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channel hc → KþK−πþπ−π0 is observed for the first time and has a measured significance of 6.0σ.

aAlso at Bogazici University, 34342 Istanbul, Turkey.
bAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
cAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
dAlso at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.
eAlso at Istanbul Arel University, 34295 Istanbul, Turkey.
fAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
gAlso 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.
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, MA, 02138, USA.
jCurrently at: Institute of Physics and Technology, Peace Ave.54B, Ulaanbaatar 13330, Mongolia.
kAlso at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.
lSchool of Physics and Electronics, Hunan University, Changsha 410082, China.
mAlso at Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,

Guangzhou 510006, China.

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.

SEARCH FOR NEW HADRONIC DECAYS OF HC AND … PHYS. REV. D 102, 112007 (2020)

112007-3

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.112007&domain=pdf&date_stamp=2020-12-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


The corresponding branching fraction is determined to be Bðhc→KþK−πþπ−π0Þ¼ð3.3�0.6�0.6Þ×10−3

(where the uncertainties are statistical and systematic, respectively). Evidence for the decays hc → πþπ−π0η
and hc → K0

SK
�π∓πþπ− is found with a significance of 3.6σ and 3.8σ, respectively. The corresponding

branching fractions (and upper limits) are obtained to be Bðhc → πþπ−π0ηÞ ¼ ð7.2� 1.8� 1.3Þ × 10−3

ð<1.8 × 10−2Þ andBðhc → K0
SK

�π∓πþπ−Þ ¼ ð2.8� 0.9� 0.5Þ × 10−3 (<4.7 × 10−3).Upper limits on the
branching fractions for the final states hc → KþK−π0, KþK−η, KþK−πþπ−η, 2ðKþK−Þπ0, KþK−π0η,
K0

SK
�π∓, and pp̄π0π0 are determined at a confidence level of 90%.

DOI: 10.1103/PhysRevD.102.112007

I. INTRODUCTION

Although the charmonium spectrum below the open-
charm threshold seems to be well understood, it still
generates unanswered questions. This is because the
charmonium states are located in the transition region of
perturbative and non-perturbative quantum chromodynam-
ics (QCD) and theoretical predictions suffer therefore from
large uncertainties [1–4]. The study of charmonium states
and their decays is therefore crucial for gaining a deeper
understanding of the intermediate-energy regime of QCD,
while QCD has been tested successfully at high energies
[5]. For the hc, χcJ and ηcð2SÞ states, most of the decay
channels are still unknown. Since the discovery of the spin-
singlet charmonium state hcð1P1Þ in 2005 [6,7], there have
been only a few measurements of its decays. Contrary to
the fact that hc → γηc is the prominent decay channel in
every calculation, the predictions of the decay process
hc → light hadrons range from 14%–48% [1–4] depending
on the theoretical model. Therefore experimental measure-
ments are needed to test and improve the theoretical
models.
Experimental challenges arise from the limited statistics

since these nonvector states cannot be produced directly in
eþe− annihilation. The best-measured decay mode is the
radiative transition hc → γηc, occurring in 51% of all
decays [8–10], while the sum of all other known branching
fractions is less than 3% [11]. Among these measurements,
the multi-pionic decay hc → 2ðπþπ−Þπ0 has been con-
firmed recently by the BESIII collaboration [12] after the
first evidence was reported by CLEO-c [13]. Furthermore,
BESIII observed the decay mode hc → pp̄πþπ− and
reported evidence for the decay hc → πþπ−π0. The pre-
vious analyses mainly studied multipionic final states, but
this analysis focuses on hadronic final states containing
kaons as they could lead to intermediate resonances such as
ϕ and exited kaon states. After radiative decays of the hc to
ηð0Þ have been observed, the study of decays involving light
vector-states different from the photon will be an extension
of these observations. Finally, the observation of hc →
pp̄πþπ− motivated us to study the decay with neutral
pions, as it could give additional information on baryonic
intermediate states.

From these considerations, the following ten final states
are chosen to search for undiscovered decay channels of the
hc: (i) hc → KþK−πþπ−π0, (ii) hc → πþπ−π0η, (iii) hc →
K0

SK
�π∓πþπ−, (iv) hc → KþK−π0, (v) hc → KþK−η,

(vi) hc → KþK−πþπ−η, (vii) hc → 2ðKþK−Þπ0, (viii) hc →
KþK−π0η, (ix) hc → K0

SK
�π∓, and (x) hc → pp̄π0π0.

These are referenced in this manuscript by roman numbers
(i; ii;…; x). In this analysis the hc meson is produced via
ψð3686Þ → π0hc using a data sample of ð448.1� 2.9Þ ×
106 ψð3686Þ events [14] collected with the BESIII detector.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer [15]
located at the Beijing Electron Positron Collider (BEPCII)
[16]. 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 of charged
particles and photons is 93% over the 4π solid angle.
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 part is 68 ps, while that of the end cap part is 110 ps.

GEANT4-based [17,18] Monte Carlo (MC) simulations
are used to study the detector response and to estimate
background contributions. Inclusive MC samples are pro-
duced to estimate the contributions from possible back-
ground channels. The production of the initial ψð3686Þ
resonance in eþe− annihilation is simulated using the MC
event generator KKMC [19,20]. Its known decay modes are
modeled with EvtGen [17,18] using the world average
branching fraction values [21], while the remaining
unknown decays are generated using LUNDCHARM [22].
GEANT4 is used to simulate the particle propagation through
the detector system. The simulation includes the beam-
energy spread and initial-state radiation (ISR) in the eþe−
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annihilations. In addition, exclusive MC samples contain-
ing one million events are generated using the phase-space
model (PHSP) for each signal mode to optimize the
selection criteria and to study the efficiency.

III. DATA ANALYSIS

Each charged track reconstructed in the MDC is required
to originate from a region of 10 cm of the interaction point
along the beamdirection and 1 cm in the plane perpendicular
to the beam. The polar angle θ of the tracks must be within
the fiducial volume of theMDC j cos θj < 0.93. Tracks used
in reconstructing K0

S mesons are exempted from these
requirements except for the j cos θj < 0.93. The TOF and
dE=dx measurements for each charged track are combined
to compute particle identification (PID) confidence levels
for pion, kaon and proton hypotheses. The track is assigned
to the particle typewith the highest confidence level and that
level is required to be larger than 0.001.
Photon candidates are reconstructed from electromagnetic

showers produced in the crystals of the EMC. A shower is
treated as a photon candidate if the deposited energy is larger
than 25MeV in the barrel region ðj cos θj < 0.8Þ or 50MeV
in the end cap region ð0.86 < j cos θj < 0.92Þ. The timing
of the shower is required to be within 700 ns from the
reconstructed event start time to suppress noise and energy
deposits unrelated to the event. To remove Bremsstrahlung
photons, the angle between the photon and the extrapolated
impact point in the EMCof the nearest charged trackmust be
larger than 10° for charged pions and kaons and 20° for
protons, respectively.
Following the application of a vertex fit that constraints

all charged tracks to arise from a common interaction point,
a kinematic fit, constraining the total energy and momen-
tum to the initial four momentum, is performed to further
improve the momentum resolution and to suppress back-
ground. Final states containing a K0

S undergo a secondary
vertex fit, which ensures that the daughter pions were
produced at a common vertex. A K0

S candidate is accepted
if 487 < Mðπþπ−Þ < 511 MeV=c2 and λ=Δλ > 2, where
Δλ is the uncertainty on the decay length λ obtained from
the secondary vertex fit.
A pair of photons is treated as a π0 or η candidate if it

satisfies jMðγγÞ −Mπ0 j < 30 MeV=c2 or jMðγγÞ −Mηj <
50 MeV=c2, which corresponds to an interval of about �3

times the mass resolution. In all final states containing π0 or
η mesons, the kinematic fit also constraints γγ pairs to have
the expected nominal masses. The combination with the
best χ2 value is kept for the further analysis in case there are
more than one γγ combinations.
To suppress contamination from decays with different

numbers of photons, such as the dominant decay
ψð3686Þ → γχc2, where the χc2 decays to the same final
states as the hc, the following procedure is applied. The
χ24C;nγ value is obtained from a four-constraint fit including

the expected number of photons n for a given signal
hypothesis with respect to the initial four momentum.
The value χ2

4C;ðn−1Þγ is determined from an additional 4C

fit with one missing photon compared to the desired signal
process. An event is rejected if χ24C;nγ > χ2

4C;ðn−1Þγ . To

further suppress background, the χ2ð4þNÞC value of the total

kinematic fit, including additional mass constraints for π0, η
and K0

S candidates (denoted by N), is limited depending on
the final state (see Table I). Additional vetoes in the
π0π0; πþπ− and η recoil masses, as listed in Table I, are
applied to suppress background from ψð3686Þ → ðπ0π0;
πþπ−; ηÞJ=ψ . Since the π0 from the decay ψð3686Þ →
π0hc (denoted by π01 and identified among all π0 candidates

TABLE I. Applied requirements on the χ2ð4þNÞC and mass
windows used as vetoes in each exclusive mode. The lower case
m denotes the nominal particle mass [11].

Mode χ2ð4þNÞC limit Mass Windows ½MeV=c2�
(i) <60 jMðπþπ−Þrec −mJ=ψ j > 25

jMðπ0π0Þrec −mJ=ψ j > 25

jMðπþπ−π01Þ −mωj > 20

jMðπþπ−π01Þ −mηj > 16

820 < MðK�π01Þ < 920

(ii) <100 jMðπþπ−Þrec −mJ=ψ j > 30

jMðηÞrec −mJ=ψ j > 30

jMðπþπ−π01Þ −mωj > 20

jMðπþπ−π01Þ −mηj > 16

(iii) <40 jMðπþπ−Þrec −mJ=ψ j > 30

jMðπþπ−π01Þ −mωj > 20

jMðπþπ−π01Þ −mηj > 20

jMðK0
Sπ

0
1Þ −mK� j > 50

jMðK�π01Þ −mK� j > 50

(iv) <100 jMðπ0π0Þrec −mJ=ψ j > 30

jMðK�π01Þ −mK� j > 50

(v) <100

(vi) <60 jMðπþπ−Þrec −mJ=ψ j > 30

jMðηÞrec −mJ=ψ j > 30

jMðK�π01Þ −mK� j > 50

(vii) <100 jMðπþπ−Þrec −mJ=ψ j > 30

jMðK�π01Þ −mK� j > 20

(viii) <100 jMðπþπ−Þrec −mJ=ψ j > 30

jMðηÞrec −mJ=ψ j > 30

(ix) <100 jMðπþπ−Þrec −mJ=ψ j > 30

jMðK0
Sπ

0
1Þ −mK� j > 50

jMðK�π01Þ −mK� j > 50

(x) <50 jMðπ0π0Þrec −mJ=ψ j > 30

jMðpπ01Þ −mΔð1232Þþ j > 10

jMðpπ01Þ −mΣþ j > 30

jMðπ0π0π0Þ −mηj > 25
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by its energy being closest to the expected) should not
create any structure together with other final state particles.
Therefore, additional vetoes are applied to suppress back-
ground from ω → πþπ−π0, η → πþπ−π0, η → π0π0π0,
K�� → π0K�, Δð1232Þþ → pπ0 and Σþ → pπ0 as given
in Table I. The mass windows for these vetoes and for the
χ2 criterion are optimized simultaneously for each channel
using the figure of merit of S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
and are listed in

Table I. Here, S denotes the number of signal events,
obtained from signal MC, which is scaled to the branching
fraction as determined in this analysis. Therefore, the
unoptimized selection criteria were used in a first iteration
to obtain a preliminary branching fraction (or upper limit).
This preliminary result is then fed into the next iteration of
optimization until the procedure converges within the
uncertainties. The number of background events B is
obtained from the ψð3686Þ inclusive MC and scaled to

the expected number of events. Figure 1 shows the obtained
invariant mass distributions of the different decay modes.
After applying all selection criteria, the remaining back-
ground originates mostly from the non-resonant production
of the same final state particles as the signal and thus cannot
be suppressed further.

IV. DETERMINATION OF
BRANCHING FRACTIONS

To determine the number of signal events Nhc in each
mode, unbinned maximum likelihood fits to the invariant
mass spectra are performed as shown in Fig. 1. In each fit,
the signal contribution is described by a Breit-Wigner
function convolved with a detector resolution function as
given in Ref. [23]. Here, the mass and width of hc in the
Breit-Wigner function are fixed to their world average

(i)

(iv) (v)

(viii)(vii)

(x)

(ix)

(vi)

(ii) (iii)

FIG. 1. Fits to the invariant mass distributions for the hc decay modes (i)–(x). Data are shown as black points, the total fit result is
shown in red, the background contribution is denoted by the blue dashed-dotted line (including peaking background contributions for
channel (i) and (ii) as shown in magenta), the signal contribution is illustrated by the green dashed line. The background level obtained
from inclusive MC is shown by the gray shaded histogram.
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values [11], and the parameters in the resolution function
are determined using the signal MC simulation. The back-
ground shape is described by an ARGUS function [24],
where the threshold parameter of the ARGUS function is
fixed to the kinematical threshold of 3551 MeV=c2. For the
decays modes hc→KþK−πþπ−π0 and hc→πþπ−π0η, addi-
tional peaking background from the processes hc → γηc;
ηc → KþK−πþπ− and ηc → πþπ−η is included and scaled to
the expected number of events based on the world average
values. The resulting branching fractions are determined by:

Bðhc →XÞ ·Bðψð3686Þ→ π0hcÞ¼
Nhc

Nψð3686Þ ·
Q

iBi · ε
: ð1Þ

Here Bðhc → XÞ denotes the branching fraction of the hc
meson decaying to final state X, the branching fraction of
ψð3686Þ → π0hc is given byBðψð3686Þ → π0hcÞ ¼ ð8.6�
1.3Þ × 10−4 [11]. The number of ψð3686Þ events is given by
Nψð3686Þ ¼ ð448.1� 2.9Þ × 106 [14]. And

Q
i Bi is the

product of branching fractions of the decaying particles like
Bðπ0 → γγÞ, Bðη → γγÞ and BðK0

S → πþπ−Þ taken from
[11]. The efficiency ε is obtained fromsignalMCsimulations
and Nhc is the number of signal events obtained by the fit.
In order to determine Bðhc → XÞ, the product branching
fraction is divided by Bðψð3686Þ → π0hcÞ. The values of
both the product branching fraction and the hc decay
branching fraction are listed in Table II.
As no significant signal contributions are observed for

the modes (iv)–(x), upper limits on the branching fractions
are determined by the Bayesian approach [25]. To obtain
the likelihood distribution, the signal yield is scanned using
the fit function described earlier. Systematic uncertainties
are considered by smearing the obtained likelihood curve
with a Gaussian function with the width of the systematic
uncertainty of the respective decay mode. The upper limit
at a confidence level of 90% is finally obtained by:

0.9 ¼
RNup

hc
0 dNLðNÞR
∞
0 dNLðNÞ : ð2Þ

The upper limit on the number of observed events Nup
hc

is
determined by integrating the smeared likelihood function
LðNÞ up to the value Nup

hc
, which corresponds to 90% of the

integral. The results are listed in Table II.
Among the ten final states, the decay hc →

KþK−πþπ−π0 is observed with a statistical significance
of 6σ and evidence for the decays hc → πþπ−π0η and hc →
K0

SK
�π∓πþπ− are found with statistical significances of

3.6σ and 3.8σ, respectively. The combined significance of
the modes (iv)–(x) is determined to be 3.5σ. The statistical
significance is determined by the likelihood ratio between a
fit with and without signal component and taking the
change in the number of fit parameters into account.
For the final stateKþK−πþπ−π0 in the hc decay, a search

for intermediate resonances is performed to obtain infor-
mation about underlying sub-processes. Despite the large
background contamination, the signal content is deter-
mined by an unbinned maximum likelihood fit to the
invariant KþK−πþπ−π0 mass in slices of masses of
possible sub-systems. The resulting distributions are shown
in the Fig. 2.
No firm conclusions about contributions of intermediate

resonances can be drawn based only on the extracted
projections with the present statistics. The Kπ distribution
shows a possible structure in theK�ð892Þ region, whichmay
signal the production of this resonance. In the invariant
K�π∓π0 mass distribution there may be a hint in the mass
region of 1.9 − 2.0 GeV=c2 for the production of an excited
kaon, such as the K�

2ð1980Þ or K2ð1820Þ. Conceivable
subprocesses would then be hc → ðK�ð892Þ=K�

0;2ð1430ÞÞ×
ðK2ð1820Þ=K�

2ð1980ÞÞ. As shown in this analysis, evidence
for the decay hc → K0

SK
�π∓πþπ− has been found.

TABLE II. Overview of the branching fractions and upper limits obtained in this analysis for decay processes of
the hc meson. The first uncertainty shown is the statistical and the second the systematical uncertainty of the
measurement method which includes the uncertainty that arises due to the use of external branching fractions.

Mode X Nhc εð%Þ Bðψð3686Þ → π0hcÞ × Bðhc → XÞ Bðhc → XÞ
(i) KþK−πþπ−π0 80� 15 6.5 ð2.8� 0.5� 0.3Þ × 10−6 ð3.3� 0.6� 0.6Þ × 10−3

(ii) πþπ−π0η 35� 9 3.3 ð6.2� 1.6� 0.7Þ × 10−6 ð7.2� 1.8� 1.3Þ × 10−3

<50.0 <1.5 × 10−5 <1.8 × 10−2

(iii) K0
SK

�π∓πþπ− 41� 13 5.5 ð2.4� 0.7� 0.3Þ × 10−6 ð2.8� 0.9� 0.5Þ × 10−3

<65.3 <3.9 × 10−6 <4.7 × 10−3

(iv) KþK−π0 <20.1 9.8 <4.8 × 10−7 <5.8 × 10−4

(v) KþK−η <18.5 14.3 <7.5 × 10−7 <9.1 × 10−4

(vi) KþK−πþπ−η <24.1 6.9 <2.0 × 10−6 <2.5 × 10−3

(vii) 2ðKþK−Þπ0 <11.7 6.7 <2.1 × 10−7 <2.5 × 10−4

(viii) KþK−π0η <20.2 6.3 <1.8 × 10−6 <2.2 × 10−3

(ix) K0
SK

�π∓ <17.4 14.4 <4.8 × 10−7 <5.7 × 10−4

(x) pp̄π0π0 <11.8 8.7 <4.4 × 10−7 <5.2 × 10−4
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V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties for the branching
fractions include tracking, PID, selection, uncertainties
caused by the signal fitting procedure and efficiency
determination, and they are explained in the following.
All the systematic uncertainties are summarized in
Table III. The overall systematic uncertainty for the product
branching fraction Bðψð3686Þ → π0hcÞ × Bðhc → XÞ is

obtained by summing all individual components (from
column two to six of Table III) in quadrature. An additional
systematic uncertainty of Δext ¼ 15.1% is added in quad-
rature due to the branching fraction ofψð3686Þ → π0hc used
in the calculation of branching fractions of Bðhc → XÞ.
The uncertainties of the tracking efficiency are estimated

using J=ψ → pp̄πþπ− and eþe− → πþπ−KþK− control
samples [26,27]. The resulting uncertainties are determined
to be 1% for each participating charged pion, kaon, proton,
and antiproton, of a particular final state. The uncertainties
due to PID are studied with control samples eþe− →
πþπ−KþK− and eþe− → pp̄π0 and are estimated to be
1% for each participating pion, kaon, proton and antiproton
[27,28]. The uncertainty due to photon reconstruction is
estimated to be 1% per photon based on studies of the
reference channel J=ψ → ρ0π0 [29]. The uncertainties due
to π0; η and K0

S reconstruction are studied by using the
reference processes J=ψ → πþπ−π0, J=ψ → ηpp̄ and
J=ψ → K��ð892ÞK∓; K��ð892Þ → K0

Sπ
� and are esti-

mated to be 1% per π0 and η [29] and 1.2% per K0
S

[30]. For example in case of final state (i), two pions, two
kaons and four photons reconstructed as π0 are involved.
This gives the following contributions to the systematic
uncertainty: 4% (1% per track) due to PID, 4% (1% per
track) due to track reconstruction, 4% due to photon
reconstruction (1% per photon) and additional 2% for π0

reconstruction (1% for each π0). The total uncertainty due
to PID and event reconstruction is given for each final state
in the second column of Table III.
The systematic uncertainty due to the selection criteria is

determined by varying the nominal selection criteria. For
each mass window requirement, the nominal value of the
criterion is varied by �10 MeV=c2 in increments of
�0.5 MeV=c2. The maximum deviation from the nominal

(a)

(c)(b)

(d)

(f)

(e)

(g)

FIG. 2. Signal yield obtained from an unbinned maximum-
likelihood fit to the invariant KþK−πþπ−π0 mass in slices of the
invariant πþπ−π0 (a), K�π0 (b), K�π∓ (c), KþK− (d), πþπ− (e),
K�πþπ− (f) and K�π∓π0 (g) mass. Black dots denote the signal
yield determined from data. The grey shaded histogram shows the
PHSP distribution obtained from MC which is scaled to the
integral of signal yield.

TABLE III. Summary of systematic uncertainties. Here ΔBB ¼ffiffiffiffiffiffiffiffiffiffi
ΣiΔ2

i

p
is the systematic uncertainty for Bðψð3686Þ → π0hcÞ ×

Bðhc → XÞ and ΔB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣiΔ2

i þ Δ2
ext

p
is that for Bðhc → XÞ. Δi

represents the individual uncertainties given in columns two to
six and Δext ¼ 15.1% is an additional uncertainty for Bðhc → XÞ
due to the external uncertainty of Bðψð3686Þ → π0hcÞ [11]. All
values are given in %. Reco., Kin., Eff stands for: Reconstruction,
Kinematic Fit and Efficiency.

Mode PID, Reco. Selection Kin. Fit Eff. Fit ΔBB ΔB

(i) 7.2 5.0 1.5 5.1 2.7 10.6 18.4
(ii) 7.0 4.4 2.1 6.3 2.8 11.0 18.7
(iii) 8.9 3.9 3.9 5.3 4.0 12.4 19.5
(iv) 5.3 3.7 1.9 4.1 3.8 8.8 17.5
(v) 5.1 2.0 1.9 3.7 3.4 7.7 16.9
(vi) 7.1 4.1 1.6 3.4 4.7 10.2 18.2
(vii) 7.2 4.7 2.3 5.2 3.7 10.6 18.5
(viii) 7.0 3.7 2.0 4.5 4.0 10.1 18.2
(ix) 6.2 3.3 2.1 4.0 3.4 9.0 17.6
(x) 7.3 6.0 2.7 4.9 3.3 11.5 19.0
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branching fraction is quoted as a systematic uncertainty as
given in column three of Table III.
The uncertainties associated with the kinematic fit are

determined by comparing the efficiencies with and without
the helix parameter correction. For charged particles,
differences in the χ2 distributions of the kinematic fit
between data and MC have been studied by using a control
sample J=ψ → ϕf0ð980Þ, ϕ → KþK−, f0ð980Þ → πþπ−,
which ensures high statistics and purity [31]. The helix
parameters of the corresponding tracks are corrected
accordingly [31]. The difference between the result deter-
mined with and without this correction applied are assigned
as the systematic uncertainty of the kinematic fit.
The systematic uncertainty due to the physics model and

the efficiency used to simulate signal MC arises from the
limited knowledge of intermediate states in the hc decay.
Therefore have MC samples been generated including
additional intermediate states and the results are compared
with those of the nominal phase space sample. The
systematic uncertainty of the fit results from the choice
of background parametrization is determined by using a
second order Chebychev polynomial. In case of a peaking
background, the uncertainty of the branching fraction (e.g.,
Bðηc → πþπ−KþK−Þ ¼ ð6.9� 1.1Þ × 10−3) [11] has been
used to determine the uncertainty of the peaking back-
ground. This uncertainty contributes 1.2% in case of the
hc → KþK−πþπ−π0 decay and 2% in the hc → πþπ−π0η
decay, respectively. Another contribution to the systematic
uncertainty of the fit is caused by the limited range of the
invariant mass in which the fit is applied. The fit range is
extended from 3.50–3.55 GeV=c2 to 3.40–3.65 GeV=c2,
and the difference of the branching fraction result is used as
a systematic uncertainty. Further uncertainties arise from
the parametrization of the resolution distributions. Instead
of using the default parametrization, a Crystal Ball dis-
tribution has been used. The uncertainty arising from the
number of ψð3686Þ events is 0.7% [14].

VI. SUMMARY

In this analysis, ten final states of the hc decays have
been searched for using a data sample of ð448.1� 2.9Þ ×
106 ψð3686Þ events collected at BESIII. The decay hc →
KþK−πþπ−π0 is observed for the first time. Furthermore,
evidence for the decays hc → πþπ−π0η and hc →
K0

SK
�π∓πþπ− is found with statistical significances of

3.6σ and 3.8σ, respectively. The combined significance of
the modes (iv)–(x) is determined to be 3.5σ. Upper limits
are determined in those cases where no signal is observed.
The measured branching fractions and upper limits at
90% confidence level are listed in Table II.
In summary the branching fractions obtained in this

analysis, show that these decays contribute at a level of

∼1.3% to all decays and contribute at the same level as the
previously observed decays hc → 2ðπþπ−Þπ0 and hc →
pp̄πþπ− [12]. This is the first observation of the hc
decaying to mesons carrying strangeness. This observation
adds another decay mode to the few observed hadronic
decays of the hc and the calculated upper limits further rule
out strong contributions of other promising decay channels.
These measurements provide input to theoretical models in
order to improve their predictions in the future. Finally, it is
still unclear if the hydronic decay width of the hc is of the
same order as the radiative decay width predicted in [2], or
if the radiative decays dominate. Although many final
states have been investigated in this analysis, using the
largest available data set of resonantly produced ψð3686Þ
events, future experimental measurements of higher pre-
cision together with improved theoretical calculations
will be needed to contribute further to answering these
questions [32].
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