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CP violation

SM

VCKM

Strong CP problem

θQCD

Sakharov conditions

matter-antimatter asymmetry



Types

Mixing

mass vs. CP eigenstates

Decay

|Af | ≠ |Af |

Interference of mixing and decay

time-dependent observables
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FCC-ee

High statistics

at Z -pole

Good vertexing

IDEA detector

Good flavor tagging

Clean environment



Estimated yields

b-hadron Belle II LHCb FCC-ee
B0, B̄0 5.3 × 1010 6 × 1013 7.2 × 1011

B± 5.6 × 1010 6 × 1013 7.2 × 1011

B0
s , B̄0

s 5.7 × 108 2 × 1013 1.9 × 1011

B±
c – 4 × 1011 1.1 × 109

Λ0
b, Λ̄0

b – 2 × 1013 1.5 × 1011



Production

Z -pole

e+e− → Z

Z decay

Z → bb̄

Signal

B0
s → ϕ(→ K+K−)µ+µ−
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s → ϕµ+µ−

b̄ s̄

s s

µ+

µ−

V∗
qb Vqs

W+

u, c, t

γ/Z

B0
s ϕ

b̄ s̄

s s

µ+

µ−

W+ W−

V∗
qb Vqs

u, c, t

νℓ

B0
s ϕ

s s

b̄ s̄

µ+

µ−

Vqb V∗
qs

W+W−

W+
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Background

Resonance

B0
s → ϕ(→ K+K−)J/ψ(→ µ+µ−)

Cascade

B0
s → D−

s µ
+νµ followed by D−

s → ϕ(→ K+K−)µ−ν̄µ

Combinatoric

from fragmentation



Measurements

Untagged vs Tagged

B0
s or B0

s

Time-dependent vs. Time-integrated

Time evolution

Advantage

Complementarity



Untagged Measurements

Branching ratio

Br(B0
s → ϕµ+µ−)

Time-dependent Decay Rate

ΓB0
s→ϕµ+µ−(t) + ΓB̄0

s→ϕµ+µ−(t) ∝ e−Γs t
(
cosh 1

2∆Γst + Df sinh
1
2∆Γst

)
∆Γs = decay rate difference
Df = observable



Tagged Measurements

Time-integrated CP-asymmetry

⟨ACP⟩ =
ΓB0

s→ϕµ+µ−−ΓB̄0
s→ϕµ+µ−

ΓB0
s→ϕµ+µ−+ΓB̄0

s→ϕµ+µ−

Time-dependent CP-asymmetry

ACP(t) =
Cf cos∆ms t−Sf sin∆ms t

cosh 1
2∆Γs t+Df sinh

1
2∆Γs t

∆ms = mass difference
Cf = observable
Sf = observable
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Effective Hamiltonian

Heff =
4GF√

2
VtbV∗

ts

∑
i

CiOi ,

O7 =
e

(4π)2
mb[s̄σ

µνPRb]Fµν

O9 =
e2

16π2
(sγνPLb)(µγνµ) , O10 =

e2

16π2
(sγνPLb)(µγνγ5µ) .



NP contributions

b
O7

s

s s

µ+

µ−

γ

B0
s ϕ

b
O9,10

s

s s

µ+

µ−

B0
s ϕ



Angular coefficients

d4ΓB0
s→ϕµ+µ−

dq2 d cos θK d cos θℓ dϕ
=

∑
i

Ji(q
2)fi(θK , θℓ, ϕ)

=
9

32π
(J1s sin

2 θK + J1c cos
2 θK + J2s sin

2 θK cos 2θℓ

+ J2c cos
2 θK cos 2θℓ + J3 sin

2 θK sin2 θℓ cos 2ϕ

+ J4 sin 2θK sin 2θℓ cosϕ+ J5 sin 2θK sin θℓ cosϕ

+ J6s sin
2 θK cos θℓ + J6c cos

2 θK cos θℓ

+ J7 sin 2θK sin θℓ sinϕ+ J8 sin 2θK sin 2θℓ sinϕ

+ J9 sin
2 θK sin2 θℓ sin 2ϕ)



Observables

Branching ratio

Br(B0
s → ϕµ+µ−) =

∫
dq2 ∑

i κi Ji(q2)
Γtot

untagged time-dependent

Df = −
∫

dq2 ∑
i κi hi(Ai)

Γ+Γ̄

tagged time-dependent

Cf =
∫

dq2 ∑
i κi

(
Ji(q2)−J̄i(q2)

)
Γ+Γ̄

Sf = −
∫

dq2 ∑
i κi si(Ai)

Γ+Γ̄
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NP reach
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Summary

FCC-ee

statistics, vertexing, clean

Time-(in)dependent observables

tagged vs. untagged

NP

Constraints on C7, C9, C10
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