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⇨ Determination of Λ decay parameter and CP test
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Outlook -> general formalism:  
o decay parameters
o CP tests 
o polarization tagging



Γ𝜇𝜇

F1 (Dirac) and F2 (Pauli) Form Factors (complex)

Sachs Form Factors (FFs) ⇔ helicity amplitudes: 

𝒆𝒆+𝒆𝒆− → 𝜸𝜸∗ → 𝑩𝑩�𝑩𝑩 (𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 𝟏𝟏/𝟐𝟐)          



Baryon FFs (continuum):

= �
𝑉𝑉

𝑉𝑉 = 𝛾𝛾, 𝜌𝜌,𝜔𝜔,𝜑𝜑, … , 𝐽𝐽/𝜓𝜓,𝜓𝜓(2S), …

Baryons 𝐵𝐵1 and �𝐵𝐵2
(spin 1/2, ...)

Time like spin ½  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 
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Baryon FFs (continuum):

= �
𝑉𝑉

𝑉𝑉 = 𝛾𝛾, 𝜌𝜌,𝜔𝜔,𝜑𝜑, … , 𝐽𝐽/𝜓𝜓,𝜓𝜓(2S), …

vs J/ψ decay:

Baryons 𝐵𝐵1 and �𝐵𝐵2
(spin 1/2, ...)

Charmonia decays:
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ΔΦ
𝑒𝑒+

𝑒𝑒−

⁄𝐽𝐽 𝜓𝜓

𝐵𝐵1

�𝐵𝐵2



Angular distribution:

For spin ½ 𝑩𝑩�𝑩𝑩 production two complex FFs: GM(s), GE(s) 

⇨ process described by three parameters at fixed 𝑠𝑠 : 
 cross section (σ)
 FFs ratio R or angular distribution parameter αψ
 relative phase between FFs (ΔΦ)

𝐺𝐺𝐸𝐸 = 𝑅𝑅𝐺𝐺𝑀𝑀𝑒𝑒𝑖𝑖ΔΦ

𝒆𝒆+𝒆𝒆− → 𝜸𝜸∗ → 𝑩𝑩�𝑩𝑩

Phase 𝜟𝜟𝜟𝜟 expected/predicted  for continuum 
but neglected/not expected for the decays  

−1 ≤ 𝜶𝜶𝝍𝝍 ≤ 1

𝛼𝛼𝜓𝜓 =
𝜏𝜏 − 𝑅𝑅2

𝜏𝜏 + 𝑅𝑅2



Λ𝑒𝑒+

𝑒𝑒−

𝑧̂𝑧

�𝑦𝑦Baryon polarization in e+e-

if ΔΦ = 𝜋𝜋
2

𝛼𝛼𝜓𝜓 = 0.469

�𝑃𝑃Λ

ΔΦ ≠ 0

𝜃𝜃Λ
�Λ

cos𝜃𝜃Λ

𝑃𝑃Λ

Unpolarized e+e- beams ⇨ transverse polarization:

Max PΛ= 36.4%

Ex. ⁄𝐽𝐽 𝜓𝜓 → Λ�Λ

𝑃𝑃Λ



𝑛𝑛(𝑢𝑢𝑢𝑢𝑢𝑢) 𝑝𝑝(𝑢𝑢𝑢𝑢𝑢𝑢)

Λ (𝑢𝑢𝑢𝑢𝑢𝑢)

Ξ−(𝑑𝑑𝑑𝑑𝑑𝑑)

Σ+(𝑢𝑢𝑢𝑢𝑢𝑢)Σ−(𝑑𝑑𝑑𝑑𝑠𝑠) Σ0(𝑢𝑢𝑢𝑢𝑢𝑢)

Ξ0(𝑢𝑢𝑢𝑢𝑢𝑢)

Spin ½ baryon octet



Weak hadronic two body decays

s wave parity violating
p wave parity conserving

𝐘𝐘 → 𝑩𝑩𝑩𝑩:

𝜙𝜙𝑌𝑌

𝛼𝛼−

𝛼𝛼+𝛼𝛼0

�𝟏𝟏 𝟐𝟐 → �𝟏𝟏 𝟐𝟐 + 𝟎𝟎



𝑝𝑝 �𝑃𝑃Λ�𝑛𝑛

𝜋𝜋−

Weak decay 𝜦𝜦 → 𝒑𝒑𝝅𝝅−

Λ rest frame
Polarization of  Λ is determined using 
this decay in all experiments.
Relies on:

𝛼𝛼−=0.642±0.013

Value in PDG unchanged since 
1978: average based on 1963-
75 experiments

𝐴𝐴𝐶𝐶𝐶𝐶 =
𝛼𝛼 + �𝛼𝛼
𝛼𝛼 − �𝛼𝛼

𝐵𝐵𝐶𝐶𝐶𝐶 =
𝛽𝛽 + 𝛽̅𝛽
𝛽𝛽 − 𝛽̅𝛽𝛽𝛽 = 1 − 𝛼𝛼2 sin𝜙𝜙

For sequential decays: ϕ (β) is accessible
Γ − �Γ
Γ + �Γ

Compare partial
decay widths

p=100 MeV/c
𝑑𝑑Γ
𝑑𝑑Ω

=
1
4𝜋𝜋

(1 + 𝛼𝛼− �𝑛𝑛 �𝑃𝑃Λ)



Λ

�Λ

𝑒𝑒+

𝑒𝑒−

𝑧̂𝑧

�𝑦𝑦

𝜃𝜃Λ

𝑒𝑒+𝑒𝑒− → 𝛬𝛬 → 𝑝𝑝𝜋𝜋− ̅𝛬𝛬 𝑝𝑝 𝑛𝑛1,𝑦𝑦

⇒Determine product: 𝜶𝜶− ⋅ sin 𝜟𝜟𝜟𝜟

Λ → 𝑝𝑝π−: �𝐧𝐧1 → Ω1 = (cos𝜃𝜃1 ,𝜙𝜙1) :𝛼𝛼−

Inclusive angular distribution

𝑑𝑑Γ
𝑑𝑑 cos𝜃𝜃Λ𝑑𝑑Ω1

∝ (1 + 𝜶𝜶𝝍𝝍 cos2 𝜃𝜃Λ) 1 + 𝜶𝜶−𝑃𝑃𝑦𝑦𝑛𝑛1,𝑦𝑦



Exclusive joint angular distribution

𝒆𝒆+𝒆𝒆− → (𝜦𝜦 → 𝒑𝒑𝝅𝝅−)(�𝜦𝜦 → �𝒑𝒑𝝅𝝅+)

Λ → 𝑝𝑝π−: �𝐧𝐧1 → (cos 𝜃𝜃1 ,𝜙𝜙1) �Λ → 𝑝̅𝑝π+: �𝐧𝐧2 → (cos 𝜃𝜃2 ,𝜙𝜙2): 𝜶𝜶−

Fäldt, Kupsc PLB772 (2017) 16

: 𝜶𝜶+

5D PhSp

𝚫𝚫𝚫𝚫 ≠ 𝟎𝟎 ⇒ 𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 determination of 𝜶𝜶− and 𝜶𝜶+

1 + 𝜶𝜶𝝍𝝍 cos2 𝜃𝜃Λ

+𝜶𝜶−𝜶𝜶+ 1 − 𝜶𝜶𝝍𝝍2 cos(𝜟𝜟𝜟𝜟) sin𝜃𝜃Λ cos 𝜃𝜃Λ (𝑛𝑛1,𝑥𝑥𝑛𝑛2,𝑧𝑧 + 𝑛𝑛1,𝑧𝑧𝑛𝑛1,𝑥𝑥)

+𝜶𝜶−𝜶𝜶+ sin𝟐𝟐 𝜃𝜃𝛬𝛬(𝑛𝑛1,𝑥𝑥𝑛𝑛2,𝑥𝑥 − 𝜶𝜶𝝍𝝍𝑛𝑛1,𝑦𝑦𝑛𝑛2,𝑦𝑦) + (cos2 𝜃𝜃Λ + 𝜶𝜶𝝍𝝍)𝑛𝑛1,𝑧𝑧𝑛𝑛2,𝑧𝑧

+ 1 − 𝜶𝜶𝝍𝝍2 sin(𝜟𝜟𝜟𝜟) sin𝜃𝜃Λ cos 𝜃𝜃Λ (𝜶𝜶−𝑛𝑛1,𝑦𝑦 + 𝜶𝜶+𝑛𝑛2,𝑦𝑦)

𝝃𝝃 ∶ (cos 𝜃𝜃Λ , �𝐧𝐧1, �𝐧𝐧2)
𝑑𝑑Γ ∝ 𝑊𝑊 𝝃𝝃;𝜶𝜶𝝍𝝍,𝜟𝜟𝜟𝜟,𝜶𝜶−,𝜶𝜶+ =



PRD 93, 072003 (2016)
PLB770,217 (2017)
PRD 95, 052003 (2017) 

and (4.48)x108 ψ(2S)

1.31x109 J/ψ

𝑱𝑱/𝝍𝝍,𝝍𝝍(𝟐𝟐𝟐𝟐) → 𝑩𝑩�𝑩𝑩

0.223x109 J/ψ
Now (Feb 2019): 1010 J/ψ



420593 events 47009 events

𝑒𝑒+𝑒𝑒− → (Λ → 𝑝𝑝π−)(�Λ → 𝑝̅𝑝π+) 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.  arXiv:1808.08917(1.31x109 J/ψ)



ΔΦ=42.3o±0.6o±0.5o

Fit results

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

arXiv:1808.08917

𝜇𝜇 cos𝜃𝜃Λ =
1
𝑁𝑁

�
𝑖𝑖=1

𝑁𝑁 𝜃𝜃Λ

𝑛𝑛1,𝑦𝑦
(𝑖𝑖) − 𝑛𝑛2,𝑦𝑦

(𝑖𝑖)moment:

(uncorrected for acceptance)



𝜶𝜶−Λ → 𝑝𝑝𝜋𝜋−:

𝜶𝜶−

𝜶𝜶−𝑃𝑃𝑃𝑃𝑃𝑃

17(3)% larger than 𝜶𝜶−𝑃𝑃𝑃𝑃𝑃𝑃

α_=0.750±0.009±0.004

Implications of the  ⁄𝑱𝑱 𝝍𝝍 → 𝚲𝚲�𝚲𝚲 analysis

⇨ New value for e.g.
𝛼𝛼(Ω → ΛΚ), 𝛼𝛼 Ξ → Λ𝜋𝜋 ,
𝛼𝛼 Λ𝑐𝑐 → ΛΚ

arXiv:1808.08917

⟹ Polarization:  
max 25%

ΔΦ=42.3o±0.6o±0.5o

⇨ Calls for reinterpretation of all
Λ polarization measurements



AΛ = -0.006 ± 0.012± 0.007

AΛ =
𝛼𝛼− + 𝛼𝛼+
𝛼𝛼− − 𝛼𝛼+

CP test: 

Previous result (using αP product):

Can one observe strange baryon CPV?

Events Error AΛ

BESIII(2018) 4.2 ⋅105 1.2⋅ 10-2 1.31 109 J/ψ

BESIII 3 ⋅106 5 ⋅10-3 1010 J/ψ
L=0.47⋅ 1033 ∆ 𝑠𝑠 = 0.9 MeV

SCTF 6 ⋅ 108 3 ⋅10-4 L=1035 cm-2s-1

2⋅ 1012 J/ψ
SCTF+ΔE? 3 ⋅ 109 1.4⋅ 10-4 1012 J/ψ

⁄𝑱𝑱 𝝍𝝍 → 𝚲𝚲�𝚲𝚲
AΛ=   0.013 ± 0.021

PS185 PRC54(96)1877

CKM AΛ ∼ (1-5)⋅ 10-5



𝒆𝒆+𝒆𝒆− → 𝚵𝚵−�𝚵𝚵+ → 𝚲𝚲𝝅𝝅−�𝚲𝚲𝝅𝝅+ → 𝐩𝐩𝛑𝛑−𝛑𝛑−�𝐩𝐩𝛑𝛑+𝛑𝛑+

9 kinematical variables 9D PhSp

𝚫𝚫𝚫𝚫 ≠ 𝟎𝟎 𝐢𝐢𝐢𝐢 𝐧𝐧𝐧𝐧𝐧𝐧 𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧!

𝝃𝝃𝑑𝑑Γ ∝ 𝑊𝑊 𝝃𝝃;𝝅𝝅

𝚫𝚫𝚫𝚫 = 𝟎𝟎 ⇒ 𝑀𝑀 = 56 5

𝚫𝚫𝚫𝚫 ≠ 𝟎𝟎 ⇒ 𝑀𝑀 = 72 7

𝝅𝝅 = 𝜶𝜶𝝍𝝍,𝚫𝚫𝚫𝚫,𝜶𝜶 𝜩𝜩− ,𝝓𝝓 𝜩𝜩− ,𝜶𝜶−,𝜶𝜶 �𝜩𝜩+ ,𝝓𝝓 �𝜩𝜩+ ,𝜶𝜶+

Parameters: 2 production + 6 decay chains

𝑊𝑊 𝝃𝝃;𝝅𝝅 = �
𝑘𝑘=1

𝑀𝑀

𝑓𝑓𝑘𝑘 𝝅𝝅 𝑇𝑇𝑘𝑘(𝝃𝝃)

Variables and parameters 
factorize:

but  𝚫𝚫𝚫𝚫 ≠ 𝟎𝟎 increases sensitivity…

E.Perotti, G.Faldt, AK, S.Leupold,JJ.Song, arXiv:1809.04038 -> PRD

Λ�ΛΞ−�Ξ+



4.3x104 BESIII PRD93,072003 (0.223x109 J/ψ)  ⇨ 2x106 (BESIII1010 J/ψ)
STCF (200 ×):      4 × 108 ⇒ Error 𝐴𝐴ΞΛ ∼ 1.6 × 10−4

1 + 𝛼𝛼 Ξ− 𝛼𝛼− Λ cos 𝜃𝜃𝑝𝑝 1 + 𝛼𝛼 �Ξ+ 𝛼𝛼+ �Λ cos 𝜃𝜃𝑝̅𝑝

−3 × 10−5 ≤ 𝐴𝐴Λ ≤ 4 × 10−5

−2 × 10−5 ≤ 𝐴𝐴Ξ ≤ 1 × 10−5

−5 × 10−5 ≤ 𝐴𝐴ΞΛ ≤ 5 × 10−5

Tandean,Valencia PRD67 (2003) 056001

𝐴𝐴ΞΛ = (0.0 ± 5.1 ± 4.4) × 10−4 1.2×108 Ξ− 4.1×107 �Ξ+

HyperCP PRL 93 (2004) 262001

𝒆𝒆+𝒆𝒆− → ⁄𝑱𝑱 𝝍𝝍 → 𝚵𝚵−�𝚵𝚵+ → 𝚲𝚲𝝅𝝅−�𝚲𝚲𝝅𝝅+ → 𝐩𝐩𝛑𝛑−𝛑𝛑−�𝐩𝐩𝛑𝛑+𝛑𝛑+

0.455(10)
0.368 11

Λ
PDG
BESIII

CKM

Can one observe strange baryon CPV?

present best limit…

Ξ− → Λ𝜋𝜋− → 𝑝𝑝𝜋𝜋−𝜋𝜋−

0.204(10)
0.243 13

Ξ
s/p amplitude ratio



Λ �Λ
J/ψ

𝜃𝜃Λ

𝑒𝑒+

𝑒𝑒−

𝑝𝑝

�𝑃𝑃Λ𝜋𝜋−
tag-side signal-side

�𝑃𝑃�Λ

Double tag: polarization + spin correlations …

106 ÷ 109 B�B data samples: rare decays,              
decay parameters 

"Byproduct" of BESIII and STCF run at ⁄𝐽𝐽 𝜓𝜓,𝜓𝜓𝜓:

𝑝̅𝑝

𝑒𝑒+ 𝜈𝜈𝑒𝑒



Λ �Λ
J/ψ

𝜃𝜃Λ

𝑒𝑒+

𝑒𝑒−

𝑝𝑝

�𝑃𝑃Λ𝜋𝜋−
tag-side signal-side

�𝑃𝑃�Λ

Double tag: polarization + spin correlations …

106 ÷ 109 B�B data samples: rare decays,              
decay parameters 

"Byproduct" of BESIII and STCF run at ⁄𝐽𝐽 𝜓𝜓,𝜓𝜓𝜓:

𝑝̅𝑝

𝑒𝑒+ 𝜈𝜈𝑒𝑒



Principle of previous 𝜶𝜶− measurements
Cronin, Overseth Phys. Rev. 129, 1795 (1963)
Overseth, Roth     Phys. Rev. Lett. 19, 391 (1967)

Secondary
scattering of
polarized proton

𝜋𝜋−

𝑝𝑝

𝜦𝜦 → 𝒑𝒑𝝅𝝅−
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