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Introduction to CP Violation



Basics

CP Violation occur when the probability for one process is different from the probability of its CP conjugate.

𝑃(𝐴 → 𝐵) ≠ 𝑃( ̄𝐴 → 𝐵̄)

All observations of CP Violation happen to come along with flavour violation.

The only source of known CP Violation is the phase of the CKM matrix.

Typically measured through ratios of branching ratios:

𝐴𝐶𝑃 ≡ 𝛤(𝐵 → 𝑓) − 𝛤(𝐵̄ → ̄𝑓)
𝛤(𝐵 → 𝑓) + 𝛤(𝐵̄ → ̄𝑓)
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Flavour structure of the Standard Model

The Yukawa couplings for 𝑢 and 𝑑 quarks:

ℒYuk = 𝑦𝑑𝑖𝑗𝑄̄𝑖𝐻𝐷𝑗+𝑦𝑢𝑖𝑗𝑄̄𝑖𝐻𝑈 𝑗+ (lepton term) + h.c.

𝑄𝑖 = (𝑢𝑖
𝐿

𝑑𝑖
𝐿
) 𝐷𝑖 = 𝑑𝑖

𝑅 𝑈 𝑖 = 𝑢𝑖
𝑅

ℒYuk = 𝑚𝑑
𝑖𝑗 ̄𝑑𝑖

𝐿𝑑𝑗
𝑅 +𝑚𝑢

𝑖𝑗𝑢̄𝑖
𝐿𝑢𝑗

𝑅 ; 𝑚𝑞
𝑖𝑗 =

𝑣√
2
𝑦𝑞𝑖𝑗

𝑚 is in general non-diagonal.

𝑚̂𝑞
𝑖𝑗 = (𝑉 𝑞

𝐿)𝑖𝑘 𝑚
𝑞
𝑘ℓ (𝑉 𝑞†

𝑅 )
ℓ𝑗

Diagonalising𝑚 rotates the fields:

𝑞𝑖𝐿 = (𝑉 𝑞
𝐿)𝑖𝑗 𝑞

′𝑗
𝐿

𝑞𝑖𝑅 = (𝑉 𝑞
𝑅)𝑖𝑗 𝑞

′𝑗
𝑅

Now the coupling of the𝑊 contains off-diagonal terms:

ℒ𝑊𝑞𝑞 = 𝑔√
2
𝑢̄𝐿𝑖𝛾𝜇𝑑𝐿𝑊𝜇 → 𝑔√

2
𝑢̄𝐿𝑖𝛾𝜇 (𝑉𝑢𝐿𝑉 †

𝑑𝐿) 𝑑𝐿𝑊𝜇

The CKM matrix can now be identified:

𝑉 ≡ 𝑉𝑢𝐿𝑉 †
𝑑𝐿

• Unitary
• 4 physical parameters: 3 mixing angles + 1 complex phase
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Parameterisation of the CKM matrix

𝑉CKM = ⎛⎜
⎝

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

⎞⎟
⎠

𝑉CKM = ⎛⎜
⎝

𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒−𝑖𝛿

−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒𝑖𝛿 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒𝑖𝛿 𝑠23𝑐13
𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒𝑖𝛿 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒𝑖𝛿 𝑐23𝑐13

⎞⎟
⎠

Wolfenstein parameterisation:

𝑉CKM = ⎛⎜
⎝

1 − 𝜆2/2 𝜆 𝐴𝜆3(𝜌 − 𝑖𝜂)
−𝜆 1 − 𝜆2/2 𝐴𝜆2

𝐴𝜆3(1 − 𝜌 − 𝑖𝜂) −𝐴𝜆2 1
⎞⎟
⎠

+𝒪(𝜆4)
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Physical 𝛿 phase
A non-zero 𝛿 phase implies that the theory is CP violating

ℒYuk,𝑢 = − 𝑣√
2
[𝑢̄𝐿𝑌𝑢𝑢𝑅 + 𝑢̄𝑅𝑌 †

𝑢𝑢𝐿] = − 𝑣
2
√
2
[𝑢̄(𝑌𝑢 + 𝑌 †

𝑢 )𝑢 + 𝑢̄(𝑌𝑢 − 𝑌 †
𝑢 )𝛾5𝑢]

𝑢̄𝑖𝑢𝑗
𝐶𝑃−−→ 𝑢̄𝑗𝑢𝑖 and 𝑢̄𝑖𝛾5𝑢𝑗

𝐶𝑃−−→ −𝑢̄𝑗𝛾5𝑢𝑖

(𝐶𝑃)ℒYuk,𝑢 = − 𝑣
2
√
2
[𝑢̄(𝑌𝑢 + 𝑌 †

𝑢 )𝑇𝑢 − 𝑢̄(𝑌𝑢 − 𝑌 †
𝑢 )𝑇 𝛾5𝑢] =

= − 𝑣
2
√
2
[𝑢̄(𝑌 ⋆

𝑢 + 𝑌 †⋆
𝑢 )𝑢 + 𝑢̄(𝑌 ⋆

𝑢 − 𝑌 †⋆
𝑢 )𝛾5𝑢]

→ The Lagrangian is CP-invariant only when 𝑌 = 𝑌 ∗.

Reference: M. D. Schwartz, Quantum Field Theory and the Standard Model. Cambridge University Press, 3 2014.
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Mixing and oscillation

Mixing: Flavour eigenstates are different from mass eigenstates.

Oscillation: Time evolution of a flavour state into another flavour state.

The idea is to start with a state which is a superposition of the Hamiltonian and diagonalize it.

𝐻 = 𝑀 − 𝑖𝛤
2

|𝐵𝐿,𝐻⟩ = 𝑝|𝐵0⟩ ± 𝑞|𝐵̄0⟩ ; |𝑝|2 + |𝑞|2 = 1

𝜇𝐿 = 𝑀𝐿 − 𝑖𝛤𝐿
2 ; 𝜇𝐻 = 𝑀𝐻 − 𝑖𝛤𝐻

2
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Time evolution

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ + 𝑞
𝑝 𝑔−(𝑡)|𝐵̄

0⟩

|𝐵̄0(𝑡)⟩ = 𝑔+(𝑡)|𝐵̄0⟩ + 𝑝
𝑞 𝑔−(𝑡)|𝐵

0⟩

𝑔±(𝑡) =
1
2 (𝑒−𝑖𝑀𝐿𝑡− 1

2𝛤𝐿𝑡 ± 𝑒−𝑖𝑀𝐻𝑡− 1
2𝛤𝐻𝑡)

𝒫 [𝐵0(𝑡) → 𝐵̄0] = ∣⟨𝐵̄0∣𝐵0(𝑡)⟩∣2 = ∣ 𝑞𝑝 ∣
2
× |𝑔−(𝑡)|

2

𝒫[𝐵̄0(𝑡) → 𝐵0] = ∣⟨𝐵0∣𝐵̄0(𝑡)⟩∣2 = ∣𝑝𝑞 ∣
2
× |𝑔−(𝑡)|

2

→ CP is conserved only if |𝑝| = |𝑞|.

, Alberto Saborido & Eduard Costa | July 4, 2024 Introduction to CP Violation 9 / 28



Time evolution

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ + 𝑞
𝑝 𝑔−(𝑡)|𝐵̄

0⟩

|𝐵̄0(𝑡)⟩ = 𝑔+(𝑡)|𝐵̄0⟩ + 𝑝
𝑞 𝑔−(𝑡)|𝐵

0⟩

𝑔±(𝑡) =
1
2 (𝑒−𝑖𝑀𝐿𝑡− 1

2𝛤𝐿𝑡 ± 𝑒−𝑖𝑀𝐻𝑡− 1
2𝛤𝐻𝑡)

𝒫 [𝐵0(𝑡) → 𝐵̄0] = ∣⟨𝐵̄0∣𝐵0(𝑡)⟩∣2 = ∣ 𝑞𝑝 ∣
2
× |𝑔−(𝑡)|

2

𝒫[𝐵̄0(𝑡) → 𝐵0] = ∣⟨𝐵0∣𝐵̄0(𝑡)⟩∣2 = ∣𝑝𝑞 ∣
2
× |𝑔−(𝑡)|

2

→ CP is conserved only if |𝑝| = |𝑞|.

, Alberto Saborido & Eduard Costa | July 4, 2024 Introduction to CP Violation 9 / 28



Time evolution

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ + 𝑞
𝑝 𝑔−(𝑡)|𝐵̄

0⟩

|𝐵̄0(𝑡)⟩ = 𝑔+(𝑡)|𝐵̄0⟩ + 𝑝
𝑞 𝑔−(𝑡)|𝐵

0⟩

𝑔±(𝑡) =
1
2 (𝑒−𝑖𝑀𝐿𝑡− 1

2𝛤𝐿𝑡 ± 𝑒−𝑖𝑀𝐻𝑡− 1
2𝛤𝐻𝑡)

𝒫 [𝐵0(𝑡) → 𝐵̄0] = ∣⟨𝐵̄0∣𝐵0(𝑡)⟩∣2 = ∣ 𝑞𝑝 ∣
2
× |𝑔−(𝑡)|

2

𝒫[𝐵̄0(𝑡) → 𝐵0] = ∣⟨𝐵0∣𝐵̄0(𝑡)⟩∣2 = ∣𝑝𝑞 ∣
2
× |𝑔−(𝑡)|

2

→ CP is conserved only if |𝑝| = |𝑞|.

, Alberto Saborido & Eduard Costa | July 4, 2024 Introduction to CP Violation 9 / 28



Time evolution

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ + 𝑞
𝑝 𝑔−(𝑡)|𝐵̄

0⟩

|𝐵̄0(𝑡)⟩ = 𝑔+(𝑡)|𝐵̄0⟩ + 𝑝
𝑞 𝑔−(𝑡)|𝐵

0⟩

𝑔±(𝑡) =
1
2 (𝑒−𝑖𝑀𝐿𝑡− 1

2𝛤𝐿𝑡 ± 𝑒−𝑖𝑀𝐻𝑡− 1
2𝛤𝐻𝑡)

𝒫 [𝐵0(𝑡) → 𝐵̄0] = ∣⟨𝐵̄0∣𝐵0(𝑡)⟩∣2 = ∣ 𝑞𝑝 ∣
2
× |𝑔−(𝑡)|

2

𝒫[𝐵̄0(𝑡) → 𝐵0] = ∣⟨𝐵0∣𝐵̄0(𝑡)⟩∣2 = ∣𝑝𝑞 ∣
2
× |𝑔−(𝑡)|

2

→ CP is conserved only if |𝑝| = |𝑞|.

, Alberto Saborido & Eduard Costa | July 4, 2024 Introduction to CP Violation 9 / 28



Conditions for CP violation to occur

CP violation appears as the result of interference between two diagrams with different strong and weak phases.

Weak phase: CP-odd. Shows up in the Lagrangian.

Strong phase: CP-even. Appears in time-evolution.

𝐴𝑓 ≡ 𝐴(𝐵 → 𝑓) = 𝑎1𝑒𝑖(𝛿1+𝜙1) + 𝑎2𝑒𝑖(𝛿2+𝜙2)

̄𝐴𝑓 ≡ 𝐴(𝐵̄ → ̄𝑓) = 𝑎1𝑒𝑖(𝛿1−𝜙1) + 𝑎2𝑒𝑖(𝛿2−𝜙2)

∣𝐴𝑓 ∣ = ∣ ̄𝐴𝑓 ∣ if 𝑎1 = 0 or 𝑎2 = 0 or 𝛿1 = 𝛿2 or 𝜙1 = 𝜙2
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CP Violation types

CP Violation in decay. Is an interference between decay amplitudes. It is characterised by ∣ ̄𝐴
𝐴 ∣ ≠ 1.

• Example: 𝐵± decays.

CP Violation in mixing. It is defined by ∣ 𝑞𝑝 ∣ ≠ 1.

• Example: 𝐵0 decays.

CP Violation in interference between decays with and without mixing. It is coming from the interference between a
decay 𝐵 → 𝑓 and a decay 𝐵 → 𝐵̄ → 𝑓 . This is characterised by Im 𝜆𝑓 ≠ 0, where

𝜆𝑓 ≡ 𝑞
𝑝

̄𝐴𝑓
𝐴𝑓
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CP Violation in decay



CP Violation in decay

We define the observable 𝑎𝐶𝑃 :

𝑎𝐶𝑃 ≡ 𝛤(𝐵̄ → ̄𝑓) − 𝛤(𝐵 → 𝑓)
𝛤(𝐵̄ → ̄𝑓) + 𝛤(𝐵 → 𝑓) = ∣ ̄𝐴/𝐴∣2 − 1

∣ ̄𝐴/𝐴∣2 + 1

The amplitudes can be parameterised as a function of the diagrams’ relative magnitudes 𝑟 = 𝑎2/𝑎1 and relative
phases𝛥𝜙 ≡ 𝜙1 − 𝜙2 and𝛥𝛿 ≡ 𝛿1 − 𝛿2 :

𝐴 ≡ 𝐴(𝐵 → 𝑓) = 𝑎1𝑒𝑖(𝛿1+𝜙1) (1 + 𝑟𝑒𝑖(𝛥𝜙+𝛥𝛿))

̄𝐴 ≡ 𝐴(𝐵̄ → ̄𝑓) = 𝑎1𝑒𝑖(𝛿1+𝜙1) (1 + 𝑟𝑒𝑖(−𝛥𝜙+𝛥𝛿))

For first order in 𝑟 we get

𝑎𝐶𝑃 = 𝑟 sin𝛥𝜙 sin𝛥𝛿
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𝐵 → 𝐾𝜋

Figure: Tree level decay
Figure: Penguin-mediated decay
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𝐵 → 𝐾𝜋

Figure: Tree level decay

Figure: Penguin-mediated decay

ℳpenguin ∼ 𝛼𝑤𝛼𝑠𝜆2

16𝜋2 ℳtree ∼ 𝛼𝑤𝜆4

Weak phase difference equal to 𝛾 due to 𝑉𝑢𝑏 .

We know nothing about the strong phase.
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𝐵 → 𝐷𝐾

𝐵+ → 𝐷0𝐾+ 𝐵+ → ̄𝐷0𝐾+ 𝐵+ → 𝐷CP𝐾+

𝐷 = 𝐷0 + ̄𝐷0
√
2

From 𝐵+ → 𝐷0𝐾+ , the vertex 𝑏̄𝑢̄ will make the angle 𝛾 of the Unitarity Triangle appear.
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𝐵 → 𝐷𝐾

𝐴+
1 ≡ 𝐴(𝐵+ → 𝐷0𝐾+) 𝐴+

2 ≡ 𝐴(𝐵+ → ̄𝐷0𝐾+) 𝐴+
CP ≡ 𝐴(𝐵+ → 𝐷CP𝐾+)

𝐴−
1 ≡ 𝐴(𝐵− → ̄𝐷0𝐾−) 𝐴−

2 ≡ 𝐴(𝐵− → 𝐷0𝐾−) 𝐴−
CP ≡ 𝐴(𝐵− → 𝐷CP𝐾−)

𝐴±
CP =

𝐴±
1 +𝐴±

2√
2

Defining 𝑟 ≡ |𝐴+
2 |

𝐴 ,

𝐴+
1 = 𝐴 𝐴+

2 = 𝐴𝑟𝑒𝑖(𝛾+𝛿)

𝐴−
1 = 𝐴 𝐴−

2 = 𝐴𝑟𝑒𝑖(𝛿−𝛾)

Computing the decay rates,

𝛤[𝐵+ → 𝐷CP𝐾+] = |𝐴CP|2 = 𝐴2

2 [1 + 𝑟2 + 2𝑟 cos(𝛾 + 𝛿)]

𝛤 [𝐵− → 𝐷CP𝐾−] = |𝐴CP|2 = 𝐴2

2 [1 + 𝑟2 + 2𝑟 cos(𝛿 − 𝛾)]
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CP Violation in interference



The observable

𝐵 → 𝑓 ∶ 𝛤 [𝐵0(𝑡) → 𝑓]
𝐵̄ → 𝑓 ∶ 𝛤 [𝐵0(𝑡) → 𝑓]

} 𝒜𝐶𝑃 (𝑡) ≡
𝛤 [𝐵0(𝑡) → 𝑓] − 𝛤 [𝐵̄0(𝑡) → 𝑓]
𝛤 [𝐵0(𝑡) → 𝑓] + 𝛤 [𝐵̄0(𝑡) → 𝑓]

𝑓 = 𝑓CP ⟹ 𝐶𝑃 |𝑓⟩ = 𝜂𝑓 |𝑓⟩ where 𝜂 is the CP parity
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The decay ratios

𝛤 [𝐵0(𝑡)] = |⟨𝑓|𝑇 |𝐵0(𝑡)⟩|2 = ?

|𝐵0(𝑡)⟩ = 𝑔+(𝑡)|𝐵0⟩ + 𝑞
𝑝 𝑔−(𝑡)|𝐵̄

0⟩

|𝐵̄0(𝑡)⟩ = 𝑔+(𝑡)|𝐵̄0⟩ + 𝑝
𝑞 𝑔−(𝑡)|𝐵

0⟩

𝐴𝑓 ≡ ⟨𝑓|𝑇 |𝐵0⟩
̄𝐴𝑓 ≡ ⟨𝑓|𝑇 | ̄𝐵0⟩

𝜆𝑓 ≡ 𝑞
𝑝

̄𝐴𝑓
𝐴𝑓

𝛤 [𝐵0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 {|𝑔+(𝑡)|

2 + ∣𝜆𝑓 ∣
2 |𝑔−(𝑡)|

2 + 2 ℜ [𝜆𝑓𝑔∗+(𝑡)𝑔−(𝑡)]}

𝛤 [𝐵̄0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 ∣ 𝑝𝑞 ∣

2
{|𝑔−(𝑡)|

2 + ∣𝜆𝑓 ∣
2 |𝑔+(𝑡)|

2 + 2 ℜ [𝜆𝑓𝑔+(𝑡)𝑔−(𝑡)∗]}
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Assumptions

𝛥𝛤 = 𝛤𝐻 − 𝛤𝐿 = 0
From the PDG [1],

𝛥𝛤 ≃ (2.7 ± 0.4) ⋅ 10−3ps−1

∣ 𝑞𝑝 ∣ = 1

From the literature [2],

For𝐵0
𝑑 − ̄𝐵0

𝑑, 1 − ∣ 𝑞𝑝 ∣ ∼ 𝒪(10−3)

Defining 𝛤 = 𝛤𝐻+𝛤𝐿
2 and𝛥𝑚 ≡ 𝑚𝐻 −𝑚𝐿 ,

𝛤 [𝐵0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 𝑒−𝛤𝑡

2 [1 + ∣𝜆𝑓 ∣
2 + (1 − ∣𝜆𝑓 ∣

2) cos(𝛥𝑚𝑡) + 2 ℑ(𝜆𝑓) sin(𝛥𝑚𝑡)]
For the CP conjugate,

𝛤 [ ̄𝐵0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 𝑒−𝛤𝑡

2 [1 + ∣𝜆𝑓 ∣
2 − (1 − ∣𝜆𝑓 ∣

2) cos(𝛥𝑚𝑡) − 2 ℑ(𝜆𝑓) sin(𝛥𝑚𝑡)]

[1] Particle Data Group, P A Zyla et al. Review of Particle Physics. Progress of Theoretical and Experimental Physics, 2020(8):083C01, 08 2020.

[2] Johannes Albrecht et al. Lifetimes of b-hadrons and mixing of neutral B-mesons: theoretical and experimental status. Eur. Phys. J. ST, 233(2):359–390, 2024.
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Intermediate results

𝛤 [𝐵0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 𝑒−𝛤𝑡

2 [1 + ∣𝜆𝑓 ∣
2 + (1 − ∣𝜆𝑓 ∣

2) cos(𝛥𝑚𝑡) + 2 ℑ(𝜆𝑓) sin(𝛥𝑚𝑡)]

𝛤 [ ̄𝐵0(𝑡) → 𝑓] = ∣𝐴𝑓 ∣
2 𝑒−𝛤𝑡

2 [1 + ∣𝜆𝑓 ∣
2 − (1 − ∣𝜆𝑓 ∣

2) cos(𝛥𝑚𝑡) − 2 ℑ(𝜆𝑓) sin(𝛥𝑚𝑡)]

𝒜(𝑡) = 𝑎dir cos(𝛥𝑚𝑡) + 𝑎int sin(𝛥𝑚𝑡),

𝑎dir = 1 − ∣𝜆𝑓 ∣
2

1 + ∣𝜆𝑓 ∣
2 𝑎int = 2 ℑ(𝜆𝑓)

1 + ∣𝜆𝑓 ∣
2

We can see that

∣𝜆𝑓 ∣ = ∣ 𝑞𝑝 ∣ ∣
̄𝐴𝑓

𝐴𝑓
∣ = ∣

̄𝐴𝑓
𝐴𝑓

∣ ⟹ 𝑎dir ∝ ∣𝐴𝑓 ∣ − ∣ ̄𝐴𝑓 ∣ and 𝑎int ∝ ℑ(𝜆𝑓)
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We can see that
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∣ = ∣
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Further assumptions

Considering a single weak phase,

𝐴𝑓 = 𝐴𝑒𝑖(𝛷𝐴+𝛿)

̄𝐴𝑓 = 𝜂𝑓𝐴𝑒𝑖(−𝛷𝐴+𝛿) }
̄𝐴𝑓

𝐴𝑓
= 𝜂𝑓𝐴𝑒𝑖(−𝛷𝐴+𝛿)

𝐴𝑒𝑖(𝛷𝐴+𝛿) = 𝜂𝑓𝑒−2𝑖𝛷𝐴

From |𝑞/𝑝| = 1,
𝑞
𝑝 = −𝑒2𝑖𝛷𝑀

Using both results,

𝜆𝑓 = 𝑞
𝑝

̄𝐴𝑓
𝐴𝑓

= −𝜂𝑓𝑒−2𝑖(𝛷𝐴−𝛷𝑀)

We can conclude that 𝜆𝑓 is a pure phase (|𝜆𝑓 | = 1).
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The Holy Grail

Recall the results we have obtained until now:

𝒜(𝑡) = 𝑎dir cos(𝛥𝑚𝑡) + 𝑎int sin(𝛥𝑚𝑡) with 𝑎dir = 1−∣𝜆𝑓 ∣
2

1+∣𝜆𝑓 ∣
2 𝑎int = 2 ℑ(𝜆𝑓)

1+∣𝜆𝑓 ∣
2

∣𝜆𝑓 ∣ = 1

We can conclude that the CP asymmetry is given by

𝒜(𝑡) = ℑ(𝜆𝑓) sin(𝛥𝑚𝑡)
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𝐵 → 𝐽/𝛹𝐾𝑆

𝐵0 −−−−−→ 𝐾0→ 𝐾𝑆

𝐵0 → ̄𝐵0 → ̄𝐾0→ 𝐾𝑆
} 𝜆𝑓 = 𝑞𝐵

𝑝𝐵
̄𝐴𝑓

𝐴𝑓
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𝐵 → 𝐽/𝛹𝐾𝑆 : Calculations

We want to compute

𝜆𝑓 = 𝑞𝐵
𝑝𝐵

̄𝐴𝑓
𝐴𝑓

From the box diagrams,

𝑞𝐵
𝑝𝐵

≃ −𝑉 ∗
𝑡𝑏𝑉𝑡𝑑

𝑉𝑡𝑏𝑉 ∗
𝑡𝑑

From the competing decays’ diagrams,

̄𝐴𝑓
𝐴𝑓

≃ 𝑝𝐾
𝑞𝐾

𝑉𝑐𝑏𝑉 ∗
𝑐𝑠

𝑉 ∗
𝑐𝑏𝑉𝑐𝑠

≃ 𝑉𝑐𝑠𝑉 ∗
𝑐𝑑

𝑉 ∗𝑐𝑠𝑉𝑐𝑑

𝑉𝑐𝑏𝑉 ∗
𝑐𝑠

𝑉 ∗
𝑐𝑏𝑉𝑐𝑠
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𝐵 → 𝐽/𝛹𝐾𝑆 : Results

Merging the results,

𝜆𝑓 ≃ −𝑉 ∗
𝑡𝑏𝑉𝑡𝑑

𝑉𝑡𝑏𝑉 ∗
𝑡𝑑

𝑉𝑐𝑠𝑉 ∗
𝑐𝑑

𝑉 ∗𝑐𝑠𝑉𝑐𝑑

𝑉𝑐𝑏𝑉 ∗
𝑐𝑠

𝑉 ∗
𝑐𝑏𝑉𝑐𝑠

= −𝑉 ∗
𝑡𝑏𝑉𝑡𝑑

𝑉𝑡𝑏𝑉 ∗
𝑡𝑑

ZZ𝑉𝑐𝑠𝑉 ∗
𝑐𝑑

ZZ𝑉 ∗
𝑐𝑠𝑉𝑐𝑑

𝑉𝑐𝑏ZZ𝑉 ∗
𝑐𝑠

𝑉 ∗
𝑐𝑏ZZ𝑉𝑐𝑠

= −𝑉 ∗
𝑐𝑑𝑉𝑐𝑏

𝑉 ∗
𝑡𝑑𝑉𝑡𝑏

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏

𝑉𝑐𝑑𝑉 ∗
𝑐𝑏

Using the definition of the 𝛽 angle of the unitarity triangle,

𝛽 ≡ arg(−𝑉𝑐𝑑𝑉 ∗
𝑐𝑏

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏
)

one gets

𝜆𝑓 ≃ −
− ∣𝑉 ∗

𝑐𝑑𝑉𝑐𝑏
𝑉 ∗

𝑡𝑑𝑉𝑡𝑏
∣ 𝑒−𝑖𝛽

− ∣𝑉𝑐𝑑𝑉 ∗
𝑐𝑏

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏
∣ 𝑒𝑖𝛽

= −𝑒−2𝑖𝛽 ⟹ ℑ(𝜆𝑓) ≃ sin(2𝛽)

Finally,

𝒜CP ≃ sin(2𝛽) sin(𝛥𝑚𝑡) From [3], sin(2𝛽) = 0.699 ± 0.017
[3] Particle Data Group, P A Zyla et al. Review of Particle Physics. Progress of Theoretical and Experimental Physics, 2020(8):083C01, 08 2020.
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𝑉𝑡𝑏𝑉 ∗
𝑡𝑑

ZZ𝑉𝑐𝑠𝑉 ∗
𝑐𝑑

ZZ𝑉 ∗
𝑐𝑠𝑉𝑐𝑑

𝑉𝑐𝑏ZZ𝑉 ∗
𝑐𝑠

𝑉 ∗
𝑐𝑏ZZ𝑉𝑐𝑠

= −𝑉 ∗
𝑐𝑑𝑉𝑐𝑏

𝑉 ∗
𝑡𝑑𝑉𝑡𝑏

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏

𝑉𝑐𝑑𝑉 ∗
𝑐𝑏

Using the definition of the 𝛽 angle of the unitarity triangle,

𝛽 ≡ arg(−𝑉𝑐𝑑𝑉 ∗
𝑐𝑏

𝑉𝑡𝑑𝑉 ∗
𝑡𝑏
)

one gets

𝜆𝑓 ≃ −
− ∣𝑉 ∗

𝑐𝑑𝑉𝑐𝑏
𝑉 ∗
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= −𝑒−2𝑖𝛽 ⟹ ℑ(𝜆𝑓) ≃ sin(2𝛽)

Finally,

𝒜CP ≃ sin(2𝛽) sin(𝛥𝑚𝑡) From [3], sin(2𝛽) = 0.699 ± 0.017
[3] Particle Data Group, P A Zyla et al. Review of Particle Physics. Progress of Theoretical and Experimental Physics, 2020(8):083C01, 08 2020.
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Summary

The complex phase of the CKM matrix allows for CP violation in the SM.

CPV observation requires at least two competing diagrams with different weak and strong phases that go to the same
final state.

CP violation can manifest in decay, mixing and interference.

Some CP-violating processes can be used to measure some fundamental parameters of the Standard Model: the angles
of the Unitarity Triangle.
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