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A novel multidimensional method to study hyperon and antihyperon decays and to search for a
direct CP-violation signal is presented. The method uses spin polarization and entanglement of
baryon–antibaryon pairs produced in electron–positron annihilation at the �/k and k ′ resonances.
Themethodwas applied in a series of proof-of-concept analyses at BESIII. The helicity amplitudes
describing electron–positron annihilation intoΛΛ, Σ+Σ−, Ξ−Ξ+ andΩ−Ω+ pairs at �/k or k ′ were
determined. A significant transverse polarization of the (anti)hyperons in �/k and k ′ decays
was observed and spin of the Ω− baryon was determined in a model independent way using the
reaction properties. The asymmetry parameters of the main (anti)hyperon decay modes, the non-
leptonic two-body decays, were precisely measured. The result for the asymmetry parameter UΛ
in Λ → ?c− revises by 17% the value used for nearly 50 years in all analyses of Λ polarization.
Additionally, in the sequential weak decaysΞ− → Λc− andΩ− → Λ − the spin rotation parameter
was measured.
A comparison of the hyperon and antihyperon decay parameters allows for tests of direct CP-
symmetry violation, that are complementary to the n ′/n measurement in kaon decays. Of special
importance are the new results on 4+4− → �/k → Ξ−Ξ+, where the final-state interaction and
weak-phase difference are disentangled. Prospects of future measurements at Super Charm-Tau
Factories are discussed with the emphasis on the impact of the longitudinal polarization of the
electron beams on the precision of the CP-violation tests.

*** 10th International Workshop on Charm Physics (CHARM2020), ***
*** 31 May - 4 June, 2021 ***
*** Mexico City, Mexico - Online ***

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/



P
o
S
(
C
H
A
R
M
2
0
2
0
)
0
0
9

Precision hyperon physics at �/k and k ′ factories Andrzej Kupść

Dedication

Simon was the life and soul of our community and a dear friend for many of us. He was also the
ultimate light meson physics authority for me ever since I first met him in his and Boris Shwartz
office in February 1996.

1. Introduction

Thewell-defined and simple initial statemakes a baryon–antibaryon pair production at electron–
positron colliders an ideal system to investigate the baryon properties and to test fundamental
symmetries. Not only the spin orientations of the baryon and antibaryon are correlated, but due
to the strong interactions in the final state, the transition amplitudes to the respective spin states
can acquire relative phases leading to polarization of the baryons. The baryon–antibaryon pair
production in the single-photon electron–positron annihilation is related to the time-like elastic
baryon form factors. The formalism of such processes is well known for baryons with spin-1/2 [1–
5]. The cross sections for the non-resonant annihilation are low and the available data sets do
not allow for precision studies of baryon decays. However, as it was shown in Ref. [6], the same
formalism is valid for experiments at the centre-of-mass (c.m.) energies corresponding to the
�/k and k ′ resonances. Given relatively large branching fractions of the �/k → �� processes,
O(10−3), and the huge data sample of 1010 �/k events collected at BESIII, multidimensional
analyses to determine decay properties of hyperons and antihyperons are now feasible.

This contribution is organised as follows: weak non-leptonic decays of hyperons are described
in Sec. 2, direct CP-violation in |Δ( | = 1 transitions in kaons and hyperons is discussed in Sec. 3.
Formalism to describe baryon–antibaryon pair production in electron–positron annihilation is sum-
marised in Sec. 4 and the BESIII results are reported in Sec. 5. The implications of results are
discussed in Sec. 6 and the outlook for measurements at Super Charm-Tau Factories (SCTF) with
polarized electron beams is in Sec. 7.

2. Hyperon weak hadronic decays

The main decay modes of the ground-state hyperons are weak-|Δ( |=1 transitions into a baryon
and a pseudoscalar meson. Some of the processes are listed in Table. 1, where the Particle Data
Group (PDG) averages before 2018 [7] and the most recent results are reported. Historically,
they provided the crucial information for establishing the patterns of parity violation in weak
decays [14]. Nowadays, they are used in searches of CP-symmetry violation signals in baryon
sector and to determine spin polarization in hadronic reactions involving hyperons.

For a weak decay � of a spin-1/2 baryon � to a spin-1/2 baryon 1 and a pion, � (�→ 1c),
like Λ → ?c− or Ξ−→ Λc−, the parity-even amplitude leads to the final state in the ?-wave and
parity-odd amplitude leads to the final state in the B-wave. The two amplitudes are denoted % and
(, respectively, and the complete decay amplitude is

A = ( + %2 · n̂ , (1)

where n̂ = q/|q| is the direction of the 1-baryon momentum q in the �-baryon rest frame. The (
and % amplitudes are Lorentz scalars and in the two-body decay they have fixed complex-number
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B 〈U〉 〈q〉 �CP Comment
Λ→ ?c− 64% 0.642(13)∗ −0.113(61)∗ 0.006(21) PDG18 [7]

0.754(3)(2) – −0.006(12)(7) BESIII [8]
0.721(6) (5)∗ – – CLAS [9]
0.760(6)(3) – −0.004(12)(9) BESIII [10]

Λ→ =c0 36% 0.65(4)∗ – – PDG18 [7]
−0.692(17)∗∗ – – BESIII [8]

Σ+ → ?c0 52% −0.980(23)∗ 0.628(59)∗ – PDG18 [7]
−0.994(4)(2) – −0.004(37)(1) BESIII [11]

Σ+ → =c+ 48% 0.068(13)∗ 2.91(35)∗ – PDG18 [7]
Σ− → =c− 100% −0.068(8)∗ 0.174(26)∗ – PDG18 [7]
Ξ0 → Λc0 100% −0.406(13)∗ 0.36(21)∗ – PDG18 [7]
Ξ− → Λc− 100% −0.458(12)∗,◦ −0.042(16)∗ – PDG18 [7] [12]

−0.373(5)(2) 0.016(14)(7) 0.006(13)(6) BESIII [10]
Ω− → Λ − 68% 0.0181(22)∗ – −0.02(13) PDG18 [7]

−0.04(3) 1.08(51) – BESIII [13]
∗ – result only available for hyperons
∗∗ – result only available for antihyperons
◦ – measured as a product with UΛ value

Table 1: Properties of two-body hadronic decays of the ground-state hyperons. The recent BESIII
results, in bold, are compared to the world averages before 2018 (reported in PDG18 [7]). In addition
BESIII [10] measured �CP = 0.005(14) (3) for Ξ− → Λc−. Branching fractions B of the decays are rounded
with ±0.5% accuracy.

values. Each of the ! = (, % amplitudes can be decomposed in the isospin bases. Using notation
from Ref. [15], where !2Δ� ,2� represents a weak transition to the state with isospin � that changes
isospin by |Δ� |, the amplitudes for Λ→ ?c− are

!Λ = −
√

2
3
!1,1 exp(8b!1,1 + 8X

!
1 )+

√
1
3
!3,3 exp(8b!3,3 + 8X

!
3 ) (2)

and for Ξ− → Λc− are

!Ξ = !1,2 exp(8b!1,2 + 8X
!
2 )+

1
2
!3,2 exp(8b!3,2 + 8X

!
2 ) . (3)

The contribution of the |Δ� | = 3/2 amplitudes is suppressed and in most studies it is sufficient to
consider the |Δ� | = 1/2 transition approximation, where the ( and % amplitudes are expressed as

( = (1 exp(8b( + 8X() and %= %1 exp(8b% + 8X%) , (4)

with b( (b%) the weak CP-odd phase for the |Δ� | = 1/2 transition and X( (X%) the strong ((%)-wave
baryon–meson phase-shift at the c.m. energy corresponding to the hyperon mass. For Λ decays
the X( (X%) phase shifts correspond to the #–c scattering in the isospin � = 1/2 state. The overall
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normalisation of the amplitudes, |( |2 + |% |2, is directly related to the partial decay width

Γ =
|q|

4c"�

(�1 + "1) ( |( |2 + |% |2) , (5)

where �1 =
√
|q|2 + "2

1
and "�, "1 are the baryon masses. The amplitudes can be parameterized

using two experimentally motivated decay parameters [16]:

U� :=
2 Re((∗%)
|( |2 + |% |2

and q� := arg
{
|( − % |2 − 2|% |2 + 2(∗%

}
. (6)

The parameter U� , −1 ≤ U� ≤ 1, for decay � (� → 1c) can be determined from the angular
distribution asymmetry of the baryon 1 in the �-baryon rest frame. The distribution is given as

1
Γ

dΓ
dΩ

=
1

4c
(1 + U�P� · n̂) , (7)

where P� is the �-baryon polarization vector. The parameter q� , −c < q� ≤ c, is related to the
rotation of the spin vector between � and 1 baryons. In a reference system with the ẑ-axis along
the 1 momentum in the �-baryon rest frame and the ŷ axis along P� × ẑ, the 1-baryon polarization
vector is given by [16]

P1 · ẑ =
U� + P� · ẑ

1 + U�P� · ẑ
; P1 × ẑ = |P� |

√
1 − U2

�

sin q� x̂ + cos q� ŷ
1 + U�P� · ẑ

. (8)

This means that the transverse component of the 1-baryon polarization vector is rotated by the
angle q� with respect to the �-baryon polarization vector (the polarization vectors are defined
in the respective baryon rest frame). For Ξ− → Λc− with polarized cascade the q� parameter
can be determined using the subsequent Λ → ?c− decay which acts as a polarimeter. In the
phenomenological description of the decays a natural choice of the two independent parameters is
U and V:

U :=
2 Re((∗%)
|( |2 + |% |2

and V :=
2 Im((∗%)
|( |2 + |% |2

, (9)

since they give the real and imaginary part of the interference term between the amplitudes. The
V and q parameters are related as V =

√
1 − U2 sin q. The branching fractions (B) and the values

of the U and q parameters for decays of the ground-state octet baryons are listed in Table 1. The
amplitudes ( and % for the charge-conjugated (c.c.) decay mode of the antibaryon � (�→ 1c) are:

(= −(1 exp(−8b( + 8X() % = %1 exp(−8b% + 8X%) , (10)

In the CP-conserving limit the decay parameters U, V and q have the opposite values: U = −U,
q = −q and V = −V. Table 1 reports, when available, the hyperon–antihyperon average values
defined as

〈U〉 :=
U − U

2
, 〈q〉 :=

q − q
2

. (11)

The decays can be described using decay matrices 0�`a representing the transformations of
the spin operators (Pauli matrices) f�` and f1a defined in the � and 1 baryon rest frames, respec-
tively [17]:

f�` →
3∑
a=0

0�`,af
1
a . (12)
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The elements of such 4×4matrices are expressed by the decay parametersU� and q� and the helicity
angles. The matrices are implementations of the Lee–Yang polarization vector transformation
Eq. (8) to the specific reference frames used in our approach. The helicity reference frame for
baryon 1 is defined in the following way. In the � rest frame with the I axis defined by the unit
vector ẑ�, the direction of the 1 momentum is denoted as p̂1. The 1-baryon helicity system is the
1 rest frame where the orientation the Cartesian coordinate system is given by the vectors:

x̂1 =
ẑ� × p̂1
|ẑ� × p̂1 |

× p̂1, ŷ1 =
ẑ� × p̂1
|ẑ� × p̂1 |

and ẑ1 = p̂1 . (13)

In the weak decay Ω(Ω− → Λ −) the parity-odd transition is to 3-wave instead of B-wave.
Description of a spin-3/2 baryon decay to a spin-1/2 baryon and a pseudoscalar meson is analogous
to the decays of spin-1/2 baryons [17]

&Ω
−
` →

15∑
a=0

1Ω`,af
Λ
a , (14)

where the spin state of the spin-3/2 baryon is described by 16 &` ` = 0, .., 15 operators. The decay
is represented using 16×4 decay matrix 1�`,a with the elements depending on two decay parameters
UΩ and qΩ.

3. Direct CP-violation in kaon and hyperon decays

The conclusive experimental evidence of the direct CP violation in |Δ( |=1 transitions in kaon
two-body hadronic decays was established in 2002 [18, 19]. The effect is quantified by the non-
vanishing value of the n ′/n parameter ratio given by the decay amplitudes of  ! and  ( mesons
into pion pairs

A( ! → c+c−)
A( ( → c+c−) := n + n ′ and

A( ! → c0c0)
A( ( → c0c0)

:= n − 2n ′ . (15)

The experimental result Re(n ′/n) = (16.6 ± 2.3) · 10−4 [18–20] definitely rules out the superweak
CP-violation scenario proposed byWolfenstein [21] and is consistent with the standard model (SM)
prediction via Cabibbo–Kobayashi–Maskawa (CKM) mixing matrix. The CP-violation mechanism
in SM requires loop diagrams where all three quark families are involved, the so-called penguin
diagrams like the one shown in Fig. 1(a-b). The predictions for n ′/n had been a challenge for long
time due to the partially cancelling contributions from the two types of the penguin diagrams, see
e.g. Ref. [22] and references therein. Recently a satisfactory understanding was reached using
Lattice [23, 24], Re(n ′/n) = 21.7(82) × 10−4, and effective field theory [25–27], Re(n ′/n) =
14(5) × 10−4, approaches to Quantum Chromodynamics (QCD). Such progress makes the n ′/n
value one of the important constraints for beyond-SM (BSM) physics scenarios.

The observable CP-violation effect is due to interference between at least two amplitudes with
different values of CP-odd and CP-even phases. For the kaon decays the two-pion system can have
isospin � = 0 and � = 2, corresponding to the |Δ� | = 1/2 and |Δ� | = 3/2 transitions, respectively.

5
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Figure 1: figures taken from arXiv:1712.06147, created by tikz: current–current (a), QCD
penguin (b) and electroweak penguin (c) topologies.

1

s

q

d

q
g

(a)

s

q

d

q
γ, Z

(b)

s

q

d

q

u, c, t

W

u, c, t

g

(a)

s

q

d

q

u, c, t

W

u, c, t

γ, Z

s

q

d

q

W

u, c, t

W

γ, Z

(b)

Figure 1: figures taken from arXiv:1712.06147, created by tikz: current–current (a), QCD
penguin (b) and electroweak penguin (c) topologies.
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Figure 1: Quark operators that can generate CP-odd phases in kaon and hyperon decays. CP-violation
effects in kaon decays in SM are given by the (a) QCD-penguin and (b) electroweak-penguin operators. Two
types of four-quark operators for BSM scenarios (grey blobs) are given in panels (c) and (d). The hypeon
decays are sensitive to the (c) type contributions while kaons probe both. Figure created using a modified
script from Ref. [25].

Using notation �2Δ� ,� , the isospin decomposition of the amplitudes, Eq. (7.18) from Ref. [28], is
written as

A( 0 → c+c−) =
√

1
3
�3,2 exp(8b3,2 + 8X2)+

√
2
3
�1,0 exp(8b1,0 + 8X0)

A( 0 → c0c0) =
√

2
3
�3,2 exp(8b3,2 + 8X2)−

√
2
3
�1,0 exp(8b1,0 + 8X0) ,

where b1,0 and b3,4 are the weak phases corresponding to the |Δ� | = 1/2 and |Δ� | = 3/2 transitions,
respectively. The strong phase shifts in the final two-pion systems with isospin � = 0 and � = 2 are
X0 and X2, respectively. The direct CP-violation, n ′ ≠ 0, requires that the amplitudes �1,0 and �3,2

must be nonzero. With the above notation n ′ is expressed as, Eq. (7.34) from Ref. [28],

n ′ w − 8
√

2
exp (8X2 − 8X0)

�3,2

�1,0
(b1,0 − b3,2) . (16)

The direct |Δ( | = 1 CP violation in the two-body hyperon decays, where the spin degrees of
freedom generate the two necessary amplitudes, does not require the |Δ� | = 3/2 transitions [29].
Experimentally, there are two independent CP-violation tests that are based on comparison of the
decay parameters in � (�→ 1c) and the c.c. � (�→ 1c) processes [30]

��CP :=
U� + U�
U� − U�

, Φ�CP :=
q� + q�

2
. (17)

6
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Using Eqs. (4) and (10) they can be expressed as

�CP = −
√

1 − U2

U
sin q tan(b% − b() = −

V

U
tan(b% − b() (18)

= − tan(X% − X() tan(b% − b() (19)

ΦCP =
U

√
1 − U2

cos q tan(b% − b() (20)

�CP :=
V + V
U − U = tan(b% − b() , (21)

where an additional �CP observable, related to the V parameters comparison, was introduced. As
one can see all three CP-violation observables are related and provide a measure of the single
quantity tan(b% − b()— the weak-phase difference.

b% − b( �� � ′
�

([_5�2) [10−4 rad] [10−2 rad]
SM Ref. [31] Exp BSM Ref. [32]

Λ→ ?c− 0.2 ± 1.6 0.3 ± 2.2 4.7 ± 9.4 1.1 ± 2.2 0.4 ± 0.8
Ξ− → Λc− −1.4 ± 1.2 −1.9 ± 1.6 1.2 ± 3.5 −0.5 ± 1.0 0.4 ± 0.7

Table 2: Weak-phase difference in hyperon decays. (left) Standard Model predictions [31] compared to
the BESIII measurements. (right) Parameters�� and� ′

�
used in Eq. (34) to relate the weak-phase differences

in hyperon decays to the BSM constraints from the kaon observables [32].

Two hyperon decays are considered to be sensitive probes of the CP-violation: (1)Λ(Λ→ ?c−)
and (2) Ξ(Ξ−→ Λc−). The decay (2) is studied using the Λ decay mode (1) as the subsequent
process. In the following the decay parameters related to the decay (1) and (2) will be denoted
by the Λ and Ξ indices, respectively. The SM contribution to b% and b( for Λ → ?c− and
Ξ− → Λc− via the CKM mechanism is O(10−5) and O(10−4), respectively, as it can be read from
the predictions [31] given in Table 2. The value of the product of the Wolfenstein parameters [_5�2

is 1.37 × 10−4 according to the latest PDG report [33]. The difference between the values for the
two decays is due to the opposite signs of the b% phases in the predictions. The relation between
b% − b( values and the kaon observables n and n ′ is discussed in Sec. 6.

A dedicated experiment HyperCP (E871) at Fermilab [34] running 1996–99 has set the world’s
best limits on the CP violation in the Ξ− → Λc → ?c−c− decay sequence. A secondary cascade
beam was produced by 800 GeV primary protons interacting with a copper target. The beam was
momentum and charge-sign selected. The sum of the asymmetries �ΞCP+ �

Λ
CP = 0(5) (4) ×10−4 [35]

was determined using data sample of 117 × 106 Ξ− and 41 × 106 Ξ+ with unpolarized beams. A
preliminary result of �ΞCP + �

Λ
CP = −6(2) (2) × 10−4 based on the full data sample of 862 × 106 Ξ

and 230 × 106 Ξ was presented at the BEACH2008 conference [36]. Since no final result was
published one can suspect an inherent problem to understand the systematic effects at the level of
4 × 10−4. The most precise qΞ value contributing to the PDG18 average reported in Table 1 was
measured using 144 × 106 Ξ− events with average polarization of ∼ 5% [12]. The drawback of
theHyperCP experimentalmethod is the non-charge-conjugation-symmetric productionmechanism
and the need to use separate runs with different settings for the baryon and antibaryonmeasurements.

7
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Final state B(×10−4) Uk ΔΦ(rad) References
�/k → Λ Λ 19.43(3) 0.461(9) 0.740(13) [8, 37]

Σ+ Σ− 15.0(24) −0.508(7) −0.270(15) [11, 38]
Σ− Σ+ — no data —
Σ0 Σ0 11.64(4) −0.449(20) – [37]
Ξ0 Ξ0 11.65(43) 0.66(6) – [39]
Ξ− Ξ+ 9.7(8) 0.586(16) 1.213(48) [10, 33]

k ′→ Σ+ Σ− 2.32(12) 0.682(11) 0.379(16) [11]

Table 3: Properties of some of the e+e− → P/7, 7′→ HH hyperon–antihyperon production reactions
involving the ground-state octet baryons.

In addition the accuracy of the qΞ parameter determination is limited by the low value of the Ξ−-
beam polarization. In the next section a novel method for the hyperon CP-violation studies is
described.

4. Production of baryon–antibaryon pairs and joint angular distributions

The 4+4− → �/k, k ′→ �� processes listed in Table 3 have relatively large branching fractions
and can be used for determination of hyperon decay properties and CP-violation tests. Two analysis
methods are possible: (1) exclusive (double tag, DT) where the decay chains of the baryon and
antibaryon are fully reconstructed and (2) inclusive (single tag, ST) where only the decay chain of
the baryon or antibaryon is reconstructed but the two-body production process is identified and its
kinematics fully determined using missing energy/mass technique.

To describe a baryon–antibaryon pair production in electron–positron annihilation including
the two-body sequential hyperon decays a modular approach developed in Ref. [17] can be used.
The spin-density matrices defined in helicity reference frames keep track of the spin information in
the hyperon decay chains. The base vectors of the helicity reference frames are uniquely defined by
the recursion of Eq. (13). The I-axis in the electron–positron annihilation c.m. system is taken to
be the positron-momentum direction. The joint spin-density matrix of the �� pair is:

d
��

=

3∑
`,a=0

�`a f
�
` ⊗ f�a , (22)

where f�` (f�a ) is the set of Pauli matrices in the �(�)-baryon helicity frame and �`a is 4× 4 real-
number matrix representing polarizations and spin correlations. It describes the spin configuration
of the entangled hyperon–antihyperon pair in their respective helicity frames. As a consequence of
the base-vectors definition in Eq. (13) the relative orientation of the axes in the helicity frames for
� (x̂1, ŷ1, ẑ1) and for � (x̂2, ŷ2, ẑ2) is (x̂2, ŷ2, ẑ2) = (x̂1,−ŷ1,−ẑ1). The coefficients �1/2

`a depend on
the angle \ between the positron and baryon �. The final state baryons can have ±1/2 helicities but
due to the parity conservation only two transitions are independent: ℎ1 := �1/2,1/2 = �−1/2,−1/2 and
ℎ2 := �1/2,−1/2 = �−1/2,1/2. Therefore the 4+4− → �� process at fixed c.m. energy is described

8
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by two complex form factors. If the overall normalisation is irrelevant two real parameters can be
used:

Uk :=
|ℎ2 |2 − 2|ℎ1 |2
|ℎ2 |2 + 2|ℎ1 |2

; −1 ≤ Uk ≤ 1 and ΔΦ := arg(ℎ1/ℎ2). (23)

The structure of the �1/2
`a matrix can be represented by the polarization vector %H = %H (\) and spin

correlations �1/2
8 9

= �
1/2
8 9
(\) as

�
1/2
`a = 3

1 + Uk cos2 \

3 + Uk

©«
1 0 %H 0
0 �GG 0 �GI

−%H 0 �HH 0
0 −�GI 0 �II

ª®®®®¬
. (24)

The �1/2
`a matrix is [17]:

3
3 + Uk

©«
1 + Uk cos2\ 0 Vk sin \ cos \ 0

0 sin2\ 0 Wk sin \ cos \
−Vk sin \ cos \ 0 Uk sin2\ 0

0 −Wk sin \ cos \ 0 −Uk − cos2\

ª®®®®¬
, (25)

using notation Vk =

√
1 − U2

k
sin(ΔΦ) and Wk =

√
1 − U2

k
cos(ΔΦ). The �-baryon angular

distribution is
1
f

df
dΩ�

=
3

4c
1 + Uk cos2\

3 + Uk
. (26)

The complete double-tagged joint angular distribution of the 4+4− → �� process with a single step
decay � (�→ 1c) + c.c. is

W(/;8) =
3∑

`,a=0
�

1/2
`a 0

�
`00

�
a0 , (27)

where the vector / denotes the complete set of the spherical coordinates in the helicity frames
(helicity angles) describing the event. The global parameter vector 8 has four dimensions: 8 :=
(Uk,ΔΦ, U� , U�). Of importance for the joint angular distribution for a single-step weak decay
like Λ → ?c− is that ΔΦ ≠ 0 and the Λ and Λ are produced with a transverse polarization. Only
the polarization and spin correlations allow for a simultaneous and independent determination of
UΛ and UΛ, using the method proposed in Ref. [6].

The production and the two-step decays in the 4+4− → Ξ−Ξ+ are described by a nine dimen-
sional vector / of the helicity angles. The structure of the nine-dimensional angular distribution is
determined by eight global parameters 8Ξ := (Uk,ΔΦ, UΞ, qΞ, UΞ, qΞ, UΛ, UΛ) and in the modular
form give as [17]:

W(/;8Ξ) =
3∑

`,a=0
�

1/2
`a

3∑
`′a′=0

0Ξ``′0
Ξ
aa′0

Λ
`′00

Λ
a′0 . (28)

The general expression for the joint density matrix for the spin-3/2 �� pair is [17]:

d
��

=

15∑
`,a=0

�
3/2
`a &

�
` ⊗ &�a , (29)
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where a set of 16 basematrices&�` (&�a ) in the �(�) rest frame is used and�3/2
`a is 16×16 real matrix

representing polarizations and spin correlations. The complete joint distribution of 4+4− → Ω−Ω+

with subsequent decays Ω(Ω− → Λ −), Λ(Λ→ ?c−) + c.c. in the nine dimensional phase space
of the vector / of kinematic variables is given by the modular expression with similar structure as
Eq. (28)

W(/;8Ω) =
15∑

`,a=0
�

3/2
`a

3∑
`′a′=0

1Ω``′1
Ω
aa′0

Λ
`′00

Λ
a′0 . (30)

However, the spin-correlations–polarization matrix �3/2
`a depends on four complex form factors

h: , : = 1, 2, 3, 4. They can be parameterized by six real numbers where h: = ℎ: exp 8q: with
ℎ: = |h: |, ℎ2 = 1 (overall normalisation) and q2 = 0 (overall phase) as in the BESIII analysis. The
elements of the 16 × 4 1Ω

``′ matrices describing Ω decay to Λ and  − depend on the two decay
parameters: UΩ and qΩ. The angular distribution in a single-tag experiment is

W(/;8Ω) =
15∑̀
=0
�

3/2
`0

3∑̀
′=0
1Ω``′0

Λ
`′0 :=

15∑̀
=0
A`

3∑̀
′=0
1Ω``′0

Λ
`′0 , (31)

where the polarization terms �3/2
`0 are denoted as A` in the BESIII analysis and only terms A0, A1,

A6, A7, A8, A10 and A11 are nonzero.

4.1 Experimental method

The BESIII Collaboration has the world’s largest data samples of the 4+4− → �/k, k → ��

processes. The so-far-released analyses are based on 1.31 × 109 �/k and (448.1 ± 2.9) × 106 k ′

events but 1010 �/k and 3× 109 k ′ events are now collected. The general analysis strategy requires
determination for each event consistent with the signal hypothesis the complete set of helicity angles
/8 from the intermediate and final-state particle momenta. The physical parameters in the 8 vector
are then determined by an unbinnedmaximum log-likelihood (MLL) fit where the multidimensional
detection efficiency n (/) is taken into account. The likelihood function is

L(/1, /2, ..., /# ;8) =
#∏
8=1

W(/8;8)n (/8)
N (8) , (32)

where # is the number of selected events,W(/;8) is the angular distribution specified by one of
the Eqs. (27,28,30), and the normalisation factor N(8) =

∫
W(/;8)n (/)d/. The normalisation

factor is approximated asN(8) ≈ 1
"

∑"
9=1W(/ 9 ;8), using"Monte Carlo (MC) events generated

uniformly over the phase space, propagated through the detector and reconstructed in the same way
as data. " is chosen to be significantly larger than the number of events in data. By taking the
log-likelihood function, the efficiency function in the nominator is separated as an additive term
which only affects the overall normalisation since the detection efficiency is not dependent on the
8 parameter vector.

10
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5. The BESIII results

5.1 4+4− → �/k → ΛΛ

The initial observation of the polarization in 4+4− → �/k → ΛΛ at BESIII [8] was reported
in 2018. The final data samples have 420,593 and 47,009 events with an estimated background of
399±20 and 66±8 events for the ?c−?c+ and ?c−=c0 final states, respectively. A clear polarization

θcos
1− 0.5− 0 0.5 1

)θ
(c

os
µ

0.2−

0.1−

0

0.1

0.2 (a)

θcos
1− 0.5− 0 0.5 1

y
 P

0.2−

0.1−

0

0.1

0.2 (b)

Figure 2: Spin polarization in e+e− → P/7 → ��. (a) Moment `(cos \) using data not corrected for
efficiency as a function of cos \. The points with error bars are the BESIII data, and the solid-line histogram
is the global fit results. The dashed histogram shows the no polarization scenario. (b) Polarization of Λ as a
function of cos \ calculated using the values of Uk and ΔΦ from the MLL fit.

signal, dependent on the Λ direction, cos \, is observed for Λ and Λ. In Fig. 2(a) the moment

`(cos \) = <
#

#:∑
8

(
n̂(8)? · ŷ1 − n̂(8)

?
· ŷ2

)
(33)

related to the polarization is calculated for < = 50 bins in cos \. # is the total number of events in
the data sample and #: is the number of events in :-th cos \ bin. The expected angular dependence
is `(cos \) ∼ (UΛ − UΛ) · �02 for the acceptance corrected data. The phase between helicity flip
and helicity conserving transitions is determined to be ΔΦ = (42.4 ± 0.6 ± 0.5)◦. This value of
the phase corresponds to the transverse polarization %H as shown in Fig. 2(b) reaching maximum
of 25%. The nonzero value of ΔΦ enables a simultaneous determination of the decay asymmetry
parameters for Λ→ ?c−, Λ→ ?̄c+, and Λ→ =̄c0 reported in Table 1.

5.2 4+4− → �/k, k ′→ Σ+Σ−

Study of baryon–antibaryon pair production involving isospin-1 baryons such as Σ can help
to understand the dynamics of the final-state interactions leading to the nonzero ΔΦ phase. The
process 4+4− → �/k, k ′ → Σ+Σ− studied using the Σ?(Σ+ → ?c0) decay mode is interesting in
the context of revealing quantum entangled spin correlations, since the large value of the asymmetry
parameter |UΣ? | ≈ 1 makes some of the quantum mechanics tests possible [40]. The PDG18 value
of the decay parameter UΣ? given in Table 1 was based on the c+? → Σ+ + experiments fifty years
ago [41–43] while UΣ? has not been measured. In the BESIII measurement [11] data at the �/k
and k ′ resonances are analysed using the DT technique. The U�/k parameter is determined to be

11
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negative and Uk′ positive. The spin polarization of the Σ+ baryons is observed for both datasets.
The relative phases between the helicity amplitudes in the �/k and k ′ decays have opposite signs
and the magnitudes given in Table 3. The polarizations are illustrated in Fig. 3, using the acceptance
uncorrected moment `(cos \). Since ΔΦ is nonzero, a simultaneous measurement of UΣ? and UΣ?
is performed using both data sets. The average 〈UΣ?〉 is reported in the Table 1. The CP-odd
observable �Σ?CP = −0.004±0.037±0.010 is extracted for the first time, however, the SM prediction
for the CP violation is �Σ?CP ∼ 3.6 × 10−6 [31], an order of magnitude lower than for the Λ and Ξ
decays.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

θcos

0.1−

0

0.1

Data
Phase Space
Fit

)θ
(c

os
µ

(a)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

θcos

0.1−

0

0.1

Data
Phase Space
Fit

)θ
(c

os
µ

(b)

Figure 3: Spin polarization in e+e− → P/7, 7′→ �+�−. The moments `(cos \) using data not corrected
for efficiency as function of cos \ for the decays �/k → Σ+Σ− (a) and k ′→ Σ+Σ− (b). The points with error
bars are experimental data, the red lines are the fit results and the blue-dashed lines represent the distributions
without polarization.

5.3 4+4− → k ′→ Ω−Ω+

Surprisingly the � = 3/2 spin value of the Ω− baryon was not confirmed experimentally in
the model independent way. For example the BaBar analysis [44] assumed the spins of Ξ0

2 and
Ω0
2 of � = 1/2 according to the quark model assignment. In the BESIII analysis [13] the process

4+4− → k ′ → Ω−Ω+ was studied using the ST method, where the reconstructed decay chain was
Ω− →  −Λ, Λ → ?c−. Total 4035 ± 76 k ′ → Ω−Ω+ signal events were reconstructed where
only the Ω− or Ω+ is reconstructed and the Ω+ or Ω− on the recoil side is inferred from the missing
mass of the reconstructed particles. Two Ω− spin hypotheses, � = 1/2 or � = 3/2, are tested using
the joint angular distribution of the sequential decays of 4+4− → Ω−Ω+ process. For the � = 1/2
hypothesis, two form factors are needed and for � = 3/2 hypothesis, the annihilation process
involves four complex form factors [45]. In addition to vector polarization, the spin-3/2 fermions
can have quadrupole and octupole polarization [1, 46]. Polarization of the Ω− can be studied using
the chain of weak decaysΩ− →  −Λ andΛ→ ?c−, where the first decay is described by the decay
parameters UΩ and qΩ between the parity-conserving %-wave and parity-violating �-wave ((-wave
for � = 1/2 hypothesis) decay amplitudes. A simultaneous fit is performed to theΩ− andΩ+ events
with the constraint qΩ = −qΩ. The likelihood ratio C between the two spin hypotheses is used as a
test variable [47]. The MC sample for each hypothesis is generated according to the corresponding
joint angular distribution, propagated through the detector model and subjected to the same event
selection criteria as the experimental data. The test statistic C distribution is shown in Fig. 4(a). The
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two well separated right and left peaks are for the � = 1/2 and � = 3/2 hypotheses, respectively.
The position of the measured C-value unambiguously favours the � = 3/2 hypothesis.

Table 4: Magnitudes and phases of the helicity amplitudes in the 4+4− → k ′→ Ω−Ω+ process.

parameter solution alt. solution
ℎ1 0.30±0.11±0.04
q1 0.69±0.41±0.13 2.38±0.37±0.13
ℎ3 0.26±0.05±0.02
q3 2.60±0.16±0.08
ℎ4 0.51±0.03±0.01
q4 0.34±0.80±0.31 1.37±0.68±0.16

t
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Figure 4: BESIII results for e+e− → 7′→ 
−
+. (a) Distribution of the test statistic C for a series of MC
experiments under the � = 1/2 (right peak) and � = 3/2 (left peak) hypotheses. The lines represent Gaussian
fits to the simulated data points. The C value obtained from experimental data is indicated by the vertical bar.
(b) Angular dependence of the polarization terms A8 . The solid lines represent the central values, and the
shaded areas represent ±1 standard deviation.

The fit with the � = 3/2 hypothesis has two solutions for the helicity amplitudes shown
in Table 4. The magnitudes of the amplitudes are the same within errors for the two solutions
while the phases q1 and q4 significantly differ. The amplitude h2 = �1/2,−1/2 dominates the
decay process since ℎ2 is fixed to one and the values of other magnitudes ℎ8 are lower. The
parameter Uk describing the angular distribution of the Ω− determined from the magnitudes ℎ8 is
Uk = 0.24 ± 0.10. The cos \ dependence of the multipolar polarization operators A8 is shown in
Fig. 4(b). In the 4+4− → k ′ → Ω−Ω+ process the Ω− can have vector (A1), quadrupole (A6, A7, A8)
and octupole (A10, A11) polarization components [1, 46].

The value of qΩ provides information if the transition is ?-wave dominant (qΩ = 0) or 3-wave
dominant (qΩ = c). Contrary to the theoretical predictions of the %-wave dominance [48], the
3-wave dominant solution is preferred,. The ratio of �- to %-wave transitions |�� |2/|�% |2 is
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2.4 ± 2.0 or 3.3 ± 2.9, depending on the solution. Allowing UΩ to be determined by the fit, one
obtains UΩ = −0.04 ± 0.03, which is consistent with the previous measurements [49–51].

5.4 4+4− → �/k → Ξ−Ξ+ (preliminary) [10]

The recent BESIII analysis [10] of the �/k → Ξ−Ξ+ process uses double-tag method with fully
reconstructed Ξ−Ξ+ → Λc−Λc+ → ?c−c−?c+c+ events. The Λ(Λ) candidates are identified by
combining ?c−(?c+) pairs and theΞ−(Ξ+) candidates by subsequently combiningΛc−(Λc+) pairs.
After applying all selection criteria, there are 73,244 Ξ−Ξ+ signal candidates with the remaining
background of 187±16 events. The weak-decays parameters and the production related parameters
Uk and ΔΦ are determined by the MLL fit to the angular distribution Eq. (28). The results are
summarised in Tables 1 and 3. The fit quality is illustrated in Fig. 5 using the acceptance corrected
diagonal spin correlations and polarization defined in Eq. (24). The data points are determined
by independent fits for each of the cos \ ranges, without assumptions on the cos \ dependence of
�`a . The red curves represent the angular dependence obtained with the parameters Uk and ΔΦ
determined from the global MLL fit. The independently determined data points agree well with the
globally fitted curves.

Both decay parameters for the Ξ(Ξ− → Λc−) decay as well as the UΛ parameter for Λ(Λ →
?c−) and for the c.c. processes are determined. The multi-step process enhances the angular
correlations between the baryons and antibaryons to such an extent that UΞ and UΛ the polarization
of the Ξ−Ξ+ pair plays a minor role [52]. The comparison of the determined decay parameters for
baryons and antibaryons allows for three independent CP symmetry tests reported in Table. 1. The
asymmetries �ΞCP and ΦΞCP are measured for the first time.

The BESIII result for 〈qΞ〉 has similar precision as HyperCP result for qΞ = −0.042(16) [12]
but the two values differ by 2.6 standard deviations. The measurement of 〈qΞ〉 translates to the
determination of the strong phase difference (X% − X() of (−4.0 ± 3.3 ± 1.7) × 10−2 consistent
with the heavy-baryon chiral perturbation theory predictions of (1.9 ± 4.9) × 10−2 [31]. The weak
phase difference (b% − b() (equivalent to the �ΞCP observable) is extracted by applying Eq. (20)
and compared to the SM predictions in Table. 2. This is one of the most precise tests of the CP
symmetry for strange baryons and the first direct measurement of the weak phase for any baryon.

6. Discussion

6.1 Status of the UΛ decay parameter

The UΛ parameter plays an important role in the analyses involving polarization of Λ hyperon.
The BESIII result on 〈UΛ〉 of 0.754(3) (2) [8] deviating by 17% from the world average for the
UΛ parameter of 0.642(13) [7] established forty years ago calls for verification by independent
measurements. TheBESIII result has gained support froma re-analysis ofCLASdata on W? → Λ +

[9]. The CLAS result for UΛ of 0.721(6) (5) is in better agreement with BESIII than with the PDG18
value, but there is a discrepancy that needs to be understood. Sequential Ξ− decays provide an
independent measurement of the Λ decay parameters UΛ and U

Λ
. The measured value of 〈UΛ〉 is in

excellent agreement with that obtained from the �/k → ΛΛ analysis. Figure 6 compares the latest
measurements as the ideograms representing the combined statistical and systematic uncertainties.
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Figure 5: (Prel. results) Polarization and spin correlations and in the 4+4− → Ξ−Ξ+ reaction (a) %H ,
(b) �GG , (c) �HH and (d) �II as functions of cos \. The data points are determined independently in each bin.
The red curves represent the expected angular dependence obtained with the values of Uk and ΔΦ from the
global fit. The errors bars indicate the statistical uncertainties.
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Figure 6: Value of "� decay parameter in �→ p0−. Comparison of two independent measurements of
〈UΛ〉 from BESIII [8, 10] and the CLAS determination of UΛ [9].
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The precision of the measurement in �/k → Ξ−Ξ+ is similar to that of the �/k → ΛΛ study,
despite a six times smaller data sample, primarily due to larger average polarization of Λ. This
can be understood by recalling that even if Ξ− is unpolarized the Λ from the Ξ− → Λc decay has
longitudinal polarization equal to |UΞ | ≈ 37%, while in 4+4− → �/k → ΛΛ the average magnitude
of the Λ polarization vector is 19%.

6.2 Discussion of CP-violation tests

To compare the measurements of �CP with the predictions for the weak-phase differences given
in Table 1 a knowledge of the strong-phase difference X% −X( is required. Since �CP is proportional
to tan(X% − X(), which is a small number, the experimental sensitivity to the weak-phase difference
value and/or the precision of the prediction are decreased. For decay Λ → ?c− this factor can be
determined using Eq. (18), where the X(1 = 0.11(2) and X%1 = −0.014(1) [53]. For decayΞ− → Λc−

it is determined experimentally using the methods discussed in this contribution. Since the present
result for VΞ is consistent with zero the �ΞCP value cannot be used to determine the weak-phase
difference. However, the �ΞCP measurement determines directly b% − b( with good precision. The
SM predictions for the weak phases are two orders of magnitude below the present uncertainties for
Λ and Ξ. The published HyperCP result [35] on the sum �ΛCP + �

Ξ
CP, interpreted by neglecting the

�ΞCP contribution, translates to (b% − b()Λ = 0.000(5).
TheCP-violation studies in hyperon decays are complementary to n ′/n measurement in kaons in

two ways. The direct CP violation effects in kaon decays must involve both |Δ� | = 1/2 |Δ� | = 3/2
transition where the CP-odd phases come from the QCD, Fig. 1(c) and electroweak, Fig. 1(d),
penguin contributions, respectively. There is a delicate balance and cancellation of the two contri-
butions. In the hyperon decays the CP-violation signal mainly comes from |Δ� | = 1/2 transitions
and is dominated by the QCD penguins. Moreover, due to vector nature of gluons exchanges, one
can expect a non-trivial helicity structure of the B36 vertices. In particular certain BSMmechanisms
will only contribute to the spin observables accessible in the hyperon decays. One such scenario
assuming effects dominated by chromomagnetic-penguin operators is discussed in Ref. [32], where
a general relation between the hyperon weak-phase difference and kaon observables was derived:

(b% − b()�(" =
� ′
�

��

(
n ′

n

)
�("

+ ��
^
n�(" . (34)

The �� and � ′
�
parameters are given in Table 2, �� parameterizes the hadronic uncertainty and ^

quantifies contribution of the different poles. The allowed range of (n ′/n)�(" and n�(" can be
estimated from a comparison of the experimental values of Re(n ′/n) and |n | with the recent SM
predictions [54]:

−4 × 10−4 ≤
(
n ′

n

)
�("

≤ 10−3 , |n |�(" < 2 × 10−4 . (35)

Using 0.5 < �� < 2 and 0.2 < |^ | < 1 [55], the kaon data put constraints on the weak-
phase differences b% − b( to −7.9 × 10−4 ≤ (b% − b()Λ�(" ≤ 1.26 × 10−3 and −1.26 × 10−3 ≤
(b% − b()Ξ�(" ≤ 0.6 × 10−3. A result in the hyperon sector with better sensitivity will provide an
independent constraint for the BSM contributions to the CP violation in the strange quark sector.
However, a lot remains to be done on the theory prediction side — the calculations were done
twenty years ago and the coefficients in these relations have errors of 200%.
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f(�ΛCP) f(�ΞCP) f(�ΞCP) Comment
BESIII 1.0 × 10−2(∗) 1.3 × 10−2 3.5 × 10−2 1.3 × 109 �/k [8, 10]
BESIII 3.6 × 10−3 4.8 × 10−3 1.3 × 10−2 1.0 × 1010 �/k
SCTF 2.0 × 10−4 2.6 × 10−4 6.8 × 10−4 3.4 × 1012 �/k

(∗) – the result is a combination of the two BESIII measurements

Table 5: Projections of the expected statistical uncertainties for the hyperon CP-odd observables �ΛCP,
�ΞCP and �ΞCP with the full BESIII data set and at the SCTF colliders. The uncertainties are based on the
statistical uncertainties in the BESIII measurements given in the first row [8, 10].

7. Outlook: SCTF with polarized electron beam

The hyperon decay studies can be an important topic at next-generation electron–positron
colliders — the presently discussed Super Charm-Tau Factories in Russia [56] and in China [57].
The design luminosity of 1035 cm−2s−1 will be two orders of magnitude larger than BEPCII,
allowing for data samples of more than 1012 �/k events. The projection of statistical uncertainties
for the CP-odd observables are shown in Table 5, implying that the sensitivity will be close the SM
predictions. To reduce further the uncertainties two additional improvements should be considered:
(1) the c.m. energy spread Δ� reduction and (2) electron-beam longitudinal polarization. The
c.m. spread in colliders such as BEPCII is determined by the radiative loses and Δ� at �/k is
∼1.0 MeV. A collision scheme where electrons(positrons) with higher momenta are matched with
positrons(electrons) with lower momenta promisesΔ� reduction. Ultimately the reduction to match
the �/k width of 90 keV could provide an order of magnitude increase of the �/k decay events
for a given integrated luminosity [58–60]. However, it is not clear how much the instantaneous
luminosity will be reduced in such scheme. Instead, I will discuss some implications for the
hyperon CP-violation measurements with the longitudinally polarized electron beam, where the
beam polarization of 80% at the �/k energies can be obtained without reduction of the beam
current [61].

The spin correlation matrix including the longitudinal electron beam polarization %4 is

3
3 + Uk

·
©«

1+Uk cos2\ Wk%4 sin \ Vksin \ cos \ (1 + Uk)%4 cos \
Wk%4 sin \ sin2\ 0 Wksin \ cos \
−Vksin \ cos \ 0 Uk sin2\ −Vk%4 sin \
−(1 + Uk)%4 cos \ −Wksin \ cos \ −Vk%4 sin \ −Uk−cos2\

ª®®®®¬
, (36)

The �-baryon polarization vector P� defined in the rest frame of baryon � is:

P� =
Wk%4 sin \x̂1 − Vksin \ cos \ŷ1 − (1 + Uk)%4 cos \ẑ1

1 + Uk cos2 \
. (37)

In Fig. 7 the magnitude of the Λ polarization as a function of cos \ in 4+4− → �/k → ΛΛ is drawn
assuming three different values of the electron beam polarization. Average value of the baryon
polarization vector squared 〈P2

�
〉, defined as

〈P2
�〉 =

∫
P2
�

(
1
f

df
dΩ�

)
dΩ� , (38)
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Figure 7: Spin polarization of Λ in 4+4− → �/k → ΛΛ with polarized electron beam. Magnitude of
the Λ polarization vector as a function of the production angle for the electron beam polarizations %4 = 0,
0.8, 1 (solid, dotted, dashed lines, respectively). The Uk and ΔΦ are taken as the central values measured by
BESIII given in Table 3.

determines the statistical uncertainty of the �CP. It can be approximately expressed as

f(��CP) ≈
1
U�

√
3
2

1
√
#

√
1
〈P2
�
〉
. (39)

The average polarizations squared 〈P2
�
〉 are linear functions of the electron beam polarization

squared
〈P2
�〉 = 20 + 22%

2
4 , (40)

where the coefficients 20 and 22 depend on the Uk and ΔΦ parameters. In Fig. 8(a) the average
polarizations are shown for the Λ, Σ+ and Ξ− baryons from the �/k decays using the values of the
parameters from Table 3. Figure 8(b) shows statistical uncertainties for �ΛCP and �ΣCP, multiplied by√
#U� as a function of %4, where solid lines represent the exact numerical calculations and dashed

lines represent the approximation from Eq. (39). Therefore electron-beam polarization of 80%
reduces the uncertainty for �ΛCP four times comparing to the use of unpolarized beams. Without
the polarization such improvement would require to use 16 times more events. The improvement
is even more dramatic for the Σ+ baryon. The numerical result given by red-solid line is for the
Σ?(Σ+ → ?c0) decay where UΣ? ≈ −1, while the red-dashed line describes both the approximation
and the exact result for Σ=(Σ+ → =c+) with UΣ= ≈ 0.
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