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A stringent test of CP symmetry in hyperon decays is performed using 1.0 × 1010 J=ψ events and 2.7 ×
109 ψð3686Þ events collected by the BESIII experiment. The CP asymmetry in the two-body nonleptonic
weak decays Σþ → pπ0 and Σ̄− → p̄π0 is determined to be ACP ¼ −0.0118� 0.0083ðstatÞ � 0.0028ðsystÞ,
consistent with CP conservation. The average decay parameter hα0i ¼ −0.9869� 0.0011ðstatÞ �
0.0016ðsystÞ represents the most precise measurement in the baryon sector to date. A model-independent
analysis of the hyperon polarization is performed for the first time at J=ψ andψð3686Þ resonances, revealing a
clear sign reversal andoffering new insight intoSU(3) symmetrybreakingandbaryon internal structure.These
results provide themost stringent constraints onCPviolation inΣ decays and establish a benchmark for future
precision studies.
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Violation of charge conjugation and parity (CP) sym-
metry is one of the necessary conditions to explain the
abundance of matter with respect to antimatter in the
Universe [1]. While CP violation has been observed in
decays of K, B, and D mesons through the Kobayashi-
Maskawa mechanism [2–9], the effects predicted by the
standard model (SM) are insufficient to account for the
matter-antimatter asymmetry [10], indicating the need for
additional CP violation sources beyond the SM (BSM)
[11–15].
Since most visible matter consists of baryons, exploring

CP violation in the baryon sector is particularly important.
Recently, the LHCb Collaboration reported evidence for
CP violation in Λ0

b decay into ΛKþK− [16] and the first
observation of CP violation in Λ0

b four-body decay [17].
However, these results pertain to heavy-flavor baryons and
involve complex multibody final states. In contrast,
hyperon decays, dominated by light quarks and two-body
decay modes, offer a complementary and theoretically
cleaner avenue for probing CP violation. Unlike branch-
ing-fraction asymmetries used in heavy baryon CP studies,
nonleptonic two-body hyperon decays are characterized by
decay asymmetry parameters αh and ᾱh for hyperons and
antihyperons, respectively [18]. CP symmetry can be tested
by the CP-odd observable ACP ¼ ðαh þ ᾱhÞ=ðαh − ᾱhÞ,
where a value significantly deviating from zero would
indicate CP violation [19–22]. Predictions for the

ACPðΣþ → pπ0Þ asymmetry in the SM range from −3.2 ×
10−7 [23] to 3.6 × 10−6 [24]. Several BSM theories predict
an order of magnitude larger values, for example, −3.2 ×
10−5 with the Weinberg-Higgs model and −2.9 × 10−5 with
the left-right-symmetric model [23]. The BESIII
Collaboration has previously reported the first measurement,
based on a subset of its J=ψ and ψð3686Þ data [25,26],
yielding ACPðΣþ → pπ0Þ ¼ 0.004� 0.037� 0.010, con-
sistent withCP conservation. The average decay asymmetry
parameter was also determined to be −0.994� 0.004�
0.002 [22]. Beyond the role of parameter αh in CP violation
test, it also provides valuable insight into hadronic structure.
Achieving improved precision in hyperon CP violation is
crucial for testing BSM theories and understanding the
matter-antimatter imbalance in the Universe.
–In addition to hyperon decay observables, the hyperon

pair production carries essential information about the
underlying dynamics, particularly the internal structure
of hyperons. The production is characterized by the angular
distribution parameter αΨ and the hyperon polarization P⃗h.
The Σ hyperon exhibits distinct behaviors compared to
other hyperons such asΛ and Ξ. In particular, the sign of αΨ
is found to be opposite at the J=ψ and ψð3686Þ resonances,
in contrast to the same-sign behavior observed in other
hyperons, which could be explained with SU(3) symmetry-
breaking model [27]. In ΣþΣ̄− pair production, a polari-
zation sign flip is also observed, which again differs from
the behavior seen in Λ and Ξ hyperons. Notably, SU(3)
symmetry breaking alone does not provide a satisfactory
explanation for this phenomenon. Alternative interpreta-
tions involving diquark correlations [28,29] and hadronic
loop corrections have been proposed. Therefore, more
precise measurements of hyperon polarization are needed
to elucidate hyperon dynamics and structure.
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In this Letter, we present a stringent test of CP symmetry
in Σþ → pπ0 and Σ̄− → p̄π0 decays, based on 1.0 ×
1010 J=ψ [30] and 2.7 × 109 ψð3686Þ events [31] collected
by the BESIII experiment, which are 7.7 and 6.1 times
larger, respectively, than those used previously. Exploiting
the quantum entanglement of ΣþΣ̄− pairs produced in J=ψ
and ψð3686Þ decays, we achieve the most sensitive test of
CP violation in Σ decay to date. Furthermore, we perform
the first model-independent measurement of the polariza-
tion ratios between J=ψ and ψð3686Þ, providing critical
new insights into hyperon structure and strong interaction
dynamics.
To extract the decay and production parameters with

high precision, a theoretical framework is established to
describe the joint angular distribution of the ΣþΣ̄− system
[32–35]. In this framework, the full process eþe− → Ψ →
ΣþΣ̄− → pπ0p̄π0 can be characterized by the helicity
angles of the final-state particles, an angular-distribution
parameter αΨ, a relative phase ΔΦ, and two decay
asymmetry parameters. As seen from the basis vector
definitions in Fig. 1, θΣþ is the angle between the Σþ
momentum and the electron-beam direction, and θp and ϕp

are the polar and azimuthal angles of the p momentum
direction in the Σþ rest frame. The joint angular distribution
WðξÞ [32,35,36] of the eþe− → Ψ → ΣþΣ̄−, Σþ → pπ0,
and Σ̄− → p̄π0 processes is given by

WðξÞ ¼ T 0ðξÞ þ αΨT 5ðξÞ

þ α0ᾱ0

�
T 1ðξÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Ψ

q
cosðΔΦÞT 2ðξÞ

þ αΨT 6ðξÞ
�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Ψ

q
sinðΔΦÞðα0T 3ðξÞ þ ᾱ0T 4ðξÞÞ; ð1Þ

where Ψ signifies J=ψ or ψð3686Þ, ξ denotes the polar
angle and azimuthal angle of the particle in its final state,

T kðk ¼ 0; 1;…; 6Þ is a set of seven angular functions, and
α0 (ᾱ0) is the decay asymmetry parameter of Σþ → pπ0

(Σ̄− → p̄π0). The explicit dependence on the decay asym-
metry parameters α0 and ᾱ0 enables their simultaneous
extraction. Equation (1) consists of three main contribu-
tions: one unpolarized part (involving T 0 and T 5) describ-
ing the scattering angular distribution, one part (with T 1,
T 2, and T 6) describing the spin correlation between the Σþ

and the Σ̄−, and, finally, the spin polarization of the Σþ and
Σ̄− (with T 3 and T 4, respectively). The spin-correlated part
and the spin-polarization part are governed by the psionic
form-factor phase ΔΦ and depend on the Σþ scattering
angle via

Phðcos θΣþÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Ψ

q
sinðΔΦÞ cos θΣþ sin θΣþ

1þ αΨcos2θΣþ
; ð2Þ

where the polarization direction is perpendicular to the
ΣþΣ̄− production plane. A nonzero phase ΔΦ means that
the Σþ and Σ̄− hyperons are polarized even if the initial
state is unpolarized.
To apply the formalism to data, the full reaction eþe− →

Ψ → ΣþΣ̄− → pp̄π0π0 → pp̄γγγγ is selected based on the
datasets collected with the BESIII detector. Although the
final state formally contains four photons, only one π0 is
fully reconstructed from two photons, while the π0 from the
Σ̄− decay is inferred through a kinematic fit. Details about
the design and performance of the BESIII detector at the
BEPCII collider are given in Ref. [37]. Selected event
candidates must have two well-reconstructed charged
tracks with net zero charge. Charged tracks detected in
the multilayer drift chamber (MDC) are required to be
within a polar angle (θ) range of j cos θj < 0.93, where θ is
defined with respect to the z axis, which is the symmetry
axis of the MDC. For each charged track, the distance of
closest approach to the interaction point (IP) must be less
than 10 cm along the z axis and less than 2 cm in the
transverse plane. Particle identification (PID) for charged
tracks combines measurements of the specific ionization
energy loss in the MDC (dE=dx) and the flight time in the
time of flight to form likelihoods LðhÞðh ¼ p;K; πÞ for
each hadron h hypothesis. Tracks are identified as protons
or antiprotons when these hypotheses have the greatest
likelihood [LðpÞ > LðKÞ and LðpÞ > LðπÞ]. The distance
of closest approaches of the proton and antiproton tracks to
the IP is required to be larger than 0.34 cm, a criterion
optimized to suppress background events that do not
originate from Σ decays.
Photon candidates are identified using showers in the

electromagnetic calorimeter (EMC). The deposited energyof
each shower must be more than 25 MeV in the barrel region
(j cos θj < 0.80) andmore than50MeVin the end-cap region
(0.86 < j cos θj < 0.92). To exclude showers originating
from the charged tracks, the opening angle subtended by

FIG. 1. The helicity frame definition for the decay processes
Ψ → ΣþΣ̄−, Σþ → pπ0, and Σ̄− → p̄π0 in the center-of-mass
(c.m.) system of the eþe− collision. The helicity angles are
defined with respect to the direction of the outgoing hyperon in
the c.m. frame, where ẑΣþ is defined along the Σþ momentum
direction in the c.m. of the eþe− collision.
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the EMC shower and the position of the closest charged track
at the EMCmust be greater than 10° asmeasured from the IP.
To suppress electronic noise and showers unrelated to the
signal event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns. To
identify the π0 candidates, the invariant massMγγ of the two
photons has to satisfy 0.115 < Mγγ < 0.150 GeV=c2. In
addition, a one-constraint (1C) kinematic fit is performed to
constrainMγγ to the knownπ0mass [38], and only candidates
with χ21C < 200 are retained. At least one π0 candidate is
selected per event. To further suppress background, a two-
constraint (2C) kinematic fit is performed to the decay
Ψ → pπ0p̄π0, enforcing four-momentum conservation and
applying a mass constraint on the π0 from the Σþ decay.
The π0 from the Σ̄− is not directly reconstructed. Instead, its
three-momenta are treated as free variables and determined
through the 2C kinematic fit. This approach reduces the
background contamination produced by antiproton anni-
hilation in the EMC and improves the selection efficiency.
If there is more than one π0 candidate, the one with the
minimum χ22C is selected. Events with χ22C < 30 are
retained as signal candidates.
The inclusive Monte Carlo (MC) samples of 1.0 ×

1010 J=ψ events and 2.7 × 109 ψð3686Þ events are used
to investigate possible sources of contamination. MC
events passing the event selection are examined with
TopoAna, a generic event-type analysis tool [39]. All
particle decays are modeled with EvtGen [40] using branch-
ing fractions either taken from the Particle Data Group [38],
when available, or otherwise estimated by MC simulations
based on Lundcharm [41]. The main peaking background
contributions are Ψ → γΣþΣ̄− and Ψ → γηc (ηc → ΣþΣ̄−),
with fractions estimated to be 0.1%. The main sources of
nonpeaking background are the decays Ψ → ΔþΔ̄− →
pπ0p̄π0 and Ψ → pπ0p̄π0, which contribute 0.9% and
0.7% of the total data samples for J=ψ and ψð3686Þ,
respectively. Given the low level of peaking background,
the sideband method is suitable for performing the back-
ground subtraction. Figure 2 shows the distribution of the
invariant masses Mp̄π0 versus Mpπ0 from ψð3686Þ decays.
The signal region in the green rectangle is defined
as 1.167 < Mp̄π0 < 1.212 GeV=c2 and 1.172 < Mpπ0 <
1.200 GeV=c2. To determine the background contributions
in the signal region, the sideband regions in the red
rectangles are defined as 1.118<Mp̄π0 < 1.140GeV=c2,
1.240 < Mp̄π0 < 1.262 GeV=c2, and 1.172 < Mpπ0 <
1.200 GeV=c2. The mass windows are approximately
�3σ away from the known Σ̄− mass [38], with σ being
the Mp̄π0 mass resolution. The background yields are
estimated to be f × B, where B is the total number of
events in the two sidebands considered and f ¼ 1.06
denotes the ratio of the background events between the
signal and sideband regions determined by fitting the

invariant mass distribution of p̄ and π0. The same pro-
cedure is applied to J=ψ sample, yielding also f ¼ 1.06.
After background subtraction, the signal event yields are
1011678� 1398 for J=ψ and 53293� 299 for ψð3686Þ
decays.
An unbinned maximum likelihood fit is performed with

the five-dimensional angular distribution described in
Eq. (1). The fit is applied simultaneously to the J=ψ and
ψð3686Þ datasets, with six free parameters αJ=ψ , αψð3686Þ,
ΔΦJ=ψ , ΔΦψð3686Þ, α0, and ᾱ0. Reconstruction efficiencies
are incorporated in a model-independent way following the
method outlined in Ref. [20], and the background con-
tribution is included with the scale factor f. The numerical
fit results are summarized in Table I. The correlation
coefficient matrix of the fitted parameters is shown in
Supplemental Material [42]. The CP asymmetry ACP is
determined to be −0.0118� 0.0083� 0.0028, consistent
with CP conservation and representing the most precise
measurement of this quantity in the hyperon sector. Under

FIG. 2. Distribution of Mp̄π0 versus Mpπ0 for the ψð3686Þ data
sample. The green box denotes the signal region, and the red ones
indicate the sideband regions used for background estimation.
The total number of events in the two sideband regions is denoted
by B.

TABLE I. Summary of fitted and derived parameters from the
joint angular analysis of Ψ→ΣþΣ̄−→pπ0p̄π0. The first uncer-
tainty is statistical, and the second is systematic. The results are
compared with previous BESIII measurements [22].

Parameter This Letter Previous result [22]

αJ=ψ −0.5047�0.0018�0.0010 −0.508�0.006�0.004
ΔΦJ=ψ −0.2744�0.0033�0.0010 −0.270�0.012�0.009
α0 −0.975�0.011�0.002 −0.998�0.037�0.009
ᾱ0 0.999�0.011�0.004 0.990�0.037�0.011
αψð3686Þ 0.7133�0.0094�0.0065 0.682�0.030�0.011
ΔΦψð3686Þ 0.427�0.022�0.003 0.379�0.070�0.014
hα0i −0.9869�0.0011�0.0016 −0.994�0.004�0.002
ACP −0.0118�0.0083�0.0028 0.004�0.037�0.010
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the assumption of CP conservation, ᾱ0 is replaced with −α0
in the fit. The average decay asymmetry parameter hα0i is
fitted to be −0.9869� 0.0011� 0.0016, which represents
the most precise determination of a decay asymmetry
parameter in the baryon system. The relative phases
between the Ψ electric and magnetic form factors are
found to be ΔΦJ=ψ ¼ −0.2744� 0.0033� 0.0010 rad and
ΔΦψð3686Þ ¼ 0.427� 0.022� 0.003 rad, respectively. This
sign difference indicates that the spins of the Σþ are aligned
in opposite directions when produced via J=ψ decay
compared to ψð3686Þ decay. This behavior was observed
with limited statistics in earlier BESIII studies [21,22] and
is now confirmed with significantly improved precision.
The similar behavior was also observed in Σ0 pair pro-
duction [43]. To visualize the polarization, we define a
polarization estimator Mðcos θΣþÞ based on the helicity
angles of the final-state proton and antiproton:

MðcosθΣþÞ¼m
N

XNðcosθΣþÞ

i

ðsinθip sinϕi
p− sinθip̄ sinϕ

i
p̄Þ; ð3Þ

where m ¼ 32 is the number of bins, N is the total number
of events, and Nðcos θΣþÞ is the number of events in the
cos θΣþ bin. Figure 3 shows the Σþ polarization distribu-
tions, clearly demonstrating the opposite polarization
directions in J=ψ and ψð3686Þ decays.
To further investigate the difference between J=ψ and

ψð3686Þ decays, the quantity Rðcos θΣþÞ is defined as the
ratio of the polarization values (Ph) between J=ψ → ΣþΣ̄−

and ψð3686Þ → ΣþΣ̄− in each bin of cos θΣþ . In this way,
the model dependence of cos θΣþ is not introduced when
extracting the polarization values. In Fig. 4, Rðcos θΣþÞ is
shown as a function of the Σþ scattering angle. Rðcos θΣþÞ

is negative over the full angular range, indicating that the
polarizations are oriented in the opposite direction in each
bin. Benefiting from the increased sample size, the angular
dependence of the polarization ratio Rðcos θΣþÞ between
J=ψ and ψð3686Þ decays is determined with unprecedented
precision. It is found that the magnitude of Rðcos θΣþÞ is
minimum near cos θΣþ ¼ �1, which corresponds to Σþ
hyperons moving parallel (þ) or antiparallel (−) to the
positron beam. The magnitude of Rðcos θΣþÞ increases
away from these forward and backward directions and
reaches a maximum in the direction perpendicular to the
beam axis.
To interpret the production dynamics, we adopt the

covariant L-S scheme [44–46] developed in Ref. [47], in
which the decay amplitude of the process Ψ → ΣþΣ̄− is
decomposed into S-wave and D-wave components. The

amplitude is expressed asA ¼ gSΨ
ð1Þ
μ ϵμ þ gDeiδΨ

ð1Þ
μ ϵνt̃ð2Þμν,

where gS and gD are the S-wave and D-wave coupling

constants, respectively, and δ is the relative phase.Ψð1Þ
μ is the

spin wave function, and t̃ð2Þμν is the D-wave orbital angular
momentum covariant tensors. Using this framework, we
extract the ratio between the S-wave and D-wave coupling
constants gD=gS, their relative phase δ, and the percentage of
the S-wave contribution ΓS=ΓTotal. More importantly, the
effective interaction radius r⃗eff can be determined by calcu-
lating the average orbital angular momentum ðL⃗Þ and the
relative momentum ðp⃗Þ, where L⃗ ¼ r⃗eff × p⃗. As shown in
Table II, the difference in δ between J=ψ → ΣþΣ̄− and
ψð3686Þ → ΣþΣ̄− is approximately π. The effective inter-
action radius reff is nearly identical for both J=ψ and
ψð3686Þ with a value of approximately 0.036 fm.
The systematic uncertainties associated with the extracted

parameters are listed in SupplementalMaterial [42]. The total
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FIG. 3. The moment Mðcos θΣþÞ for Ψ → ΣþΣ̄− → pπ0p̄π0.
Data points with error bars correspond to ψð3686Þ (black) and J=ψ
(red) decays. Solid curves show the fit results based on the
functional form MðcosθΣþÞ∝
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uncertainty for each parameter is obtained by summing
individual contributions in quadrature. The main sources of
systematic uncertainty include reconstruction efficiency
corrections, the kinematic fit, signal mass window, back-
ground subtraction, and the fitting procedure. The uncer-
tainties from charged-particle tracking, PID, and π0

reconstruction efficiencies are studied using the control
samples J=ψ → pp̄πþπ− and J=ψ → ΣþΣ̄− → pπ0p̄π0.
The correction factors represent the efficiency differences
between the data and MC. They are derived from the control
samples and used to reweight phase-spaceMC samples. The
full analysis is repeated 100 times with varied correction
factors sampled from Gaussian distributions. The standard
deviation of the fitted parameters is taken as the associated
systematic uncertainty. The uncertainty from the kinematic
fit is estimated by varying the selection requirement of χ22C ≤
30 from 20 to 40. The resulting deviations from the nominal
fit are taken as the corresponding uncertainties. The uncer-
tainty due to the requirement of the signal mass window is
determined by changing the window range in 1 MeV=c2

steps within 4 MeV=c2 range. Similarly, the uncertainty
associated with the background subtraction is evaluated by
varying the sideband window in 1 MeV=c2 steps within
4 MeV=c2 range. In both cases, the largest difference relative
to the nominal result is taken as the systematic uncertainty. To
evaluate the reliability of parameter estimation with the
maximum likelihood fit, 100MC samples are generated with
EvtGen. These samples are produced with the angular dis-
tributions based on Eq. (1) and input parameters set to the
values extracted fromdata. Thedifferences between the input
and output values are interpreted as systematic uncertainties
due to the fitting method.
In summary, we report a stringent test of CP symmetry

using the quantum-entangled ΣþΣ̄− system, based on
1.0087 × 1010 J=ψ events and 2.7124 × 109 ψð3686Þ
events collected by the BESIII experiment. The CP asym-
metry is measured to be ACP ¼ −0.0118� 0.0083�
0.0028, consistent with CP conservation and representing
the most precise result in Σ sector. The average value hα0i ¼
−0.9869� 0.0011� 0.0016 is the most precise measure-
ment in all baryon decays and provides a crucial input for
precise decay parameter measurements and CP violation
searches in the charm and beauty baryon decays to Σþ. A
detailed comparison of hyperon polarization with sign flip
between J=ψ and ψð3686Þ decays is performed for the first
time. The study of polarization ratios helps to eliminate

theoretical uncertainties, enabling a better understanding of
the internal structure of hyperons, such as diquark models
[48,49]. Furthermore, these results offer new insights into
SU(3) flavor symmetry breaking and nonperturbative QCD
dynamics [50–52]. The precision of the parameters related to
Σ pair production is improved by factors of 3 for αψð3686Þ,
αJ=ψ , and ΔΦψð3686Þ and by a factor of 4 for ΔΦJ=ψ. Using
these parameters, we achieve the most precise effective
interaction radius reff for the Σ hyperon, which is crucial
for searches of excited baryons.
Our measurements are expected to remain the bench-

mark for Σþ hyperons for the next decade, until results
become available from future higher-luminosity machines
[12,15,53]. While previous studies have focused primarily
on Λ hyperons, this high-precision study of Σ hyperons
opens a complementary perspective. Given that both Σ and
Λ hyperons contain a single strange quark, a comparative
analysis will be essential for future investigations into
strong interaction mechanisms and baryon structure.
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