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1 CP = combination of Charge-conjugation and Parity

2 CPV = necessary to explain baryon asymmetry (Sakharov conditions [Pisma Zh.Eksp.Teor.Fiz. 5 (1967)])
3 Explained in SM (CKM) and established in kaon, B and D meson decays, but still insufficient to
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Hyperon Decays, compared

Nonleptonic decays B→ bπ

❑ Internal W-boson emission
❑ Final-state: 2-body, fewer spin combinations
❑ Tests of symmetry laws (CPV)

Semileptonic decays B→ blν̄l

❑ External W-boson emission
❑ Final-state: 3-body, more spin combinations
❑ Info on internal structure

Production framework
Spin-entangled hyperon-antihyperon pairs produced at e+e− colliders (e.g. BESIII).
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BESIII @ BEPCII

❑ Beijing Electron-Positron Collider (BEPCII)
e+e− collider: 1.85 GeV < ECMS < 4.95 GeV
Lpeak = 1033 cm−2 s−1

Data taking since 2009

[Nucl. Instrum. Meth. A598 (2009) 7]

❑ Beijing Spectrometer (BESIII)
Optimized for flavor physics
Covering 93% of 4π solid angle
1.0 T super-conducting solenoid
Momentum resolution: σ(p)/p = 0.5% at 1 GeV/c
Time resolution: 68(65) ps in the barrel (end cap)
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Lowest-lying hyperons
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Σ+
Σ0Λ
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Y Mass [GeV/c2] ∆S = 1 decays (Br)

Λ (uds) 1.116
pπ−(64.1%)
nπ0(35.9%)

Σ+ (uus) 1.189
pπ0(51.5%)
nπ+(48.4%)

Σ− (dds) 1.197 nπ−(99.8%)
Ξ0 (uss) 1.315 Λπ0(99.5%)
Ξ− (dss) 1.322 Λπ−(99.9%)

Ω− (sss) 1.672
ΛK−(67.7%)
Ξ0π−(24.3%)
Ξ−π0(8.55%)
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Lowest-lying hyperons at BESIII

❑ World’s largest charmonia sample – 1010J/ψ, 3 × 109 ψ(2S)
❑ Baryon-antibaryon pairs produced in spin-entangled, possibly polarized state.

Decay Br(×10−4) ϵ(%) Nobs × 103 Reference

J/ψ

ΛΛ̄ 19.43(33) 42.37(14) 441 PRD 95 (2017) 5, 052003

Σ0Σ̄0 11.64(23) 17.83(06) 111 q
Σ+Σ̄− 10.61(36) 24.1(7) 87 JHEP 11 (2021) 226

Ξ0Ξ̄0 11.65(43) 14.05(04) 135 PLB 770 (2017) 217-225

Ξ−Ξ̄+ 10.40(74) 18.40(04) 43 PRD 93 (2016) 7, 072003

ψ(2S)

ΛΛ̄ 3.97(12) 42.83(34) 31 PRD 95 (2017) 5, 052003

Σ0Σ̄0 2.44(11) 14.79(12) 6.6 q
Σ+Σ̄− 2.52(10) 18.6(5) 5.4 JHEP 11 (2021) 226

Σ−Σ̄+ 2.82(09) 5.26(5) 6.6 JHEP 12 (2022) 016

Ξ0Ξ̄0 2.73(13) 14.10(04) 11 PLB 770 (2017) 217-225

Ξ−Ξ̄+ 2.78(15) 18.04(04) 5.3 PRD 95 (2017) 5, 052003

Ω−Ω̄+ 0.585(28) 15.39(32) 4 PRL 126 (2021) 9, 092002
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Baryon polarization

Produced BB̄ in e+e− → γ∗ reaction can be polarized.

J/ψ

Y

Ȳe−

e+

(αψ,∆Φ)↔ (Gψ
E,G

ψ
M)

q2 > 0

[E. Perotti, PhD thesis, Uppsala Universitet]

❑ Sachs form-factors Gψ
E,M parametrize the ψ→ YȲ vertex.

❑ Annihilation process: time-like q2 > M2
Y , i.e. complex form-factors.

αψ =
q2|Gψ

M |
2 − 4M2

Y |G
ψ
E |

2

q2|Gψ
M |

2 + 4M2
Y |G

ψ
E |

2
,

Gψ
E

Gψ
M

= ei∆Φ

∣∣∣∣∣∣∣ Gψ
E

Gψ
M

∣∣∣∣∣∣∣
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Baryon polarization

Produced BB̄ in e+e− → γ∗ reaction can be polarized.

J/ψ

Y

Ȳe−

e+
(αψ,∆Φ)↔ (Gψ

E,G
ψ
M)

q2 > 0

e+e− → J/ψ→ ΛΛ̄ process [BESIII, PRL 129 (2022) 131801]

PΛ =
√

1 − αψ2 sin(∆Φ) cos θΛ sin θΛ
1 + αψ cos2 θΛ

ŷ
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Starting point

Goal
Spin properties of e+e− → BB̄

⇐=
Tool

All info is encoded in the spin density matrix.

❑ Production defines CM frame;
❑ for subsequent decays, we need to go to B, B̄ helicity frames =⇒ helicity formalism

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 8 / 24



Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

Helicity formalism

[M. Jacob and G.C. Wick, Ann. Phys. 7, 404 (1959)]

❑ Spin quantization axis = flight direction =⇒ helicity is boost-invariant.

Before

Boost (Lz) to rest frame of mother (B, B̄):

❑ Perform 3 rotations around the coordinate
axes:

1 −ϕ1 around ẑ;
2 −θ1 around ŷ;
3 +ϕ1 around ẑ (extra);

After
pB(B̄) is aligned with ẑ.

ẑ

−ŷ

ŷ
−x̂

x̂

pB1

ϕ1

θ1

pB̄2
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A bit of theory
Helicity states:

|p, θ1, ϕ1, λ1, λ2⟩ := R(ϕ1, θ1, 0) |p, λ1, λ2⟩

Production spin-density matrix:

ρ
λ1,λ2;λ′1,λ

′
2

B1,B̄2
∝

∑
k=±1

⟨θ1, 0, λ1, λ2|S|0, 0, λ,−λ⟩ ⟨0, 0, λ,−λ|S†|θ1, 0, λ′1, λ
′
2⟩

∝ Aλ1,λ2 A∗λ′1,λ′2 ρ
λ1−λ2,λ

′
1−λ

′
2

1 (θ1)

Transition amplitude matrix

J = 1/2 : Aλ1,λ2 =

(
h1 h2
h2 h1

)
h1 =

√
1 − αψ

2
; h2 =

√
1 + αψe−i∆Φ

e+e− spin-density matrix

ρ
i,j
1 (θ1) =

∑
k=±1

[D1
k,i(0, θ1, 0)]∗D1

k,j(0, θ1, 0)

D
j
m′m(α, β, γ) = ⟨jm′|R(α, β, γ)|jm⟩

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 10 / 24



Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

A bit of theory
Helicity states:

|p, θ1, ϕ1, λ1, λ2⟩ := R(ϕ1, θ1, 0) |p, λ1, λ2⟩

Production spin-density matrix:

ρ
λ1,λ2;λ′1,λ

′
2

B1,B̄2
∝

∑
k=±1

⟨θ1, 0, λ1, λ2|S|0, 0, λ,−λ⟩ ⟨0, 0, λ,−λ|S†|θ1, 0, λ′1, λ
′
2⟩

∝ Aλ1,λ2 A∗λ′1,λ′2 ρ
λ1−λ2,λ

′
1−λ

′
2

1 (θ1)

Transition amplitude matrix

J = 1/2 : Aλ1,λ2 =

(
h1 h2
h2 h1

)
h1 =

√
1 − αψ

2
; h2 =

√
1 + αψe−i∆Φ

e+e− spin-density matrix

ρ
i,j
1 (θ1) =

∑
k=±1

[D1
k,i(0, θ1, 0)]∗D1

k,j(0, θ1, 0)

D
j
m′m(α, β, γ) = ⟨jm′|R(α, β, γ)|jm⟩

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 10 / 24



Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

A bit of theory
Helicity states:

|p, θ1, ϕ1, λ1, λ2⟩ := R(ϕ1, θ1, 0) |p, λ1, λ2⟩

Production spin-density matrix:

ρ
λ1,λ2;λ′1,λ

′
2

B1,B̄2
∝

∑
k=±1

⟨θ1, 0, λ1, λ2|S|0, 0, λ,−λ⟩ ⟨0, 0, λ,−λ|S†|θ1, 0, λ′1, λ
′
2⟩

∝ Aλ1,λ2 A∗λ′1,λ′2 ρ
λ1−λ2,λ

′
1−λ

′
2

1 (θ1)

Transition amplitude matrix

J = 1/2 : Aλ1,λ2 =

(
h1 h2
h2 h1

)
h1 =

√
1 − αψ

2
; h2 =

√
1 + αψe−i∆Φ

e+e− spin-density matrix

ρ
i,j
1 (θ1) =

∑
k=±1

[D1
k,i(0, θ1, 0)]∗D1

k,j(0, θ1, 0)

D
j
m′m(α, β, γ) = ⟨jm′|R(α, β, γ)|jm⟩

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 10 / 24



Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

A bit of theory
Helicity states:

|p, θ1, ϕ1, λ1, λ2⟩ := R(ϕ1, θ1, 0) |p, λ1, λ2⟩

Production spin-density matrix:

ρ
λ1,λ2;λ′1,λ

′
2

B1,B̄2
∝

∑
k=±1

⟨θ1, 0, λ1, λ2|S|0, 0, λ,−λ⟩ ⟨0, 0, λ,−λ|S†|θ1, 0, λ′1, λ
′
2⟩

∝ Aλ1,λ2 A∗λ′1,λ′2 ρ
λ1−λ2,λ

′
1−λ

′
2

1 (θ1)

Transition amplitude matrix

J = 1/2 : Aλ1,λ2 =

(
h1 h2
h2 h1

)
h1 =

√
1 − αψ

2
; h2 =

√
1 + αψe−i∆Φ

e+e− spin-density matrix

ρ
i,j
1 (θ1) =

∑
k=±1

[D1
k,i(0, θ1, 0)]∗D1

k,j(0, θ1, 0)

D
j
m′m(α, β, γ) = ⟨jm′|R(α, β, γ)|jm⟩

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 10 / 24



Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

This is the result!
[F. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

Spin-density matrix for 1/2 + 1/2:

ρB,B̄ =
1
4

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄

Cµν(θ) ∝



1+αψ cos2θ 0 βψsin θ cos θ 0

0 sin2θ 0 γψsin θ cos θ

−βψsin θ cos θ 0 αψ sin2θ 0

0 −γψsin θ cos θ 0 −αψ−cos2θ


βψ =

√
1 − αψ2 sin(∆Φ), γψ =

√
1 − αψ2 cos(∆Φ)

B̄ polarization

B polarization spin-correlation terms

dσ
dΩ
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Let’s go back to something simpler

Spin-density matrix for e+e− → τ+τ− (also 1/2 + 1/2!):

ρB,B̄ =
1
4

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄ , pointlike τ : ∆Φ = 0, Gψ

E,M → 1

Cµν(θ) ∝


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
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τ
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√
1 − η2

τ+ polarization

τ− polarization
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Production spin-density matrix

[F. Tabakin and R. A. Eisenstein, Phys. Rev. C 31, 1857 (1985)], [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]

BB̄ spin-density matrix for 1/2 + 1/2

ρB,B̄ =
1
4

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄

Goal
Derive the production spin-density matrix ρB,B̄ with e− beam polarization.

Longitudinally polarized electron beam:

❑ Envisioned improvement @ next-generation e+e− colliders (e.g. Super Tau-Charm Factory in
China).

❑ At J/ψ energies, Pe = 0.8 − 0.9 is achievable.
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Production spin-density matrix

At current e+e− colliders, e− beam is not polarized:

Cµν(θ) ∝



1+αψ cos2θ 0 βψsin θ cos θ 0

0 sin2θ 0 γψsin θ cos θ

−βψsin θ cos θ 0 αψ sin2θ 0

0 −γψsin θ cos θ 0 −αψ−cos2θ



βψ =
√

1 − αψ2 sin(∆Φ), γψ =
√

1 − αψ2 cos(∆Φ)

Beam polarization Pe , 0 introduces additional components in the PB,B̄ polarization vectors and in the
spin-correlation terms.
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Production spin-density matrix

If e− beam is polarized [NS, A. Kupść, V. Batozskaya et al., PRD 105, 116022 (2022)]:
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Nonleptonic decays

The e+e−-produced YȲ pairs decay further, e.g.

J = Sb + Sπ + Lbπ

B(1/2)→ b(1/2) π(0)

Lbπ = 0 =⇒ S-wave, parity-violating
Lbπ = 1 =⇒ P-wave, parity-conserving

M ∝ ūb (S + Pγ5) uB
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Nonleptonic decay parameters
From partial waves to observables:

❑ Angular distribution dΓ
dΩ ∝ 1 + α PΛ · n̂

α =
2ℜ(S∗P)
|S|2 + |P|2

❑ Spin sΛ → sp rotation

β =
2ℑ(S∗P)
|S|2 + |P|2

=
√

1 − α2 sinϕ

measurable with PΛ, Pp.

Λ→ pπ− decay

CP tests [P. Adlarson, A. Kupść, PRD 100 (2019) 114005]

ACP =
α + ᾱ

α − ᾱ
, BCP :=

β + β̄

α − ᾱ
, ΦCP =

ϕ + ϕ̄

2
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Motivation: new data landscape

[Nature Phys. 15 (2019) 631]

[Nature 606, 64–69 (2022)]

[Phys.Rev.Lett. 129 (2022) 131801]
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Two-step decays [NS, A. Kupść, V. Batozskaya et al., PRD 105, 116022 (2022)]

For Ξ− → Λ(→ pπ−)π−, simultaneous AΞ
CP

, ΦΞ
CP

measurements are possible.

Ξ− → Λ(→ pπ−)π− decay [Nature 606 (2022) 64–69]

PΛ · ẑ =
αΞ + PΞ · ẑ

1 + αΞPΞ · ẑ

PΛ× ẑ = |PΞ|
√

1 − αΞ2 sinϕΞx̂ + cosϕΞŷ
1 + αΞPΞ · ẑ
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Two-step decays [NS, A. Kupść, V. Batozskaya et al., PRD 105, 116022 (2022)]

For Ξ− → Λ(→ pπ−)π−, simultaneous AΞ
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, ΦΞ
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measurements are possible.
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Results
❑ CP tests statistical uncertainties are reduced with a polarized e− beam.
❑ Impact differs btw methods of event reconstruction: highest on Single Tag.
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Semileptonic decays

The e+e−-produced YȲ pairs can also decay semileptonically:

B(1/2)→ b(1/2) W−(1)(→ lν̄l)

⟨b|JV
µ + JA

µ |B⟩ = ū(pb)
[
γµ

(
FV

1 (q2) − FA
1 (q2)γ5

)
−

iσµνqν

MB

(
FV

2 (q2) − FA
2 (q2)γ5

)
+

qµ
MB

(
FV

3 (q2) − FA
3 (q2)γ5

) ]
u(pB)

Form factors

❑ analytic functions of transferred momentum q2

❑ related to baryon internal structure
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Semileptonic decay matrix

The produced BB̄ pair can decay via nonleptonically or semileptonically, e.g. ΛΛ̄→ pe−ν̄e p̄π+.

How to extract the angular distributions of the BB̄ chains, keeping track of spin-correlation?

Change of basis [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]:

insert σm
µ →

3∑
ν=0

aµνσd
ν into ρB,B̄ =

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄

Feature
This is a modular approach!

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 20 / 24

https://doi.org/10.1103/PhysRevD.99.056008


Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

Semileptonic decay matrix

The produced BB̄ pair can decay via nonleptonically or semileptonically, e.g. ΛΛ̄→ pe−ν̄e p̄π+.

How to extract the angular distributions of the BB̄ chains, keeping track of spin-correlation?

Change of basis [E. Perotti et al., Phys. Rev. D 99, 056008 (2019)]:

insert σm
µ →

3∑
ν=0

aµνσd
ν into ρB,B̄ =

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄

Tr ρpp̄ ∝

3∑
µ,ν̄=0

CΛΛ̄µν̄ (θ) BΛp
µ0 aΛ̄p̄

ν̄0
Feature

This is a modular approach!

Nora Salone (NCBJ) Spin-entanglement in Y decays November 12, 2024 20 / 24

https://doi.org/10.1103/PhysRevD.99.056008


Introduction Hyperon Production Nonleptonic Semileptonic Conclusions and Outlook

Semileptonic decay matrix

The produced BB̄ pair can decay via nonleptonically or semileptonically, e.g. ΛΛ̄→ pe−ν̄e p̄π+.

How to extract the angular distributions of the BB̄ chains, keeping track of spin-correlation?
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aµνσd
ν into ρB,B̄ =

3∑
µ,ν̄=0

Cµν̄(θ) σB
µ ⊗ σ

B̄
ν̄

Tr ρpp̄ ∝

3∑
µ,ν̄=0

CΞΞ̄µν̄ (θ)
3∑

µ′=0

aΞΛµµ′ B
Λp
µ′0

3∑
ν̄′=0

aΞ̄Λ̄ν̄ν̄′ a
Λ̄p̄
ν̄′0

SL decay matrix

Feature
This is a modular approach!

aµν −→ Bµν
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Aligned decay matrix [V. Batozskaya, A. Kupść, NS et al., Phys. Rev. D 108, 016011 (2023)]

Full semileptonic transition amplitude can be factorized into

A(B→ blν̄l) =
1

2π

1/2∑
λ′=−1/2

D
1/2∗
κ,λ′ (Ωb) Hλ′,λb (Ωl, q2, λl, λν)

m − d rotation dependence

decay info

SL decay matrix

Bµν =

3∑
κ=0

R(4)
µκ (Ωb) bκν(q2,Ωl) with R(4)(Ωb) = diag (1,R(Ωb))

Features

❑ bκν(q2,Ωl) SL decay matrix when m − d frames are aligned, i.e. Ωb = {0, 0, 0}.
❑ The decomposition applies to any transition between spin-1/2 baryons.
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decay info

SL decay matrix

Bµν =

3∑
κ=0

R(4)
µκ (Ωb) bκν(q2,Ωl) with R(4)(Ωb) = diag (1,R(Ωb))

Features

❑ bκν(q2,Ωl) SL decay matrix when m − d frames are aligned, i.e. Ωb = {0, 0, 0}.
❑ The decomposition applies to any transition between spin-1/2 baryons.
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SL FF uncertainties [V. Batozskaya, A. Kupść, NS et al., PRD 108, 016011 (2023)]

gav =
FA

1 (0)

FV
1 (0)

, gw =
FV

2 (0)

FV
1 (0)

Decay σ(gav)
√

N σ(gw)
√

N
Λ→ pe−ν̄e 1.8 12
Ξ− → [Λ→ pe−ν̄e]π− 1.8 12
Ξ− → [Λ→ pπ−]e−ν̄e 0.6 9
Ξ− → [Σ0 → [Λ→ pπ−]γ]e−ν̄e 5.0 29
Ξ0 → [Σ+ → pπ0]e−ν̄e 4.0 28
Σ+ → [Λ→ pπ−]e+νe 0.5 19 0.0 0.2 0.4 0.6 0.8 1.0

Py

0

2

4

6

8

10

σ
(g
D a
v
)√
N

Λ→ p

Ξ− → Λ

Ξ− → [Λ→ p]

Σ+ → Λ

Ξ− → Σ0

Ξ0 → Σ+

n→ p
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Conclusions and Outlook

Conclusions
1 YȲ pairs produced at e+e− colliders feature relevant spin-correlation and polarization properties. Modular

framework to keep track of the spin-correlation properties within the produced pairs in their subsequent
decays.

2 CP tests can be built on nonleptonic decay observables; significant improvement in their statistical
uncertainties expected for a longitudinally polarized e− beam.

3 Spin-correlation terms are also employed to improve statistical uncertainties of semileptonic form factors
(unpolarized beam). Factorize and generalize the angular dependence on the mother-daughter helicity
rotation.

Outlook
1 This modular framework describes general spin-1/2 baryons: directly applicable to e.g. charm baryons.

2 Extraction of the hyperon SL FFs from the data collected by the BESIII collaboration (currently).
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Dziękuję za uwagę!
Jakieś pytania?
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Approximate maximum likelihood method

Fisher information matrix
I(ωk, ωl) := N

∫
1
P

∂P

∂ωk

∂P

∂ωl
dξ

To compute e.g. I0(ACP) assume

1
P
=
V

C00

1
1 + G

=
V

C00

∞∑
i=0

(−G)i with
∫
Gdξ = 0 , G ≥ −1

I0(ACP) =
2N
3
α2 ⟨P2

B⟩ =⇒ σ(ACP) ≈

√
3
2

1

α
√

N ⟨P2
B⟩

.
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Backup

CPV in hyperon decays
Introducing CP-odd and final-state interaction phases [PRD 105 (2022) 116022], [PRD 34 (1986) 833]:

S = |S| exp (iξS + iδS)
P = |P| exp (iξP + iδP)

ACP = − tan(δP − δS) tan(ξP − ξS)

ΦCP =
α

√
1 − α2

cos ϕ tan(ξP − ξS)

New results in Ξ decays:

❑ CP-odd phase difference [Nature 606, 64–69 (2022)]

ξP − ξS = (1.2 ± 3.4 ± 0.8) × 10−2rad SM : ξP − ξS = (−2.1 ± 1.7) × 10−4rad

❑ Ξ− polarization and decay parameters

αΞ = −0.376 ± 0.007 ± 0.003, ϕΞ = 0.011 ± 0.019 ± 0.009 rad

AΞ
CP
= (6 ± 13 ± 6) × 10−3 SM : AΞ

CP
= (−0.6 ± 1.6) × 10−5
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Nonleptonic decay matrix
P.d.f. for two-step decay Ξ→ Λ(→ Nπ)π

PΞΞ(ξΞΞ;ωΞ) =
1

(4π)5

3∑
µ,ν=0

Cµν(θ)

 3∑
µ′=0

aΞµµ′a
Λ
µ′0


 3∑
ν′=0

aΞνν′a
Λ
ν′0


Nonleptonic decay matrix: [E. Perotti et al, Phys. Rev. D 99 (2019) 056008]

aµν =


1 0 0 α

α sin θ cosφ γ cos θ cosφ − β sinφ −β cos θ cosφ − γ sinφ sin θ cosφ
α sin θ sinφ β cosφ + γ cos θ sinφ γ cosφ − β cos θ sinφ sin θ sinφ
α cos θ −γ sin θ β sin θ cos θ



d polarization Pd
i for Pm

i = 0

m polarization Pm
i for Pd

i = 0 spin-correlation m − d

α =
2ℜ(S∗P)
|S|2 + |P|2

, β =
√

1 − α2 sinϕ, α2 + β2 + γ2 = 1
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Examples of aligned matrices [V. Batozskaya, A. Kupść, NS et al., Phys. Rev. D 108, 016011 (2023)]

B→ bπ :

aµν ∝


1 0 0 α
0 γ −β 0
0 β γ 0
α 0 0 1



B→ bW−off-shell(→ l−ν̄l) : bµν = bnf
µν + ϵb

f
µν

bnf
µν =


bnf

00 −ℜ(Inf
01) ℑ(Inf

10) bnf
03

−ℜ(Inf
10) ℜ(Enf

00 + E
nf
11) −ℑ(Enf

00 + E
nf
11) ℜ(Inf

13)
ℑ(Inf

10) ℑ(Enf
00 − E

nf
11) ℜ(Enf

00 − E
nf
11) −ℑ(Inf

13)
bnf

30 −ℜ(Inf
31) ℑ(Inf

31) bnf
33


bf
µν =


bf

00 −ℜ(If
01) ℑ(If

10) bf
03

−ℜ(If
10) ℜ(Ef

00 − E
f
11) −ℑ(Ef

00 − E
f
11) ℜ(If

13)
ℑ(If

10) ℑ(Ef
00 + E

f
11) ℜ(Ef

00 + E
f
11) −ℑ(If

13)
bf

30 −ℜ(If
31) ℑ(If

31) bf
33


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