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Spin ½ baryon  octet:             𝜦𝜦 hyperon:

𝑐𝑐𝜏𝜏 = 7.9 cm

𝑀𝑀Λ = 1.115 GeV/𝑐𝑐2
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Weak decay 𝜦𝜦 → 𝒑𝒑𝝅𝝅−

𝑢𝑢Γ
𝑢𝑢Ω

=
1
4𝜋𝜋

(1 + 𝛼𝛼− �𝑛𝑛 �𝑃𝑃Λ)

If proton polarization could be measured
there is one more decay parameter ϕ ...

p=100 MeV/c

Λ rest frame



Hyperon properties

𝐴𝐴𝐶𝐶𝐶𝐶 =
𝛼𝛼 + �𝛼𝛼
𝛼𝛼 − �𝛼𝛼 𝐵𝐵𝐶𝐶𝐶𝐶 =

𝛽𝛽 + �̅�𝛽
𝛽𝛽 − �̅�𝛽



τ+τ-

1.31x109 J/Ψ 

Thresholds:
Λ�Λ :  2.231 GeV      Σ+�Σ− 2.379 GeV
Σ0�Σ0 2.385 GeV      Σ−�Σ+ 2.395 GeV
Ξ0�Ξ0 2.630 GeV      Ξ−�Ξ+ 2.643 GeV
Λ�Σ0 2.308 GeV (Ω�Ω 3.345 GeV)

Λc �Λ𝑐𝑐

Hyperons at BESIII



Γ𝜇𝜇

Valid for any ½ baryon anti-baryon pair:
charged/neutral e.g.:   𝑝𝑝�̅�𝑝,𝑛𝑛�𝑛𝑛,Λ�Λ, …
𝐵𝐵1 �𝐵𝐵2 could be different baryons e.g.: Λ�Σ0
𝐹𝐹1 𝑢𝑢 ,𝐹𝐹2 (𝑢𝑢) are complex for 𝑢𝑢 > 4𝑚𝑚𝜋𝜋

2

Born amplitude for 𝒆𝒆+𝒆𝒆− → 𝜸𝜸∗ → 𝑩𝑩𝟏𝟏 �𝑩𝑩𝟐𝟐

F1 (Dirac) helicity conserving, 
F2 (Pauli) helicity violating Form Factors
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γ* → 𝑩𝑩𝟏𝟏�𝑩𝑩𝟐𝟐
𝑩𝑩𝟏𝟏 → 𝑩𝑩𝟐𝟐e+e-
𝒑𝒑�𝒑𝒑 → e+e-
𝒑𝒑�𝒑𝒑 → π0e+e-

Baryon Electromagnetic Form Factors

elastic: B2=B1
(B2≠B1 transition)

𝑢𝑢 [GeV2/c4]



γ*BB vertex functions – Form Factors  (FFs)

Baryon with spin s ⇨ 2s+1 FFs 
• Functions of photon virtuality q2

• Distribution of charge + magnetization
⇨ radius is related to FFs slope at q2=0

• Connect to distribution, dynamics of quarks in hadrons

Considered to be well understood for nucleons (space-like)

Unexpected results + old paradigms falsified: 
• Proton radius puzzle
• New type of experiments
• High statistics and precision

Baryon Electromagnetic Form Factors

arXiv:1706.00696



𝒆𝒆+𝒆𝒆− → 𝜸𝜸∗ → 𝑩𝑩𝟏𝟏�𝑩𝑩𝟐𝟐

Sachs Form Factors (FFs): 

No GM and GE interference terms in 
the cross section

𝐺𝐺𝐸𝐸 = 𝑅𝑅𝐺𝐺𝑀𝑀𝑒𝑒𝑖𝑖∆Φ



At threshold: 

Angular distribution given by just one 
parameter: 

Full process at Born level described  by two Form Factors
(two complex numbers) i.e. three real parameters: 

σ, αψ and phase ΔΦ



At high energies annihilating e+e- have opposite helicities. 

Cross-section for e+e− → µ+µ−



Cross-section for e+e− → µ+µ−

KEDR, JETP Lett. 85, 347

for e+e− → τ+τ−



Baryon FFs:         (elastic and transition FFs)

= �
𝑉𝑉

𝑉𝑉 = 𝜌𝜌,𝜔𝜔,𝜑𝜑, … , 𝐽𝐽/𝜓𝜓,𝜓𝜓(2S), …

Baryons 𝐵𝐵1 and �𝐵𝐵2
(spin 1/2, 3/2, ...)

Polarization in baryon FFs:
Dubnickova, Dubnicka, Rekalo
Nuovo Cim. A109 (1996) 241
Gakh, Tomasi-Gustafsson Nucl.Phys. A771 (2006) 169
Czyz, Grzelinska, Kuhn PRD75 (2007) 074026
Fäldt EPJ A51 (2015) 74; EPJ A52 (2016)141 



Baryon FFs:         (elastic and transition FFs)

= �
𝑉𝑉

𝑉𝑉 = 𝜌𝜌,𝜔𝜔,𝜑𝜑, … , 𝐽𝐽/𝜓𝜓,𝜓𝜓(2S), …

vs J/ψ decay:

Baryons 𝐵𝐵1 and �𝐵𝐵2
(spin 1/2, 3/2, ...)

Fäldt, Kupsc PLB772 (2017) 16

Processes described  by two 
Form Factors
(two complex numbers)
i.e. three real parameters: 

BF,αψ and phase ΔΦ



Phys. Rev. D 93, 072003 (2016)
PLB770(2017)217
Phys. Rev. D 95, 052003 (2017) 

J/ψ and (4.48)x108 ψ(2S)

𝑱𝑱/𝝍𝝍,𝝍𝝍(𝟐𝟐𝟐𝟐) → 𝑩𝑩�𝑩𝑩



αψ=0.469±0.026 
BF=(19.43±0.03)∙10-4

BESIII,PRD 95, 052003 (2017)

𝑱𝑱/𝝍𝝍,𝝍𝝍(𝟐𝟐𝟐𝟐) → 𝑩𝑩�𝑩𝑩

𝐽𝐽/𝜓𝜓 → 𝛬𝛬 ̅𝛬𝛬

𝜓𝜓(2𝑆𝑆) → 𝛬𝛬 ̅𝛬𝛬

𝐽𝐽/𝜓𝜓 → Σ0�Σ0 𝜓𝜓(2𝑆𝑆) → Σ0�Σ0



Jianbin

𝒆𝒆+𝒆𝒆− → 𝑱𝑱/𝝍𝝍 → (𝜦𝜦 → 𝒑𝒑𝝅𝝅−)(�𝜦𝜦 → �𝒑𝒑𝝅𝝅+)
event in BESIII detector

2009 + 2012 Data
1.31 × 109 J/ψ
∫ℒ 𝑢𝑢𝑑𝑑 = 386.0 pb-1



Λ𝑒𝑒+

𝑒𝑒−

�̂�𝑧

�𝑦𝑦Baryon polarization in e+e-

∆Φ =
𝜋𝜋
2

𝛼𝛼𝜓𝜓 = 0.469

�𝑃𝑃Λ

∆Φ ≠ 0

𝜃𝜃Λ
�Λ

cos𝜃𝜃Λ

𝑃𝑃Λ

For unpolarized e+e- beams



Λ

�Λ

𝑒𝑒−

𝑒𝑒+

�̂�𝑧

�𝑦𝑦

𝜃𝜃Λ

𝒆𝒆+𝒆𝒆− → 𝜦𝜦 → 𝒑𝒑𝝅𝝅− �𝜦𝜦

𝑝𝑝 𝑛𝑛𝑦𝑦

Hyperon polarization determined using
angular distribution of the baryon from the weak decay

Λ → 𝑝𝑝π−: Ω1 = (cos𝜃𝜃1 ,𝜙𝜙1)

1 + 𝛼𝛼−𝑛𝑛𝑦𝑦𝑃𝑃𝑦𝑦

:𝛼𝛼1 → α−



Exclusive decay distributions
𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �̅�𝑝π+)

Λ → 𝑝𝑝π−: Ω1 = (cos 𝜃𝜃1 ,𝜙𝜙1)

�Λ → �̅�𝑝π+(𝑜𝑜𝑜𝑜 �𝑛𝑛π0): Ω2 = (cos 𝜃𝜃2 ,𝜙𝜙2)

:𝛼𝛼1 → α−

𝝃𝝃 ∶ (cos 𝜃𝜃Λ ,Ω1,Ω2)

Fäldt, Kupsc PLB772 (2017) 16

�Λ → �𝑛𝑛𝜋𝜋0:𝛼𝛼2 → �𝛼𝛼0

𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �𝑛𝑛π0)

�Λ → �̅�𝑝𝜋𝜋+:𝛼𝛼2 → 𝛼𝛼+



General two spin ½ particle state
16 parameters for each θ:
I(θ), polarizations (6)
Spin correlations (9) 

Spin correlations (9)

polarizations (6)

moments:
(uncorrected for acceptance)



420593 events 47009 events

𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �̅�𝑝π+) 𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �𝑛𝑛π0)

399 background 66 background

Global unbinned maximum log likelihood fit to the two data sets with the 
likelihood function  constructed from probability function:

Where                                   is the normalization factor obtained from 
weighted sum for flat phase space model MC events after 

detector reconstruction.  



ΔΦ=42.3o±0.6o±0.5o

Fit results

𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �̅�𝑝π+) 𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → �𝑛𝑛π0)

CP asymmetry:
𝐴𝐴𝐶𝐶𝐶𝐶 =

𝛼𝛼− + 𝛼𝛼+
𝛼𝛼− − 𝛼𝛼+



ACP = -0.006 ± 0.012± 0.007

ACP=   0.013 ± 0.021
PS185 PRC54(96)1877

CKM ACP ∼ 10-4Polarization:  
max 25%

𝛼𝛼−

ΔΦ=42.3o±0.6o±0.5o

Λ → 𝑝𝑝𝜋𝜋−:

𝛼𝛼− 𝐴𝐴𝐶𝐶𝐶𝐶 =
𝛼𝛼− + 𝛼𝛼+
𝛼𝛼− − 𝛼𝛼+

𝛼𝛼− prel

17% larger than
PDG avg
> 5 σ difference

CP test 



What if phase is non-zero also for other hyperon antihyperon
in J/ψ or ψ(2S) decays?

⇨ measure simultaneously for two body weak decays α and �𝛼𝛼
and test CP:    ACP=(α + �𝛼𝛼)/(α - �𝛼𝛼)   

⇨ For cascades:  Ξ-Ξ+ → Λπ- Λπ+ → pπ-π- pπ+π+

could also measure ϕΞ- , ϕΞ+
and do more sensitive (10x) CP test:     

BCP= (βΞ- + βΞ+)/(βΞ- - βΞ+)
⇨ For J=3/2 baryons:

Prospects of the method

𝑒𝑒+𝑒𝑒− → γ∗ → 𝐵𝐵1/2 �𝐵𝐵1/2
→ 𝐵𝐵3/2 �𝐵𝐵1/2
→ 𝐵𝐵3/2 �𝐵𝐵3/2

(𝛽𝛽 = 1 − 𝛼𝛼2 sin𝜙𝜙)



Initial state (e+e-) spin density matrix
for single 𝜸𝜸∗ processes:



Nuclear Physics News, Vol. 27, No. 3, 2017



PS185, PRC54 (1996) 1877

𝑒𝑒+𝑒𝑒− → γ∗ → 𝐽𝐽/ψ → Λ�Λ

PRD 95, 052003 (2017)

αψ=0.469+/-0.026 
BR(19.43+/-0.03)10-4

1.642 GeV/c 43 430 ev
1.918 GeV/c 36 977 ev

2 global parameters
extract Λ decay par.  α

5 parameters at each θΛ
Can’t determine Λ decay param.

Pmax=25%



𝒆𝒆+𝒆𝒆− → 𝜸𝜸∗ → 𝜦𝜦�𝜦𝜦 (continuum)

𝑢𝑢 = 2.396 GeV
66.9 pb-1

Predictions for ΔΦ



R = 0.94 ± 0.16(stat.) ± 0.03(sys.) ± 0.02(α_) 
∆Φ = 42o ± 16o(stat.) ± 8o(sys.) ± 6o(α_)

(αψ=0.13±0.16)



Polarization  in 𝑒𝑒+𝑒𝑒− → Λ�Λ observed both at resonance (unexpected) 
and for continuum (expected)

Phase in both processes close to 45o (given by Λ�Λ final state 
interaction)

Same formalism but large hyperon yields at J/ψ and ψ(2S) 

Unique and simple spin entangled quantum system could be used for 
CP tests and for determination of (anti-)hyperon decay parameters
(polarization is essential!)

Conclusions: 

Thank you!
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