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Light hyperon polarization and CP test at BESIII

Liang Yan

Fudan University, Shanghai 200443, People’s Republic of China,
Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and

Institute of Modern Physics, Fudan University, Shanghai 200443, People’s Republic of China.

Received 14 January 2022; accepted 21 April 2022

Hyperon is an ideal probe to study the QCD in the region of non-perturbative to perturbative. Using1.31 × 109 J/ψ and448.1 × 106

ψ(3686) events, the hyperon anti-hyperon pair production are well studied. The hyperon polarization and its decay parameter have been
measured in high precision through their quantum entangle system. By comparing the decay parameters in hyperon and anti-hyperon decays,
the CP conservation observables has been measured which is important to test the Standard Model and search for New Physics.
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1. Introduction

It is assumed that the Big Bang produced exactly the same
amount of matter and antimatter, but cosmological observa-
tions show that the universe is full of matter. It means that
there must be a mechanism of preference for matter over an-
timatter in the evolution of the universe. In 1967, Sakharov
gave a necessary condition for this mechanism: there must
be an interaction that breaks the conservation of baryon num-
bers. And importantly, there must be CP violation [1]. For-
tunately, CP violation has been observed in K meson decay
by Cronin and Fitch [2]. In 1963, Cabbibo proposed that
the eigenstates of quarks participating in weak interaction are
different from their mass eigenstates [3]. It is proposed that
there is a matrix transformation between the two eigenstates
of d quark and s quark, which can be expressed by a Cab-
bibo angle. In 1970, when GIM mechanism was proposed
to explain flavor-changing neutral currents are suppressed, c
quark was introduced [4]. When Kobayashi and Maskawa
studied the CP violation mechanism in 1973, they extended
this mixing mechanism (KM mechanism) [5], and even pro-
posed three generations of quarks before the discovery of c
quarks. The explanation of CP violation by KM mechanism
is the most successful by now. In experiments, the search-
ing for CP violation process has been going on. In 2001,
BaBar Collaboration and Belle Collaboration announced that
CP violation (indirect CP violation) was found in B meson
decay [6, 7]. Direct CP violation was observed during the
rare decay of B meson [8, 9]. In 2019, the LHCb Collab-
oration announced that CP violation was first found in the
charm decays [10]. The above experimental results are con-
sistent with the prediction of KM mechanism in the Standard
Model. However, this is not enough to explain the material
dominance in the universe [11]. Therefore, people focus on
searching for new physics (theoretically and experimentally),
hoping that these new physics can not only explain the exist-
ing experimental results, but also contain more new sources

of CP violation. Exploring possible CP violation in hyperon
decay is part of the search for new physics.

The spin 1/2 hyperons could be used to study the symme-
try through their two-body weak decay. Historically, it was
used to study Parity conservation [12]. The current research
focuses on the search of CP violation in hyperon decay. The
polarization of 1/2 spin hyperon can be obtained by the angu-
lar distribution of final state particles in its two body decay.
In the process of hyperon decay to nucleon (proton or neu-
tron) andπ meson, its decay parameters can be described by
a parity conserving (P-wave) and a parity violation (S-wave)
amplitudes:

α =
2Re(S∗P )
|S|2 + |P |2 , β =

2Im(S∗P )
|S|2 + |P |2 ,

γ =
√

1− α2cosφ, (1)

where the parameterα can be described as the angular distri-
bution asymmetry of the final state particle (nucleon):

dN/dΩ =
1
4π

(1 + αP · p̂). (2)

Then by comparing the decay parameters of hyperon and
anti-hyperon, CP conservation could be tested.

A =
α + ᾱ

α− ᾱ
. (3)

The Standard Model predicts that the hyperon CP violation
happens at the level of10−5 to 10−6 [13]. In the Eq. (2), we
notice thatα (decay parameter) and P (polarization) appear
in the form of product in the angular momentum distribu-
tion, which means we can not obtain the decay parameters
from the angular distribution of a single final particle. How-
ever, in the BESIII experiment, the hyperon and anti-hyperon
pairs are obtained by the decay of the intermediate resonance
states (J/ψ and ψ(3686)) produced by the annihilation of
electron and positron. This provides a unique environment
for the study of the generation and decay of hyperons. This
quantum entanglement system provides a controllable and
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accurate CP conservation test. The process of hyperon and
anti-hyperon generated by electron and positron annihilation
throughJ/ψ (or ψ(3686)) can be described byψ like elec-
tromagnetic shape factor [14]. Its form is equivalent to the
electromagnetic form factor of hyperons [15–17]. These two
form factors can be written as two real parametersαψ and
∆Φ, which represent the asymmetry of angular distribution
and the phase angle between the two form factors. The ob-
servable∆Φ is related to the spin polarization of hyperon and
anti-hyperon. If∆Φ is not equal to 0, the polarization of the
hyperon will be perpendicular to its generation plane. These
variables can be measured in BESIII experiment. We can
write the differential cross section formula of hyperon anti-
hyperon pairs generated throughJ/ψ(or ψ(3686)), then they
decay to nucleons andπ mesons (and their anti-particles).
The differential cross-section is given asdσ ∝ W(ξ)dξ,
whereW(ξ) is

W(ξ) = T0(ξ) + αψT5(ξ)

+ αᾱ
(
T1(ξ) +

√
1− α2

ψ cos(∆Φ)T2(ξ) + αψT6(ξ)
)

+
√

1− α2
ψ sin(∆Φ) (αT3(ξ) + ᾱT4(ξ)) .

andTi, (i = 0, 1...6) are angular functions dependent onξ,
whereξ represents polar angles of hyperons and polar angles
and azimuthal angles of nucleons [14].

With the data collected in 2009 and 2012 at BESIII, the
observation of hyperon polarizations opens a new window
for testing CP conservation in baryon sector, as it allows for
simultaneous production and detection of hyperon and anti-
hyperon pair two-body weak decay. The CP symmetry tests
are performed in the process ofΛ, Σ andΞ pair production.
Furthermore in theΞ decay, it is possible to perform three in-
dependent CP tests and determine the strong phase and weak
phase difference.

2. J/ψ → ΛΛ̄

Using 1.31 × 109 J/ψ events collected with BESIII detec-
tor, the process ofJ/ψ → ΛΛ̄ is studied [18]. Λ is re-
constructed withpπ−. Λ̄ is reconstructed with two modes:
p̄π+ andn̄π0. In the real data, there are 420,593 and 47,009
signal events are selected for the decay final statespπ−p̄π+

andpπ−n̄π0 respectively. With the selected signal events,
the angular observablesξ are fully reconstructed. In the dif-
ferential cross section formula, the free parametersαψ, ∆Φ,
α−, α+ and ᾱ0 are extracted by a simultaneous unbinned
maximum likelihood fit. The∆Φ is measured to be(42.4 ±
0.6 ± 0.5)◦ which means there are a clear polarization exis-
tence in theJ/ψ → ΛΛ̄. In Fig. 1, to show the polarization,
the momentµ(cos θΛ) = (m/N)

∑N(cos θΛ)
i (sin θi

p sin φi
p −

sin θi
p̄ sinφi

p̄) related to the polarization is calculated inm
bins of cos θΛ. Therefore, we could determine the decay
asymmetry parametersα−, α+ and ᾱ0 separately. The CP
violation testACP = (α− + α+)/(α− − α+) is measured to

FIGURE 1. Momentsµ(cos θΛ) for acceptance uncorrected data as
a function ofcos θΛ for a)pπ−p̄π+ and b)pπ−n̄π0 data sets. The
points with error bars are the data, and the solid-line histogram is
the global fit result. The dashed histogram shows the no polariza-
tion scenario.

be−0.006± 0.012± 0.007 which is consistent with SM pre-
diction. The obtained value ofα− is 0.750± 0.009± 0.004,
which is17± 3% higher than the world average at that time.
As a fundamental parameter, this measurement has been con-
firmed by analysis the CLAS data [19].

3. J/ψ and ψ(3686) → Σ+Σ̄−

The polarizations are studied not only in theJ/ψ decays,
but also inψ(3686) decays. With1310.6 × 106 J/ψ and
448.1 × 106 ψ(3686) events, the combined fit is performed
for the process ofJ/ψ and ψ(3686) → Σ+Σ̄− [20]. We
selected the final states with proton, anti-proton and 2π0 to
reconstruct the signal events. To further suppress the back-
ground events, the four momentum kinematic constraints are
applied. The peaking background level is below 0.1%, and
other background are 5% forJ/ψ decay and 1% forψ(3686)
decay which could be well estimated with sideband method.
An unbinned maximum likelihood fit is performed in the
five angular dimensionsξ, simultaneously fitting both the
J/ψ → Σ+Σ̄− andψ′ → Σ+Σ̄− data in order to determine
the parametersΩ = {αJ/ψ, αψ′ ,∆ΦJ/ψ, ∆Φψ′ , α0, ᾱ0}.
The numerical fit results are summarized in Table I. We could
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TABLE I. Values and uncertainties of the fit parameters extracted in
this work.

Parameter Measured value

αJ/ψ −0.508± 0.006± 0.004

∆ΦJ/ψ −0.270± 0.012± 0.009

αψ′ 0.682± 0.03± 0.011

∆Φψ′ 0.379± 0.07± 0.014

α0 −0.998± 0.037± 0.009

ᾱ0 0.990± 0.037± 0.011

FIGURE 2. The momentsµ(cos θΣ+) for data that is not corrected
for acceptance and reconstruction efficiency as function ofcos θΣ+

for the decaysJ/ψ → Σ+Σ̄− (top) andψ(3686) → Σ+Σ̄−

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

could find thatαJ/ψ is determined to be−0.508± 0.006
± 0.004 , which is negative as observations made in the
decaysJ/ψ → Σ0Σ̄0, J/ψ → Σ(1385)−Σ̄(1835)+ and
J/ψ → Σ(1385)+Σ̄(1835)−. The relative phases∆ΦJ/ψ

and∆Φψ′ are determined simultaneously for the first time
for both reactionsJ/ψ → Σ+Σ̄− andψ′ → Σ+Σ̄−. Consid-
ering the∆ΦJ/ψ and∆Φψ′ are non-zero, both of them could
be used to extract the decay asymmetry parametersα0 and
ᾱ0 simultaneously. While the value ofα0 determined in this
work is consistent with the PDG average at significantly im-
proved precision,̄α0 is measured for the first time. The value
of ACP is found to be consistent with CP-conservation and is
in agreement with the Standard Model prediction.

4. J/ψ → Ξ−Ξ̄+

To describe the spin 1/2 hyperon decay, there are three decay
parameters are defined as in Eq. (1). And these three parame-

ters are not independent asα2 +β2 + γ2 = 1. By comparing
these decay parameters in hyperon and anti-hyperon decays,
the CP-conservation could be tested. But in theΛ andΣ de-
cays, the final state polarization of proton could not be deter-
mined by the detector. Therefore we can only determine the
decay asymmetry parameterα in Λ andΣ decays. In the de-
cay process ofΞ− → Λπ−, we could also determine theαΞ

as before. The different is that the polarization ofΛ could be
determined throughΛ → pπ− which allow us to get the all
decay parameters:αΞ, βΞ andγΞ. By defining the parameter
φΞ according to

βΞ =
√

1− α2
Ξ sin φΞ, γΞ =

√
1− α2

Ξ cosφΞ, (4)

the decay is completely described by two independent pa-
rametersαΞ andφΞ. Then two CP violation observables are
defined to be

ACP =
αΞ + αΞ

αΞ − αΞ
, ∆φCP =

φΞ + φΞ

2
. (5)

Since the decay amplitude forΞ− → Λπ− consists of both a
P-wave and an S-wave part, the leading-order contribution to
the CP asymmetryACP can be written as

ACP ≈ − tan(δP − δS) tan(ξP − ξS), (6)

wheretan(δP − δS) = β/α denotes the strong phase dif-
ference of the final-state interaction between theΛ andπ−

from the Ξ− decay. An independent CP-symmetry test in
Ξ− → Λπ− is provided by determining the value of∆φCP.
At leading order, this observable is related directly to the
weak-phase difference

(ξP − ξS)LO =
β + β

α− α
≈
√

1− α2

α
∆φCP, (7)

and can be measured even ifδP = δS .
With 1.31 × 109 J/ψ events, the multi-dimensional an-

gular fitting is performed to measure the decay parameters in
J/ψ → Ξ−Ξ̄+ [21]. Nine kinematic observables are used to
describe this decay process ofJ/ψ → Ξ−Ξ̄+, Ξ− → Λπ−

and Ξ̄+ → Λ̄π+. To show the fit quality of the fitting, the
polarization and spin correlation plots are shown in Fig. 3.
Based on the fitting results,ACP and∆φΞ are measured to be
(6.0±13.4±5.6)×10−3 and(−4.8±13.7±2.9)×10−3 rad,
which are consistent with CP symmetry. In addition, the
strong and weakΞ → Λπ decay amplitudes could be sep-
arated. The direct weak phase difference is measured to
be (ξP − ξS) = (1.2 ± 3.4 ± 0.8) × 10−2 rad and is
one of the most precise tests of CP symmetry for strange
baryons. The strong phase difference is measured to be
(δP − δS) = (−4.0 ± 3.3 ± 1.7) × 10−2 rad. Moreover,
we provide an independent measurement of theΛ decay pa-
rameter,αΛ = 0.757 ± 0.011 ± 0.008 which is consistent
with previous BESIII measurement [18].
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FIGURE 3. Polarisation and spin correlations and in thee+e− → Ξ−Ξ
+

reaction. a)Py, b) Cxx, c) Cyy and d)Czz as functions ofcos θ.
The data points are determined independently in each bin. The red curves represent the expected angular dependence obtained with the
values ofαψ and∆Φ from the global fit. The errors bars indicate the statistical uncertainties.

5. ψ(3686) → Ω−Ω̄+

To spin of Ω− is predicted to be 3/2 according to quark
model, but it is not unambiguous determined in experiments.
Based on448.1 × 106 ψ(3686) events collected by BESIII,
the process ofψ(3686) → Ω−Ω̄+, with the sequential de-
cays ofΩ− → K−Λ, Λ → pπ− andΩ̄+ → K+Λ̄, Λ̄ → p̄π+

has been studied [22]. To increase the statistics, a single-tag
method is implemented in which only theΩ− or theΩ̄+ is re-
constructed viaΩ− → K−Λ → K−pπ− or Ω̄+ → K+Λ̄ →
K+p̄π+, and thēΩ+ or Ω− on the recoil side is inferred from
the missing mass of the center mass system. With different
spin hypothesis (3/2 or 1/2), an unbinned maximum likeli-
hood fit is performed to measure the free parameters with
multi-dimensional angular distributions. By comparing the
likelihood values with two assumptions to the around 4000
selected signal events, we determine the significance of the
J = 3/2 hypothesis over theJ = 1/2 to be larger than
14σ as Fig. 4 shown. With the helicity amplitudes measured,
we calculated thecos θΩ− dependence of the multipolar po-
larization operators as shown in Fig. 5. For the process of
ψ(3868) → Ω−Ω̄+, we not only observe vector polarization

FIGURE 4. Distribution of the test statistict = SJ=1/2 = SJ=3/2

for a series of MC simulations performed under theJ = 1/2 (right
peak) and J = 3/2 (left peak) hypotheses. The lines represent Gaus-
sian fits to the simulated data points. Thet value obtained from
experimental data is indicated by the vertical bar.
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FIGURE 5. The cos θΩ− dependence of the multipolar polariza-
tion operators. The solid lines represent the central values, and the
shade areas represent± one standard deviations.

(r1), but also quadrupole (r6, r7, r8) and octupole (r10, r11)
polarization contributions as the predictions [23,24].

6. Summary

With the world’s largestJ/ψ and ψ(3686) data samples
produced at that time,J/ψ and ψ(3686) decays into light
hyperon pairs have been studied, includingJ/ψ → ΛΛ̄,
J/ψ(ψ(3686)) → Σ+Σ̄−, J/ψ → Ξ−Ξ̄+, andψ(3686) →
Ω−Ω̄+. The hyperon pair produced ine+e− collision is in
a quantum entanglement system, and the transverse polariza-
tion of the hyperon is non-zero. This make the precise mea-
surement of the decay parameters possible. They are mea-
sured by exploiting the full decay chain of the process by
performing multi-dimensional fit to the angular observables.
With the decay parameters, the CP conservation in the hy-
peron sector are tested. Now, BESIII experiment has col-
lected ten times largerJ/ψ sample and seven times larger
ψ(3686) sample, measurements with higher precision and in
more decay modes are expected in the near future.
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