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A search for CP violation with an entangled system of Ξ−Ξ̄þ pairs is performed, using ð10; 087�
44Þ × 106 J=ψ events collected with the BESIII experiment. A nine-dimensional helicity amplitude is
used to fit eþe− → J=ψ → Ξ−Ξ̄þ and its subsequent decays. The Ξ− and Ξ̄þ decay parameters are
determined with higher precision compared to the best results reported so far. Furthermore, the strong
phase difference, ðδP − δSÞ ¼ ð0.3� 1.2� 0.2Þ × 10−2 rad, and the weak phase difference, ðξP − ξSÞ ¼
ð−0.2� 1.2� 0.1Þ × 10−2 rad, are directly determined. These are the most precise measurements to date.
The CP asymmetry observables AΞ

CP¼ð−7.8�4.8�0.8Þ×10−3 and ΔϕΞ
CP¼ð0.6�5.1�0.2Þ×10−3 rad

are determined, which are consistent with CP conservation. In addition, independent measurements of the
Λ decay parameter and CP asymmetry AΛ

CP ¼ ð−2.9� 4.3� 0.7Þ × 10−3 are also obtained, which are in
agreement with the previous measurements, but with much improved precision.
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One of the main unresolved puzzles in fundamental
physics is to explain how the vast abundance of matter over
antimatter in the universe was generated. The most viable
explanation is a dynamic mechanism, Sakharov’s theory of
baryogenesis [1]. For such a mechanism to leave a lasting
imprint, it must meet a few essential criteria, one of which
requires physics processes that violate the combined charge
conjugation and parity (CP) symmetry. So far, CP viola-
tion has only been discovered in weak flavor-changing
quark transitions. Within the standard model (SM), it is
accounted for through a single irreducible complex phase in
the Cabibbo-Kobayashi-Maskawa matrix [2,3]. However,
this mechanism is insufficient to explain the observed
matter-antimatter asymmetry of our universe [4,5].
Experimentally, CP violation has been well established
in strange, beauty, and charm meson decays [6–9]. Only
recently, the LHCb collaboration observed CP violation
in a beauty baryon decay, Λ0

b → pK−πþπ− [10]. Since
baryons have an additional spin degree of freedom, precise
CP measurements test the SM in a complementary way.
For nonleptonic two-body weak decays of hyperons, direct
CP violation can be compared to that of kaon nonleptonic
weak decays [11,12]. To observeCP violation, there should
be two or more weak amplitudes which can interfere with
each other. For kaons, the interference effects, that give rise

to CP violation, come from the two-pion isospin states
Iππ ¼ 0, 2. For the ΔS ¼ 1 transition in Ξ− → Λπ−, the
two interfering amplitudes come from the parity-odd
(S-wave) and parity-even (P-wave) decay amplitudes.
For the L ¼ S, P amplitudes, the strong and weak phase
components are denoted as δL and ξL, respectively. The full
amplitude is given by L ¼ P

j Lj expðiδLj þ iξLj Þ, where j
runs over all possible combinations of ½2I; 2ΔI�. The
coefficient Lj is real, and I and ΔI represent the isospin
of the final state and the change of isospin from the initial to
final state, respectively [12,13]. While the strong phases δL
do not change sign for the charge-conjugated states, the
weak phases ξL do.
For a nonleptonic two-body weak decay, the angular

distributions of the final-state particles allow for the
extraction of three decay parameters, α, β, and γ, which
are described by the S- and P-wave amplitudes [14]. In
addition the parameters β and γ can also be described via α
and the independent phase angle ϕ, β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
sinϕ and

γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
cosϕ. The decay parameters are related to the

polarization of the decaying system, as shown in Fig. 1. In
the helicity reference system for the decay Ξ− → Λπ−, the ẑ
axis is defined by the momentum direction of the final state
baryon (Λ) momentum in the Ξ− rest frame. The ŷ axis is
defined as the cross product of the ẑ axis and the initial
polarization PΞ × ẑ. When decaying, the initial Ξ− polari-
zation, PΞ, is transferred to the final state baryon, both
longitudinally and transversely. The longitudinal compo-
nent depends on both the initial polarization and the
value of αΞ, while ϕΞ is directly proportional to PΞ. The
parameters αΞ and ϕΞ are CP-odd and can be used to test
the CP symmetry. The αΞ, along with the decay parameter
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of the charge-conjugated process Ξ̄þ → Λ̄πþ denoted as
ᾱΞ, can be used to define the CP observable AΞ

CP. The
dominant transition in such processes is ΔI ¼ 1=2 [12,15].
At leading order,

ACP ¼ αþ ᾱ

α − ᾱ
¼ − tanðδP − δSÞ tanðξP − ξSÞ: ð1Þ

The strong phase difference ðδP − δSÞ signifies the final-
state interaction between the daughter baryon and pion,
while the weak phase difference, ðξP − ξSÞ, denotes the
strength of the CP violation contribution. Since the strong
phases are small [12,16], any CP violation in AΞ

CP would
be suppressed. However, with ϕΞ and its charge conjugate,
ϕ̄Ξ, it becomes possible to disentangle and determine both
the strong and weak phase differences via

ðδP − δSÞΔI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − hαΞi2

p

hαΞi
hϕΞi; ð2Þ

ðξP − ξSÞΔI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − hαΞi2

p

hαΞi
ΔϕΞ

CP: ð3Þ

Here hαΞi and hϕΞi are the average values, hαΞi ¼ ðαΞ −
ᾱΞÞ=2 and hϕΞi ¼ ðϕΞ − ϕ̄ΞÞ=2, respectively. The variable
ΔϕΞ

CP ¼ ðϕΞ þ ϕ̄ΞÞ=2 is the second CP observable, which
can be determined experimentally. In particular, the weak
phase differences in hyperon ΔS ¼ 1 decays are related to
the ϵ0=ϵ parameter determined from kaon decays. A general
theoretical framework can be constructed to relate potential
contributions beyond the SM (BSM), represented by
chromomagnetic-penguin operators, across the observables
of both hyperon and kaon decays. This formal connection
enables a consistent analysis of new physics effects in

these distinct but related decay processes. Currently, the
constraints are still set by the kaon data, which give the
upper limit of the BSM contribution as ðξP − ξSÞBSM ≤
3.7 × 10−3 rad for the Ξ → Λπ decay [11,12].
To determine the weak phase difference from a single

weak decay chain Ξ− → Λð→ pπ−Þπ−, the Ξ− and Ξ̄þ

must be significantly polarized. Alternatively, if the Ξ−Ξ̄þ
pairs are produced in a spin-entangled system, as they
are for J=ψ → Ξ−Ξ̄þ decays, the strong and weak phases
are accessible from the Ξ− − Ξ̄þ spin correlations [16,17].
This method was first implemented for the study of
J=ψ → Ξ−Ξ̄þ decays by the BESIII Collaboration, based
on 1.3 × 109 J=ψ events, where the weak phase difference
was quantified as ðξP−ξSÞ¼ð1.2�3.4�0.8Þ×10−2 rad
[16]. Subsequent determinations of the weak phase differ-
ence with BESIII for the J=ψ → Ξ0½→ Λð→ pπ−Þπ0�Ξ̄0½→
Λ̄ð→ p̄πþÞπ0� [18] and J=ψ → Ξ−½→ Λð→ pπ−Þπ−�Ξ̄þ½→
Λ̄ð→ n̄π0Þπþ� [15] processes were performed with the
same formalism. For all these measurements, the strong
phase differences were found to be compatible with zero.
This stands in contrast to the latest theoretical estimate,
ð15.4� 0.3Þ × 10−2 rad [19], and to the single non-BESIII
experimental result ð10.2� 3.9Þ × 10−2 rad, obtained by
the Fermilab-based HyperCP experiment [20] combined
with αΞ ¼ −0.376 [16,21]. The available theoretical pre-
dictions of the strong phase difference use different models,
such as the N=D method [22], the baryon chiral perturba-
tive theory [19,23–29], or the relativistic chiral unitary
approach [30–33]. However, current theoretical frame-
works are still unable to reliably predict the strong phase
difference of Ξ− → Λπ−. Here, the experimental results
serve as a guide for the theoretical community.
In this Letter, we present the most precise determination

of the strong and weak phase differences for the Ξ−

hyperon decay. This is done for the Ξ− → Λπ− decay
based on ð10 087� 44Þ × 106 J=ψ events collected by the
BESIII experiment [34]. This dataset is approximately
eight times larger than the original measurement [16].
The design and performance of the BESIII detector are
described in Refs. [35–37]. The simulated Monte Carlo
(MC) samples are produced with a Geant4-based software
package [38], which includes the geometric description
of the BESIII detector and the detector response.
Furthermore, the simulation models the beam energy
spread and initial state radiation in the eþe− annihilations
with generator KKMC [39].
A sample of signal MC events for the process

J=ψ → Ξ−Ξ̄þ is used to determine detection efficiencies
and optimize event selection criteria. The parameters of
the angular distribution in the signal MC sample are
obtained from the previous measurements [16]. To deter-
mine the normalization factors in the maximum likelihood
fit, an exclusive MC sample is generated uniformly in
phase space. To reduce the discrepancies between the

FIG. 1. Illustration of the polarization vectors of Λ and Ξ−

hyperons in relation to the decay parameters α, β, and γ for the
Ξ− → Λπ− with Λ → pπ− process, in the Ξ− rest frame.
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experimental data and MC simulation and to minimize
systematic uncertainties due to simulation limits, a control
sample of J=ψ → Ξ−Ξ̄þ where only one hyperon is
reconstructed is used to estimate differences in hyperon
reconstruction and event selection. This estimated discrep-
ancy is taken into account by a weighting factor f, which is
correlated to the angular distribution (cos θΞ), of the events
in the simulated sample, where θΞ is the Ξ− scattering angle
with respect to the eþ beam in the eþe− center-of-mass
system. An inclusive MC sample is produced to estimate
backgrounds. This sample includes the production of the
J=ψ resonance and the continuum processes incorporated
in KKMC [39]. It also includes the subsequent J=ψ particle
decays, modeled with EvtGen [40] using branching fractions
from the Particle Data Group (PDG) [41], when available or
otherwise estimated with Lundcharm [42].
The final event sample is obtained by a full

reconstruction of the Ξ−Ξ̄þ → Λπ−Λ̄πþ → pπ−π−p̄πþπþ
process. For this purpose, at least three positively and
three negatively charged tracks are required, where all
tracks must fulfill the multilayer drift chamber (MDC)
reconstruction requirement j cos θLABj < 0.93, where θLAB
is the polar angle relative to the positron beam direction.
From this subset, the Ξ−ðΞ̄þÞ candidates are reconstructed
using two negative (positive) and one positive (negative)
charged tracks. The two Ξ decay chains are reconstructed
separately, and are described here for the sequence
Ξ− → Λπ− → pπ−π−. To select the candidate Ξ−, one
proton and two π− mesons must be identified. Events
containing candidate protons with momenta larger than
0.3 GeV=c or pions with momenta less than 0.3 GeV=c are
selected, which corresponds to nonoverlapping momentum
distributions of protons and pions of the signal process. The
Λ and Ξ− particles are reconstructed from vertex fits by first
combining the pπ−i pair to a Λ and then the Λπ−j ði ≠ jÞ pair
to a Ξ− candidate. The fits take into account the nonzero
flight paths of the hyperons, which can give rise to different
production and decay positions. The remaining candidates
are then required to pass additional kinematic constraints
to reject non-Λ, non-Ξ, and combinatorial background
contributions with δ < 0.016 GeV=c2, where

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmΛπ− −mΞ−Þ2 þ R2ðmpπ− −mΛÞ2

q
: ð4Þ

Here the mΞ− and mΛ are the PDG masses [41] and
mΛπ−ðmpπ−Þ is the invariant mass of the Λπ−ðpπ−Þ combi-
nation. The R ¼ σΞ−=σΛ is the ratio of the resolution of the
mΛπ− distribution over that of the mpπ− distribution, where
the resolution is extracted by fitting the mass distribution
with a sum of two Gaussian functions. The selection
criterion for δ is validated using a figure of merit (FOM)
defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S represents the number of

signal events estimated from the MC simulation, and B
denotes the background contribution. The quantity Sþ B is

derived from data events. Events where the reconstruction
algorithm gives a negative decay length reading are
rejected. A four-constraint (4C) kinematic fit requiring
energy and momentum conservation is imposed on the
eþe− → J=ψ → Ξ−Ξ̄þ system, and only events satisfying
the optimized requirement of χ24C < 200 by FOM are
retained for further analysis. This kinematic constraint
effectively removes background processes with the same
charged final-state topology but containing extra neutral
particles, and improves hyperon mass resolution.
After applying all aforementioned selection criteria,

5.8 × 105 eþe− → Ξ−Ξ̄þ candidates remain in the final
sample. The amount of background contamination from
this sample is evaluated with a two-dimensional sideband
using a looser requirement of δðδ̄Þ. Two regions in
the distribution mΛπ− versus mΛ̄πþ are selected as the
estimation areas for the sidebands where the lower
and upper limitations correspond to 1.274 < mΛπ−ðΛ̄πþÞ <
1.306 GeV=c2 and 1.338 < mΛπ−ðΛ̄πþÞ < 1.370 GeV=c2,
respectively. The number of sideband background events
is found to be 2; 034� 45, or 0.4%, after normalizing the
data events to the range of δðδ̄Þ < 0.016 GeV=c2.
The formalism developed to determine the joint angular

distribution [16,43] allows for a direct measurement of two
J=ψ → Ξ−Ξ̄þ production parameters, αψ and ΔΦ, and six
weak decay parameters (αΛ; αΞ;ϕΞ) of the Ξ− → Λπ−,
Λ → pπ− and their charge conjugated parameters
(ᾱΛ; ᾱΞ; ϕ̄Ξ). These eight parameters are fully determined
from the nine helicity angles ξ ¼ fθΞ; θΛ;φΛ; θΛ̄;φΛ̄; θp;
φp; θp̄;φp̄g, where except for θΞ, the other eight parameters
are the polar and azimuthal helicity angles of the Λ, Λ̄,
proton, and antiproton, respectively [16,43]. A maximum
log-likelihood fit, following Refs. [16,44], is used, where
the sideband background events are subtracted from the fit.
The MC samples are approximately thirty times larger than
data to ensure that uncertainties due to MC statistics are
sufficiently minimized. To illustrate the fit quality, the
transverse polarization and the diagonal spin correlations
defined in Ref. [43] are shown in Fig. 2. The fit results are
summarized in Table I.
The event sample is eight times larger than the previous

study in Ref. [16], which improves the statistical uncer-
tainty by more than a factor of 2.5. The systematic
uncertainties can be divided into two sources. One is from
the discrepancy between data and MC simulation, includ-
ing uncertainties on the Ξ reconstruction and background
estimations. The other source comes from the potential bias
of the fit method. The systematic uncertainty due to the
Ξ−Ξ̄þ reconstruction includes contributions from track
selection, Λ reconstruction, the 4C kinematic fit, Ξ mass
window selection, and Ξ decay length requirement. It is
evaluated using a control sample of J=ψ → Ξ−Ξ̄þ, where
only one hyperon is reconstructed, and depends on the
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polar angles θ of Ξ− and Ξ̄þ. By applying Gaussian
sampling to the weighting factor referred to as the above
f, the maximum likelihood fit is repeated one hundred
times. The standard deviation of the fit results, extracted
from a Gaussian fit, is taken as the systematic uncertainty.
The background estimation uncertainty is assessed by
including and excluding the sideband background events.
The difference between the two results is assigned as a

systematic uncertainty. The fit bias is examined using three
hundred pseudoexperiments, generated with input param-
eters identical to those reported in Ref. [16]. The sys-
tematic uncertainty from the fit procedure is taken to be
the absolute difference between the input and output
values in the pseudoexperiments. All systematic uncer-
tainties are listed in Table II. The total systematic
uncertainty is obtained by summing the individual con-
tributions in quadrature.
The Ξ−Ξ̄þ production and decay parameters of αψ ;ΔΦ;

αΞ; ᾱΞ, ϕΞ, and ϕ̄Ξ are determined with the most accurate
statistical and systematic uncertainties available, as shown in
Table I and the measured values of these decay parameters
are in agreement with previous results. The measurement
of the average values of hαΞi and hϕΞi enables a direct
determination of the strong and weak phase differences via
Eqs. (2) and (3). Our result on the strong phase difference,
ðδP−δSÞ¼ð0.3�1.2�0.2Þ×10−2 rad, is consistent with
zero within the uncertainties. It is in agreement with the
earlier BESIII results, but is different from the HyperCP
value by 2.3σ [20], and disfavors the latest theoretical value
by 11.8σ [19]. Theweak phase difference is determined to be
ðξP − ξSÞ ¼ ð−0.2� 1.2� 0.1Þ × 10−2 rad. To our knowl-
edge, this is the most precise weak phase determination for
any baryon weak decay, but its precision is still 2 orders of
magnitude lower than the corresponding SM prediction
ðξP−ξSÞSM¼−ð2.1�1.7Þ×10−4 rad [12]. Our results of
ðδP − δSÞ and ðξP − ξSÞ, and the theoretical predictions and
the other measurements are shown in Fig. 3.

FIG. 2. Acceptance distributions of transverse polarization and
spin correlations as a function of cos θΞ. The black points with
error bars show the results from local fits in bins of cos θΞ, where
the error bars represent statistical uncertainties. The red curves
correspond to the global fit using the production parameters αψ
and ΔΦ.

TABLE I. Results for the J=ψ → Ξ−Ξ̄þ fitted parameters and CP observables, as well as the comparisons with the
previous best measurements. The first and second uncertainties are statistical and systematic, respectively.

Parameter This Letter Previous best result

αψ 0.5851� 0.0044� 0.0034 0.611� 0.007þ0.013
−0.007 [15]

ΔΦ (rad) 1.2205� 0.0159� 0.0056 1.30� 0.03þ0.02
−0.03 [15]

αΞ −0.3813� 0.0026� 0.0005 −0.367� 0.004þ0.003
−0.004 [15]

ᾱΞ 0.3873� 0.0026� 0.0006 0.374� 0.004þ0.003
−0.004 [15]

ϕΞ (rad) −0.0008� 0.0072� 0.0010 −0.016� 0.012þ0.004
−0.008 [15]

ϕ̄Ξ (rad) 0.0020� 0.0072� 0.0006 0.010� 0.012þ0.003
−0.013 [15]

αΛ 0.7434� 0.0039� 0.0015 0.7519� 0.0036� 0.0024 [45]
ᾱΛ −0.7478� 0.0038� 0.0015 −0.7559� 0.0036� 0.0030 [45]

ðξP − ξSÞ × 10−2 (rad) −0.2� 1.2� 0.1 0.7� 2.0þ1.8
−0.5 [15]

ðδP − δSÞ × 10−2 (rad) 0.3� 1.2� 0.2 3.3� 2.0þ0.8
−1.2 [15]

AΞ
CP × 10−3 −7.8� 4.8� 0.8 −9� 8þ7

−2 [15]

ΔϕΞ
CP × 10−3 (rad) 0.6� 5.1� 0.2 −3� 8þ3

−7 [15]

AΛ
CP × 10−3 −2.9� 4.3� 0.7 −2.5� 4.6� 1.2 [45]

hαΞi −0.3843� 0.0018� 0.0005 −0.373� 0.005� 0.002 [16]
hϕΞi (rad) −0.0014� 0.0050� 0.0008 0.016� 0.014� 0.007 [16]
hαΛi 0.7456� 0.0022� 0.0014 0.7542� 0.0010� 0.0024 [45]

PHYSICAL REVIEW LETTERS 136, 201802 (2026)

201802-4



The extracted Ξ−Ξ̄þ decay parameters allow for two CP
symmetry tests. The asymmetry AΞ

CP is measured to be
ð−7.8� 4.8� 0.8Þ × 10−3. The corresponding SM predic-
tion is 0.5 × 10−5 < AΞ

CP;SM < 6 × 10−5 [12]. Our result is
consistent with the SM prediction within 1.5σ. Another
CP test, defined by the parameters ϕΞ and ϕ̄Ξ, yields
ΔϕΞ

CP ¼ ð0.6� 5.1� 0.2Þ × 10−3 rad. The first and
second uncertainties are statistical and systematic,
respectively.
The ΛΛ̄ decay parameters αΛ and ᾱΛ are also measured

in the J=ψ → Ξ−Ξ̄þ → ΛΛ̄π−πþ decay. Despite being
based on a data sample six times smaller, our results are
statistically comparable with the results obtained from
J=ψ → ΛΛ̄ [45], while exhibiting significantly reduced

systematic uncertainties. This is explained by the product
with αΛ and spin polarization. The correlation coefficient
between the parameters is ρðαΛ; ᾱΛÞJ=ψ→Ξ−Ξ̄þ ¼ 0.372,
significantly lower than ρðαΛ; ᾱΛÞJ=ψ→ΛΛ̄ ¼ 0.850. This
implies that our measurement yields a more precise
determination of ACP, but a less precise estimate of the
average value of αΛ. The CP asymmetry of the Λ hyperon
is measured to be AΛ

CP ¼ ð−2.9� 4.3� 0.7Þ × 10−3 rep-
resenting the most precise determination to date. The CP
violation test reveals no significant deviation from CP
symmetry. The average value is determined to be
hαΛi ¼ ðαΛ − ᾱΛÞ=2 ¼ 0.7456� 0.0022� 0.0014, indi-
cating a discrepancy of 2.3σ compared to the result
from J=ψ → ΛΛ̄.
In summary, by using ð10 087� 44Þ × 106 J=ψ events

[34], the most precise measurements of the Ξ strong
phase and weak phase differences are determined in the
J=ψ → Ξ−Ξ̄þ decay, as summarized in Table I. Our
measurements are consistent with the previous BESIII
results of the double-strange hyperon [15,16,44], with
significantly improved accuracy. Nonetheless, our results
of the strong and weak phase differences in baryon weak
decays remain consistent with zero. Probing possible
nonzero values would require substantially larger data
samples; future facilities such as the next-generation tau-
charm physics facility [12,46,47] and PANDA [48] will
provide important steps in this direction. The investigation
of potential systematic sources put forth by this analysis
will be useful for the super tau-charm facility in particular
[47], which aims to produce a sample of 1012 J=ψ .
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End Matter

This End Matter introduces the correlation coefficients of the fit parameters, as shown in Table III, which is helpful
for understanding the correlations among the parameters.
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αψ ΔΦ αΞ ᾱΞ ϕΞ ϕ̄Ξ αΛ ᾱΛ
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