are determined with the minimum
χ2
tot = χ2

4C +
∑4
i=1 χ

2
h−PID(i), where χ

2
4C is given by the

4C kinematic fit and χ2
h−PID(i) is taken from PID. To

suppress background events and to select η′ → π+π−γ
candidates, only the events satisfying χ2

4C < 25 and
0.94 GeV/c2 < Mπ+π−γ < 0.97 GeV/c2 are kept for
the further analysis. Here, Mπ+π−γ denotes the invari-
ant mass of π+π−γ. If both π+π−γ combinations can
meet the selection requirements, both are retained. The
fraction of events with two entries is about 1.6% in data.

For the η′ → π+π−η, η → γγ mode, four charged
tracks with net charge zero and at least three good pho-
ton candidates are required. The photon pair passing a
1C kinematic fit is regarded as η candidate, in which the
γγ invariant mass, Mγγ , is constrained to the nominal
mass of η [6]. If there is more than one η candidate in
the event, all possible combinations are kept. Similarly,
a 4C kinematic fit is performed, and the best photon
candidate, η candidate, and the species of the charged
tracks in the final state are determined with the mini-
mum χ2

tot = χ2
1C + χ2

4C +
∑4
i=1 χ

2
h−PID(i). To suppress

background contributions from other decays and to select
the η → γγ and η′ → π+π−η candidates, only the events
satisfying χ2

4C < 20, 0.52 GeV/c2 < Mγγ < 0.57 GeV/c2,
and 0.93 GeV/c2 < Mπ+π−η < 0.98 GeV/c2 are kept for
the further analysis, whereMπ+π−η is the invariant mass
of the π+π−η system.

The requirements of χ2
4C in these two modes are opti-

mized taking the maximum of the figure-of-merit (FOM)
defined as S/

√
S +B, where S and B are the expected

yields of the ηc(2S) signal and background events, respec-
tively, in the ηc(2S) signal region defined as (3.60, 3.70)
GeV/c2. S is calculated based on an assumed branch-
ing fraction of B(ηc(2S) → K+K−η′) = B(ηc(2S) →
K+K−η) = 5 × 10−3 [6]. B is taken from the inclusive
MC sample and scaled to data according to the total
number of ψ(3686) event. The mass window require-
ments for η and η′ candidates correspond to three times
the mass resolution determined via fitting the corre-
sponding invariant mass distributions Mγγ and Mππη, γ

from data with a sum of two Gaussian functions.

Special requirements are placed to suppress vari-
ous background contributions, the details are listed in
Table I. For the η′ → π+π−γ mode, the background
events from ψ(3686) → K+K−π+π−π0/η are exclud-
ed by requiring Mγγ to be outside the π0 and η mass
windows. The background events from ψ(3686) →
γχcJ (χcJ → γJ/ψ, J/ψ → K+K−π+π− or χcJ →
K+K−π+π−) are excluded by requiring the invariant
mass of the K+K−π+π− system (MK+K−π+π−) to be
outside the J/ψ and χcJ (J = 0, 1, 2) mass windows.
The background events from ψ(3686) → π+π−J/ψ are
excluded by requiring the recoil mass of the π+π− pairs
(M recoil

π+π−) to be outside the J/ψ mass window. The back-



6

ground events from ψ(3686) → η′ϕ, ϕ→ K+K− are ex-
cluded by requiring the invariant mass of the K+K− sys-
tem (MK+K−) to be outside the ϕ mass window. These
requirements are named π0 veto, η veto, J/ψ veto, χcJ

(J = 0, 1, 2) veto, π+π−J/ψ veto, and ϕ veto, respective-
ly.

TABLE I. The mass windows used to veto background con-
tributions.

η′ → π+π−γ mode
Veto Mass window (GeV/c2)
π0 0.122 < Mγγ < 0.146
η 0.526 < Mγγ < 0.566
J/ψ 3.08 < MK+K−π+π− < 3.12

χcJ(J = 0) 3.37 < MK+K−π+π− < 3.43
χcJ(J = 1) 3.48 < MK+K−π+π− < 3.51
χcJ(J = 2) 3.53 < MK+K−π+π− < 3.54
π+π−J/ψ 3.091 < M recoil

π+π− < 3.103
ϕ MK+K− < 1.03

η′ → π+π−η mode
Veto Mass window (GeV/c2)

π0(γγη) 0.118 < Mγγη < 0.150
ηJ/ψ 3.070 < M recoil

η < 3.133
ϕ MK+K− < 1.03

For the η′ → π+π−η mode, the background events
from ψ(3686) → K+K−π+π−π0 are excluded by requir-
ing Mγγη to be outside the π0 mass window. Here γη
refers to the photon used to reconstruct η. The back-
ground events from ψ(3686) → ηJ/ψ are excluded by
requiring the recoil mass of η (M recoil

η ) to be outside
the J/ψ mass window. The background events from
ψ(3686) → η′ϕ, ϕ → K+K− are excluded by requir-
ing MK+K− to be outside the ϕ mass window. These are
named π0 veto, ηJ/ψ veto, and ϕ veto, respectively.

After above selection and by using the signal MC sim-
ulations, the signal detection efficiencies for the χc1 →
K+K−η′, χc2 → K+K−η′, and ηc(2S) → K+K−η′

signal channels are (17.7 ± 0.1)%, (19.7 ± 0.1)%, and
(14.3±0.1)% for the η′ → π+π−γ mode, and (9.9±0.1)%,
(10.9±0.1)%, and (8.9±0.1)% for the η′ → π+π−η mode.

IV. BACKGROUND ESTIMATION

The background contribution is studied with the in-
clusive MC sample and the continuum data. In the
η′ → π+π−γ mode, about 99.7% of the background
events come from processes without η′ as an intermediate
state (non-η′ processes). In the η′ → π+π−η mode, the
dominant background contribution is also from the non-
η′ processes, which is about 90.1% of the background
events. Among the remaining background processes,
ψ(3686) → K+K−η′ events are accumulated close to the
ηc(2S) signal and are treated separately.

A. ψ(3686) → K+K−η′ background

Using the 4C kinematic fit information for the
final state particles, background contributions from
ψ(3686) → K+K−η′(γFSR) processes create a peak-
ing structure close to the ηc(2S) mass in the invariant
mass distribution of the K+K−η′ system, that also con-
taminates the ηc(2S) signal. In order to better differ-
entiate between the ηc(2S) signal and the ψ(3686) →
K+K−η′(γFSR) background contributions, a 3C kine-
matic fit is performed, in which the energy of the ra-
diative photon is not used as input [8]. In Fig. 1, a com-
parison between the results of the 3C and 4C fits are
presented for MK+K−η′ showing that the peak from the
ψ(3686) → K+K−η′(γFSR) events is pulled towards the
ψ(3686) peak in the 3C fit.
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FIG. 1. Comparison of the MK+K−η′ distributions of the
signal MC events from the 3C fit (blue solid line) and 4C fit
(red dashed line), and those of the exclusive MC simulation
of ψ(3686) → K+K−η′ from the 3C fit (black dashed-dotted
line) and 4C fit (black dashed line).

The tail on the left side of the black dashed-dotted
curve of the 3C case in Fig. 1 for the background con-
tribution is caused by FSR. The difference of the FSR
ratio between data and MC simulation has been stud-
ied in a previous work using ψ(3686) → γχc0, χc0 →
π+π−K+K− [28]. There the FSR correction factor

fFSR = Rdata
FSR/R

MC
FSR (1)

is determined to be 1.39±0.08±0.04, where Rdata
FSR is the

ratio of events with and without FSR in data, and RMC
FSR

is the same ratio for MC simulations.

The fraction of MC events with and without FSR is
corrected with f , and the line shape of M3C

K+K−η′ from

the corrected MC sample, as shown in Fig. 1, is used in
the fit to the M3C

K+K−η′ distribution from data to extract

the signal yield.
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FIG. 2. The left figures show fits to the (a) Mπ+π−γ and (c) Mπ+π−η distributions of the accepted candidate events in data
(black dots with error bars). The red solid curves are the fit result, the dashed lines are the signal component, and the blue
dashed lines represent the background contribution. The pair of blue arrows indicate the η′ signal region, and the two pairs
of green arrows are the sideband regions. The right figures show comparisons of the M3C

K+K−η′ distributions between data

and MC simulations for the η′ → π+π−γ mode (b) and for the η′ → π+π−η mode (d). The red dashed histograms are the
non-η′ background events estimated with the η′ sideband events in data, the blue solid histograms represent non-η′ background
events estimated with the inclusive MC sample, the purple solid histograms show the background contribution containing η′

in the final state estimated using the inclusive MC sample, and the green filled histograms show the background contribution
from ψ(3686) → K+K−η′ estimated using the MC simulation. The red dashed histograms and the green filled histograms are
stacked.

B. Non-η′ background

The non-η′ background contribution is estimated using
events in η′ sideband regions. The Mπ+π−γ distribution
is fitted to determine the signal and sideband regions
and the scale factor between the η′ signal and sideband
regions. The scale factor is calculated using the number
of background events in the signal region and the sum
of the number of background events in both sideband
regions. These number of background events are deter-
mined using the background line shape with parameters
fixed to the fitted values.

For the η′ → π+π−γ mode, the sideband regions are
defined as [0.8, 0.9] GeV/c2 and [1.0, 1.1] GeV/c2. The

scale factor is determined to be 0.194. In the fit, the
η′ signal is described by an MC simulated shape con-
volved with a Gaussian function to account for differ-
ences in the detector resolution between data and MC,
and the background is described by a sixth-order polyno-
mial function. The fit result is shown in Fig. 2(a). The
fit quality, obtained by performing a χ2 test of the fit-
ted curve and the binned mass spectrum, is χ2/ndf =
247.2/190 = 1.3. Here ndf is the number of degrees of
freedom. There is a small and non-smooth background
contribution on the right of the η′ peak caused by the
misselection of the photon. The effect on the sideband
estimation is taken into account in the systematic un-
certainty. For the η′ → π+π−η mode, the sideband re-
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gions are [0.85, 0.90] GeV/c2 and [1.0, 1.1] GeV/c2, and
the scale factor is 0.162. They are determined using the
same method as for the η′ → π+π−γ mode, except that
the background is described by a third-order polynomial
function. The fit result is shown in Fig. 2(c) and the fit
quality is χ2/ndf = 137.7/168 = 0.8.
Figures 2(b) and 2(d) show the comparison of the

M3C
K+K−η′ distributions from data together with select-

ed background components estimated either with the η′

sideband events from data, or with the inclusive and ex-
clusive MC simulations. The comparison shows that the
non-η′ background events estimated from the η′ sideband
region (red dashed curve) can describe the non-η′ back-
ground of inclusive MC (blue curve).

C. Background including η′

The background contribution containing η′ in the fi-
nal state is about 0.3% for the η′ → π+π−γ mode and
9.9% for the η′ → π+π−η mode, estimated using the in-
clusive MC sample. In Figs. 2(b) and 2(d), the purple
solid histograms show the M3C

K+K−η′ distributions of this

background contribution. They are smoothly distribut-
ed, thus could be fitted to a polynomial function.

D. Continuum contribution

The background contribution from the continuum
process is estimated using the continuum data set at√
s =3.650 GeV. The event selections applied to this da-

ta sample are the same as for the ψ(3686) data sample,
except that the c.m. energy is changed from 3.686 GeV
to 3.650 GeV in the kinematic fit. Considering the dif-
ference of the c.m. energies, the M3C

K+K−η′ (m in Eq.(2))

from the continuum data is shifted and corrected by

mshifted → a(m−m0) +m0, (2)

where m0 = 1.945 GeV/c2 is the mass threshold
for K+K−η′ which should not be shifted, a =
(3.686 GeV/c2 − m0)/(3.650 GeV/c2 − m0) = 1.021 is
the shift coefficient for

√
s = 3.650 GeV to ensure that

the events at 3.650 GeV are shifted to 3.686 GeV. The
M3C
K+K−η′ distributions before and after the shift are

shown in Fig. 3.
The mass spectrum of M3C

K+K−η′ is normalized based

on the differences in the integrated luminosity and cross
section. For the continuum data set at 3.650 GeV, the
scale factor is calculated via

fcontinuum =
L3.686

L3.650
× σ3.686
σ3.650

= 8.31, (3)

where L3.686 = 3.4 fb−1 and L3.650 = 401 pb−1 [19] are
the integrated luminosities at 3.686 GeV and 3.650 GeV,
respectively, and σ is the production cross section, which
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FIG. 3. The M3C

K+K−η′ distributions for the (a) η′ → π+π−γ

and (b) η′ → π+π−η modes from the continuum data at 3.650
GeV. The blue dots with error bars are before the mass shift,
the black dots with error bars are after the mass shift.

is assumed to be proportional to 1/s. The shape and the
estimated continuum background yield of the continuum
data sample with applied scaling factor are used to fit
the data.

V. SIGNAL EXTRACTION

The signal yields are determined from an unbinned
maximum likelihood fit to the M3C

K+K−η′ spectra of the

η′ → π+π−γ and η′ → π+π−η mode simultaneously.
The function used in the fit is defined as

PDFtotal = N sig · S +

4∑
i=1

Nbkg
i ·Bi. (4)

Here, N sig and Nbkg
i represent the numbers of signal

events and background events, and S and Bi are the sig-
nal and background PDFs.
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FIG. 4. The simultaneous fit to the M3C
K+K−η′ distributions in the whole fit range in (a) and (c), and the range only containing

ηc(2S) signal in (b) and (d). The dots with error bars are data, the red solid curves correspond to the best fit result, the
blue dashed lines show the ηc(2S) and χcJ (J = 1, 2) signal shapes, the purple dashed lines represent the contribution from
ψ(3686) → K+K−η′, the green dashed lines show the non-η′ contribution from the η′-sideand events from data, the black
dashed lines are the continuum contribution, and the cyan dashed lines represent the remaining background.

The signal PDF is given by

S = [(E3
γ×fd(Eγ)×BW (m))⊗DG(m)×ϵ(m)]⊗G(δm, δσ),

(5)
where m corresponds to the M3C

K+K−η′ distributions af-

ter the 3C kinematic fit, Eγ is the energy of the ra-
diative photon in the rest frame of the ψ(3686), and
BW (m) is the relativistic Breit-Wigner function used
to describe the resonance. The mass and total width
are fixed to the PDG values for ηc(2S) [6] and are
free parameters for χc1,2. The factor E3

γ is intro-
duced due to the energy dependence of the transi-
tion matrix element from the radiative photon ener-
gy in the radiative magnetic diplole transition process.
The function fd(Eγ) damps the diverging tail raised by
E3
γ . It is adapted from previous work by the KEDR

Collaboration [29] with fd(Eγ) =
E2

0

EγE0 + (Eγ − E0)2
,

where E0 =
M2
ψ(3686) −M2

ηc(2S)/χcJ

2Mψ(3686)
is the most prob-

able energy of the radiative photon. DG(m) repre-
sents the mass resolution, determined by fitting ∆M =
M3C
K+K−η′ −M

true
K+K−η′ with a sum of two Guassian func-

tions. Here, M3C
K+K−η′ is the invariant mass of K+K−η′

from the 3C kinematic fit and M true
K+K−η′ is the mass at

generator level. ϵ(m) denotes the efficiency curve, which
is obtained from the signal MC simulations and param-
eterized by a generalized ARGUS function [30], defined
as

ϵ(m) = m(1− (
m

m0
)2)p × ec(1−( m

m0
)2), (6)

where m0 = 3.67 GeV/c2 is the kinematic limit (cut-
off) corresponding to the ηc(2S) mass including detec-
tor resolution. The parameters p and c are determined
to be p = 0.311, c = −2.74 for η′ → π+π−γ and
p = 0.238, c = −2.04 for η′ → π+π−η. To account
for the mass resolution difference between data and MC
simulations, an additional Gaussian function, G(δm, δσ)
is included. For the χcJ signals, the parameters of this
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Gaussian function are floated, while for the ηc(2S) signal
they are fixed to the values extrapolated from χcJ with a
linear assumption, which are δm = (0.12±0.18) MeV/c2

and δσ = (−0.87 ± 1.87) MeV/c2 for the η′ → π+π−γ
mode, δm = (−6.52 ± 2.73) MeV/c2 and δσ = (5.39 ±
5.06) MeV/c2 for the η′ → π+π−η mode. The mass and
width of χc1,2 determined from the fit are consistent with
the results from PDG.

In the simultaneous fit, the branching fraction of
ηc(2S)/χcJ → K+K−η′, Bsig is the same for the two
η′ modes, it is connected to the number of signal events
via

Bsig =
N sig

Nψ(3686) · B(ψ(3686) → γηc(2S)/χcJ) · ϵ̄
, (7)

where ϵ̄ = B(η′ → π+π−γ) · ϵ1 +B(η′ → π+π−η) · B(η →
γγ)·ϵ2 is the average detection efficiency, B is the branch-
ing fraction of the corresponding process, ϵ1 and ϵ2 are
the signal detection efficiencies for the η′ → π+π−γ and
η′ → π+π−η modes, respectively.

The background contributions have been well estimat-
ed in section IV. They are decomposed into four com-
ponents: the ψ(3686) → K+K−η′ background (B1),
the non-η′ background (B2), the continuum contribu-
tion (B3), and the remaining backgrounds (B4). The B1

shape is taken from the ψ(3686) → K+K−η′ MC simu-
lation, corrected by the FSR ratio f , the B2(3) line shape
is directly determined from data, and B4 is a second-

order polynomial function. Nbkg
1 and Nbkg

4 are free pa-

rameters in the fit, while Nbkg
2 and Nbkg

3 are fixed. We
added a truncation at 3.686 GeV/c2 to the line shape of
the continuum sample and η′-sideband to account for the
kinematic boundary.

The fit results are shown in Fig. 4, and the fit quality is
χ2/ndf = 228.2/145 = 1.6. The results for the branching
ratios are summarized in Table II. The spectra from the
two decay modes are also fitted separately, the results are
consistent with each other. An input and output check
is performed to check the bias of the fit procedure, the
output values are consistent with the input ones. The
statistical significance of the ηc(2S) signal is estimated
to be 3.1σ, calculated using the difference of the loga-
rithmic likelihoods [31], -2ln(L0/Lmax). Here Lmax and
L0 are the maximized likelihoods with and without the
ηc(2S) signal component, respectively. The difference in
the number of degrees of freedom (∆ndf=1) has been
taken into account.

VI. SYSTEMATIC UNCERTAINTY
ESTIMATION

The systematic uncertainties in the branching fraction
measurements are summarized in Table III. They are
classified in two categories: the multiplicative terms and
the additive terms.

The multiplicative terms refer to the uncertainties due
to the total number of ψ(3686) events, the detector effi-

ciency, and the branching fractions. They are estimated
separately for the two η′ decay modes. Varying the cor-
responding values by ±1σ, the changes on the average
detection efficiency is assigned as the systematic uncer-
tainty. They are described in detail in the following.
The total number of ψ(3686) event is determined to be

(27.12± 0.14)× 108 [19]. Its uncertainty is 0.5%.
The uncertainty from the tracking is assigned to be 1%

per track using the control samples of J/ψ → π0π+π−

or J/ψ → K0
SKπ + c.c [32]. The uncertainty from the

photon reconstruction is studied using the control sam-
ples J/ψ → ρ0π0 and e+e− → γγ [33], and is assigned to
be 1.0% per photon.
The uncertainties from the branching fractions of η′ →

π+π−γ, η′ → π+π−η, and η → γγ are 1.4%, 1.2%, and
0.5%, respectively. The uncertainties from the branch-
ing fractions of ψ(3686) → γηc(2S), χc1, and χc2 are
38.2% [34], 2.5%, and 2.1% [6], respectively.

The Dalitz plot, momentum, and cosθ distributions
of K+, K−, and η′ in the signal MC samples produced
with the body3 model are basically consistent with the
distributions in data. Therefore, the uncertainty from
the MC generator is estimated by changing the number
of bins of the input Dalitz plot. Due to limited statistics
of the MC samples used, a 0.1% uncertainty is taken for
each decay.

In the kinematic fit, the helix parameters of charged
tracks in MC samples have been corrected to improve
the consistency between data and MC simulations [27].
Half of the differences of efficiencies with and without the
helix parameter correction are taken as the systematic
uncertainties. This is a conservative estimation, as the
uncertainties of the correction factors are at 10% level,
and the difference between data and MC simulation in
the χ2

4C distributions after the correction is much smaller
than that before.

For the uncertainty arising from the mass window re-
quirements of η and η′, the Mη and Mη′ distributions
from data are fitted with the corresponding simulated
shapes convolved with a Gaussian resolution function.
The η and η′ distributions from the signal MC samples
are smeared with the resultant Gaussian function. The
change of the signal detection efficiency is taken as the
uncertainty.

The uncertainties due to different mass vetoes are ex-
amined via a Barlow test [35]. A significant deviation
(ζ) between the nominal result and the systematic test
is defined as

ζ =
|Bsig

nominal − Bsig
test|√

|σ2
Bsig

nominal

− σ2
Bsig

test

|
, (8)

where σB is the statistical error of the branching fraction.
We vary the veto mass windows used and repeat the si-
multaneous fit. The obtained ζ distribution shows no
significant deviation. As a conservative estimation, the
maximum difference in the branching fraction is taken as
the systematic uncertainty. The systematic uncertainty
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TABLE II. Branching fractions for the three different signal reactions. The first uncertainty is statistical and the second is
systematic. For ηc(2S) → K+K−η′, the third uncertainty is from B[ψ(3686) → γηc(2S)].

Channel B (×10−4) PDG (×10−4)
ηc(2S) → K+K−η′ 12.24± 4.60(stat.)± 2.37(syst.)± 4.68(extr.) -
χc1 → K+K−η′ 8.47± 0.09(stat.)± 0.47(syst.) 8.8± 0.9
χc2 → K+K−η′ 1.53± 0.04(stat.)± 0.08(syst.) 1.94± 0.34

TABLE III. Systematic uncertainties for the branching fraction measurements [%]. For ηc(2S) → K+K−η′, the value in
parentheses is the total systematic uncertainty without the uncertainty from B(ψ(3686) → γηc(2S)).

Source ηc(2S) → K+K−η′ χc1 → K+K−η′ χc2 → K+K−η′

Multiplicative term
Total number of ψ(3686) events 0.5 0.5 0.5

Tracking 4.0 4.0 4.0
Photon reconstruction 2.3 2.3 2.3
B(η′ → π+π−γ/η) 1.5 1.5 1.5

B(ψ(3686) → γηc(2S)/χcJ) 38.2 2.5 2.1
MC statistics 0.1 0.1 0.1
MC generator - 0.6 0.0
Kinematic fit 1.1 0.8 1.1
η mass window 0.0 0.0 0.0
η′ mass window 0.2 0.2 0.2

All background veto 3.7 0.0 0.3
Additive term

FSR factor 1.3 0.1 0.2
Number of continuum events 3.8 0.0 0.0

Shape of continuum 13.4 0.2 0.3
Shape of non-η′ events 4.3 0.1 0.2

Shape of ψ(3686) → K+K−η′ 5.2 0.0 0.1
Shape of other background 0.2 0.2 0.1

Region of η′ sideband 4.4 0.1 0.2
Number of non-η′ events 1.8 0.0 0.2
Damping function form 2.9 0.0 0.2
First kind of resolution 3.2 0.5 0.1

Second kind of resolution(δm) 5.5 - -
Second kind of resolution(δσ) 3.7 - -

Efficiency curve 1.3 0.2 0.3
Mass of ηc(2S) 3.1 0.1 0.1
Width of ηc(2S) 1.1 0.0 0.1

Total 42.9 (19.4) 5.6 5.5

caused by different vetoes estimated by the Barlow tests
is mainly caused by statistical fluctuations. Therefore,
for vetoes where there is no obvious trend and ζ is less
than 2, the systematic uncertainty of ηc(2S) and χc1,2
is set to be 0. Taking the π0 veto in the η′ → π+π−γ
mode for example, we vary the requirement on Mγγ to
be (0.110, 0.158), (0.112, 0.156), (0.114, 0.154), (0.116,
0.152), (0.118, 0.150), (0.120, 0.148), (0.122, 0.146),
(0.124, 0.144) GeV/c2. For other mass vetoes, the mass
windows are changed using the similar method, as de-
tailed in Table IV.

The additive terms are related to the determination of
Nsig from the fit. Different fit conditions are tested in
the simultaneous fit, and the difference on the branching

fraction is taken as systematic uncertainty. These are
introduced in the following.

The uncertainty due to the FSR is estimated by vary-
ing the factor of fFSR = 1.39± 0.08± 0.04 [28] by ±1σ.

The uncertainty from the number of continuum events
introduced by the σ in Eq. (3) is estimated by chang-
ing 1/s to 1/sn, where n=1.5 or 3. Here the value of n is
taken from Ref. [38], where several e+e− → light hadron
processes are measured, and the dependency of the cross
section on s varies from 1.5 to 3. The number of con-
tinuum events is fixed to the values estimated using the
new scale factor, the changes on the branching fraction
is taken as uncertainty.

In the nominal fit, the line shapes of B1,2,3 are ex-
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TABLE IV. The mass window variations (in unit of GeV/c2)
used to estimate the uncertainties for all mass vetoes.

η′ → π+π−γ mode
Veto Lower limit Upper limit Step
π0 (0.110, 0.124) (0.144, 0.158) 0.002
η (0.518, 0.532) (0.560, 0.574) 0.002
J/ψ (3.072, 3.086) (3.114, 3.128) 0.002

χcJ(J = 0) (3.365, 3.372) (3.428, 3.435) 0.001
χcJ(J = 1) (3.475, 3.482) (3.508, 3.515) 0.001
χcJ(J = 2) (3.525, 3.532) (3.538, 3.545) 0.001
π+π−J/ψ (3.086, 3.093) (3.101, 3.108) 0.001

ϕ - (1.028, 1.035) 0.001

η′ → π+π−η mode
Veto Lower limit Upper limit Step

π0(γγη) (0.114, 0.121) (0.147, 0.154) 0.001
ηJ/ψ (3.060, 3.074) (3.129, 3.143) 0.002
ϕ - (1.028, 1.035) 0.001

tracted from MC simulated sample or data samples us-
ing RooKeysPdf [36]. The uncertainty from the corre-
sponding line shape is estimated by replacing it with
RooHistPdf [37]. As for B4, it is changed from a second-
order polynomial function to the line shape extracted
from the background events including η′ from the inclu-
sive MC sample using RooKeysPdf.

The uncertainty due to the scale factor of the non-η′

background events is estimated by replacing the parame-
ters of the background line shape with alternative values,
which are obtained from a multi-dimensional Gaussian
sampling. In the sampling, the covariance matrix from
the fit to Mπ+π−γ (Mπ+π−η) is used as input. A total
of 10000 samplings are performed, thereby giving 10000
different scale factors and numbers of non-η′ background
events. A Gaussian fit is performed on this distribu-
tion, the obtained standard deviation of the Gaussian
distribution is regarded as the uncertainty of the num-
ber of non-η′ background events. The number of non-η′

background events is varied by ±1σ in the simultaneous
fit to estimate the systematic uncertainty. Additional
systematic uncertainty from non-η′ background events is
considered in the η′ → π+π−γ mode by changing the
right sideband region from [1.0, 1.1] GeV/c2 to [1.002,
1.098] GeV/c2 and [0.998, 1.102] GeV/c2, given the fit
shown in Fig. 2(a) is not perfect on the right side of the
η′ peak.

The uncertainty from the damping function is eval-
uated with an alternative damping function used by
the CLEO [39] Collaboration, fd(Eγ) = exp(−E2

γ/8β
2).

The uncertainty from parametrizing the efficiency curve
is estimated by changing the ARGUS function into
RooHistPDF. The uncertainty from the fixed mass and
width of ηc(2S) is estimated by varying them by ±1σ.
To estimate the uncertainty from the parameterization
of the mass resolution of signal, we use RooKeysPdf to
replace the double Gaussian function. The systematic

uncertainty from the mass resolution difference between
data and MC simulations is considered by varying δm
and δσ by ±1σ for ηc(2S). There is no such term for χc1
and χc2, since the parameters of the Gaussian function
are free parameters in the fit.

VII. UPPER LIMIT OF THE BRANCHING
FRACTION

Since the significance of ηc(2S) → K+K−η′ is just
above 3σ, we also determine the upper limit on the
product branching fraction of B[ψ(3686) → γηc(2S)] ×
B[ηc(2S) → K+K−η′] at 90% confidence level (C.L.) us-
ing a Bayesian method [40].
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FIG. 5. The likelihood distribution as a function of the
branching fraction of B(ψ(3686) → γηc(2S) × ηc(2S) →
K+K−η′). The blue solid line shows the likelihood distri-
bution considering additive uncertainties, and the red solid
line shows the likelihood distribution considering all uncer-
tainties.

The systematic uncertainty effects on the upper limit
of the product branching fraction are considered in two
steps. For additive terms, the largest upper limit of the
branching fraction from different fit conditions is chosen.
The multiplicative systematic uncertainties are incorpo-
rated by convolving the likelihood distribution with a
Gaussian function [41]. The likelihood distributions are
shown in Fig. 5. The upper limit on the product branch-
ing fraction of B[ψ(3686) → γηc(2S)] × B[ηc(2S) →
K+K−η′] at 90% C.L is determined to be 1.14× 10−6.

VIII. SUMMARY

Using (2.712 ± 0.014) × 109 ψ(3686) events collect-
ed by the BESIII detector, we have searched for the
decay ηc(2S) → K+K−η′ in ψ(3686) radiative de-
cays with the two decay modes η′ → π+π−γ and
η′ → π+π−η. The branching fraction of B[ψ(3686) →
γηc(2S)]×B[ηc(2S) → K+K−η′] is (6.37± 2.39(stat.)±
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1.24(syst.))× 10−7. The branching fraction of ηc(2S) →
K+K−η′ is measured to be (12.24 ± 4.60(stat.) ±
2.37(syst.)±4.68(extr.))×10−4, using the branching frac-
tion of ψ(3686) → γηc(2S) = (5.2 ± 0.3 ± 0.5+1.9

−1.4) ×
10−4 [34]. The statistical significance of ηc(2S) →
K+K−η′ is 3.1σ. The upper limit on the product
branching fraction of B(ψ(3686) → γηc(2S)× ηc(2S) →
K+K−η′) at 90% C.L is determined to be 1.14× 10−6.
The branching fractions of χc1,2 → K+K−η′ are deter-

mined to be (8.47± 0.09(stat.)± 0.47(syst.))× 10−4 and
(1.53± 0.04(stat.)± 0.08(syst.))× 10−4 for χc1 and χc2.
These results are consistent with the previous measure-
ment [6] (considering the correlation between this and the
previous measurement), but with significantly improved
precision.
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FIG. 6. The comparison of Q between this study and other
hadronic decay modes [7, 9, 10]. Dots with error bars are data
and the vertical lines show Q = 0.133 and Q = 1.

Combining our branching fraction of ηc(2S) →
K+K−η′ and that of ηc(1S) → K+K−η′ from the BaBar
Collaboration [43], we determine the branching fraction
ratio to be

Q =
B(ηc(2S) → K+K−η′)

B(ηc(1S) → K+K−η′)
=

(12.24± 6.98)× 10−4

(0.87± 0.18)× 10−2
,

= 0.141± 0.086,
(9)

where the uncertainty includes the statistical and sys-
tematic uncertainties. The correlated uncertainties, e.g.
those from the branching fractions of the η′ decays are
canceled. The comparison of Q from this study and in
other hadronic decay modes are shown in Fig. 6. The here
obtained Q is closer to the predicted value of 12% from

Ref. [4], although the uncertainty is large. Especially
for the decay channels ηc(2S) → pp̄, ηc(2S) → KK̄π,
ηc(2S) → ππη′, and ηc(2S) → ππη, the central values of
Q is closer to 12%. More investigations on other decay
modes and with improved precision are desired to unveil
the underlying mechanism.
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