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Two-body weak decays of polarized and entangled hyperon - antihyperon pairs, can be used for
precision tests of the charge-parity (CP) symmetry. The BESIII experiment can produce these pairs
via the two charmonium resonances, 𝐽/𝜓 and 𝜓(2𝑆). Since two-body weak decays of hyperons are
self-analyzing, both the spin polarization and the CP-odd decay parameters can be extracted from
their decay distributions. The decay parameter values for the Λ → 𝑝𝜋−, Σ+ → 𝑝𝜋0 and Ξ → Λ𝜋−

and their corresponding charge conjugate decay modes have recently been determined by the
BESIII collaboration. The decay parameter value for Λ → 𝑝𝜋−, shows a significant difference
from the consensus value. For the double weak decay, Ξ → Λ𝜋− → 𝑝𝜋−𝜋−, decay parameters can
be obtained which are difficult to extract in single weak decays. By comparing the simultaneously
obtained hyperon and antihyperon decay parameters tests of direct CP-violation can be performed
which are complementary to the direct CP-violating measurements from 𝐾 → 𝜋𝜋. In these
proceedings a short summary of the method and results are provided as well as an outlook of what
can be expected from the BESIII collaboration in the near future.
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1. Introduction

The Standard Model (SM) can accurately describe nature at the femtometer scale. A fundamental
aspect is the role which symmetry and symmetry breaking plays in the theory. In these proceedings
we look at the combined charge-conjugation parity (CP) symmetry. It is well known that the CP
violating mechanism in the SM is too weak to account for the observed imbalance between matter
and antimatter of our Universe [1]. At the same time, the SM physics processes are also strong
enough to wash out initial imbalances occurring before the electroweak phase transition [2, 3]. This
points to a non-SM dynamical origin to the matter-antimatter asymmetry. So far CP violation has
been observed in strange, charm, and beauty meson decays but never for weak baryon processes [4–
7]. In these proceedings we describe how entangled weakly decaying hyperon-antihyperon pairs
can be used as a probe for testing CP symmetry.

2. Hyperon-antihyperons at 𝑒+𝑒− colliders

2.1 Production

Hyperon-antihyperon pairs (𝑌𝑌 ) can be produced in electron-positron collisions electromagnetically
or via charmonium resonances like 𝐽/𝜓 and 𝜓(2𝑆). Both production mechanisms use the same
formalism but only the latter provides large enough data samples for CP precision tests. The
production part contains complex valued electric and magnetic form factors [8]. These can be
quantified by two real parameters: the angular distribution parameter, 𝛼𝜓 and ΔΦ. The former
depends on the form factor ratio and the latter on the relative phase between the two. A non-zero
value of ΔΦ comes from interference between production amplitudes and has the consequence that
the hyperons become spin polarized. If the electron and positron beams which produce the𝑌𝑌 pairs
are unpolarized the resulting hyperon polarization becomes perpendicular to the production plane
and dependent on the hyperon scattering angle.

2.2 Two body weak decays of hyperons

A hyperon which decays weakly into a spin-1/2 baryon and a pseudoscalar meson, 𝑒.𝑔. Λ → 𝑝𝜋−

(Λ), Ξ− → Λ𝜋− (Ξ) or Σ+ → 𝑝𝜋0 (Σ), consists of a parity violating, 𝑆, and a parity conserving, 𝑃,
amplitude. The two amplitudes interfere with each other and as they are complex they have strong
and weak phases, here denoted 𝛿 and 𝜉, respectively. The two decay parameters 𝛼 and 𝜙 are used
to describe the 𝑆 and 𝑃 wave interference. The 𝛼 parameter, −1 ≤ 𝛼 ≤ 1 is determined from the
angular distribution of the daughter baryon in the hyperon rest frame,

I(𝜃) ∝ 1 + 𝛼𝑃𝑌 cos 𝜃, (1)

where 𝑃𝑌 is the polarization of the mother particle. The parameter 𝜙, 0 ≤ 𝜙 ≤ 2𝜋, can be
understood as a rotation of the spin vector of the mother with respect to the daughter baryon. While
𝛼 can be determined for all two-body weak decays, 𝜙 can only be determined from sequential weak
decays like Ξ → Λ𝜋 → 𝑝𝜋𝜋. The formalism which describes the production and the decay part of
the hyperon-antihyperon pairs are given in detail in Ref. [9]. The complete angular distribution for
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a single weak decay chain is given by

W (𝝃;𝝎) =
3∑︁

𝜇,𝜈=0
𝐶𝜇𝜈𝑎

𝑌
𝜇0𝑎

𝑌
𝜈0. (2)

The production process is given the 4×4 spin density matrix, 𝐶𝜇𝜈 , which contains the polarization
and spin correlations terms,

𝐶𝜇𝜈 (𝛼𝜓,ΔΦ) =
(

3
3 + 𝛼𝜓

)
(1 + 𝛼𝜓 cos2 𝜃)

©­­­­«
1 0 𝑃𝑦 0
0 𝐶𝑥𝑥 0 𝐶𝑥𝑧

−𝑃𝑦 0 𝐶𝑦𝑦 0
0 −𝐶𝑥𝑧 0 𝐶𝑧𝑧 .

ª®®®®¬
(3)

The decay chains are given by the 4×4 decay matrices which are dependent on the asymmetry
decay parameters 𝑎𝑌𝜇𝜈 [9]. The measured variables in vector 𝝃 are spherical coordinates given in
the helicity frames, while the vector 𝝎 contains the production and decay parameters. For the
double weak decay chain Ξ → Λ𝜋 the formalism is the same, with the exception that four, instead
of two decay matrices are applied, 𝐷Ξ

𝜇𝜈 = 𝑎Ξ
𝜇𝜇′𝑎

Ξ̄
𝜈𝜈′𝑎

Λ
𝜇′0𝑎

Λ
𝜈′0. To simultaneously test CP-symmetry

in single weak decays it is necessary that ΔΦ is non-zero while this is not the case for doubly weak
decays.

3. CP tests in strange decays

When testing the CP symmetry one compares the 𝛼 and 𝜙 to their corresponding antihyperon
parameters 𝛼 and 𝜙. In the absence of CP-violation, 𝛼 = −𝛼 and 𝜙 = −𝜙. From this one can
construct the two CP-test observables,

𝐴CP =
𝛼 + 𝛼
𝛼 − 𝛼 ≈ − sin 𝜙

√
1 − 𝛼2

𝛼
(𝜉𝑃 − 𝜉𝑆); Δ𝜙CP =

𝜙 + 𝜙
2

≈ cos 𝜙
𝛼

√
1 − 𝛼2

(𝜉𝑃 − 𝜉𝑆). (4)

As can be seen in equation 4, both 𝐴CP and Δ𝜙CP are related to the weak phase difference (𝜉𝑃 − 𝜉𝑆).
However, 𝜙 is small and therefore Δ𝜙CP is more sensitive compared to 𝐴CP [10]. The CP-violating
SM contribution for 𝐴CP and Δ𝜙CP are approximately O(10−5) and O(10−4), respectively [11]. The
most precise CP test for this class of weak decays were conducted by the HyperCP collaboration.
They determined the sum 𝐴Λ

CP + 𝐴Ξ
CP = (0.0 ± 5.5stat ± 4.4syst) × 10−4, i.e. consistent with CP

conservation [12]. The direct Δ𝑆 = 1 CP violating contribution is parametrized by the complex
parameter 𝜖 ′. It is often compared to the corresponding indirect contribution 𝜖 via Re(𝜖 ′/𝜖) and
the combined result, Re(𝜖 ′/𝜖) = (16±2.3) ×10−4 comes from measurements by the KTeV [13, 14]
and NA48 [15] experiments. Hyperon weak decays is a complementary way to test Δ𝑆 = 1 CP
violation. Hyperon two-body weak decays are dominated by the isospin transition |Δ𝐼 | = 1/2
whereas 𝐾𝐿/𝑆 → 𝜋𝜋 requires the presence of two isospin transitions, |Δ𝐼 | = 1/2 and |Δ𝐼 | = 3/2.
Furthermore, in certain scenarios new physics may contribute only to the hyperon decay spin
observables [16].
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Table 1: Experimentally measured values of the two-body weak decays from BESIII mentioned in these
proceedings.

ΔΦ (rad.) ⟨𝛼⟩ 𝐴CP × 103 Ref.
Λ → 𝑝𝜋− 0.740 ± 0.010 ± 0.009 0.754 ± 0.003 ± 0.002 −6 ± 12 ± 7 [20]

0.760 ± 0.006 ± 0.003 −4 ± 12 ± 9 [21]
Σ+ → 𝑝𝜋0 −0.270 ± 0.012 ± 0.009 −0.994 ± 0.004 ± 0.002 −4 ± 37 ± 10 [22]
Ξ− → Λ𝜋− 1.213 ± 0.046 ± 0.016 −0.373 ± 0.005 ± 0.002 6 ± 13 ± 6 [21]

4. BESIII experiment

For these proof-of-principle measurements the BESIII experimental setup, located at the Bei-
jing Electron Positron Collider (BEPCII) [17, 18], is used. The BESIII detector, described in detail
in Ref. [19], has a geometrical acceptance of 93% of 4𝜋. It contains a small-celled, helium-based
main drift chamber (MDC) which provides momentum determinations of charged particles, a time-
of-flight system (TOF) which helps to identify charged particles and an electromagnetic calorimeter
(EMC) made of CsI (Tl) crystals which is used to measure the energies of photons and provide
trigger signals. The BESIII experiment has collected the world’s largest charmonium data sample.
At the 𝐽/𝜓 resonance 1010 events have been collected but the results in these proceedings are based
on the 1.3 × 109 𝐽/𝜓 sample collected in 2009 and 2012. All analyses are exclusive, 𝑖.𝑒. all final
state decay particles are reconstructed which means that background levels can be suppressed. The
final event samples have background contributions which are at the percent level, or lower. The
physics parameters of interest are determined with unbinned maximum log likelihood fits.

5. Results

The results are summarized in Table 1. As can be seen in the first column, all three hyperon pairs
are polarized. For ΛΛ the maximum polarization is found to be 25% [20]. For Σ+Σ

−
, ΔΦ was

determined at both 𝐽/𝜓 and 𝜓(2𝑆), the latter measured to be ΔΦ𝜓 (2𝑆) = 0.379 ± 0.07 ± 0.014
radians [22]. As ΔΦ is non-zero, it is possible to disentangle and simultaneously determine
the contributions from 𝛼 and 𝛼 and hence also determine 𝐴CP. The measured 𝐴CP values are
found to be consistent with CP conservation at the level of O(10−2). As CP conservation holds
it is useful to determine the average values, ⟨𝛼⟩ = (𝛼 − 𝛼)/2, as these give a more accurate
determination of the decay parameters. The average value, 𝛼Λ has now been determined both
via 𝐽/𝜓 → ΛΛ and 𝐽/𝜓 → Ξ−Ξ

+
. Both readings favor a larger value compared to the recent

determination based on CLAS data, 𝛼Λ = 0.721 ± 0.006stat ± 0.005syst [20, 21, 23]. The CP-
sensitive observable Δ𝜙ΞCP = (−5 ± 14stat ± 3syst) × 10−3 rad was proposed more than thirty-five
years ago [10], and has now been determined for the first time. Furthermore, the BESIII determined
average, ⟨𝜙Ξ⟩ = (𝜙Ξ − 𝜙Ξ)/2 = 0.016 ± 0.014stat ± 0.007syst rad, is determined with similar
precision as the HyperCP measurement, 𝜙Ξ = −0.042 ± 0.011stat ± 0.011syst rad, despite a data
sample which is smaller by three orders of magnitude [24]. From the averages < 𝜙Ξ >, < 𝛼Ξ >

and Δ𝜙ΞCP it is possible to extract the weak and strong phase differences for the Ξ− → Λ𝜋− decay,
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(𝜉𝑃−𝜉𝑆)Ξ = (1.2±3.4stat±0.8syst) ×10−2 rad, and (𝛿𝑃−𝛿𝑆)Ξ = (−4.0±3.3stat±1.7syst) ×10−2 rad,
respectively [21].

6. Outlook

With the recently collected 1010 𝐽/𝜓 data sample, one may expect a reduced statistical uncer-
tainty of a factor three compared to the currently available results. There are also several hyperon
weak decay channels left to explore. Therefore, one can expect more results from the BESIII
experiment in the near future.
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