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Improved measurements of χcJ → Σ+Σ̄− and Σ0Σ̄0 decays
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W. Shan32, M. Shao50,40, C. P. Shen2, P. X. Shen31, X. Y. Shen1,44, H. Y. Sheng1, J. J. Song34, W. M. Song34, X. Y. Song1,
S. Sosio53A,53C , C. Sowa4, S. Spataro53A,53C , G. X. Sun1, J. F. Sun15, L. Sun55, S. S. Sun1,44, X. H. Sun1, Y. J. Sun50,40,
Y. K Sun50,40, Y. Z. Sun1, Z. J. Sun1,40, Z. T. Sun19, C. J. Tang37, G. Y. Tang1, X. Tang1, I. Tapan43C , M. Tiemens26 ,

B. Tsednee22, I. Uman43D, G. S. Varner45, B. Wang1, B. L. Wang44, D. Wang32, D. Y. Wang32, Dan Wang44, K. Wang1,40,
L. L. Wang1, L. S. Wang1, M. Wang34, Meng Wang1,44, P. Wang1, P. L. Wang1, W. P. Wang50,40, X. F. Wang42, Y. Wang38,
Y. D. Wang14, Y. F. Wang1,40,44, Y. Q. Wang23, Z. Wang1,40, Z. G. Wang1,40, Z. Y. Wang1, Zongyuan Wang1,44, T. Weber23,

D. H. Wei11, P. Weidenkaff23, S. P. Wen1, U. Wiedner4, M. Wolke54, L. H. Wu1, L. J. Wu1,44, Z. Wu1,40, L. Xia50,40,
Y. Xia18, D. Xiao1, H. Xiao51, Y. J. Xiao1,44, Z. J. Xiao29, Y. G. Xie1,40, Y. H. Xie6, X. A. Xiong1,44, Q. L. Xiu1,40,

G. F. Xu1, J. J. Xu1,44, L. Xu1, Q. J. Xu13, Q. N. Xu44, X. P. Xu38, L. Yan53A,53C , W. B. Yan50,40, W. C. Yan2, Y. H. Yan18,
H. J. Yang35,h, H. X. Yang1, L. Yang55, Y. H. Yang30, Y. X. Yang11, M. Ye1,40, M. H. Ye7, J. H. Yin1, Z. Y. You41,

B. X. Yu1,40,44, C. X. Yu31, J. S. Yu27, C. Z. Yuan1,44, Y. Yuan1, A. Yuncu43B,a, A. A. Zafar52 , Y. Zeng18, Z. Zeng50,40,
B. X. Zhang1, B. Y. Zhang1,40, C. C. Zhang1, D. H. Zhang1, H. H. Zhang41, H. Y. Zhang1,40, J. Zhang1,44, J. L. Zhang1,
J. Q. Zhang1, J. W. Zhang1,40,44, J. Y. Zhang1, J. Z. Zhang1,44, K. Zhang1,44, L. Zhang42, S. Q. Zhang31, X. Y. Zhang34,
Y. H. Zhang1,40, Y. T. Zhang50,40, Yang Zhang1, Yao Zhang1, Yu Zhang44, Z. H. Zhang6, Z. P. Zhang50, Z. Y. Zhang55,
G. Zhao1, J. W. Zhao1,40, J. Y. Zhao1,44, J. Z. Zhao1,40, Lei Zhao50,40, Ling Zhao1, M. G. Zhao31, Q. Zhao1, S. J. Zhao57,
T. C. Zhao1, Y. B. Zhao1,40, Z. G. Zhao50,40, A. Zhemchugov24,b, B. Zheng51,14, J. P. Zheng1,40, Y. H. Zheng44, B. Zhong29,

L. Zhou1,40, X. Zhou55, X. K. Zhou50,40, X. R. Zhou50,40, X. Y. Zhou1, J. Zhu31, J. Zhu41, K. Zhu1, K. J. Zhu1,40,44,
S. Zhu1, S. H. Zhu49, X. L. Zhu42, Y. C. Zhu50,40, Y. S. Zhu1,44, Z. A. Zhu1,44, J. Zhuang1,40, B. S. Zou1, J. H. Zou1

(BESIII Collaboration)

1 Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2 Beihang University, Beijing 100191, People’s Republic of China

3 Beijing Institute of Petrochemical Technology, Beijing 102617, People’s Republic of China
4 Bochum Ruhr-University, D-44780 Bochum, Germany

5 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6 Central China Normal University, Wuhan 430079, People’s Republic of China

7 China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
8 COMSATS Institute of Information Technology, Lahore, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan

9 G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia

http://arxiv.org/abs/1710.07922v2


2

10 GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany
11 Guangxi Normal University, Guilin 541004, People’s Republic of China

12 Guangxi University, Nanning 530004, People’s Republic of China
13 Hangzhou Normal University, Hangzhou 310036, People’s Republic of China

14 Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
15 Henan Normal University, Xinxiang 453007, People’s Republic of China

16 Henan University of Science and Technology, Luoyang 471003, People’s Republic of China
17 Huangshan College, Huangshan 245000, People’s Republic of China
18 Hunan University, Changsha 410082, People’s Republic of China

19 Indiana University, Bloomington, Indiana 47405, USA
20 (A)INFN Laboratori Nazionali di Frascati, I-00044, Frascati,

Italy; (B)INFN and University of Perugia, I-06100, Perugia, Italy
21 (A)INFN Sezione di Ferrara, I-44122, Ferrara, Italy; (B)University of Ferrara, I-44122, Ferrara, Italy

22 Institute of Physics and Technology, Peace Ave. 54B, Ulaanbaatar 13330, Mongolia
23 Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

24 Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
25 Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany

26 KVI-CART, University of Groningen, NL-9747 AA Groningen, The Netherlands
27 Lanzhou University, Lanzhou 730000, People’s Republic of China

28 Liaoning University, Shenyang 110036, People’s Republic of China
29 Nanjing Normal University, Nanjing 210023, People’s Republic of China

30 Nanjing University, Nanjing 210093, People’s Republic of China
31 Nankai University, Tianjin 300071, People’s Republic of China
32 Peking University, Beijing 100871, People’s Republic of China

33 Seoul National University, Seoul, 151-747 Korea
34 Shandong University, Jinan 250100, People’s Republic of China

35 Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
36 Shanxi University, Taiyuan 030006, People’s Republic of China

37 Sichuan University, Chengdu 610064, People’s Republic of China
38 Soochow University, Suzhou 215006, People’s Republic of China

39 Southeast University, Nanjing 211100, People’s Republic of China
40 State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China

41 Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China
42 Tsinghua University, Beijing 100084, People’s Republic of China

43 (A)Ankara University, 06100 Tandogan, Ankara, Turkey; (B)Istanbul Bilgi University, 34060 Eyup, Istanbul, Turkey;
(C)Uludag University, 16059 Bursa, Turkey; (D)Near East University, Nicosia, North Cyprus, Mersin 10, Turkey

44 University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
45 University of Hawaii, Honolulu, Hawaii 96822, USA

46 University of Jinan, Jinan 250022, People’s Republic of China
47 University of Minnesota, Minneapolis, Minnesota 55455, USA

48 University of Muenster, Wilhelm-Klemm-Str. 9, 48149 Muenster, Germany
49 University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
50 University of Science and Technology of China, Hefei 230026, People’s Republic of China

51 University of South China, Hengyang 421001, People’s Republic of China
52 University of the Punjab, Lahore-54590, Pakistan

53 (A)University of Turin, I-10125, Turin, Italy; (B)University of Eastern
Piedmont, I-15121, Alessandria, Italy; (C)INFN, I-10125, Turin, Italy

54 Uppsala University, Box 516, SE-75120 Uppsala, Sweden
55 Wuhan University, Wuhan 430072, People’s Republic of China

56 Zhejiang University, Hangzhou 310027, People’s Republic of China
57 Zhengzhou University, Zhengzhou 450001, People’s Republic of China

a Also at Bogazici University, 34342 Istanbul, Turkey
b Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia

c Also at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia
d Also at the Novosibirsk State University, Novosibirsk, 630090, Russia

e Also at the NRC ”Kurchatov Institute”, PNPI, 188300, Gatchina, Russia
f Also at Istanbul Arel University, 34295 Istanbul, Turkey

g Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany
h Also 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

i Government College Women University, Sialkot - 51310. Punjab, Pakistan.

(Dated: March 9, 2018)



3

Using a data sample of (448.1 ± 2.9) × 106 ψ(3686) events collected with the BESIII detector at
the BEPCII collider, we present measurements of branching fractions for the decays χcJ → Σ+Σ̄−

and Σ0Σ̄0. The decays χc1,2 → Σ+Σ̄− and Σ0Σ̄0 are observed for the first time, and the branching
fractions for χc0 → Σ+Σ̄− and Σ0Σ̄0 decays are measured with improved precision. The branching
fraction ratios between the charged and neutral modes are consistent with the prediction of isospin
symmetry.

PACS numbers: 12.38.Qk, 13.25.Gv

I. INTRODUCTION

Experimental studies of charmonium decays can test
calculations in quantum chromodynamics (QCD) and
QCD based effective field theories. Contributions of the
color octet mechanism (COM) [1] to decays of P -wave
heavy quarkonia have been proposed for more than two
decades, and many theoretical predictions for exclusive
χcJ decays to baryon anti-baryon pairs [2–4] have been
made. However, there are large differences between pre-
dictions and the experimental measurements, e.g., the
branching fractions (BF) of χc0 → Σ+Σ̄− and Σ0Σ̄0 de-
cays as measured by CLEO-c [5] and BESIII [6] are ob-
served to violate the helicity selection rule from perturba-
tive QCD (pQCD) [7–9] and also do not agree with mod-
els based on the charm meson loop mechanism [3, 10, 11].
Further tests of the COM using more decay channels are
thus an important input for the development of the the-
oretical models.
The χcJ (J = 0, 1, 2) states are identified as the char-

monium P -wave spin triplet. Although they cannot be
produced directly in the annihilation of electrons with
positrons, the radiative decays of the ψ(3686) meson can
generate large numbers of these particles. In this article,
measurements of the BF of χcJ → Σ+Σ̄− and Σ0Σ̄0 de-
cays are presented using the world’s largest statistics of
Nψ(3686) = (448.1± 2.9)× 106 ψ(3686) events [12] at on-
threshold production collected with the BESIII detector.
In addition, the isospin symmetry is tested using the BF
ratios between the charged and neutral modes.

II. BESIII DETECTOR AND MONTE CARLO

SIMULATION

The BESIII experiment is operated at the Beijing elec-
tron positron collider II (BEPCII), which reaches a peak
luminosity of 1.0× 1033 cm−2s−1 at a center-of-mass en-
ergy of 3773 MeV. The detector has a geometrical ac-
ceptance of 93% of the solid angle and is comprised of
four main components. A helium-gas based main drift
chamber (MDC) is used to track charged particles. The
single wire resolution is better than 130 µm, which, to-
gether with a magnetic field of 1 T leads to a momentum
resolution of 0.5% at 1 GeV/c. The energy loss per path
length dE/dx is measured with a resolution of 6%. The
MDC is surrounded by a time-of-flight (TOF) system
built from plastic scintillators. It provides a 2σ K/π sep-
aration up to 1 GeV/c momentum with a time resolution

of 80 (110) ps for the barrel (end-caps). Particle energies
are measured in the CsI(Tl) electro-magnetic calorimeter
(EMC), which achieves an energy resolution for electrons
of 2.5% (5%) at 1 GeV/c momentum and a position res-
olution of 6 mm (9 mm) for the the barrel (end-caps).
Outside of the magnet coil, a muon detector based on
resistive plate chambers (RPC) provides a spatial resolu-
tion of better than 2 cm. A more detailed description of
the detector can be found in Ref. [13].
A Geant4 [14] based Monte Carlo (MC) simulation

package is used to optimize the event selection, estimate
the signal efficiency and the background level. The event
generator KKMC [15] simulates the electron-positron an-
nihilation and the production of the ψ resonances. Parti-
cle decays are generated by EVTGEN [16] for the known
decay modes with BFs taken from the Particle Data
Group (PDG) [17] and LUNDCHARM [18] for the un-
known ones. A generic MC sample containing all possi-
ble decay channels is used to study backgrounds, while
signal MC samples containing only the exclusive de-
cay channels are used to determine efficiencies. In the
signal MC simulation, the decay ψ(3686) → γχcJ is
generated according to the angular distributions from
Ref. [19], where the photon polar angle θ is distributed
according to (1 + cos2θ), (1 − 1

3cos
2θ), (1 + 1

13cos
2θ) for

ψ(3686) → γχc0,1,2 decays, respectively. The decays χcJ
to baryon anti-baryon pairs are generated with the phase
space model, and the weak decays of baryons are gener-
ated with a model taking into account parity violation.

III. EVENT SELECTION

A. χcJ → Σ
+
Σ̄

−

In the decay chain ψ(3686) → γχcJ , χcJ → Σ+Σ̄−,
the Σ+ (Σ̄−) particle is reconstructed in the decay chan-
nel pπ0 (p̄π0), π0 → γγ. Thus at least five photons and
two charged tracks with zero net charge are required in
the final state. Charged tracks are selected by requir-
ing a value of the polar angle | cos θ| of less than 0.93
and a point of closest approach to the nominal inter-
action point within 15 cm in beam direction (Vz) and
within 2 cm in the plane transverse to the beams (Vr).
Larger requirements on Vz and Vr are used compared
to the nominal cuts (Vz ≤ 10 cm, Vr ≤ 1 cm) due to
the decay length of Σ+ (Σ̄−) particle. The dE/dx in-
formation obtained from the MDC and time information
from the TOF system is combined in a global likelihood
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Fig. 1: Distribution of Ma
γγ versus Mb

γγ (left) and distribution of Mpπ0 versus Mp̄π0 (right) for χcJ → Σ+Σ̄−. The central
(surrounding) boxes indicate the signal (sideband) regions.

to identify protons and anti-protons. The (anti-)proton
likelihood is required to be larger than the one obtained
with a pion and kaon hypothesis. Photon candidates
are reconstructed from EMC showers and are required
to have an energy of greater than 25 MeV for the barrel
(| cos θ| < 0.8) or greater than 50 MeV in the end-cap re-
gions (0.86 < | cos θ| < 0.92). In addition, the timing of
good photon candidates is required to be within 700 ns
of the collision event, in order to reduce contributions
from electronics noise and beam-related background. A
four-constraint (4C) kinematic fit is applied using the
ψ(3686) → 5γpp̄ hypothesis. In events with more than
five photon candidates, the combination with the least
χ2
4C is chosen for further analysis. The χ2

4C is required
to be less than 50. The π0 candidates are reconstructed

by minimizing
√

(Ma
γγ −Mπ0)2 + (M b

γγ −Mπ0)2, where

Ma,b
γγ and Mπ0 represent the invariant mass of γγ pairs

and the nominal π0 mass, respectively. The recon-
structed π0 mass is required to be in the range from
0.11 to 0.15 GeV/c2. The left panel of Fig. 1 shows
the distribution of Ma

γγ versus M b
γγ in data. The

Σ+ and Σ̄− baryons are reconstructed by minimiz-
ing

√

(Mpπ0 −MΣ+)2 + (Mp̄π0 −MΣ̄−)2, where Mpπ0

(Mp̄π0) and MΣ+(MΣ̄−) represent the invariant mass of
pπ0 (p̄π0) and nominal Σ+ (Σ̄−) mass, respectively. The
reconstructed masses of the Σ+ and the Σ̄− particles are
required to fall into the interval 1.17-1.20 GeV/c2. The
probability of assigning photons to the wrong π0 and the
wrong π0 to a Σ+/Σ̄− particle is studied using the sig-
nal MC sample and found to be lower than 0.5% and
0.1%, respectively. The right panel of Fig. 1 shows the
distribution of Mpπ0 versus Mp̄π0 in data. To remove
the ψ(3686) → Σ+Σ̄− background, the invariant mass of
Σ+Σ̄− is required to be below 3.6 GeV/c2.
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Fig. 2: The distribution of the Λ decay length for data (points)
and MC (histogram).

B. χcJ → Σ
0
Σ̄

0

In the decay chain ψ(3686) → γχcJ , χcJ → Σ0Σ̄0,
the Σ0 (Σ̄0) particle is reconstructed in the decay channel
γΛ (γΛ̄), Λ → pπ− (Λ̄ → p̄π+). At least three photons
and four charged tracks with zero net charge are required
in the event. The selection of charged tracks and good
photons are the same as for the χcJ → Σ+Σ̄− channel,
except that no requirements are placed on the point of
closest approach for the tracks since the Λ baryon has a
large decay length of cτ = 7.9 cm. A vertex fit is per-
formed to pairs of charged tracks and a second vertex fit
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Fig. 3: Distribution of Mpπ− versus Mp̄π+ (left) and distribution of MγΛ versus MγΛ̄ (right) for χcJ → Σ0Σ̄0. The solid boxes
indicate the signal regions.

is then performed to the reconstructed Λ and Λ̄ candi-
dates with the requirement of a common point of origin.
The signed decay lengths of the Λ and the Λ̄ particle
are required to be greater than 0. Figure 2 shows the
distribution of the Λ decay length for data and simula-
tion. The reconstructed invariant masses of the Λ and
Λ̄ candidates are required to be within ±7 MeV/c2 of
the nominal mass. The left panel of Fig. 3 shows the
distribution of Mpπ− versus Mp̄π+ in data, where Mpπ−

and Mp̄π+ represent the invariant mass of pπ− and p̄π+,
respectively. A 4C kinematic fit under the hypothesis of
the ψ(3686) → 3γΛΛ̄ decay is applied, imposing energy
and momentum conservation. For events with more than
three photon candidates, the combination with the least
χ2
4C is kept for further analysis. The χ2

4C is required
to be less than 30. The Σ0 and Σ̄0 particles are selected

by minimizing
√

(MγΛ −MΣ0)2 + (MγΛ̄ −MΣ̄0)2, where

MγΛ (MγΛ̄) andMΣ0 (MΣ̄0) represent the invariant mass

of γΛ (γΛ̄) and the nominal Σ0 (Σ̄0) mass, respectively.
The reconstructed Σ0 and Σ̄0 mass is required to lie in a
window of ±15 MeV/c2 around the nominal mass. The
probability of assigning wrong photons in the reconstruc-
tion of the Σ0 and Σ̄0 particle is studied using signal MC
and found to be lower than 0.2%. The right panel of
Fig. 3 shows the distribution ofMγΛ versusMγΛ̄ in data.

To remove the ψ(3686) → Σ0Σ̄0 background, the invari-
ant mass of Σ0Σ̄0 is required to be below 3.6 GeV/c2.

IV. BACKGROUND STUDY

Background from continuum quantum electrodynam-
ics (QED) processes, cosmic rays, beam-gas and beam-
wall interactions is estimated using the data collected
outside of the ψ(3686) peak. The estimated background

is less than 4.4 and 6.3 events for the χcJ → Σ+Σ̄− and
Σ0Σ̄0 decay, respectively.

A potential peaking background to the decay χcJ →
Σ+Σ̄− is the decay χcJ → pp̄π0π0 without intermedi-
ate resonances. We study this peaking background using
the two-dimensional sidebands in Mpπ0 versus Mp̄π0 as
shown by the eight surrounding boxes in right panels of
Fig. 1. The scaling of the sidebands to the signal region
is estimated using a phase space distributed MC sample
of the process χc0 → pp̄π0π0, where the scale factor s
is obtained by the number of events in the signal region
divided by that in each sideband region. After obtain-
ing the invariant mass distribution of pp̄π0π0 from the
sidebands, the χcJ shape is parametrized with a Breit-
Wigner function (BW) convoluted with a Gaussian func-
tion, and the background is parametrized with a second-
order Chebyshev polynomial. The number of peaking
background events Npeaking for the χc0, χc1 and χc2 sig-
nals is estimated to be 20.2±2.4, 3.8±1.4, and 7.4±1.8,
respectively, where the uncertainties are statistical only.
A similar study is performed for the χcJ → Σ0Σ̄0 decays,
and no significant peaking background is found.

The main contributions to non-peaking background for
χcJ → Σ+Σ̄− are the decays ψ(3686) → γΣ+Σ̄− with-
out the intermediate χcJ state, ψ(3686) → π0Σ+Σ̄−,
ψ(3686) → Σ+Σ̄− and non-Σ+Σ̄− background (mainly
ψ(3686) → π0π0J/ψ, J/ψ → γpp̄, J/ψ → π0pp̄ or
J/ψ → pp̄) from ψ(3686) decays. The background from
ψ(3686) → Σ+Σ̄− decay lies in the ψ(3686) mass re-
gion, and can easily be removed by requiring the invari-
ant mass of the Σ+Σ̄− pair to be below 3.6 GeV/c2. The
backgrounds for the decay of χcJ → Σ0Σ̄0 are similar, re-
placing the charged with the neutral decay modes. In ad-
dition, there is background from ψ(3686) → Σ0π0Λ̄+c.c.
and Σ̄0γΛ+ c.c., which contributes to the horizontal and
vertical bands around the Σ0/Σ̄0 mass region. All non-
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Fig. 4: Fit results to the invariant mass spectra of Σ+Σ̄− (left) and Σ0Σ̄0 (right). The dots with error bars represent the data,
the solid line represents the fit results and the dashed line represents the smooth background.

peaking backgrounds including the QED contribution are
found to be smoothly distributed under the χcJ peaks
and can be modeled by a polynomial function.

V. DETERMINATION OF THE χcJ SIGNALS

To determine the number of χcJ → Σ+Σ̄− events, an
extended unbinned maximum-likelihood fit is performed
to the Σ+Σ̄− invariant mass distribution between 3.3 and
3.6 GeV/c2. The χcJ signal peaks are described by prob-
ability density functions

FJ (m) = (BWJ (m)× E3
γ ×D(Eγ))⊗G(0;σres,J), (1)

where BWJ (m) is a Breit-Wigner function; G(0;σres,J)
is a Gaussian function with the mean value of zero and
a standard deviation of the detection resolution σres,J ;
E3
γ is the cube of radiative photon energy reflecting the

energy dependence of the electric dipole (E1) matrix el-
ement; D(Eγ) is a damping factor needed to suppress
the diverging tail caused by the E3

γ dependence and is

given by e
−

E2
γ

8β2 , with β = 65 MeV as determined by the
CLEO collaboration [20]. The background is described
by a second-order Chebychev polynomial function. In
the fit, the signal yields and the masses of all three χcJ
signals as well as the width of the χc0 signal are left free,
while the detection resolution and the width of the χc1
and χc2 resonances are fixed.
The left panel of Fig. 4 shows the fit result; to es-

timate the goodness-of-fit, the reduced χ2 value is de-
termined to be χ2/ndf = 73.2/52. The statistical sig-
nificances of the χc1,2 → Σ+Σ̄− signal are 8.7 σ and
7.1 σ, respectively. The statistical significance of the sig-
nal is calculated using the changes in the log-likelihood
values and the corresponding change in the number of
degrees of freedom with and without the signal chan-
nel in the fit. A similar fit is performed to the Σ0Σ̄0

invariant mass distribution as shown in the right panel

of Fig. 4, for which the goodness-of-fit is estimated as
χ2/ndf = 76.6/52. The statistical significances for the
χc1,2 → Σ0Σ̄0 decay are 11.8 σ and 10.9 σ, respectively.
Table I lists the detection efficiencies obtained from MC
simulation and the numbers of observed events for the
χcJ signals. To calculate the efficiency for the decay
χcJ → Σ+Σ̄−, the track helix parameters for the pro-
ton and anti-proton are corrected in simulation (as de-
scribed in [21] in detail) to improve the consistency of
the 4C kinematic fit between data and MC simulation,
where the correction factors are obtained using a control
sample of ψ(3686) → π0π0J/ψ; J/ψ → pp̄γ decay.

TABLE I: The detection efficiency (ǫ) obtained from MC sim-
ulation and the number of observed events for χcJ signal
(Nobs). The uncertainty is statistical only.

Decay channel ǫ (%) Nobs

χc0 → Σ+Σ̄− 12.95 ± 0.05 747.4 ± 35.4

χc1 → Σ+Σ̄− 14.03 ± 0.05 58.9± 9.4
χc2 → Σ+Σ̄− 13.18 ± 0.05 54.7± 9.3
χc0 → Σ0Σ̄0 12.19 ± 0.05 1045.8 ± 40.1
χc1 → Σ0Σ̄0 13.46 ± 0.05 103.2 ± 11.9
χc2 → Σ0Σ̄0 13.07 ± 0.05 90.8± 11.7

Using the quantities listed in Table I and the BF (Bj) of
the intermediate states obtained from the PDG [17], the
BF (B) of χcJ → Σ+Σ̄− and Σ0Σ̄0 decays are calculated
by

B =
Nobs −Npeaking

Nψ(3686) × ǫ×
∏

j Bj
. (2)

The results are listed in Table II, together with the val-
ues from theoretical predictions [2–4], previous measure-
ment from BESIII [6], CLEO [5] and the PDG world
averages [17] for comparison. Note that we use the pre-
diction of the decay χc0 → Σ−Σ̄+ from Ref. [3] for
χc0 → Σ+Σ̄− due to isospin symmetry. The previous
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TABLE II: The BF results for the measurement of χcJ → Σ+Σ̄− and Σ0Σ̄0 (second column), together with values from
PDG world average [17], previous measurement from BESIII publications [6], CLEO [5] and theoretical predictions [2–4] for
comparison. To make an objective comparison, the BF of χcJ → ΣΣ̄ decays from previous BESIII are corrected with the
newest BF of ψ(3686) → γχcJ from Ref. [17]. To be independent of the BF of ψ(3686) → γχcJ , the product BF (Bprod) of
ψ(3686) → γχcJ and χcJ → ΣΣ̄ are also listed (last column). The first uncertainty is statistical and the second systematic.
Throughout the table, the BFs are given in units of 10−5.

Channel This work PDG Previous BESIII [6] CLEO [5] Theory Bprod

χc0 → Σ+Σ̄− 50.4 ± 2.5± 2.7 39± 7 43.7± 4.0± 2.8 32.5 ± 5.7± 4.3 5.5-6.9 [3] 4.99± 0.24 ± 0.24

χc1 → Σ+Σ̄− 3.7 ± 0.6 ± 0.2 < 6 5.2± 1.3± 0.5(< 8.3) < 6.5 3.3 [4] 0.35± 0.06 ± 0.02
χc2 → Σ+Σ̄− 3.5 ± 0.7 ± 0.3 < 7 4.7± 1.8± 0.7(< 8.4) < 6.7 5.0 [4] 0.32± 0.06 ± 0.03
χc0 → Σ0Σ̄0 47.7 ± 1.8± 3.5 44± 4 46.0± 3.3± 3.7 44.1 ± 5.6± 4.7 (25.1 ± 3.4, 18.7 ± 4.5) [2] 4.72± 0.18 ± 0.28
χc1 → Σ0Σ̄0 4.3 ± 0.5 ± 0.3 < 4 3.7± 1.0± 0.5(< 6.0) < 4.4 3.3 [4] 0.41± 0.05 ± 0.03
χc2 → Σ0Σ̄0 3.9 ± 0.5 ± 0.3 < 6 3.8± 1.0± 0.5(< 6.2) < 7.5 (38.9 ± 8.8, 4.2± 0.5) [2] 0.35± 0.05 ± 0.02

5.0 [4]

results on χc1,2 → Σ+Σ̄− and Σ0Σ̄0 decays from BESIII
had a statistical significance of less than 5 σ and were
of limited precision. To make an objective comparison,
the BF for the decays χcJ → ΣΣ̄ from the previous BE-
SIII publications are corrected with the newest BF of
ψ(3686) → γχcJ from Ref. [17]. To be independent of
the BF of ψ(3686) → γχcJ , the product BF (Bprod) of
ψ(3686) → γχcJ and χcJ → ΣΣ̄ are also listed in Ta-
ble II. The ratios of the BF between χcJ → Σ+Σ̄− and
Σ0Σ̄0 are shown in Table III. The results are consistent
with the expectation of isospin symmetry.

TABLE III: The ratio of BF between χcJ → Σ+Σ̄− and Σ0Σ̄0.
The first uncertainty is statistical and the second system-
atic. The systematic uncertainties of the same sources are
cancelled.

Channels Ratio

B(χc0 → Σ+Σ̄−)/B(χc0 → Σ0Σ̄0) 1.06 ± 0.07 ± 0.08

B(χc1 → Σ+Σ̄−)/B(χc1 → Σ0Σ̄0) 0.86 ± 0.17 ± 0.07

B(χc2 → Σ+Σ̄−)/B(χc2 → Σ0Σ̄0) 0.90 ± 0.21 ± 0.10

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are summarized in Ta-
ble IV. The number of ψ(3686) events is determined by
counting inclusive hadronic events from ψ(3686) decays
with an uncertainty of 0.6% (see Ref. [12] for a descrip-
tion of the method). A control sample of J/ψ → π+π−π0

decays is used to study the efficiency of the photon selec-
tion. The systematic uncertainty of the photon selection
is estimated to be 0.5% for the barrel and 1.5% for the
end-caps. As a result, the systematic uncertainty from
the photon selection efficiency in the present analysis is
assigned to be 0.6% per photon by means of a weighted
average. In the decay χcJ → Σ+Σ̄−, only the radiative
photon is considered for the uncertainty of photon detec-
tion. The tracking and particle identification (PID) effi-
ciencies of proton (anti-proton) from Σ+ (Σ̄−) decay are

studied using a control sample of J/ψ → Σ+Λ̄π− + c.c.
The number of Σ+ events with and without tracking and
PID of the proton can be extracted from the distribu-
tion of the recoil mass of Λ̄π−, and the ratio of the
corresponding numbers is assigned to be the detection
efficiency. The difference of the tracking and PID effi-
ciencies between data and MC samples is determined to
be 1.3% for protons and 1.4% for anti-protons and is as-
signed as the systematic uncertainty. The Λ and Λ̄ recon-
struction efficiencies are studied using a control sample
of ψ(3686) → ΛΛ̄ decays. The number of Λ events be-
fore and after reconstruction can be extracted from the
recoil mass of the p̄π+ and vice versa. The differences of
the reconstruction efficiency between MC simulation and
data, 2.0% for Λ and 2.5% for Λ̄, are assigned as the sys-
tematic uncertainty. The systematic uncertainties from
tracking and PID of charged tracks in the Λ (Λ̄) decay are
included in this number. The systematic uncertainty due
to the Λ mass window cut is determined to be 0.2%, and
the requirement of the Λ decay length to be greater than
zero introduces a systematic uncertainty of 0.4%. These
two contributions to the systematic uncertainty are com-
bined into the Λ and Λ̄ reconstruction uncertainty. The
π0 reconstruction efficiency is studied using control sam-
ples of ψ(3686) → J/ψπ0π0 and ψ(3770) → ωπ0 events,
individually. The relative difference of the π0 reconstruc-
tion efficiency (including the photon detection efficiency)
between data and MC is found to be 1.2% in both sam-
ples, which we assign as a systematic uncertainty. The π0

mass window does not contribute significantly to the un-
certainty. The systematic uncertainty due to the Σ+ and
Σ̄− (Σ0 and Σ̄0 ) mass window cut is determined to be
0.3% (0.6%) using a control sample of ψ(3686) → Σ+Σ̄−

(J/ψ → Σ0Σ̄0) decay.
The systematic uncertainty of the 4C kinematic fit

for χcJ → Σ+Σ̄− is studied using a control sample of
ψ(3686) → π0π0J/ψ; J/ψ → pp̄γ decay by correcting
the charged track helix parameters [21]. The difference
of 0.8% in efficiency between the simulation and the
data is assigned as the systematic uncertainty. For the
neutral mode χcJ → Σ0Σ̄0, we use control samples of
J/ψ → Σ0Σ̄0 and ψ(3686) → π0π0J/ψ; J/ψ → pp̄π+π−
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TABLE IV: Summary of relative systematic uncertainties for the measurement of χcJ → Σ+Σ̄− and Σ0Σ̄0 (%) .

Sources χc0 → Σ+Σ̄− χc1 → Σ+Σ̄− χc2 → Σ+Σ̄− χc0 → Σ0Σ̄0 χc1 → Σ0Σ̄0 χc2 → Σ0Σ̄0

Number of ψ(3686) 0.6 0.6 0.6 0.6 0.6 0.6
Photon selection 0.6 0.6 0.6 1.8 1.8 1.8
Tracking and PID 2.7 2.7 2.7 — — —
Λ and Λ̄ reconstruction — — — 4.5 4.5 4.5
π0 reconstruction 2.4 2.4 2.4 — — —
Σ mass window 0.3 0.3 0.3 0.6 0.6 0.6
4C kinematic fit 0.8 0.8 0.8 3.1 3.1 3.1
B(ψ(3686) → γχcJ ) 2.7 3.2 3.4 2.7 3.2 3.4
B(Σ+

→ pπ0) + c.c. 1.2 1.2 1.2 — — —
B(Λ → pπ−) + c.c. — — — 1.6 1.6 1.6
Fit range 0.8 0.9 1.9 1.1 1.2 2.3
χc1,2 width — 0.1 0.3 — 0.1 0.3
Background shape 1.4 1.6 4.1 1.7 3.1 1.2
Signal shape 1.5 2.3 3.7 1.7 0.9 1.5
Peaking background 0.9 3.1 5.0 — — —
Generator 0.1 1.1 1.5 2.0 2.3 2.5
Total 5.4 6.8 9.4 7.4 8.0 8.0

events to estimate the systematic uncertainty due to the
4C kinematic fit. The larger difference of 3.1% between
MC and data is assigned as the 4C fit systematic un-
certainty. The systematic uncertainty of the decay BF
of intermediate states is obtained from the uncertainties
quoted in the PDG. The uncertainty from the determi-
nation of χcJ events due to the fit range is obtained from
the maximum difference in the fit result by changing the
fit range from 3.3-3.6 GeV/c2 to 3.25-3.6 GeV/c2 or 3.25-
3.61 GeV/c2. Since the number of χc1,2 events is small,
the width of the χc1,2 signal shape is fixed to the PDG
value. Changing the width within ±1σ of the quoted
uncertainty, the maximum difference is assigned as the
systematic uncertainty. The systematic uncertainty due
to the detector resolution is found to be negligible using
the control sample of J/ψ → Σ+Σ̄− and J/ψ → Σ0Σ̄0.
The shape of the background in the fit is changed from
a second order Chebyshev polynomial to a first or third
order one, individually, and the maximum difference in
the fit result is assigned as the systematic uncertainty.

By changing the damping factor from e
−

E2
γ

8β2 used by

CLEO [20] to
E2

0

EγE0+(Eγ−E0)2
used by KEDR [22], the

differences in the fit results are assigned as the system-
atic uncertainty due to the signal line shape. The system-
atic uncertainty due to peaking background is obtained
by changing the boundary of the sideband, the fit range,
the shape of the background and signal in the sideband
data similarly as described above as well as the scale fac-
tor s of the MC simulation obtained from χc0 to that
obtained from χc1, χc2 decays and a uniform assumption
(s = 1). The distribution of the polar angle of Σ+ in the
χcJ rest frame is used to study the angular distribution of
χcJ → Σ+Σ̄− decays. The function (1 + αcos2θ) is used
to fit the data. Alternative signal MC samples are gener-
ated by changing the α value by ±1σ of the fit value. The

resulting maximum difference in the efficiency is assigned
as the systematic uncertainty. A similar systematic un-
certainty is assigned to the neutral modes. By changing
the weak decay parameters of the baryons within ±1σ of
the uncertainties quoted by the PDG, we find the result-
ing maximum difference in the detection efficiency to be
0.1% and 2% for the charged and neutral decay modes.
These two terms associated with modeling the decays are
combined into the generator uncertainty. The total sys-
tematic uncertainty is obtained by adding the individual
uncertainties in quadrature.

VII. SUMMARY

In summary, using the world’s largest ψ(3686) sample
at on-resonance production taken with the BESIII de-
tector, we have measured the BF of χcJ → Σ+Σ̄− and
Σ0Σ̄0. The results presented replace the previous BESIII
results [6]. The decays χc1,2 → Σ+Σ̄− and Σ0Σ̄0 are ob-
served with more than 5σ significance for the first time.
The results are consistent with and improve on the preci-
sion compared to the world average values. The current
results on χc1,2 → Σ+Σ̄− and Σ0Σ̄0 are in good agree-
ment with theoretical predictions based on the color octet
contribution model [4]. The results for χc0 → Σ+Σ̄− and
Σ0Σ̄0 are still inconsistent with the prediction [3] based
on the charm meson loop mechanism. The ratio between
charged and neutral decay modes is consistent with the
expectation from isospin symmetry.
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