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CP tests in hyperon decays
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Roadmap of CP violation in flavored hadrons 
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To generate the baryon asymmetry world, there should be a non-SM CPV source?

𝐾 meson 𝐶𝑃V 𝐵 meson 𝐶𝑃𝑉 𝐷 meson 𝐶𝑃𝑉 Baryon!
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ØAll of them are consistent with CKM theory in the Standard Model but too small to explain the 

matter-dominant world.

5.2𝜎 CPV in Λ! → 𝑝𝜋"𝜋#𝐾#
Breaking news from LHCb!

arXiv:2503.16954



Two conditions for a measurable CP violation
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1) aCP-violating phase:    
ordinary phases in QM 

matter                antimatter

CP violating  phases  

d d
same sign

matter                antimatter

x -x
opposite sign

2) two or more interfering paths to the same final state 

𝑌
𝐵

"𝑌

S-wave

P-wave

S-wave

P-wave

𝜋Spin-1/2 hyperon Spin-1/2 baryon

#𝐵
𝜋

𝑷𝒆𝒊(𝜹𝑷$𝝃𝑷)

𝑺𝒆𝒊(𝜹𝑺$𝝃𝑺)

𝑷𝒆𝒊(𝜹𝑷'𝝃𝑷)

𝑺𝒆𝒊(𝜹𝑺'𝝃𝑺) Suitable for CPV searches!



CPV measurement via Lee-Yang parameter
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CP observables:  
𝑨𝑪𝑷 =

𝜶 "'𝜶
𝜶 # '𝜶

𝝓𝑪𝑷 =
𝝓#'𝝓
𝟐

𝑷𝒀 or 𝑷𝒅

𝑷𝒀 and 𝑷𝒅

𝑷𝒀 and 𝑷𝒅

Can be measured if 

For spin-1/2 hyperon decay to spin-1/2 baryon and a spin-0 
meson, the relation between parent (𝑷𝒀) and daughter (𝑷𝒅) 
polarization vectors is:

And the Lee-Yang parameters are defined by 𝑺 and 𝑷 wave:



𝐶𝑃 observable in hyperon decay

John F. 
Donoghue

Xiao-Gang He Sandip Pakvasa PRD 34,833 1986 

Decay width difference Δ = ,#',
,"',

≈ 2
-!
"
-#
"

sin Δ. sin𝜙/0 

Decay parameter difference 𝐴 =
Γ𝛼 + >Γ >𝛼
Γ𝛼 − >Γ >𝛼

≈ tanΔ. tan𝜙/0

Decay parameter difference 𝐵 =
Γ𝛽 + >Γ�̅�
Γ𝛼 − >Γ >𝛼

≈ tan𝜙/0

SM Prediction of 
𝚲 decay

−𝟓. 𝟒×𝟏𝟎#𝟕

−𝟎. 𝟓×𝟏𝟎#𝟒

𝟑. 𝟎×𝟏𝟎#𝟑

Not sensitive to 𝐶𝑃𝑉

Easiest to measure

Polarization of decayed 
baryon needs to be measured

Ξ#, Ξ4, Ω# cascade decay
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BESIII and STCF : a hyperon factory

BESIII and STCF : a hyperon factory

BESIII: a hyperon factory
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Front. Phys. 12(5), 121301 (2017) 

Decay mode 𝑩(×𝟏𝟎#𝟑) 𝑵𝑩(×𝟏𝟎𝟔)
𝐽/𝜓 → ΛUΛ 1.89 ± 0.09 ~18.9
𝐽/𝜓 → Σ4 >Σ4 1.172 ± 0.032 ~11.7
𝐽/𝜓 → Σ">Σ# 1.07 ± 0.04 ~10.7
𝐽/𝜓 → Ξ4>Ξ4 1.17 ± 0.04 ~11.7
𝐽/𝜓 → Ξ#>Ξ" 0.97 ± 0.08 ~9.7
𝜓(2𝑆) → Ω#UΩ" 0.057 ± 0.003 ~0.17

With 10 billion 𝐽/𝜓	and 2.7 billion 𝜓(3686) collected at BESIII, 
~107 entangled hyperon pairs can be produced, which enables 
precise studies of the hyperon physics.

More 𝜓 3686  data will be taken after the 
upgrade of BEPCII and BESIII inner tracker.



Polarized hyperon pairs produced in 𝑒!𝑒" collisions

𝑒!𝑒" CMS 𝐵# CMS
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• The non-zero 𝚫𝚽 represents the transverse polarization.

• Angular distribution

• The form factors 𝑮𝑬,𝑮𝑴 construct the 
production parameters:



Recent results from BESIII
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𝑒!𝑒" → 𝐽/𝜓 → Λ+Λ, Λ +Λ → 𝑝𝜋
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Differential cross-section of this process:

If sinΔΦ ≠ 0, Λ is transverse polarized.

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) Independent measurement of 𝛼c, 𝛼d

Test CP symmetry

polarization



𝑒!𝑒" → 𝐽/𝜓 → Λ'Λ, Λ 'Λ → 𝑝𝜋

BESIII has publish 2 works based on 1.3 billion and 10 
billion 𝐽/𝜓 data sample:

[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
• One of the most precise 𝐶𝑃 test in the hyperon sector:

𝐴%& =
𝛼 + '𝛼
𝛼 − '𝛼

= −0.0025 ± 0.0046 ± 0.0011

Standard mode prediction : ACP~ 10-4 (PRD 34, 833 (1986))

BESIII 10 billion [2] BESIII 1.3 billion [1]

Phys.Rev.Lett. 129, 131801
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𝑒!𝑒" → 𝐽/𝜓 → Ξ" "Ξ!, Ξ" → Λ → 𝑝𝜋" 𝜋" + 𝑐. 𝑐. 
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• The 9 kinematical variables – 9 dimension PHSP

• The 8 free parameters



𝑒!𝑒" → 𝐽/𝜓 → Ξ" "Ξ! 
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1. Phys. Rev. D 93, 072003 (2016)

Nature  Vol 606  2 June 2022 | 65

[1]

[2]

2. PDG 2020

[2]

3. Nat. Phys. 15, 631–634 (2019)

[3]
[3]

[4]

4. Phys. Rev. Lett. 93, 011802 (2004)

[3]

Spin Correlation

Polarization
1.3 Billion 𝑱/𝝍



𝑒!𝑒" → 𝐽/𝜓 → Ξ" 'Ξ! 
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1. Phys. Rev. D 93, 072003 (2016)

Nature  Vol 606  2 June 2022 | 65

[1]

[2]

2. PDG 2020

[2]

3. Nat. Phys. 15, 631–634 (2019)

[3]
[3]

[4]

4. Phys. Rev. Lett. 93, 011802 (2004)

[3]

1.3 Billion 𝑱/𝝍

ü First measurement of weak phase difference

𝜉0 − 𝜉8 89 = −2.1 ± 1.7 ×10#: rad

ü First direct CP tests for Ξ hyperon

Phys. Rev. D 105, 116022 (2022)

ü First measurement of Ξ polarization

ü First determination of entangled Ξ,Ξ decay

parameters

ü Independent measurement of the Λ decay

parameters: in agreement with previous

BESIII results



Polarization behavior in different hyperon pair productions
𝐽/𝜓 → Λ2Λ

PRL129, 131801(2022)
𝜓 → Σ",Σ# → 𝑝𝜋4�̅�𝜋4 𝐽/𝜓 → Σ",Σ# → 𝑛𝜋"�̅�𝜋4

𝐽/𝜓 → Ξ#,Ξ" 𝜓(2𝑆) → Ξ#,Ξ"

ΔΦ 𝐽/𝜓 = −15.5 ± 0.7 ± 0.5 °

ΔΦ 𝜓(2𝑆) = 21.7 ± 4.0 ± 0.8 °

𝐴"# = −0.004 ± 0.037 ± 0.010
ΔΦ = 0.7521 ± 0.0042 ± 0.0066 𝑟𝑎𝑑
𝐴"# = −0.0025 ± 0.0046 ± 0.0012

ΔΦ = −0.277 ± 0.004 ± 0.004 𝑟𝑎𝑑
𝐴"# = −0.080 ± 0.052 ± 0.028

ΔΦ = 1.213 ± 0.046 ± 0.016 𝑟𝑎𝑑
𝐴"# = −0.006 ± 0.013 ± 0.006

ΔΦ = 0.667 ± 0.111 ± 0.058 𝑟𝑎𝑑
𝐴"# = −0.015 ± 0.051 ± 0.010

ΔΦ = 1.168 ± 0.019 ± 0.018 𝑟𝑎𝑑
𝐴"# = −0.0054 ± 0.0065 ± 0.0031

arXiv:2305.09218v1

𝐽/𝜓 → Ξ4,Ξ4
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Summary of BESIII achievement on hyperon decay
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Hyperon CP test in future plans
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Electric Dipole Moment

𝜇: magnetic dipole moment
𝑑: electric dipole moment
𝑆: particle spin 

Very sensitive to BSM physics, large windows of opportunity 
for observing New Physics! 

Non-zero EDM will violate 𝑃 and 𝑇 symmetry:
𝑇 violation ↔ 𝐶𝑃 violation, if CPT holds.

The contribution of the Standard Model to EDM is very small: 
Ø CKM: highly suppressed by loop level (≥ 3) interaction
Ø QCD �̅� term: main SM contributors to the EDM, �̅� < 10#;4

• limited by neutron EDM: 
𝑑< < 1.6×10#=> 𝑒𝑐𝑚

ℒ345 = ℒ367 + ℒ89 + ℒ:;7<==
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Map of EDM

Strange baryon

The identification of the nature of the fundamental CP-violating 
mechanisms requires the study of EDMs in various systems
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J.Phys.G 47 (2020) 1, 010501

Only 𝚲 hyperon has been measured 
with a large uncertainty!

EDM Status
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What can BESIII / STCF do for EDM?

𝝁 EDM

𝒆 EDM 𝒏 EDM 𝒑 EDM

𝟏𝟗𝟗𝐇𝐠
EDM

Hyperon 

EDM
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What can BESIII / STCF do for EDM?

• Direct approach：spin procession

• Indirect approach：time-like dipole form factors (𝑞1 ≠ 0)

X.G.He, J.P. Ma, Phys.Lett.B 839(2023)137834
X.G.He, J.P. Ma, Bruce McKellar, Phys.Rev.D47(1993)1744 

难以⽤来测量短寿命粒⼦的EDM
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Dynamics in 𝐽/𝜓 → 𝐵 '𝐵

𝒜 = 𝜖* 𝜆 6𝑢 𝜆+ 𝑭𝑽𝛾* +
𝑖

2𝑀-
𝜎*.𝑞.𝑯𝝈 + 𝛾*𝛾0𝑭𝑨 + 𝜎*.𝛾0𝑞.𝑯𝑻 𝜈(𝜆3)

Dominant contribution

Psionic form factor
𝑭𝑽 and 𝑯𝝈
can also be represented 
as 𝑮𝟏 and 𝑮𝟐

𝑭𝑨 ∶ 𝑷 violation term

Complex form factor, 𝐹D ≠
0 indicate 𝑃 violation

𝑯𝑻: 𝑪𝑷 violation term

𝐻-(𝑞=) =
2𝑒

3𝑚F/H
= 𝑔I𝑑J(𝑞=)

Assuming 𝑑J(𝑞=) ≡ 𝑑J(0)
𝑑$(𝑞%): electric dipole form factor
𝑑$ 0 : electric dipole moment
Physics Letters B 551 (2003) 16–26

Detailed dynamics in 𝐽/𝜓 decay to hyperon pair, have been studied:

arXiv:hep-ph/0412158

X.G.He, J.P. Ma, Phys.Lett.B 839(2023)137834 
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P violation form factor 𝐹#

X.G.He, J.P. Ma, 
Phys.Lett.B 839(2023)137834 
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CP violation form factor 𝐻$

X.G.He, J.P. Ma, 
Phys.Lett.B 839(2023)137834 

X.G.He, J.P. Ma, Bruce McKellar, 
Phys.Rev.D47(1993)1744 
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Full angular helicity amplitude of 𝑒!𝑒" → 𝐽/𝜓 → 𝐵 '𝐵

Angular formular based on helicity amplitude are developed:

𝑅(𝜆', 𝜆(; 𝜆') , 𝜆() ) ∝ (
*,*&

𝜌*,*&,',)*+),
-.* - ,

'&,)*
& +),

&
-.* - ℳ)*,),ℳ)*

& ,),
&

∗ /','&

Total angular distribution of 𝐽/𝜓 to spin-1/2 baryon pair:

Ø 𝐽/𝜓 → 𝐵 /𝐵, 𝐵 = Λ0, Σ1, Σ2

𝑑𝜎
𝑑Ω3𝑑Ω4𝑑Ω4̅

= 𝑵5
𝝀

𝑹 𝝀𝟏, 𝝀𝟐; 𝝀𝟏) , 𝝀𝟐) 𝑫𝝀𝟏,𝝀𝒑
𝒋:𝟏/𝟐 𝜽𝟏, 𝝓𝟏 𝑫∗𝝀𝟏& ,𝝀𝒑

𝒋:𝟏/𝟐 𝜽𝟏, 𝝓𝟏 𝒉𝝀𝒑
𝟐
𝑫𝝀𝟐,𝝀3𝒑
𝒋:𝟏/𝟐 𝜽𝟐, 𝝓𝟐 𝑫∗𝝀𝟐& ,𝝀3𝒑

𝒋:𝟏/𝟐 𝜽𝟐, 𝝓𝟐 𝒉𝝀3𝒑
𝟐

Ø 𝐽/𝜓 → 𝐵 /𝐵, 𝐵 = Ξ0, Ξ1

𝑑𝜎
𝑑Ω3𝑑𝛺=𝑑𝛺>=𝑑Ω4𝑑Ω4̅

= 𝑵5
𝝀

𝑹 𝝀𝟏, 𝝀𝟐; 𝝀𝟏) , 𝝀𝟐) 𝑫∗𝝀𝟏,𝝀𝚲
𝒋:𝟏/𝟐 𝜽𝟏, 𝝓𝟏 𝑫 𝝀𝟏

& ,𝝀&𝚲
𝒋:𝟏/𝟐 𝜽𝟏, 𝝓𝟏 𝓗𝝀𝜦𝓗𝝀𝜦

&
∗ 𝑫∗𝝀𝟐,𝝀3𝜦

𝒋:𝟏/𝟐 𝜽𝟐, 𝝓𝟐

𝑫 𝝀𝟐
& ,𝝀&3𝜦
𝒋:𝟏/𝟐 𝜽𝟐, 𝝓𝟐 𝓗𝝀3𝜦𝓗𝝀3𝜦

&
∗ 𝑫∗𝝀𝚲,𝝀𝒑

𝒋:𝟏/𝟐 𝜽𝟑, 𝝓𝟑 𝑫∗𝝀𝚲& ,𝝀𝒑
𝒋:𝟏/𝟐 𝜽𝟑, 𝝓𝟑 𝒉𝝀𝒑

𝟐
𝑫∗𝝀3𝚲,𝝀3𝒑

𝒋:𝟏/𝟐 𝜽𝟒, 𝝓𝟒 𝑫 𝝀3𝚲
& ,𝝀3𝒑
𝒋:𝟏/𝟐 𝜽𝟒, 𝝓𝟒 𝒉𝝀3𝒑

𝟐

J. Fu, H.B. Li, J. Wang, F. Yu, and J. Zhang, 
PhysRevD.108.L091301
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Sensitivity of hyperon EDM measurements
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Sensitivity of 𝐹%	and sin& θ'()) measurements
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Sensitivity of sin& θ'()) by simultaneous fit
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Summary and Outlooks

• Polarization plays an important role in hyperon physics (at BESIII):
• Precision measurements of hyperon decay parameters, polarization and 𝑪𝑷:

• complementary to CPV studies with Kaons
• BESIII has already rewritten the PDG book for Λ and Ξ decays
• results of Σ±, Ξ with 10 billion 𝐽/𝜓 will be coming soon

• Hyperon electric dipole moments measurements:
• The prospect sensitivity of Λ EDM at BESIII is 1000 times higher than the world’s best 

measurement under the same statistical condition.
• BESIII has the opportunity of first measurements of the EDM of Σ$, Ξ', Ξ4 hyperons , and the 

sensitivity are at the order of 10'+5(BESIII) and 10'34(STCF).
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www.thank you.com
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Backup
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Production: 2 independent helicity amplitudes: A½ ½, A½ -½

m=±1
θ,φ

λ =
+
1
2

λ =
+12

J/y

m=±1
θ,φ

λ =
+
1
2

J/y

λ =
−12

λ =
−12

A½ ½

A-½ -½

m=±1
θ,φJ/y

m=±1
θ,φ

J/y

λ =
−12 λ =

−12
A½ -½

A-½ ½

λ =
+
1
2

parity: A½ ½ =A-½ -½
parity: A½ -½ =A-½ ½

D𝚽= complex phase between A½ ½ and 
A½ -½
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EM form-factors and Helicity Amplitudes
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CPV observables in X- àLp decay

α ∓ = ± 2Re(S *P)

S
2
+ P

2 = ±
2 S P cos Δs ±φCP( )

S
2
+ P

2

α− +α+

α− −α+

=
sinΔs sinφCP
cosΔs cosφCP

= tanΔs tanφCP

β∓ = ± 2Im(S *P)

S
2
+ P

2 = ±
2 S P sin Δs ±φCP( )

S
2
+ P

2

β− + β+

α− −α+

=
cosΔs sinφCP
cosΔs cosφCP

= tanφCP
β− − β+

α− −α+

=
sinΔs cosφCP
cosΔs cosφCP

= tanΔs

ç Strong phase cancels out

ç measures the strong phase

ç in this case, the strong phase (Ds= dS-dP) 
is measureable (see below)

decay 
asymmetry
difference

final-state 
polarization
difference

decay rate
difference

ç Lp final states are purely Ispin=1, only DI=1/2 
transitions

allowed, no DI=3/2 transition possible  

big advantage
for X over L

Γ
Λπ + − ΓΛπ −

Γ
≡ 0
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Sandip PAKVASA X.G. He John Donoghue 

� =
|S|2 � |P |2

|S|2 + |P |2

<latexit sha1_base64="ksLfYnESRNwSEMGLEdtkp/HerCM="></latexit>

� =
p

1� ↵2cos�⌅

<latexit sha1_base64="Z5iz+2GLG10K4U3pa5i45fSccRM="></latexit>

From Hai-Kai Sun

tan�⌅ =
�

�

<latexit sha1_base64="iBi4r/y5Y0K91XlvRZESX1o4lMg="></latexit>
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CPV measurement in Kaon system strongly constrains NP in S-waves, but no P-
waves. 
Thus, searches of CPV in hyperon are complementary to those with Kaons.   
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