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Mystery of matter-antimatter asymmetry

Matter

Anti-matter

• According to the Big Bang theory:
• Matter and anti-matter have the same amount

• The observed universe is matter dominant:
𝑛! − 𝑛 "! /𝑛#~10$%&

• Sakharov three conditions require:
1. Baryon number violation
2. 𝐶 and 𝐶𝑃 violation
3. Thermal non-equilibrium

New Journal of Physics 14 (2012) 095012

Pisma Zh. Eksp. Teor. 
Fiz., 1967, 5: 32-35



𝑪𝑷 violation (𝑪𝑷𝑽)
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𝑉!"# =
𝑐$%𝑐$& 𝑠$%𝑐$& 𝑠$&𝑒'()!"

−𝑠$%𝑐%& − 𝑐$%s%&𝑠$&𝑒()!" 𝑐$%𝑐%& − 𝑠$%𝑠%&𝑠$&𝑒()!" 𝑠%&𝑐$&
𝑠$%𝑐%& − 𝑐$%s%&𝑠$&𝑒()!" −𝑐$%𝑠%& − 𝑠$%𝑐%&𝑠$&𝑒()!" 𝑐%&𝑐

𝛿'( → 𝑉)*+∗ ≠ 𝑉)*+ → 𝐶𝑃𝑉!

P violation 𝐾 meson 𝐶𝑃V 𝐵 meson 𝐶𝑃𝑉 𝐷 meson 𝐶𝑃𝑉 Baryon？
C.N. Yang T.D. Lee
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[1] Phys. Rev. 104 (1956) 254-258 
[2] Phys. Rev. 105 (1957) 1413-1414
[3] Phys. Rev. Lett., 1964, 13: 138-140 
[4] Phys. Rev. Lett., 2001, 87: 091801 
[5] Phys. Rev. Lett., 2001, 87: 091802 
[6] Phys. Rev. Lett., 122, 211803 (2019)

1. 𝐶𝑃𝑉 has been founded at 𝐾, 𝐵, 𝐷 meson systems, 
but not enough to explain matter dominant Universe;

2. No 𝐶𝑃𝑉 is observed in baryon sector!
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Hyperon non-leptonic weak decay
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Phys. Rev. 108, 1645 (1957)

𝛼*% + 𝛽*% + 𝛾*% = 1

𝛽* = 1 − 𝛼*%
$
%𝑠𝑖𝑛𝜙*，𝛾* = 1 − 𝛼*%

$
%𝑐𝑜𝑠𝜙*
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The amplitude of spin-1/2 hyperon 𝐵( decay to a spin-1/2 baryon 
𝐵+ and 𝜋:

𝓐~𝑆𝜎, + 𝑃𝝈 ⋅ >𝒏
The decay parameters are defined as:

Two complex amplitudes:
𝑆 = Σ(𝑆(𝑒((.#

$/)#
$), 𝑃 = Σ(𝑃(𝑒((.#

%/)#
%)

Under CP transformation:
̅𝑆 = −Σ(𝑆(𝑒(('.#

$/)#
$), C𝑃 = Σ(𝑃(𝑒(('.#

%/)#
%)

If CP conserved:  𝑆
!1

− 𝑆

𝑃
!1

𝑃

𝛼*
!1

− 𝛼*
𝛽*

!1
− 𝛽*



Hyperon 𝑪𝑷𝑽 observables
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arXiv:2209.04377

𝐴!1 =
𝛼 + C𝛼
𝛼 − C𝛼 ≈ − tan 𝛿1 − 𝛿2 tan(𝜉1 − 𝜉2)

𝐵!1 =
𝛽 + �̅�
𝛼 − C𝛼

≈ tan(𝜉1 − 𝜉2)

𝐵!1 and Δ𝜙!1 can be directly determined, if the 
polarization of the daughter baryon 𝐵+ can be measured.
This is a big advantage of Ξ,(') hyperon compared to 
Λ or Σ± hyperon.

Δ𝜙!1 =
𝜙 + C𝜙
2 ≈

𝛼
1 − 𝛼%

cos𝜙tan(𝜉1 − 𝜉2)

Phys. Rev. D 105, 116022 (2022)

Phys. Rev. Lett. 55, 162 (1985)

Phys. Rev. D 34, 833 (1986)
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If the strong phase difference 𝛿1 − 𝛿2 is close to 0, 𝐴!1 
will be suppressed, however, 𝐵!1 and Δ𝜙!1 won’t suffer 
from this problem.
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Study hyperons at BESIII
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With 10 billion 𝐽/𝜓 and 2.7 billion 
𝜓(3686) collected at BESIII. 

~10' entangled hyperon pairs can be 
studied.

Front. Phys. 12(5), 121301 (2017) 

Decay mode 𝑩(×𝟏𝟎'𝟑) 𝑵𝑩(×𝟏𝟎𝟔)
𝐽/𝜓 → Λ]Λ 1.89 ± 0.09 ~18.9
𝐽/𝜓 → Σ, CΣ, 1.172 ± 0.032 ~11.7
𝐽/𝜓 → Σ/CΣ' 1.07 ± 0.04 ~10.7
𝐽/𝜓 → Ξ,CΞ, 1.17 ± 0.04 ~11.7
𝐽/𝜓 → Ξ'CΞ/ 0.97 ± 0.08 ~9.7
𝜓(2𝑆) → Ω']Ω/ 0.057 ± 0.003 ~0.17



• Joint amplitude:
𝑀 =

𝑖𝑒(

𝑞(
𝑗) :𝑢 𝑝% 𝐹%𝛾) +

𝐹(
2𝑚

𝑝*𝜎*)𝛾+ 𝑣(𝑝()

• Differential cross section:
𝑑𝜎~1 + 𝛼7 cos% 𝜃8 + 𝛼7 + cos% 𝜃8 𝑠89𝑠:8

9 +

sin% 𝜃8𝑠8;𝑠:8
; −𝛼7 sin% 𝜃8𝑠8

<𝑠:8
< + 1 − 𝛼7% cosΔΦsin𝜃8cos𝜃8l

m

𝑠8;𝑠:8
9 +

𝑠89𝑠:8
; + 1 − 𝛼7% sinΔΦsin𝜃8cos𝜃8 𝑠8

< + 𝑠:8
<

• The spin vector of Λ is denoted by 𝒔𝚲
• Only < 𝑠E > could be non-zero, if sinΔΦ ≠ 0
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POLARIZATIONS

𝒆!𝒆" → 𝑱/𝝍 → 𝚲'𝚲, 𝚲 → 𝒑𝝅", '𝚲 → '𝒑𝝅!

Nuovo Cim. A 109, 241 (1996)
Phys. Rev.185 D 75, 074026 (2007)
Nucl. Phys. A190 771, 169 (2006)
Phys. Lett. B 772, 16(2017)



Phys. Rev. Lett. 129, 131801
𝒆!𝒆" → 𝑱/𝝍 → 𝚲'𝚲, 𝚲 → 𝒑𝝅", '𝚲 → '𝒑𝝅!
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BESIII 10 billion [2] BESIII 1.3 billion [1]

Two works of this channel from BESIII:
[1] 1.3 billion: Nature Phys.15(2019)631
[2] 10 billion: Phys. Rev. Lett. 129 (2022) 13, 131801

• Most precise values for Λ decay parameter

• Most precise 𝐶𝑃 test in the hyperon sector:
𝐴!" =

𝛼 + +𝛼
𝛼 − +𝛼 = −0.0025 ± 0.0046 ± 0.0011
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Phys. Rev. Lett. 125, 052004 (2020)

• First 𝐶𝑃 test in Σ/ weak decay with 1.3 billion 𝐽/𝜓 and 0.45 
billion 𝜓(3686) data:

𝐴!" =
𝛼 + %𝛼
𝛼 − %𝛼

= −0.004 ± 0.037 ± 0.010

• The results with 10 billion 𝐽/𝜓 and 2.7 billion 𝜓(3686) are 
undergoing.

𝒆!𝒆" → 𝑱/𝝍 𝐚𝐧𝐝 𝝍(𝟑𝟔𝟖𝟔) → 𝚺!'𝚺", 𝚺! → 𝒑𝝅𝟎, '𝚺" → '𝒑𝝅𝟎
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arxiv: 2304.14655

• First measurement of the decay parameter C𝛼' of CΣ' → C𝑛𝜋'

• First time to probe CP violation in the final neutron state 
for all hyperon decays

𝒆!𝒆" → 𝑱/𝝍 → 𝚺!'𝚺", 𝚺! → 𝒑𝝅𝟎, '𝚺" → '𝒏𝝅" + 𝒄. 𝒄.

parameters This work Previous result

𝛼!/# −0.5156 ± 0.0030 ± 0.0061 −0.508 ± 0.006 ± 0.004 [1]

ΔΦ!/#(rad) −0.2772 ± 0.0044 ± 0.0041 −0.270 ± 0.012 ± 0.009 [1]

𝛼$(𝑛𝜋$) −0.0481 ± 0.0031 ± 0.0019 0.068 ± 0.013 (PDG)

7𝛼%(7𝑛𝜋%) 0.0565 ± 0.0047 ± 0.0022 -

𝛼$/𝛼& −0.0490 ± 0.0032 ± 0.0021 −0.069 ± 0.021 [2]

7𝛼%/ 7𝛼& −0.0571 ± 0.0053 ± 0.0032 -

𝐴'( −0.080 ± 0.052 ± 0.028 -

< 𝛼$> −0.0506 ± 0.0026 ± 0.0019 -

10 billion 𝐽/𝜓 data

[1] Phys. Rev. Lett. 125, 052004(2020)
[2] Phys. Rev. D 21, 2501 (1980)
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𝑒!𝑒" → 𝐽/𝜓 → Ξ" $ <Ξ!($), Ξ → Λ → 𝑝𝜋" 𝜋 + 'Λ → �̅�𝜋! 𝜋. 
Developed by two different methods

𝜁 = (𝜃=, 𝜃8, 𝜃:8, 𝜑8, 𝜑:8, 𝜃>, 𝜃>̅, 𝜑>, 𝜑>̅);

Heli
cit

y a
ng

les

𝜔 = (𝛼@/7, Δ𝜙, 𝛼=, C𝛼=, 𝜙=, C𝜙=, 𝛼8, C𝛼8);

Feynman diagram: 
Phys. Lett. B  772, 16 (2017)

Helicity frame: 
Phys. Rev. D 99, 056008 (2019)Exactly the same!

The weak phase and strong phase 
differences can be directly measured 
through these decays!
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1.3 billion 𝐽/𝜓

The precision of our analysis (73K events) is comparable with 
the measurement from HyperCP (144M events), which means 
that the accuracy of a single event is more than 1000 times 
higher than HyperCP!

2023-07-04 WIN2023

𝑒!𝑒" → 𝐽/𝜓 → Ξ" <Ξ!, Ξ" → Λ → 𝑝𝜋" 𝜋" + 'Λ → �̅�𝜋! 𝜋!. 

First measurement of weak phase difference in 𝚵 decay.

Three CP tests.

Nature 606 (2022) 64-69

−0.042 ± 0.011 ± 0.011
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10 billion 𝐽/𝜓
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𝑒!𝑒" → 𝐽/𝜓 → Ξ$ <Ξ$, Ξ$ → Λ → 𝑝𝜋" 𝜋$ + 'Λ → �̅�𝜋! 𝜋$. 

arXiv:2305.09218 

Precisions are improved in more than one order!

First measurement of weak phase difference in Ξ< 
decay and most precise result in any weakly decaying 
baryon!

Three CP tests.
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Ξ"($)Ξ!($) pairs from 𝜓 3686  decay

arXiv:2302.09767 
Accepted by PRD(L)

No polarization!

Ξ!Ξ"

Phys. Rev. D 106, L091101 (2022)
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𝒆!𝒆" → 𝝍 𝟑𝟔𝟖𝟔 → 𝛀"(𝛀!, 𝛀" → 𝚲 → 𝒑𝝅" 𝑲", (𝛀! → 𝐚𝐧𝐭𝐡𝐢𝐧𝐠  +c.c.

First model-independent determination of 
the spin of Ω'!

Not only observe vector polarization(r1), but 
also quadrupole (r6, r7, r8) and octupole (r10, 
r11) polarizations

Phys. Rev. Lett. 126 (2021) 9, 092002
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Study on hyperon rare decays

Phys. Rev. Lett. 129, 212002 (2022) Phys. Rev. Lett. 130, 211901(2023) Phys. Rev. Lett. 127 (2021) 12, 121802

Λ → 𝑝𝜇'�̅�BΣ/ → p𝛾Λ → n𝛾
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Study of hyperon-nucleus interaction

Ξ,𝑛 → Ξ'𝑝 is observed for the first time.

When Ξ, momentum is 0.818 GeV/c

The first study of hyperon–nucleon interaction in electron–positron collisions!
More results are on the way.

Phys. Rev. Lett. 130, 251902 (2023)
PRL 127,012003 (2021)
arxiv: 2209.12601
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Summary and Outlooks

• Hyperons are important probes to study QCD and 𝐶𝑃 symmetry.

• BESIII has made fruitful achievements in the studies of hyperon decays!

• More interesting studies of hyperon will come soon!


