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Introduction
From [https://arxiv.org/pdf/1808.08917.pdf], we have:

𝒲 𝜃, 𝑛1, 𝑛2; 𝛼𝜓, ΔΦ, 𝛼−, 𝛼+ = 1 + 𝛼𝜓cos
2𝜃 + 𝛼−𝛼+ sin2𝜃 𝑛1,𝑥𝑛2,𝑥 − 𝛼𝜓𝑛1,𝑦𝑛2,𝑦 + 𝛼𝜓 + cos2𝜃 𝑛1,𝑧𝑛2,𝑧 +

𝛼−𝛼+ 1 − 𝛼𝜓
2 cosΔΦ sin𝜃 cos𝜃 𝑛1,𝑥𝑛2,𝑧 + 𝑛1,𝑧𝑛2.𝑥 + 1 − 𝛼𝜓

2 sinΔΦ sin𝜃 cos𝜃(𝛼−𝑛1,𝑦 + 𝛼+𝑛2.𝑦)

unit momentum vectors 𝑝, ҧ𝑝 𝛼𝜓 =
𝛾2 𝐺𝑀

2 − 𝐺𝐸
2

𝛾2 𝐺𝑀
2 + 𝐺𝐸

2

Angle between momentum 𝑒− and momentum Λ
Phase difference between 𝐺𝑀 and 𝐺𝐸

𝛼𝜓 0.461 ± 0.006 ± 0.007

ΔΦ 0.740 ± 0.010 ± 0.009

𝛼− 0.750 ± 0.009 ± 0.004

𝛼+ 0.758 ± 0.010 ± 0.007
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CP symmetry violation

𝑒+, 𝑘2

𝑒−, 𝑘1

Λ, 𝑝1

ഥΛ, 𝑝2

New term

ℳ =
𝑒2

𝑠
ҧ𝜐 𝑘2 𝛾𝜇𝑢 𝑘1 ത𝑢(𝑝1) 𝐺𝑀𝛾

𝜇 +
𝑝2 − 𝑝1

𝜇

2𝑀
𝐹2 − 𝑖𝛾5𝐹3 𝜐(𝑝2)

Matrix element of process:

𝐹2 =
𝐺𝑀 − 𝐺𝐸
1 − 𝛾2

CP-conjugate matrix element of process:

ℳ𝐶𝑃 =
𝑒2

𝑠
ҧ𝜐 𝑘2 𝛾𝜇𝑢 𝑘1 ത𝑢(𝑝1) 𝐺𝑀𝛾

𝜇 +
𝑝2 − 𝑝1

𝜇

2𝑀
𝐹2 + 𝑖𝛾5𝐹3 𝜐(𝑝2)

Mass of Λ

𝑑𝜎

𝑑Ω
=

𝑒4𝛽

256𝜋2𝑀2𝛾4
𝐺𝐸

2sin2 𝜃 + 𝛾2 𝐺𝑀
2 1 + cos2 𝜃 + 𝛾2 𝛾2 − 1 𝐹3

2sin2 𝜃

Cross section of the annihilation process for unpolarized final particles: 𝑒+, 𝑘2

𝑒−, 𝑘1
Λ, 𝑝1

ഥΛ, 𝑝2

𝜃
Lorenz factor of Λ

Velocity of Λ

𝑞 Γ𝜇

𝐹3 0 =
2𝑀

𝑒
𝑑 Connection between EDM and ED form-factor 4



Polarized final state

𝑒+

𝑒−

Λ𝑐
+, 𝑠2

Λ𝑐
−, 𝑠1

Λ

𝜋+

ഥΛ

𝜋−

ቤ
𝑑𝜎 𝑛1, 𝑛2

𝑑Ω
𝑒+𝑒−→Λ𝑐

+Λ𝑐
−→Λ𝜋+ഥΛ𝜋−

= ቤ
𝑑𝜎 𝑠1 → 𝛼−𝑛1, 𝑠2 → 𝛼+𝑛2

𝑑Ω
𝑒+𝑒−→Λ𝑐

+Λ𝑐
−

(𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑)

Vector of spin final particles Λ𝑐
+ and Λ𝑐

−

Unit vector of momentum final 
particles 𝑝 and ҧ𝑝

Free parameters of the distribution

Cross section of pair 𝑒−𝑒+ annihilation into a polarized pair Λ𝑐
+Λ𝑐

−:
𝑑𝜎

𝑑Ω
=

𝛽Σ

256𝜋2𝑀2𝛾2
൛1 + 𝛼𝜓cos

2𝜃 + sin2𝜃 𝑠1,𝑥𝑠2,𝑥 − 𝛼𝜓𝑠1,𝑦𝑠2,𝑦 + 𝛼𝜓 + cos2𝜃 𝑠1,𝑧𝑠2,𝑧 +

+ 1 − 𝛼𝜓
2 cosΔΦEM sin𝜃 cos𝜃 𝑠1,𝑥𝑠2,𝑧 + 𝑠1,𝑧𝑠2,𝑥 + 1 − 𝛼𝜓

2 sinΔΦ𝐸𝑀 sin𝜃 cos𝜃 𝑠1,𝑦 + 𝑠2,𝑦 +

+ 1 − 𝛼𝜓𝑓𝜓cosΔΦE3 sin
2𝜃 𝑠1,𝑥𝑠2,𝑦 − 𝑠1,𝑦𝑠2,𝑥 + 1 + 𝛼𝜓𝑓𝜓 cosΔΦ𝑀3 sin𝜃 cos𝜃 𝑠1,𝑦𝑠2,𝑧 − 𝑠1,𝑧𝑠2,𝑦 +

ቋ+ 1 − 𝛼𝜓𝑓𝜓sin ΔΦE3 sin
2𝜃 𝑠1,𝑧 − 𝑠2,𝑧 + 1 + 𝛼𝜓𝑓𝜓sin ΔΦ𝑀3 sin𝜃 cos𝜃 𝑠1,𝑥 − 𝑠2,𝑥

Let's introduce the following definitions:

Σ =
𝑒4

4𝛾2
( 𝐺𝐸

2 + 𝛾2 𝐺𝑀
2) 𝑓𝜓 =

2 𝐹3 𝛾
2𝛽

𝐺𝐸
2 + 𝛾2 𝐺𝑀

2
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Polarized final state

𝐺𝑀 = 𝐺𝑀 𝑒𝑖Φ𝑀 𝐺𝐸 = 𝐺𝐸 𝑒𝑖Φ𝐸 𝐹3 = 𝐹3 𝑒
𝑖Φ3

Complex phases of the form-factors 

ΔΦ𝐴𝐵 = Φ𝐴 −Φ𝐵

Phase difference:

𝑛2 = (sin 𝜃2 cos𝜙2 , sin 𝜃2 sin𝜙2 , cos 𝜃2)

𝑛1 = (sin 𝜃1 cos𝜙1 , sin 𝜃1 sin𝜙1 , cos 𝜃1)

𝑒+

𝑒−

ഥΛ(Λ𝑐
−) Λ(Λ𝑐

+)
𝜃

𝜙1

𝜋−(𝜋+)

𝜃1

𝜙2

𝜃2

𝑝(Λ)
ҧ𝑝(ഥΛ)

𝜋+(𝜋−)

ഥΛ(Λ𝑐
−) Λ(Λ𝑐

+)

Definition of the unit momentum vectors 
𝑝, ҧ𝑝 in terms of the kinematic angles:

A schematic representation of the kinematics of the two-step process of
annihilation of an electron-positron pair into a pair of heavy baryons decaying

into a baryon-meson pair.
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Polarized electron in the initial state

𝑒+

𝑒−, Λ𝑒

Λ𝑐
+, 𝑠2

Λ𝑐
−, 𝑠1

Δ
𝑑𝜎

𝑑Ω
=

𝛽ΣΛ𝑒
256𝜋2𝑀2𝛾2

ቊsin𝜃 1 + 𝛼𝜓𝑓𝜓sinΔΦ𝑀3 𝑠1,𝑧𝑠2,𝑥 − 𝑠1,𝑥𝑠2,𝑧 − 1 + 𝛼𝜓𝑓𝜓cos ΔΦ𝑀3(𝑠1,𝑦 − 𝑠2,𝑦) +

+ ቋsin𝜃 1 − 𝛼𝜓𝑓𝜓sinΔΦ𝐸𝑀 𝑠1,𝑦𝑠2,𝑧 + 𝑠1,𝑧𝑠2,𝑦 + 1 − 𝛼𝜓𝑓𝜓cos ΔΦ𝐸𝑀(𝑠1,𝑥 + 𝑠2,𝑥) + 1 + 𝛼𝜓 cos𝜃(𝑠1,𝑥 + 𝑠2,𝑥)

Additional terms in the annihilation cross section at 
initial electron polarization:

ቤ
𝑑𝜎

𝑑Ω
Λ𝑒

=
𝑑𝜎

𝑑Ω
+ Δ

𝑑𝜎

𝑑Ω

The total scattering cross section of the annihilation process of a 
pair 𝑒−𝑒+ with a polarized electron in the initial state:
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Scheme of the Toy Monte-Carlo simulation

𝑑𝜎

𝑑Ω
𝒲(𝑥𝑗; 𝛼𝑖) 𝛼𝑖

Generation of N events using a toy 
Monte Carlo algorithm

Fitting our distribution using the 
obtained event statistics

ෝ𝛼𝑖 Error of fitted 
parameters

Correlation 
matrix

Same as the scattering 
cross section, but 

normalized to unity.

Phase space of random variables
Parameters that we fix and load into 

the allocation function ourselves

The result of our 
fitting is the value of 

the distribution 
parameters

Sensitivity of the EDM
8



Probability density function

𝑊 𝜃Λ, 𝜃1, 𝜙1, 𝜃2, 𝜙2; 𝛼𝜓, 𝑓𝜓, 𝛼+, 𝛼−, ΔΦ𝐸𝑀, ΔΦ𝑀3 =
1

𝜎 𝑒−𝑒+ → 𝐵 ത𝐵 → 𝐵𝑓𝑖𝑛𝑀 ത𝐵𝑓𝑖𝑛 ഥ𝑀
∙
𝑑𝜎 𝑒−𝑒+ → 𝐵 ത𝐵 → 𝐵𝑓𝑖𝑛𝑀ത𝐵𝑓𝑖𝑛 ഥ𝑀

𝑑 cos 𝜃 𝑑Ω𝑀𝑑Ω ഥ𝑀

Definition of the probability density function:

𝑊 𝜃1 =
1

2
+

1 − 𝛼𝜓

3 + 𝛼𝜓
𝑓𝜓𝛼− sin ΔΦ𝐸𝑀 + ΔΦ𝑀3 cos 𝜃1 𝑊 𝜃2 =

1

2
−

1 − 𝛼𝜓

3 + 𝛼𝜓
𝑓𝜓𝛼+ sin ΔΦ𝐸𝑀 + ΔΦ𝑀3 cos 𝜃2

𝑊 𝜙1 =
1

2𝜋
+

3𝜋𝛼−Λ𝑒

൯32(3 + 𝛼𝜓
ቊ 1 − 𝛼𝜓

2 cos ΔΦ𝐸𝑀 cos𝜙1 − ቋ𝑓𝜓 1 + 𝛼𝜓 cos ΔΦ𝑀3 sin𝜙1

𝑊 𝜙2 =
1

2𝜋
+

3𝜋𝛼+Λ𝑒

൯32(3 + 𝛼𝜓
ቊ 1 − 𝛼𝜓

2 cosΔΦ𝐸𝑀 cos𝜙2 + ቋ𝑓𝜓 1 + 𝛼𝜓 cos ΔΦ𝑀3 sin𝜙2

𝑊 𝜃 =
3(1+𝛼𝜓 cos2 𝜃)

2(3+𝛼𝜓)

Definition of the one dimensional probability density function:
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Monte-Carlo simulation of the pseudodata
It is for process 𝑒+𝑒− → ΛഥΛ → 𝑝𝜋− ҧ𝑝𝜋+

Parameters, which we used: 

𝛼𝜓 = 0.461 𝛼− = 0.75 𝛼+ = −0.758 ΔΦ𝐸𝑀 = 0.74

𝑓𝜓 = 0.1 ΔΦ𝑀3 = 0.5 Λ𝑒 = 0.5

These we know from 
experiment

These we don’t know This we can vary
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Monte-Carlo simulation of the pseudodata

It is for process 𝑒+𝑒− → ΛഥΛ → 𝑝𝜋− ҧ𝑝𝜋+
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Statistical method of the analysis

Suppose we have the following distribution density function: 𝑓𝑣(𝑥𝑖
𝑗
)

unknown parameters random variables

ℒ Ԧ𝑣 = 

𝑗=1

𝑁𝑀𝐶

ln ൯𝑓𝑣(𝑥𝑖
𝑗

maximum likelihood function

ቤ
𝜕ℒ

𝜕𝑣𝑎 𝑣=𝑣𝑓𝑖𝑡

= 0 system of the equations for unknown parameters

𝑉𝑎𝑏 =
𝜕2ℒ Ԧ𝑣

𝜕𝑣𝑎𝜕𝑣𝑏

−1

covariation matrix

𝜌𝑎𝑏 =
𝑉𝑎𝑏

𝑉𝑎𝑎𝑉𝑏𝑏

correlation matrix

𝜎𝑎 = 𝑉𝑎𝑎

standard deviation (error) 
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Results (𝑒+𝑒− → ΛഥΛ → 𝑝𝜋− ҧ𝑝𝜋+)

Parameters, which we used: 

𝛼𝜓 = 0.461 𝛼− = 0.75 𝛼+ = −0.758 ΔΦ𝐸𝑀 = 0.74

These we know from 
experiment
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Results (𝑒+𝑒− → ΛഥΛ → 𝑝𝜋− ҧ𝑝𝜋+)

14

Se
n

si
ti

vi
ty

Se
n

si
ti

vi
ty



Results (𝑒+𝑒− → Λ𝑐
+Λ𝑐

− → Λ𝜋+ഥΛ𝜋−)

Parameters, which we used: 

𝛼− = 0.75 𝛼+ = −0.758

These we know from 
experiment

𝑠, GeV 4.6119 4.6819 4.9509

𝛼𝜓 -0.26 0.15 0.63
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Results (𝑒+𝑒− → Λ𝑐
+Λ𝑐

− → Λ𝜋+ഥΛ𝜋−)
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Results (𝑒+𝑒− → Λ𝑐
+Λ𝑐

− → Λ𝜋+ഥΛ𝜋−)
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Conclusions

The contribution from the electric dipole moment form factor was added in the 
consideration of the pairs Λ𝑐

+Λ𝑐
− or ΛഥΛ birth process.

Also, the initial state with a polarized electron was considered.

With the help of statistical methods the generation of events of decay processes 
born in the process of annihilation of pairs Λ𝑐

+Λ𝑐
− or ΛഥΛ, and further reconstruction 

of parameters of the scattering cross section was performed.

This project was realized with the support of a grant from l'Agence Universitaire de 
la Francophonie in collaboration with IJCLab. Based on the results of this project, 

the following paper will be published: «Determination of the sensitivity of Λ and Λ𝑐
+

electric dipole moments using a full angular analysis».
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