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Ch. Rosner,15 M. Rump,57 A. Sarantsev,29,e M. Savrié,24b Y. Schelhaas,28 C. Schnier,4 K. Schoenning,64 D. C. Shan,46

W. Shan,19 X. Y. Shan,60,48 M. Shao,60,48 C. P. Shen,2 P. X. Shen,37 X. Y. Shen,1,52 H. C. Shi,60,48 R. S. Shi,1,52 X. Shi,1,48

X. D. Shi,60,48 J. J. Song,41 Q. Q. Song,60,48 W.M. Song,27 Y. X. Song,38,l S. Sosio,63a,63c S. Spataro,63a,63c F. F. Sui,41

G. X. Sun,1 J. F. Sun,16 L. Sun,65 S. S. Sun,1,52 T. Sun,1,52 W. Y. Sun,35 Y. J. Sun,60,48 Y. K. Sun,60,48 Y. Z. Sun,1 Z. T. Sun,1

Y. H. Tan,65 Y. X. Tan,60,48 C. J. Tang,45 G. Y. Tang,1 J. Tang,49 V. Thoren,64 B. Tsednee,26 I. Uman,51d B. Wang,1

B. L. Wang,52 C.W. Wang,36 D. Y. Wang,38,l H. P. Wang,1,52 K. Wang,1,48 L. L. Wang,1 M. Wang,41 M. Z. Wang,38,l

Meng Wang,1,52 W. H. Wang,65 W. P. Wang,60,48 X. Wang,38,l X. F. Wang,32 X. L. Wang,9,i Y. Wang,49 Y. Wang,60,48

Y. D. Wang,15 Y. F. Wang,1,48,52 Y. Q. Wang,1 Z. Wang,1,48 Z. Y. Wang,1 Ziyi Wang,52 Zongyuan Wang,1,52 D. H. Wei,12

P. Weidenkaff,28 F. Weidner,57 S. P. Wen,1 D. J. White,55 U. Wiedner,4 G. Wilkinson,58 M. Wolke,64 L. Wollenberg,4

J. F. Wu,1,52 L. H. Wu,1 L. J. Wu,1,52 X. Wu,9,i Z. Wu,1,48 L. Xia,60,48 H. Xiao,9,i S. Y. Xiao,1 Y. J. Xiao,1,52 Z. J. Xiao,35

X. H. Xie,38,l Y. G. Xie,1,48 Y. H. Xie,6 T. Y. Xing,1,52 X. A. Xiong,1,52 G. F. Xu,1 J. J. Xu,36 Q. J. Xu,14 W. Xu,1,52 X. P. Xu,46

L. Yan ,9,i,* L. Yan,63a,63c W. B. Yan,60,48 W. C. Yan,68 Xu Yan,46 H. J. Yang,42,h H. X. Yang,1 L. Yang,65 R. X. Yang,60,48

S. L. Yang,1,52 Y. H. Yang,36 Y. X. Yang,12 Yifan Yang,1,52 Zhi Yang,25 M. Ye,1,48 M. H. Ye,7 J. H. Yin,1 Z. Y. You,49

PHYSICAL REVIEW LETTERS 125, 052004 (2020)

0031-9007=20=125(5)=052004(8) 052004-1 Published by the American Physical Society

https://orcid.org/0000-0001-5930-4453


B. X. Yu,1,48,52 C. X. Yu,37 G. Yu,1,52 J. S. Yu,20,m T. Yu,61 C. Z. Yuan,1,52 W. Yuan,63a,63c X. Q. Yuan,38,l Y. Yuan,1

Z. Y. Yuan,49 C. X. Yue,33 A. Yuncu,51b,a A. A. Zafar,62 Y. Zeng,20,m B. X. Zhang,1 Guangyi Zhang,16 H. H. Zhang,49

H. Y. Zhang,1,48 J. L. Zhang,66 J. Q. Zhang,4 J. W. Zhang,1,48,52 J. Y. Zhang,1 J. Z. Zhang,1,52 Jianyu Zhang,1,52

Jiawei Zhang,1,52 L. Zhang,1 Lei Zhang,36 S. Zhang,49 S. F. Zhang,36 T. J. Zhang,42,h X. Y. Zhang,41 Y. Zhang,58

Y. H. Zhang,1,48 Y. T. Zhang,60,48 Yan Zhang,60,48 Yao Zhang,1 Yi Zhang,9,i Z. H. Zhang,6 Z. Y. Zhang,65 G. Zhao,1

J. Zhao,33 J. Y. Zhao,1,52 J. Z. Zhao,1,48 Lei Zhao,60,48 Ling Zhao,1 M. G. Zhao,37 Q. Zhao,1 S. J. Zhao,68 Y. B. Zhao,1,48

Y. X. Zhao Zhao,25 Z. G. Zhao,60,48 A. Zhemchugov,29,b B. Zheng,61 J. P. Zheng,1,48 Y. Zheng,38,l Y. H. Zheng,52 B. Zhong,35

C. Zhong,61 L. P. Zhou,1,52 Q. Zhou,1,52 X. Zhou,65 X. K. Zhou,52 X. R. Zhou,60,48 A. N. Zhu,1,52 J. Zhu,37 K. Zhu,1

K. J. Zhu,1,48,52 S. H. Zhu,59 W. J. Zhu,37 X. L. Zhu,50 Y. C. Zhu,60,48 Z. A. Zhu,1,52 B. S. Zou,1 and J. H. Zou1

(BESIII Collaboration)

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

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

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

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

9Fudan University, Shanghai 200443, People’s Republic of China
10G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
11GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

12Guangxi Normal University, Guilin 541004, People’s Republic of China
13Guangxi University, Nanning 530004, People’s Republic of China

14Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

16Henan Normal University, Xinxiang 453007, People’s Republic of China
17Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

18Huangshan College, Huangshan 245000, People’s Republic of China
19Hunan Normal University, Changsha 410081, People’s Republic of China

20Hunan University, Changsha 410082, People’s Republic of China
21Indian Institute of Technology Madras, Chennai 600036, India

22Indiana University, Bloomington, Indiana 47405, USA
23aINFN Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

23bINFN and University of Perugia, I-06100 Perugia, Italy
24aINFN Sezione di Ferrara, I-44122 Ferrara, Italy

24bUniversity of Ferrara, I-44122 Ferrara, Italy
25Institute of Modern Physics, Lanzhou 730000, People’s Republic of China

26Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia
27Jilin University, Changchun 130012, People’s Republic of China

28Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
29Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

30Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
31KVI-CART, University of Groningen, NL-9747 AA Groningen, The Netherlands

32Lanzhou University, Lanzhou 730000, People’s Republic of China
33Liaoning Normal University, Dalian 116029, People’s Republic of China

34Liaoning University, Shenyang 110036, People’s Republic of China
35Nanjing Normal University, Nanjing 210023, People’s Republic of China

36Nanjing University, Nanjing 210093, People’s Republic of China
37Nankai University, Tianjin 300071, People’s Republic of China
38Peking University, Beijing 100871, People’s Republic of China

39Qufu Normal University, Qufu 273165, People’s Republic of China
40Shandong Normal University, Jinan 250014, People’s Republic of China

41Shandong University, Jinan 250100, People’s Republic of China
42Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

43Shanxi Normal University, Linfen 041004, People’s Republic of China
44Shanxi University, Taiyuan 030006, People’s Republic of China

PHYSICAL REVIEW LETTERS 125, 052004 (2020)

052004-2



 

45Sichuan University, Chengdu 610064, People’s Republic of China
46Soochow University, Suzhou 215006, People’s Republic of China
47Southeast University, Nanjing 211100, People’s Republic of China

48State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China
49Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

50Tsinghua University, Beijing 100084, People’s Republic of China
51aAnkara University, 06100 Tandogan, Ankara, Turkey

51bIstanbul Bilgi University, 34060 Eyup, Istanbul, Turkey
51cUludag University, 16059 Bursa, Turkey

51dNear East University, Nicosia, North Cyprus, Mersin 10, Turkey
52University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

53University of Hawaii, Honolulu, Hawaii 96822, USA
54University of Jinan, Jinan 250022, People’s Republic of China

55University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom
56University of Minnesota, Minneapolis, Minnesota 55455, USA

57University of Muenster, Wilhelm-Klemm-Straße 9, 48149 Muenster, Germany
58University of Oxford, Keble Rd, Oxford OX13RH, United Kingdom

59University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
60University of Science and Technology of China, Hefei 230026, People’s Republic of China

61University of South China, Hengyang 421001, People’s Republic of China
62University of the Punjab, Lahore-54590, Pakistan

63aUniversity of Turin, I-10125 Turin, Italy
63bUniversity of Eastern Piedmont, I-15121 Alessandria, Italy

63cINFN, I-10125 Turin, Italy
64Uppsala University, Box 516, SE-75120 Uppsala, Sweden

65Wuhan University, Wuhan 430072, People’s Republic of China
66Xinyang Normal University, Xinyang 464000, People’s Republic of China

67Zhejiang University, Hangzhou 310027, People’s Republic of China
68Zhengzhou University, Zhengzhou 450001, People’s Republic of China

(Received 17 April 2020; accepted 18 June 2020; published 31 July 2020)

From 1310.6 × 106 J=ψ and 448.1 × 106 ψð3686Þ events collected with the BESIII experiment, we
report the first observation of Σþ and Σ̄− spin polarization in eþe− → J=ψ ½ψð3686Þ� → ΣþΣ̄− decays. The
relative phases of the form factors ΔΦ have been measured to be ð−15.5� 0.7� 0.5Þ° and ð21.7�
4.0� 0.8Þ° with J=ψ and ψð3686Þ data, respectively. The nonzero value of ΔΦ allows for a direct and
simultaneous measurement of the decay asymmetry parameters of Σþ → pπ0ðα0 ¼ −0.998� 0.037�
0.009Þ and Σ̄− → p̄π0ðᾱ0 ¼ 0.990� 0.037� 0.011Þ, the latter value being determined for the first time.
The average decay asymmetry, ðα0 − ᾱ0Þ=2, is calculated to be −0.994� 0.004� 0.002. The CP
asymmetry ACP;Σ ¼ ðα0 þ ᾱ0Þ=ðα0 − ᾱ0Þ ¼ −0.004� 0.037� 0.010 is extracted for the first time, and
is found to be consistent with CP conservation.

DOI: 10.1103/PhysRevLett.125.052004

Hyperons are ideal probes for studying the strong
interaction in the transition region between the nonpertur-
bative and perturbative QCD regimes. In addition, two-
body hyperon weak decays play an important role in the
study of symmetry properties in particle physics.
Historically, these decays were used to establish parity

violation [1]. Current research on this type of decays
focuses on the search for CP violation in the baryon

sector. The polarization of spin 1=2 hyperons can be
determined in two-body weak decays due to the self-
analyzing nature of these decay processes. The Σþ polari-
zation vector PΣþ can be determined from the Σþ → pπ0

decay using the angular distribution of the daughter proton,
as dN=dΩ ¼ ð1=4πÞð1þ α0PΣþ · p̂Þ. Here, p̂ is the unit
vector along the proton momentum in the Σþ rest frame and
α0 is defined as the decay asymmetry parameter for the
Σþ → pπ0 decay. Correspondingly, the decay asymmetry
parameter for Σ− → p̄π0 is denoted ᾱ0. The parameters α0
and ᾱ0 are CP odd so that ACP;Σ ¼ ðα0 þ ᾱ0Þ=ðα0 − ᾱ0Þ
can be used to test CP symmetry [2,3]. A nonzero value of
ACP;Σ would indicate a CP violation. An average decay
asymmetry parameter α0 ¼ −0.980þ0.017

−0.013 [4] was extracted
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from πþp → ΣþKþ experiments nearly 50 years ago [5–7]
while ᾱ0 has not been measured before. The standard model
theoretical prediction for the level of CP violation is
ACP;Σ ∼ 3.6 × 10−6 [8]. In general, CP violation in the
baryonic sector is relatively poorly known [9]. It has thus
been noted in Ref. [10] that it is of high importance to
improve the sensitivity regarding CP violation in as many
baryonic decay modes as possible in order to investigate the
consistency with the standard model Cabibbo-Kobayashi-
Maskawa mechanism.
BESIII provides a unique environment to study both

hyperon production and decay properties in electron-
positron annihilation to Σþ Σ̄− pairs via the intermediate
J=ψ and ψ 0 [denoting the ψð3686Þ throughout this Letter]
resonances [10]. In this quantum entangled system, the
decay parameters of the two baryons are correlated which
allows a controlled and precise test of CP symmetry.
Recently, the first case of hyperon polarization in elec-
tron-positron annihilation was found for Λ hyperons in the
J=ψ → ΛΛ̄ decay by the BESIII collaboration [11].
The eþe− → Ψ → ΣþΣ̄− (Ψ here denotes either the J=ψ

or the ψ 0) production process is described by the psionic
electric and magnetic form factors, GΨ

E and GΨ
M [12]. These

two psionic form factors are formally equivalent to the Σ
electric and magnetic form factors [13–17]. The two form
factors can be described by two real parameters αΨ andΔΦ,
which correspond to the angular decay asymmetry and
the relative phase between the form factors, respectively.
The observable ΔΦ is related to the spin-polarization
of the produced ΣþΣ̄− pair. In singly weak decays, if
the relative phase is nonzero ΔΦ ≠ 0, the Σ polarization is
perpendicular to the production plane and depends on
the angle between the Σþ and electron (e−) beam in the
reaction center-of-mass frame (CM) θΣþ , as shown in
Fig. 1. It is then possible to make a simultaneous and
direct measurement of α0 and ᾱ0 and hence also a test on
CP symmetry.
The first branching fraction measurement of J=ψ →

ΣþΣ̄− was reported by the BES collaboration [18] while

ψ 0 → ΣþΣ̄− was studied with CLEO data [19–21].
However, so far no measurement of αΨ and ΔΦ exists.
The full differential cross section of the production and

decay process eþe− → Ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ is
described with five observables ξ ¼ ðθΣþ ; θp;ϕp; θp̄;ϕp̄Þ
[12]. Here θp;ϕp and θp̄, ϕp̄ are the polar and azimuthal
angles of the proton and antiproton measured in the rest
frames of their respective mother particles. As seen from
the basis vector definitions in Fig. 1, a right-handed system
is defined where the z axis is taken along the Σþ
momentum pΣþ ¼ −pΣ̄− ¼ p in the CM system. The y
axis is taken as the normal to the scattering plane,
ke− × pΣþ , where ke− ¼ −keþ ¼ k is the electron beam
momentum in the CM system.
The differential cross section is given as dσ ∝ WðξÞdξ,

where WðξÞ is

WðξÞ¼T 0ðξÞþαψT 5ðξÞ
þα0ᾱ0½T 1ðξÞþ

ffiffiffiffiffiffiffiffiffiffiffiffi
1−α2ψ

q
cosðΔΦÞT 2ðξÞþαψT 6ðξÞ�

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1−α2ψ

q
sinðΔΦÞ½α0T 3ðξÞþ ᾱ0T 4ðξÞ�: ð1Þ

and T i; ði ¼ 0; 1;…; 6Þ are angular functions dependent on
ξ which are described in detail in Ref. [12]. Equation (1)
contains three types of terms: those depending on the Σþ
scattering angle (T 0 þ αψT 5), the three spin correlations
(terms multiplied by α0ᾱ0) and the separate polarization
terms. The free parameters to be determined in a fit of the
joint angular distribution WðξÞ to the data are αΨ, ΔΦ, α0
and ᾱ0. If ΔΦ ≠ 0, all parameters can be determined
simultaneously, and ACP can be evaluated directly.
In this Letter, we present a study of the J=ψ → ΣþΣ̄−

and ψ 0 → ΣþΣ̄− decays. In an analysis of the angular
distributions of the Σþ (Σ̄−) baryons and their daughter
particles, the spin polarization and decay asymmetry
parameters of Σþ and Σ̄− are measured for the first time.
The analysis is based on 1310.6 × 106 J=ψ and 448.1 ×

106 ψ 0 events collected with the BESIII detector. Details
about the design and performance of the BESIII detector
are given in Ref. [22]. Candidate events for the process
Ψ → ΣþΣ̄−, with subsequent ΣþðΣ̄−Þ → pπ0ðp̄π0Þ and
π0 → γγ decays, have to have two good charged tracks
with opposite charges and at least four photons. Good
charged tracks are required to be within the acceptance of
the multilayer drift chamber (MDC), j cos θj < 0.93. For
each track, the point of closest approach to the interaction
point must be within 2 cm in the plane perpendicular to the
beam direction and within �10 cm along the beam
direction. The two good charged tracks need to be
identified as proton and antiproton by the particle identi-
fication (PID) system, requiring that the likelihood for a
proton assignment is larger than alternative hypotheses,
LðpÞ > LðπÞ and LðpÞ > LðKÞ. Here, LðhÞ (h ¼ π, K, p)
is a likelihood for the different final state hadron

FIG. 1. Definition of the coordinate system used to describe
the J=ψ → ΣþΣ̄− and ψ 0 → ΣþΣ̄− process. The Σþ particle is
emitted along the zΣþ axis direction, and the Σ̄− in the opposite
direction. yΣþ axis is perpendicular to the plane of Σþ and e−, and
xΣþ axis is defined by right-hand coordinate system. The Σþ
decay product, proton, is measured in this coordinate.
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hypotheses determined from the specific energy loss in the
MDC and the time-of-flight measurement.
Photon candidates are reconstructed from isolated show-

ers in the electromagnetic calorimeter (EMC). Each photon
candidate is required to have a minimum energy of 25 MeV
in the EMC barrel region (j cos θj < 0.8) or 50 MeV in the
end cap region (0.86 < j cos θj < 0.92). In order to further
suppress electronic noise and energy deposition unrelated
to the signal event, it is required that the time difference
between an EMC signal and the reconstructed event start
time is within an interval of 700 ns. Good π0 candidates
are selected as those photon pairs whose invariant
mass is satisfying ðmπ0 − 60 MeV=c2Þ < Mγγ < ðmπ0þ
40 MeV=c2Þ, where mπ0 is the nominal mass of the π0

meson [4]. An asymmetric mass window is used for the π0

reconstruction as the photon energy deposited in the EMC
has a tail on the low energy side. In addition, a one-
constraint (1C) kinematic fit is performed for the photon
pairs, constraining the invariant mass to the nominal π0

mass. The χ21C of the kinematic fit is required to be less than
25. The number of good π0 candidates is required to be
larger than one. To further remove potential background
events and improve the mass resolution, a four-constraint
(4C) kinematic fit is performed, constraining the total
reconstructed four momentum to that of the initial state.
A requirement on the quality of the 4C kinematic fit of
χ24C < 100 is imposed. If the number of π0 candidates in an
event is greater than two, the pp̄γγγγ combination with the
lowest χ24C is selected as the final event candidate.
After kinematic fitting, the Σþ and Σ̄− candidates are
built from the proton, antiproton- and neutral pion-

candidates. Here, the combination that minimizes σm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMpπ0 −mΣþÞ2 þ ðMp̄π0 −mΣ̄−Þ2

q
is chosen in order to

allocate the neutral pions to the two baryon decays.
For the ψ 0 → ΣþΣ̄− decay, an additional invariant mass
requirement is imposed on the proton-antiproton pair,
jMpp̄ − 3.1 GeV=c2j > 0.05 GeV=c2, to remove back-
ground events of the decay ψ 0 → π0π0J=ψ with
J=ψ → pp̄.
To investigate possible background processes in the final

data sample, inclusive Monte Carlo (MC) samples of 1.2 ×
109 J=ψ and 5.06 × 108 ψ 0 events have been used. For
these, known decay modes are modeled with EVTGEN[23]
using branching fractions taken from the particle data
group, whereas unknown decay modes are generated
following the LUNDCHARM model [24]. The main back-
ground channels are found to be Ψ → ΔþΔ̄− and Ψ →
γηc; ηc → ΣþΣ̄− using the tool described in Ref. [25]. Here,
the latter channel already only constitutes about 0.07% of
the signal strength and can thus be neglected.
To estimate the amount of non-ΣþΣ̄− events in data, a

two-dimensional sideband method is used to quantify the
background contribution. The signal region is defined as

1.17 GeV=c2 < Mpπ0=p̄π0 < 1.2 GeV=c2 and the lower
and upper sideband regions are defined as 1.13 GeV=c2 <
Mpπ0=p̄π0 < 1.16 GeV=c2 and 1.21 GeV=c2 < Mpπ0=p̄π0 <
1.24 GeV=c2, respectively. The sideband regions are
shown in Fig. 2. We discriminate between two different
types of sideband contributions. Regions A, indicated with
red dashed lines in Fig. 2, designate those events where one
of the pπ0 or p̄π0 combinations lies in the signal region
while the other one does not, whereas regions B, indicated
as blue solid lines, designate events where both pπ0

and p̄π0 fall into the respective sideband. The number
of background events Nbg is then determined by
Nbg ¼ 0.5NA − 0.25NB, where NA and NB are the sum
of all events in the regions A and B, respectively. From this
method, the background levels in the signal region (green
dotted box in Fig. 2) are found to be 5% for J=ψ → ΣþΣ̄−

and 1% for ψ 0 → ΣþΣ̄−. The final event samples in the
signal region are determined to be 87 815 events for the
J=ψ → ΣþΣ̄− decay and 5327 events for the ψ 0 → ΣþΣ̄−

decay. An unbinned maximum likelihood fit is performed
in the five angular dimensions ξ, simultaneously fitting
both the J=ψ → ΣþΣ̄− and ψ 0 → ΣþΣ̄− data in order to
determine the parameters Ω ¼ fαJ=ψ ; αψ 0 ;ΔΦJ=ψ ;
ΔΦψ 0 ; α0; ᾱ0g. In the fit, the joint likelihood function is
defined as

L ¼
Yn

i¼1

Probðξi;ΩÞ ¼
Yn

i¼1

Wðξi;ΩÞ
N

;

where n is the number of events and ProbðξiÞ is the
probability to produce event i based on the measured
observables ξ and the set of parameters Ω. The normali-
zation factor N ¼ ð1=NMCÞ ·

PNMC
j¼1 WMC

j is given by the
sum of the corresponding amplitude W using simulated
events evenly distributed in phase space. In the
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FIG. 2. Distribution of the invariant mass of the Σ̄− candidate as
a function of the invariant mass of the Σþ candidate, showing the
signal (green box) and sideband regions A and B (red and blue
boxes, respectively).
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normalization factor, the detection efficiency is included
and possible differences between real data and MC sim-
ulations have been taken into account. Instead of the
likelihood function L, the negative of the logarithm of L
is minimized using the MINUIT package given in the CERN
library [26,27]. The objective function is defined as

S ¼ − lnLdata þ lnLbg;

where Ldata is the likelihood function of events selected in
the signal region, and Lbg is the likelihood function of
background events given by the sideband regions. The
numerical fit results are summarized in Table I. The first
uncertainty given is always statistical and the second one is
systematic. The spin polarization of the Σ baryons is
observed for both the J=ψ and the ψ 0 datasets. The relative
phase between the psionic electric and magnetic form
factors is determined to be ΔΦJ=ψ ¼ −0.270� 0.012
and ΔΦψ 0 ¼ 0.379� 0.07 for the J=ψ → ΣþΣ̄− and ψ 0 →
ΣþΣ̄− decay, respectively, which differs from zero with a
significance of more than 20σ in case of the J=ψ data and
with a significance of 5.5σ for the ψ 0 data, including
systematic uncertainties. The two values determined at the
J=ψ and ψ 0 resonances differ in size and also have opposite
sign. The polarization of the Σ baryons is clearly visible in
the data, as shown in Fig. 3, where the momentMðcos θΣþÞ
is displayed for the data divided into 20 cos θΣþ bins in
comparison to a MC sample evenly distributed in phase
space and the solution of the fit performed in this work. The
moment is given by

MðcosθΣþÞ¼ ðm=NÞ
XNðcosθΣþÞ

i

ðsinθip cosϕi
p− sinθip̄ cosϕ

i
p̄Þ:

Here, m ¼ 20 is the number of bins, N is the total number
of events in the data sample and Nðcos θΣþÞ is the number
of events in the cos θΣþ bin. Assuming CP conservation
α0 ¼ −ᾱ0, the expected angular dependence of the mo-

ment from Eq. (1) is ðdM=d cos θΣþÞ ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2ψ

q
α0 ×

sinΔΦ cos θΣþ sin θΣþ in case of data corrected for the
acceptance and reconstruction efficiency. The red line in
Fig. 3 follows this expectation but additionally takes
acceptance and reconstruction efficiency into account.
Other projections related to ξ could be found in
Supplemental Material [28].
As ΔΦ is nonzero, a simultaneous measurement

of α0 and ᾱ0 is possible and performed, as shown in
Table I. From the asymmetry parameters α0 and ᾱ0, the
CP-odd observable ACP;Σ ¼ ðα0 þ ᾱ0Þ=ðα0 − ᾱ0Þ ¼
−0.004� 0.037� 0.010 is extracted for the first time.
It is found to be consistent with the standard model
prediction. The average decay asymmetry ðα0 − ᾱ0Þ=2 is
calculated to be −0.994� 0.004� 0.002, representing a
significant improvement in precision compared to earlier
measurements.
A summary of the systematic uncertainties that have

been considered in this work are listed in Table II. Sources
under consideration include a possible bias in the fit
method, the choice of mass region for the signal, the
background estimation method, helix parameter correc-
tions, and efficiency differences between data and MC
simulations. The individual uncertainties are assumed to be
uncorrelated and are therefore added in quadrature. To
validate the reliability of the fit results, a set of 100 toy
samples is simulated. In these samples, the differential
cross section is based on Eq. (1), and the decay parameters
determined in this study, listed in Table I, are used as input
parameters. The number of events in each toy sample is the
same as for the data sample. We compare the average
output values with the input values for all fit parameters.
Differences between input and average output are taken as
the systematic uncertainties caused by the fitting method. In
addition, the size of the signal mass window is changed by
�5 MeV. The fit is repeated and the differences between
the new values and the nominal values are taken as the
systematic uncertainties of the parameters resulting from
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FIG. 3. The moments Mðcos θΣþÞ for data that is not corrected
for acceptance and reconstruction efficiency as function of
cos θΣþ for the decays J=ψ → ΣþΣ̄− (top) and ψ 0 → ΣþΣ̄−

(bottom). The black points with error bars are experimental data,
the red solid lines are the fit results and the blue dashed line
represents the distribution without polarization from the simu-
lated events evenly distributed in phase space.

TABLE I. Values and uncertainties of the fit parameters
extracted in this Letter.

Parameter Measured value

αJ=ψ −0.508� 0.006� 0.004
ΔΦJ=ψ −0.270� 0.012� 0.009
αψ 0 0.682� 0.03� 0.011
ΔΦψ 0 0.379� 0.07� 0.014
α0 −0.998� 0.037� 0.009
ᾱ0 0.990� 0.037� 0.011
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the choice of signal mass window. In this work, the
sideband regions in the Σþ → pπ0 and Σ̄− → p̄π0 invariant
masses were used to estimate the amount of background
events in the signal region. Changing the sideband regions
from ½1.13; 1.16� GeV=c2 and ½1.21; 1.24� GeV=c2 to
½1.145; 1.16� GeV=c2 and ½1.21; 1.225� GeV=c2, the back-
ground estimation and the fit are repeated and the
differences between the new and the nominal fit results
are taken as the systematic uncertainties on the fit param-
eters caused by the choice of sideband regions. For the
nominal result, we are using the track correction for the
helix parameters mentioned in Ref. [29]. We repeat the full
fit procedure using a MC sample without this track
correction and take the difference between the two fit
results as a systematic uncertainty caused by the track
correction. The uncertainties due to potential efficiency
differences between data and simulations of charged-
particle tracking and PID have been investigated with
J=ψ → pp̄πþπ− control samples, and those due to neutral
π0 reconstruction are estimated from J=ψ → πþπ−π0 con-
trol samples. Using these control samples, we determine
corrections to the MC simulations and take the differences
between fit results with and without tracking, PID and π0

reconstruction efficiency corrections as the systematic
uncertainties.
In conclusion, based on the samples of 1310.6 ×

106 J=ψ and 448.1 × 106 ψ 0 events collected with the
BESIII detector, the decay parameters of the decays J=ψ →
ΣþΣ̄− and ψ 0 → ΣþΣ̄−, αJ=ψ and αψ 0 , are measured for
the first time. The numerical fit results are given in
Table I. Here, αJ=ψ is determined to be negative, which
has the same sign as observations made in the decays
J=ψ → Σ0Σ̄0, J=ψ → Σð1385Þ−Σ̄ð1835Þþ and J=ψ →
Σð1385ÞþΣ̄ð1835Þ− [30].
The relative phases ΔΦJ=ψ and ΔΦψ 0 are determined

simultaneously and for the first time for both reactions
J=ψ → ΣþΣ̄− and ψ 0 → ΣþΣ̄−. This also marks the first
determination of the relative phase for a ψ 0 decay into a pair
of baryons. Since ΔΦ is found to be nonzero for both
decays, the decay asymmetry parameters α0 and ᾱ0 are
determined simultaneously. While the value of α0 deter-
mined in this work is consistent with the PDG average at

significantly improved precision, ᾱ0 is measured for the
first time. The value of ACP;Σ is found to be consistent with
CP conservation and is in agreement with the standard
model prediction within present uncertainties [8].
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