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Using a data sample of 2:25� 108 J=c events collected with the BESIII detector, we present the

first observation of the decays of �c mesons to �þ ��� and �� ��þ. The branching fractions are measured

to be ð2:11� 0:28stat � 0:18syst � 0:50PDGÞ � 10�3 and ð0:89� 0:16stat � 0:08syst � 0:21PDGÞ � 10�3 for

�c ! �þ ��� and �� ��þ, respectively. These branching fractions provide important information on the

helicity selection rule in charmonium-decay processes.

DOI: 10.1103/PhysRevD.87.012003 PACS numbers: 13.25.Gv, 13.20.Gd, 14.40.Pq

I. INTRODUCTION

Experimental studies on exclusive charmonium decays
play an important role in testing perturbative quantum
chromodynamics (pQCD). In the Standard Model, the �c

meson is the lowest lying charmonium state in a 0�þ spin-
parity configuration. Although the �c cannot be produced
directly from eþe� annihilations, it is produced copiously
in radiative decays of J=c and c 0 [1]. The large J=c and
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c 0 data samples taken with the BESIII detector at the
BEPCII provide an opportunity for a detailed study of
�c decays.

The complexity of QCD remains unsolved in the
charmonium-mass region, and there are still many contra-
dictions between pQCD calculations and experimental
measurements. In particular, the pQCD helicity selection
rule [2–4] is violated in many exclusive charmonium-
decay processes, for example, the decay processes with
meson pairs in the final state, like J=c ! VP, �c ! VV,
and �c1 ! VV, where V and P denote vector and pseudo-
scalar mesons. Other examples include decay processes
with baryon antibaryon pairs in the final state, such as
�c ! B8

�B8, and �c0 ! B8
�B8, whereB8

�B8 denote the octet
baryon antibaryon pairs. Many attempts have been made
to understand these contradictions, such as by the quark-
diquark model for the proton [5,6], constituent quark-mass
corrections [7,8], mixing between the charmonium state
and the glueball [9], and the quark pair creation model
[10]. However, the measured branching fractions are not
consistent with the predictions of any of these models.

In Refs. [11,12], intermediate meson loop (IML) tran-
sitions are proposed, where the long-distance interaction
can evade the Okubo-Zweig-Iizuka rule and allow the
violation of the pQCD helicity selection rule. Further
calculations on the branching fractions of �c ! B8

�B8,
�c0 ! B8

�B8 and hc ! B8
�B8 based on charmed-meson

loops were carried out [13], and the results agree with

the measured branching fractions of �c ! p �p and �c !
� ��. Using a sample of 2:25� 108 J=c events [14] col-
lected with the BESIII detector in 2009, we measure the

branching fractions of �c ! �þ ��� and �c ! �� ��þ for
the first time via the J=c ! ��c radiative decay process.

II. DETECTOR AND MONTE
CARLO SIMULATION

BEPCII [15] is a double-ring eþe� collider designed to
provide a peak luminosity of 1033 cm�2s�1 at a center-of-
mass energy of 3.77 GeV. The BESIII [15] detector has a
geometrical acceptance of 93% of 4� and has four main
components: (1) A small-cell, helium-based (40%He, 60%
C3H8) main drift chamber with 43 layers providing an
average single-hit resolution of 135 �m, charged-particle
momentum resolution in a 1 T magnetic field of 0.5% at
1 GeV=c. (2) An electromagnetic calorimeter (EMC) con-
sisting of 6240 CsI(Tl) crystals in a cylindrical structure
(barrel) and two end caps. For 1 GeV photons, the energy
resolution is 2.5% (5%) in the barrel (end caps), and the
position resolution is 6 mm (9 mm) in the barrel (end caps).
(3) A time-of-flight system consisting of 5-cm-thick plastic
scintillators, with 176 detectors of 2.4 m length in two
layers in the barrel and 96 fan-shaped detectors in the
end caps. The barrel (end caps) time resolution of 80 ps
(110 ps) provides 2� K=� separation for momenta up to

�1 GeV=c. (4) The muon system consists of 1000 m2 of
resistive plate chambers in 9 barrel and 8 end cap layers
and provides 2-cm position resolution.
The optimization of the event selection and the estimate

of backgrounds are performed using Monte Carlo (MC)
simulated data. The GEANT4-based [16] simulation soft-
ware BOOST [17] includes the geometry and the material
description of the BESIII spectrometer, the detector
response and digitization models, as well as the tracking
of the detector running conditions and performances. The
production of the J=c resonance is simulated by the MC
event generator KKMC [18,19], while the decays are gen-
erated by EVTGEN [20] for the known decay modes with
branching fractions set to world average values [1], and by
LUNDCHARM [21] for the remaining unknown decays.

III. EVENT SELECTION

We select �c mesons via the radiative decay J=c !
��c with its subsequent decay into �þ ��� and �� ��þ.
The �þ candidates are reconstructed from the decay
�þ ! p�0 with the �0 decaying into a pair of photons;
the �� candidates are reconstructed from the decays
�� ! ��� and � ! p��. The antiparticle candidates,
��� and ��þ, are reconstructed in a similar way but with the
decay products changed to the corresponding antiparticles.
Tracks of charged particles in the polar-angle range

j cos�j< 0:93 are reconstructed from hits in the main drift
chamber. The time-of-flight system and dE=dx informa-
tion are combined to form particle identification (PID)
confidence levels for the �, K and p hypotheses. Each
track is assigned to the particle type that corresponds to
the hypothesis with the highest confidence level. Photon
candidates are reconstructed by clustering the energy
deposited in the EMC crystals. The minimum energy
requirement is 25 MeV for barrel showers (j cos�j<
0:80) and 50 MeV for end cap showers (0:86< j cos�j<
0:92). Requirements on the EMC cluster timing are
applied to suppress electronic noise and energy deposits
unrelated to the event. Candidate �0 mesons are recon-
structed from pairs of photons with an invariant mass in the
range 0:115 GeV=c2 <Mð��Þ< 0:155 GeV=c2. The �0

invariant-mass resolution is determined to be 4:2 MeV=c2

by fitting the invariant-mass distribution of the �� pairs
from data after applying all the requirements except for the
�0-mass window, as shown in Fig. 1(a). In the fit, the �0

signal is taken with a Gaussian form, and the background
is described by a second-order Chebychev polynomial
function.

For J=c ! ��c ! ��þ ���, exactly one proton, one
antiproton, at least five photons and at least two �0 candi-
dates from the combination of these photons are required.
A four-constraint (4C) kinematic fit, based on momentum
and energy conservation, is applied under the J=c !
�p �p�0�0 hypothesis, and �2

4C < 30 is required. For

events with more than five photons or more than two �0
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candidates, the combination with the minimum �2
4C is

retained in the analysis. The events are also fitted to the
J=c ! p �p�0�0 and J=c ! ��p �p�0�0 hypotheses. We
require �2

4Cðp �p�0�0Þ> 200 and �2
4Cð�p �p�0�0Þ<

�2
4Cð��p �p�0�0Þ. The p, �p and the two �0 candi-

dates are combined to form the �þ and ��� candi-
dates by minimizing ðMp�0

1
�M�þÞ2 þ ðM�p�0

2
�M���Þ2.

Furthermore, the combined p, �0 ( �p, �0) pair must have

an invariant mass within 15 MeV=c2 of the�þ ( ���) mass,
as shown in Figs. 1(b) and 1(c).

For J=c ! ��c ! ��� ��þ, exactly one proton, one
antiproton, two �þs, two ��s and at least one photon are
required. A 4C kinematic fit is applied under the J=c !
�p �p�þ�þ���� hypothesis, and �2

4C < 90 is required.

For events with more than one photon candidate, only the
combination with the minimum �2

4C is retained in the

analysis. The events are also fitted to the J=c !
p �p�þ�þ���� and J=c ! ��p �p�þ�þ���� hypo-
theses. We require �2

4Cðp �p�þ�þ����Þ> 200 and

�2
4Cð�p �p�þ�þ����Þ< �2

4Cð��p �p�þ�þ����Þ.
To reconstruct the kinematical information of �

and ��, vertex fits are applied to the charged tracks
(p�� and p���� for � and ��, respectively), with the
requirement that all the tracks originated from the same
decay point. Next, secondary vertex fits are applied to these

reconstructed particles, with the requirement that their
flight time is consistent with the one predicted from their
final-state particles. The p, �� ( �p, �þ) combination with

an invariant mass that is the closest to the � ( ��) mass is

chosen to form the � ( ��). Furthermore, the mass differ-
ence must be within 10 MeV=c2, as shown in Fig. 2(b).
The p, ��, �� ( �p, �þ, �þ) combination must have an

invariant mass within 9 MeV=c2 of the �� ( ��þ) mass, as
shown in Figs. 2(a) and 2(c).

Figure 3 shows the invariant-mass distributions of�þ ���

and �� ��þ pairs after applying all the event selection
criteria. A clear signature of an �c resonance is observed.

IV. BACKGROUND STUDIES

The background can be classified into two categories:
background from �c decays which produces a peak within
the �c signal region, and background from J=c decays
which gives a smooth distribution under the �c resonance.

For �c ! �þ ���, the potential peaking background
channel is �c ! p �p�0�0, which has not previously been
measured. By requiring the invariant mass of any p�0

combination to be outside a mass window of 50 MeV=c2

centered at the �þ mass and the p �p�0�0 invariant
mass within 30 MeV=c2 from the �c mass, the number
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FIG. 2 (color online). (a) Scatter plot for Mð �p�þ�þÞ versus Mðp����Þ. Invariant-mass distributions of (b) p�� and �p�þ, and
(c) p���� and �p�þ�þ. Solid dots with error bars are Mðp��Þ and Mðp����Þ, and open circles with error bars are Mð �p�þÞ and
Mð �p�þ�þÞ.
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FIG. 1 (color online). (a) A fit to the invariant-mass distribution of �� pairs after applying all the requirements except for the
�0-mass window. Dots with error bars are data, and the solid line is the total fit result. The signal is represented by the short-dashed line
and the background by the long-dashed line. (b) A scatter plot forMð �p�0Þ versusMðp�0Þ. (c) Invariant-mass distributions of p�0 and
�p�0; solid dots with error bars are Mðp�0Þ, and the open circles with error bars are Mð �p�0Þ.
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of �c ! p �p�0�0 events is obtained, and the branching
fraction is determined to be ð5:0� 0:6statÞ � 10�4, where
the uncertainty is statistical only. Out of 5� 105 J=c !
��c ! �p �p�0�0 MC simulated events, 193 events sur-
vive after applying the event selection criteria. Using the
measured branching fraction, the background contribution
from this process is estimated to be 0.7 events. For the
background from J=c decays, the main sources are

J=c ! �þ ��� and J=c ! �0�þ ���, which have a fake
photon or a photon from �0 that escaped from detection,

respectively, and J=c ! ��þ ���, which is an irreducible
background to the signal process. Using 5� 105 MC
simulated events for each channel and applying the event
selection criteria to these MC samples, the background
contributions are estimated by normalizing the number of
the surviving events to the total number of J=c events.

In the normalization, the branching fraction of J=c !
�þ ��� is taken from Ref. [1], and the branching fractions

of J=c ! ��þ ��� and J=c ! �0�þ ��� are measured in

this analysis. The branching fraction of J=c ! �0�þ ���

is measured to be ð5:0� 0:1statÞ � 10�4 using similar
event selection criteria but with an additional photon and
a �0 reconstructed from the selected photons. The

branching fraction of J=c ! ��þ ��� is measured to be
ð7:4� 0:6statÞ � 10�5 with the same event selection
criteria as was applied for the signal events, but without

requiring that the �þ ��� system forms an �c resonance
and with a selection on the invariant mass of

2:4 GeV=c2 <Mð�þ ���Þ< 2:8 GeV=c2. The total back-
ground is estimated to be 351 events in the entire mass
region, as shown in Fig. 3(a). The total background shape
is found to be smooth without an enhancement under the
�c resonance.

For �c ! �� ��þ, the potential peaking background

channels are �c!p �p�þ�þ���� and �c ! � ���þ��.
Out of 2:5� 105 simulated MC events for each channel,

2 and 21 events survived after applying the event
selection criteria. The branching fractions of these two
channels are determined to be ð6:7� 1:0statÞ � 10�4

and ð6:3� 0:4statÞ � 10�3, respectively, where the uncer-
tainties are statistical only. The invariant-mass require-
ments for �c ! p �p�þ�þ���� are jMp�� �M�j>
20 MeV=c2 (no p�� combination consistent with a �),
jMp���� �M��j> 25 MeV=c2 (no p���� combina-

tion consistent with a ��), and jMp �p�þ�þ���� �M�c
j<

30 MeV=c2; for �c ! � ���þ��, the only change is
jMp�� �M�j< 20 MeV=c2. Using the measured branch-

ing fractions, the background contributions from the two
peaking background channels are estimated to be 0.02 and
2 events to the signal after normalizing the number of the
surviving events to the total number of the J=c events,
respectively. The main background channels from J=c
decays are J=c ! �� ��þ and J=c ! �0�� ��þ, which
have one fake photon or one photon from the �0 that

escaped from detection, and J=c ! ��� ��þ, which
is an irreducible background to the signal. Another

background contribution from J=c ! �0 ���þ�� !
�� ���þ�� þ c:c: is apparently seen from the invariant-
mass distribution of �� pairs. To estimate the background

contribution from the process J=c ! �0�� ��þ including

intermediate states, J=c ! �0�� ��þ decays are recon-
structed from data, and the signal yield is obtained in each

Mð�� ��þÞ mass bin. The selection criteria are similar to
that for signal events but with an additional photon and a
�0 reconstructed from the selected photons. The relative

efficiencies of the ��� ��þ and�0�� ��þ selection criteria

are estimated in each Mð�� ��þÞ mass bin using J=c !
�0�� ��þ MC events. Combining this relative efficiency

with the number of J=c ! �0�� ��þ signal events in each

Mð�� ��þÞ mass bin, the number of �0�� ��þ events that

pass the ��� ��þ selection is estimated. We generated

5� 106 MC events for the channels J=c ! �� ��þ and
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FIG. 3 (color online). Invariant-mass distributions of data and MC background channels together with the fitted curves for
(a) �þ ���, and (b) �� ��þ. Dots with error bars are data, and the histograms are the backgrounds from simulated J=c decays.
Solid lines are the total fit results, signals are shown in short-dashed lines, and backgrounds are shown as long-dashed lines and shaded
histograms.
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J=c ! �0 ���þ�� þ c:c: and 2:5� 105 MC events for

the channel of J=c ! ��� ��þ, and applied the event
selection criteria to these MC samples. The contribution
from each background process is estimated by normalizing
the number of the surviving events to the total number
of the J=c events. In the normalization, the branching

fraction of J=c ! �� ��þ is taken from Ref. [1] and

the branching fractions of J=c ! ��� ��þ and J=c !
�0 ���þ�� are measured in this analysis. The branching

fraction of J=c ! �0 ���þ�� is measured to be
ð4:7� 0:1statÞ � 10�4 by fitting the invariant-mass distri-

bution of �� pairs. The branching fraction of J=c !
��� ��þ is measured to be ð1:8� 0:5statÞ � 10�5 by

excluding the �� ��þ system to form an �c meson via

the requirement Mð�� ��þÞ< 2:8 GeV=c2. The total
background from J=c decays is estimated to be 116 events
in the entire mass region, as shown in Fig. 3(b), and is
smoothly distributed and no enhancement under the �c

resonance is observed.

V. SIGNAL EXTRACTIONS AND BRANCHING
FRACTION CALCULATIONS

Signal yields are obtained from unbinned maximum
likelihood fits to the invariant-mass distributions of

�þ ��� and �� ��þ candidates. The probability density
function (PDF) used in the fit is given by

FðmÞ ¼ �res � ð"ðmÞ � E3
� � dampingðE�Þ � BWðmÞÞ

þ BKGðmÞ;

where BWðmÞ and BKGðmÞ are the signal component
described by the Breit-Wigner form and the background
component, respectively; �res is the experimental resolu-
tion function and "ðmÞ is the mass-dependent efficiency;
E3
� is the cube of the radiative photon energy and reflects

the expected energy dependence of the magnetic-dipole
(M1) matrix element; dampingðE�Þ describes a function to
damp the diverging tail caused by the E3

� dependence and

is given in the form of
E2
0

E�E0þðE��E0Þ2 as used by KEDR [22],

where E0 is the peak energy of the transition photon.
The experimental resolution function is determined from

a signal MC sample with the width of the �c set to zero.

A double Gaussian function is used for �c ! �þ ��� and a

single Gaussian function for �c ! �� ��þ. The mass-
dependent efficiencies are determined from phase-space
MC samples. The background component in the channel

�c ! �þ ��� is described by a third-order polynomial func-

tion. The background in the channel �c ! �� ��þ is com-

posed of four parts: (1) contributions of J=c ! �� ��þ,
J=c ! �0�� ��þ and J=c ! �0 ���þ�� þ c:c:, with
shapes and normalizations fixed in the fit, (2) a third-order
Chebychev polynomial function representing the phase-

space background contribution from J=c ! ��� ��þ and
other possible processes, with parameters set free in the fit.
The signal detection efficiency is determined with MC

simulated events by comparing the number of events after
the event selection with the number of generated events.
In the simulation, the decay J=c ! ��c is generated
using the helicity amplitude method [23], and the radiative
photon follows the angular distribution of 1þ cos2ð�Þ,
where � is the polar angle of the radiative photon. The
final-state baryons’ angular distributions are assumed to be
uniformly distributed in the rest frame of the �c.

The fitted curves are shown in Fig. 3 for �c ! �þ ���

and �c ! �� ��þ, where the mass and width of the �c are
fixed to the newly measured results from BESIII [24].
A possible interference between the �c resonance ampli-
tude and the nonresonant background is neglected. The
observed number of events, Nobs, are listed in Table I.
The statistical significances of the signals are calculated
using the changes in the log-likelihood values and the
number of degrees of freedom (d.o.f) of the fits with and

without the �c signal assumptions. For �c ! �þ ���, the
change in �lnðLÞ with �ðd:o:f:Þ ¼ 1 is 43.2, correspond-

ing to a statistical significance of 9:3�. For �c ! �� ��þ,
the change in �lnðLÞ with �ðd:o:f:Þ ¼ 1 is 20.2, corre-
sponding to a statistical significance of 6:4�. The branch-

ing fraction of �c ! �þ ��� is calculated with

TABLE I. Branching fractions of �c ! �þ ��� and �c ! �� ��þ obtained from this analysis
and the predictions based on IML. For the measured branching fractions, the first uncertainty is
statistical, the second experimental systematic, and the third is from input branching fractions
taken from Ref. [1].

�c ! �þ ��� �c ! �� ��þ

Statistical significance 9:3� 6:4�
Nobs 112� 15 78� 14
Npeaking 0.7 2.0

" 5.3% 5.5%

Branching fraction (10�3) 2:11� 0:28� 0:18� 0:50 0:89� 0:16� 0:08� 0:21
Branching fraction based on

IML [13] (10�3)

0.51–1.00 0.48–0.96
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B ð�c ! �þ ���Þ ¼ Nobs � Npeaking

NJ=c �BðJ=c ! ��cÞ �B2ð�þ ! p�0Þ �B2ð�0 ! ��Þ � "
;

where Npeaking is the number of peaking background events determined from the background study, NJ=c is the total
number of J=c events, which is 2:25� 108 with an uncertainty of 1.2% [14], BðJ=c ! ��cÞ, Bð�þ ! p�0Þ and
Bð�0 ! ��Þ are the branching fractions of J=c ! ��c, �

þ ! p�0 and �0 ! ��, respectively [1], and " is the total
detection efficiency. The branching fraction of �c ! �� ��þ is calculated with:

Bð�c ! �� ��þÞ ¼ Nobs � Npeaking

NJ=c �BðJ=c ! ��cÞ �B2ð�� ! ���Þ �B2ð� ! p��Þ � "
;

where Bð�� ! ���Þ and Bð� ! p��Þ are the branch-
ing fractions of �� ! ��� and � ! p��, respectively
[1]. The results are summarized in Table I.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties for the two
measurements are mainly from errors in the branching
fractions of the known intermediate decay modes; the
reconstruction and identification efficiencies of charged
particles; the photon reconstruction; the �0, �þ, � and
�� selection; vertex fits and kinematic fits; the fitting to
the invariant-mass distributions; event generators and the
total number of the J=c events. The contributions are
summarized in Table II.

The tracking and identification efficiency of protons

from the �þ decay is determined using the J=c !
�þ ���� data sample. The recoiling mass distribution of
���� pairs is fitted to obtain the �þ signal yield, and the
ratio between the yields with and without the requirement
of tracking and identifying the proton from the�þ decay is
determined. The tracking and PID efficiency for simulated

MC events agrees within 2.0% with that obtained from the
experimental data for each charged track. Hence, adding
the uncertainties of the proton and antiproton in quadra-
ture, 2.8% is taken as the systematic uncertainty from
reconstructing the final-state charged tracks and their

identification for �c ! �þ ���.
The tracking and PID efficiencies of p, �p, �þ and ��

from �� and ��þ decays are determined from analyzing

J=c ! �� ��þ ! � ���þ�� ! p �p�þ�þ���� using a
missing track method. Events are selected requiring all the
tracks to be reconstructed except the one to be studied, and
the invariant mass of the missing track predicted from the
reconstructed tracks must be consistent with the invariant
mass of the track to be studied. The tracking efficiency is
then the fraction of the selected events with at least one
additional track. The PID efficiency is obtained via the
same missing track method. The tracking efficiency for
MC simulated events is found to agree with that deter-
mined using data within 2.0% for each p, �p track and 1.0%
for each �þ and �� track. Adding the uncertainties from
p, �p, �þs and ��s in quadrature, 4.0% is taken as the
systematic uncertainty for the six charged track final states.
The PID efficiency for MC simulated events agrees with
that determined using the data within 1.0% for each p,
2.0% for each �p and 0.5% for each �þ and ��, so 2.6% is
taken as the systematic uncertainty for the p �p�þ�þ����
identification by adding the uncertainties in quadrature.
The photon reconstruction efficiency is studied via three

different methods: the missing photon method, the missing
�0 method and the �0 decay angle method with c 0 !
�þ��J=c ! �þ���0�0, c 0!�0�0J=c!�0�0lþl�
and J=c ! �0�0 events, respectively. The efficiency dif-
ference between data and MC simulated events is within
1.0% for each photon [25]. Thus, 5.0% and 1.0% are taken
as the systematic uncertainty due to photon reconstruction

for �c ! �þ ��� and �c ! �� ��þ, whose final states
contain five photons and one photon, respectively.
The uncertainty of the �0 selection is determined with

the data sample J=c ! �����þ ! �0p �p�þ��. The
�0-selection efficiency is determined from the change in

the ��� signal yield from fitting the ��þ recoiling mass
distribution with and without the�0-selection requirement.

TABLE II. Systematic uncertainties (%) in the branching frac-
tion measurements of �c ! �þ ��� and �c ! �� ��þ.

Source �c ! �þ ��� �c ! �� ��þ

Tracking and PID 2.8 4.8

Photon reconstruction 5.0 1.0

�0 selection 1.0 � � �
�þ-mass window 0.6 � � �
�-mass window � � � 0.3

��-mass window � � � 0.3

Vertex fits � � � 0.5

Kinematic fits 4.3 3.8

Signal fitting 4.7 6.4

Event generators 0.4 2.8

Peaking background 0.3 1.3

NJ=c 1.2 1.2

Intermediate states 23.5 23.6

Total (BESIII) 8.7 9.5

Total 25.1 25.5
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The difference between beam data and MC simulated
events on the �0-selection efficiency is within 0.5% per
�0; hence 1.0% is taken as the systematic uncertainty from

�0 selection for �c ! �þ ���.
Samples of J=c ! �K�þ �K�� ! �KþK��0�0,

J=c ! p �p� ! p �p�0�0�0 and J=c ! ��c !
�KþK��þ�þ���� are selected to study the efficiency
difference between beam data and simulated MC events

in the kinematic fitting analysis for �c ! �þ ��� and

�c ! �� ��þ. In �c ! �þ ���, the sample of J=c !
�K�þ �K�� ! �KþK��0�0 is selected to estimate the ef-
ficiency of the first two �2

4C requirements: �2
4Cðp �p�0�0Þ>

200 and �2
4Cð�p �p�0�0Þ< �2

4Cð��p �p�0�0Þ, and the

efficiency of the �2
4Cð�p �p�0�0Þ< 30 requirement is esti-

mated by the change in the � signal yield from fitting the
p �p recoiling mass distribution from J=c ! p �p� !
p �p�0�0�0 when the �2

4C of the J=c ! p �p�0�0�0

hypothesis is less than 30. In �c ! �� ��þ, we select a
clean J=c ! ��c ! �KþK��þ�þ���� sample, plot
the 4C kinematic fitting efficiency at different �2

4C require-

ments and obtain the efficiency for the requirements as
described in the event selection section. The estimated
systematic uncertainties are 4.3% and 3.8% from kinematic

fitting for �c ! �þ ��� and �c ! �� ��þ, respectively.
The uncertainty from the �þ-mass window requirement

is estimated by selecting a sample of J=c ! �þ ��� events
and by studying the efficiency difference between beam
data and simulated MC events. An uncertainty of 0.6%
is found.

The uncertainties from the vertex fits and from the ��,
�-mass window requirements are estimated from a sample

of J=c !�� ��þ!� ���þ��!p �p�þ�þ���� events.
The efficiency difference between beam data and simu-
lated MC events is within 0.6%, 0.3% and 0.3% for
the vertex fits, �� and �-mass window requirements,
respectively.

Uncertainties from event generators are studied by com-
paring results with different models that were used for the

generation of the signal events. The decays �c ! �þ ���

and �c ! �� ��þ are generated with another model using
the helicity amplitude, and assuming that the baryons are
uniformly distributed in the rest frame of �c; the decays
�þ ! p�0, �� ! ��� and � ! p�� are generated
with another model, which takes parity violation effects
into consideration. The efficiency differences are 0.4% and

2.8% for �c ! �þ ��� and �c ! �� ��þ, respectively.
Uncertainties from fitting the invariant-mass distribu-

tions of �þ ��� and �� ��þ pairs are estimated by varying
signal and background shapes and the corresponding fitting
range. The mass and width of the �c are varied by 1�
according to the new measurements from BESIII [24]; the
damping function is changed from the form used by KEDR

[22] to e
� E2�

8	2 with 	 fixed at 65 MeV, which was used by
CLEO [26]; the MC signal shape is convoluted with a

Gaussian with the width as a free parameter in the fit to
study a possible uncertainty from the mass resolution
determined from simulated MC events; the background
shapes are varied either through the order of the polyno-
mial or the normalization of fixed parts; the fitting range is
varied to either a narrower or a wider one. Taking all the
factors described above into account and by adding the
uncertainties from each factor in quadrature, the uncertain-
ties due to the fitting procedures are estimated to be 4.7%

and 6.4% for �c ! �þ ��� and �c ! �� ��þ, respectively.
The measured branching fractions of the peaking back-

ground channels have uncertainties around�20–30%. The
uncertainties from the number of peaking background
events are estimated by assigning conservative estimates
of 50% to the uncertainties of the measured branching
fractions of �c ! p �p�0�0, �c ! p �p�þ�þ���� and

�c ! � ���þ��.
The total number of J=c events is determined from

analyzing J=c inclusive hadronic decays, and the uncer-
tainty is 1.2% [14].
Limited knowledge of the branching fractions,

BðJ=c ! ��cÞ, Bð�þ ! p�0Þ, and Bð� ! p��Þ con-
tribute 23.5%, 0.6%, and 0.8% uncertainty to the measured
branching fractions, respectively [1]. The first of these is
the dominant source of systematic uncertainty, as indicated
in Table II.
All the systematic uncertainties and their sources for the

channels �c ! �þ ��� and �c ! �� ��þ are summarized
in Table II. The quadratic sum of all the systematic uncer-
tainties that solely stem from our experiment are 8.7% and

9.5% in the branching fraction measurements of �c !
�þ ��� and �c ! �� ��þ, respectively. The total system-
atic uncertainty is about 25% for both measurements.

VII. SUMMARY

Using 2:25� 108 J=c events collected with the BESIII

detector, the decays J=c ! ��c ! ��þ ��� and J=c !
��c ! ��� ��þ are observed for the first time, and their
branching fractions are measured to be

BðJ=c ! ��c ! ��þ ���Þ
¼ ð3:60� 0:48� 0:31Þ � 10�5;

BðJ=c ! ��c ! ��� ��þÞ
¼ ð1:51� 0:27� 0:14Þ � 10�5:

Using the known value of BðJ=c ! ��cÞ ¼
ð1:7� 0:4Þ% [1], the branching fractions of �c ! �þ ���

and �c ! �� ��þ are obtained:

Bð�c!�þ ���Þ¼ð2:11�0:28�0:18�0:50Þ�10�3;

Bð�c!�� ��þÞ¼ð0:89�0:16�0:08�0:21Þ�10�3;
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where the first uncertainties are statistical, the second
systematic, and the third uncertainties are from the preci-
sion of the intermediate branching fractions.

Table I compares the results of our measurements with
the predictions from charmed-meson loop calculations

[13]. The measured branching fraction of �c ! �þ ��� is
larger than the prediction, while the measured branching

fraction of �c ! �� ��þ agrees with the prediction.

Among the four �c baryonic decays (�c ! p �p, � ��,

�þ ���, and �� ��þ), only �c ! �þ ��� disagrees with
the prediction, which may indicate the violation of SU(3)
symmetry.

The precision of the branching fraction measurements

of �c ! �þ ��� and �c ! �� ��þ are limited by statistics,
and the dominating systematic error stems from the uncer-
tainty in the branching fraction of J=c ! ��c, which
cannot be reduced without a thorough theoretical under-
standing of the �c line shape in M1 transitions in the
charmonium system.
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