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Introduc)on

2

Yesterday we covered the foundations and motivations of the subject
• Quantum loops & indirect searches for new physics
• Discrete symmetries in nature
• Example: Neutral meson oscillations

Today we connect these ideas and examine them in the context of the standard 
model

• The CKM mechanism and quark mixing
• Complex CKM phases ⇋ CP violation
• Experimental constraints and the B factory era
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Part I: Quark flavour in the SM
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Quark mixing

Weak interac<on breaks C and P maximally, and CP a bit – how?

In 1960s, list of fundamental par<cles was small:

• 4 leptons (e, μ, νe, νμ)

• 3 quarks (u, d, s)

From par<cle life<mes, can derive weak coupling strengths g for different decays…

Muon decay Neutron decay Kaon decay

g g’ g’’

Find     g > g’ >> g’’ ⇒ why?
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Muon decay Neutron decay Kaon decay

g g cos(θc) g sin(θc)

h;ps://journals.aps.org/prl/abstract/10.1103/PhysRevLe;.10.531
Universal coupling can be recovered 
if weak interaction ‘sees’ rotated 
combination of quark flavours

θc = 0.257 from experiments

Quark mixing

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.10.531
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Muon decay Neutron decay Kaon decay

g gd cos(θc) gs sin(θc)

Weak eigenstates are a mixture
(superposi?on) of flavour states:

hDps://journals.aps.org/prl/abstract/10.1103/PhysRevLeD.10.531
Universal coupling can be recovered 
if weak interac?on ‘sees’ rotated 
combina?on of quark flavours

θc = 0.257 from experiments

Quark mixing

✔ Saves universality of weak interac?on, introduces concept of quark mixing 
✘ Predicts addi?onal kaon decays well above observed experimental limits…

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.10.531
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“GIM” and the charm quark

Following Cabibbo, quesBons remain – some apparently allowed decays are never observed

d

s
_

K0

μ−

μ+

u

W−

W+

νμ

Process K0 ➝ μ+μ− apparently highly 
suppressed (based on exp.) – but why?

cosθc

sinθc
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Process K0 ➝ μ+μ− apparently highly 

suppressed (based on exp.) – but why?

Add charm quark ⇒ add second diagram 

(= amplitude)

d

s

_

K0

μ−

μ+

c

W−

W+

νμ

sinθc

−cosθc

d

s

_

K0

μ−

μ+

u

W−

W+

νμ

cosθc

sinθc

“GIM” and the charm quark

Following Cabibbo, questions remain – some apparently allowed decays are never observed
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Process K0 ➝ μ+μ− apparently highly 

suppressed (based on exp.) – but why?

Add charm quark ⇒ add second diagram 

(= amplitude)

Two amplitudes ~equal and have 

opposite sign 

⇒ total amplitude highly suppressed!

Cancella3on not perfect because u and c 
quarks have different mass.

d

s

_

K0

μ−

μ+

c

W−

W+

νμ

sinθc

−cosθc

⇒ GIM mechanism

d

s

_

K0

μ−

μ+

u

W−

W+

νμ

cosθc

sinθc

“GIM” and the charm quark

Following Cabibbo, quesTons remain – some apparently allowed decays are never observed
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[Neutral kaon mixing]

Same diagrams cause kaon mixing

d

s_

K0 u,c

W−

W+ d

s

_

K0u,c

_ Mixing rate strongly depends on charm 
quark mass – if we can observe kaon
mixing we can predict this mass

Kaon mixing experimentally confirmed since 1960s

Measurement of Δmk (=oscillaRon frequency) gave predicRon mc = 1.5 GeV

Δmk = 
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Leads to remarkable symmetry 
between quark and lepton sector

Makes testable predic@on of existence and mass of charm quark…

“GIM” and the charm quark
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285


Flavour Physics Lecture 2            21 July 2022          Mark Williams 12

Leads to remarkable symmetry 
between quark and lepton sector

Makes testable predic@on of existence and mass of charm quark…

J/ψ meson 
(cc bound state)
discovered 
simultaneously 
at BNL and SLAC 
in 1974

1976

1979

M(J/ψ) 
≈ 3 GeV ! _

hQps://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285

“GIM” and the charm quark

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
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Where’s the CP viola0on?

CP viola<on experimentally 
verified in weak interac<on, 
but couldn’t fit into exis<ng 
theory…

https://doi.org/10.1143/PTP.49.652

KM realised that we need 3 genera0ons to allow CP viola<on…

Cabibbo Cabibbo Kobayashi Maskawa (CKM)

1 (real) parameter: mixing angle θc 4 parameters: 3 real mixing angles
1 complex phase!

https://doi.org/10.1143/PTP.49.652
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Cabibbo Cabibbo Kobayashi Maskawa (CKM)

Predic5on of another 2 new quarks even before charm was discovered!

⇒ b (t) quark not discovered un5l 1977 (1994)!

Where’s the CP viola5on?

CP viola<on experimentally 
verified in weak interac<on, 
but couldn’t fit into exis<ng 
theory…

hHps://doi.org/10.1143/PTP.49.652

KM realised that we need 3 genera5ons to allow CP viola<on…

2008

https://doi.org/10.1143/PTP.49.652
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[Discovering beauty/bo2om]

1977, Lederman et al (proton beam on fixed target)

2018, LHCb (pp collisions)

Υ ➝ μ+μ−

M ≈ 9.5 GeV

‘boQomonium’ 
(bb bound state)_
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CKM structure

Current experimental status: h3p://pdg.lbl.gov/2016/reviews/rpp2016-rev-ckm-matrix.pdf

Magnitudes |Vij|2 appear in probabiliFes (=rates) of decays.

Magnitudes have suggesFve pa3ern
No known reason!

TransiFons within same generaFon : “Cabibbo Favoured” (CF)

Processes with 1 (2) off-diagonal elements : 
“Singly (doubly) Cabibbo Suppressed” (SCS / DCS)

Vud

Vcs

Vtb
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CKM and CP viola-on

CP operator 
⇒ complex conjuga4on of amplitudes 

With 3 genera4ons, CKM elements 
Vij can be complex

A universe with 2 (or 1) genera-ons 
could not have CP viola-on this way!

Highly predic-ve (= good theory!)
• Can make many independent measurements of Vij from different systems

• Test if these are self-consistent

Can be different!

Next job: measure the magnitudes and phases of these complex parameters Vij
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Decompose into three rota/on matrices:

CKM parameteriza/on: `PDG’
sij = sinθij

cij = cosθij

Parameters: 
• 3 rota4on angles θ12,θ13,θ23
• CP-viola4ng phase δ

Observed hierarchy mo/vates an 
alterna/ve parameterisa/on…

Flavour Physics Lecture 2            21 July 2022          Mark Williams
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Expand CKM matrix elements in 
powers of λ ≈ 0.22
(i.e. sinθc)

Here shown to order λ3

CKM parameteriza-on: Wolfenstein

Parameters: A, λ, ρ, η QuanIfy CP 
violaIon

O(1)

O(λ)

O(λ3)

O(λ2)

O(1)

O(λ3)
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Part II: Tes+ng the CKM mechanism
a. Magnitudes
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Testing the CKM mechanism

How to measure CKM matrix elements?
⇒ magnitudes control rates of parEcle decays

⇒ RaEo of decay rates proporEonal to raEo of |amplitude|2

For Vud, compare neutron (β decay) 
and muon decay rates

|     |
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β-decays

|     | |     | |     |
|     | |     | |     |
|     | |     | |     |

Tes*ng the CKM mechanism
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β-decays

Semileptonic
(or leptonic) 
Kaon decays

|     | |     | |     |
|     | |     | |     |
|     | |     | |     |

Tes5ng the CKM mechanism
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β-decays

B meson decays to 
charm mesons

Semileptonic
(or leptonic) 
Kaon decays

|     | |     | |     |
|     | |     | |     |
|     | |     | |     |

Tes0ng the CKM mechanism
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β-decays

Semileptonic
Charm meson 
decays

B meson decays to 
charm mesons

Semileptonic
(or leptonic) 
Kaon decays

B meson decays 
to light mesons

Bs0 mixing B0 mixing top decays

O4en require theory inputs to relate 
hadron measurements to quark-level CKM

|     | |     | |     |
|     | |     | |     |
|     | |     | |     |

Tes@ng the CKM mechanism
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Unitarity triangle(s)

CKM matrix is unitary:  VCKMV†CKM = I

Provides 9 constraints relating elements, e.g.     VudVub* + VcdVcb* + VtdVtb* = 0 

Sum of three complex numbers = 0 
⇒ triangle on Argand plane

|        |

|        |

|        |

(0,0)

(Wolfenstein parameters)

There are in fact 6 triangles 
(one per quark pair) 
– this one (‘bd’) is most insighSul
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CKM matrix is unitary:  VCKMV†CKM = I

Provides 9 constraints relaBng elements, e.g.     VudVub* + VcdVcb* + VtdVtb* = 0 

Sum of three complex numbers = 0 
⇒ triangle on Argand plane

Rescale by dividing all sides by |VcdVcb*|

|        |

|        ||        |
|        ||        |

|        |

(0,0) (1,0)1

ρ’ + iη’

(modified Wolfenstein parameters)

Unitarity triangle(s)
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CKM matrix is unitary:  VCKMV†CKM = I

Provides 9 constraints relaBng elements, e.g.     VudVub* + VcdVcb* + VtdVtb* = 0 

Sum of three complex numbers = 0
⇒ triangle on Argand plane

Rescale by dividing all sides by |VcdVcb*|

|        |

|        ||        |
|        ||        |

|        |

(0,0) (1,0)1

Now experimental measurements form 
constraints of various shape on the 
posiAon of the apex
• Length of sides (x2)
• Angles (x3)

ρ’ + iη’

Amount of CPV related 
to area of triangle

Unitarity triangle(s)



SM CP viola+on and the universe
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Jarlskog parameter J: Conven0on-invariant measure of CPV in quark sector

Expressed as Wolfenstein parameters: 
J = A2λ6η(1 − λ2/2) + O(λ10) ≈ 3 × 10−5

|								|	

|								|	
|								|	

(0,0)	

(Wolfenstein	parameters)	

J = 2× area 

Cecilia Jarlskog with colleagues at the Nordic Ins0tute of 
Theore0cal Physics (NORDITA) in Copenhagen, in the early 1980s.

J = ± Im(VusVcbV∗ubV∗cs)

h[ps://doi.org/10.1103/PhysRevLe[.55.1039 (1985) 
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https://doi.org/10.1103/PhysRevLett.55.1039


J = ± Im(VusVcbV∗ubV∗cs)

Jarlskog parameter J: Conven8on-invariant measure of CPV in quark sector

30

But… if any quark masses are degenerate, CPV 
vanishes – and small differences suppress it….

Mul8ply by terms 

 24

CP violation and the BAU

● We can estimate the magnitude of the baryon asymmetry 
of the Universe caused by KM CP violation

● The Jarlskog parameter J is a parametrization invariant 
measure of CP violation in the quark sector: J ~ O(10–5)

● The mass scale M can be taken to be the electroweak 
scale O(100 GeV)

● This gives an asymmetry O(10–17)
– much much below the observed value of O(10–10)

nB−nB

n

≈
nB

n

~
J×Pu×Pd

M
12

J = cos
12
cos 

23
cos

2
13
sin 

12
sin 

23
 sin

13
sin 

Pu = mt

2
−mc

2
mt

2
−mu

2
mc

2
−mu

2


Pd = mb

2
−ms

2
mb

2
−md

2
ms

2
−md

2


PRL 55 (1985) 1039

N.B. Vanishes for degenerate masses

Tim Gershon
Flavour & CPV

And divide by electroweak mass scale… MW
12

|								|	

|								|	
|								|	

(0,0)	

(Wolfenstein	parameters)	

J = 2× area 

SM CP viola4on and the universe
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J = ± Im(VusVcbV∗ubV∗cs)
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Jarlskog parameter J: Conven:on-invariant measure of CPV in quark sector

But… if any quark masses are degenerate, CPV 
vanishes – and small differences suppress it….

 24

CP violation and the BAU

● We can estimate the magnitude of the baryon asymmetry 
of the Universe caused by KM CP violation

● The Jarlskog parameter J is a parametrization invariant 
measure of CP violation in the quark sector: J ~ O(10–5)

● The mass scale M can be taken to be the electroweak 
scale O(100 GeV)

● This gives an asymmetry O(10–17)
– much much below the observed value of O(10–10)

nB−nB

n

≈
nB

n

~
J×Pu×Pd

M
12

J = cos
12
cos 

23
cos

2
13
sin 

12
sin 
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 sin
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2
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mt

2
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2
mc

2
−mu

2


Pd = mb

2
−ms

2
mb

2
−md

2
ms

2
−md

2


PRL 55 (1985) 1039

N.B. Vanishes for degenerate masses

Tim Gershon
Flavour & CPV

= O(10−20) from SM

Mul:ply by terms 
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CP violation and the BAU

● We can estimate the magnitude of the baryon asymmetry 
of the Universe caused by KM CP violation

● The Jarlskog parameter J is a parametrization invariant 
measure of CP violation in the quark sector: J ~ O(10–5)

● The mass scale M can be taken to be the electroweak 
scale O(100 GeV)

● This gives an asymmetry O(10–17)
– much much below the observed value of O(10–10)

nB−nB
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~
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J = cos
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sin 
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 sin
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sin 
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2
−mc

2
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2
−mu

2
mc

2
−mu
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Pd = mb

2
−ms

2
mb

2
−md

2
ms

2
−md

2


PRL 55 (1985) 1039

N.B. Vanishes for degenerate masses

Tim Gershon
Flavour & CPV

And divide by electroweak mass scale… MW
12

= O(10−10) Observed!

⇒ Need to iden:fy new sources of CPV associated with high energy scales

|								|	

|								|	
|								|	

(0,0)	

(Wolfenstein	parameters)	

J = 2× area 

SM CP viola8on and the universe
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Unitarity triangle in 1995…

Top quark just discovered 
⇒ CKM constraint can be derived from B0

meson mixing measurements (ΔM) 

First constraints on |Vub| from from 
LEP, ARGUS, CLEO experiments 

Minimum number of measurements 
needed to locate apex, and large 
uncertainties – no measurements of 
angles

Lots of work ahead! Sets the stage for the next phase in flavour physics…
The era of the B factories!



Part II: Tes+ng the CKM mechanism
b. Phases



How to measure angles α, β, γ?
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Observables are rates, i.e. |A|2 ⇒ not sensiCve to phases |Aeiφ|2 = A2

Need two amplitudes with different phases 
– then rate sensitive to their difference…

|A1eiφ1 + A2eiφ2|2 = A1
2 + A2

2 + 2A1A2cos(δφ) 
δφ = φ1 − φ2

Unitarity triangle angles are phase differences between 
CKM elements

e.g. β is angle between VcdVcb* and VtdVtb*

Need >1 amplitudes to reach same final state (interference)
One of these must include a top quark loop… B0 mixing?

top quark – must 
be in loop!



[3 types of CP viola1on]
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Three ways to sa>sfy the criteria for CPV: 
>1 amplitudes with different strong and weak phases:

CP viola>on 
in decay: Γ(i➝f) ≠ Γ(i➝f)

_ _
CP viola>on in 
meson mixing: Γ(M0➝M0) ≠ Γ(M0➝M0)_ _

i.e. |q/p| ≠ 1

CP viola>on in 
interference between 
mixing and decay:

Γ(M0➝M0➝f) ≠ Γ(M0➝M0➝f)_ _

requires arg(q/p) ≠ 0

Only possible 
for neutral mesons 
that mix

Possible for any decay

(to common final state f)



CP viola)on in interference
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Consider the process B0 ➝ B0 ➝ fCP

_

B0 fCP

B0_

From last lecture, for B0 at Dme t=0

g+(t) Af

(q/p) g−(t) Af

_

⇒ Total amplitude  = 

Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP AfCP


g+(t) +

q

p

AfCP

AfCP

g�(t)

�

AfCP


g+(t) +

p

q

AfCP

AfCP

g�(t)

�
AfCP


g+(t) +

p

q

AfCP

AfCP

g�(t)

�

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

g±(t) =
e�i!Ht ± e�i!Lt

2

110

=

Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

where

Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

Now plug-in g±(t) terms (see last lecture) and ||2 to get rate…

⟨fCP|B0(t)⟩
ACP = ⟨fCP|B0⟩(—) (—)

Reminder:



CP viola)on in interference
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where: 

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

CPV in decay CPV in interference 
between mixing & decay

CP conserving part

Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) + Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) + Amix sin(Δmt) ]CPCP

B0 at t=0: 

Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) − Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) − Amix sin(Δmt) ]CPCP

B0 at t=0: 

_ _



CP viola)on in interference
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Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) + Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) + Amix sin(Δmt) ]CPCP

B0 at t=0: 

Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) − Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) − Amix sin(Δmt) ]CPCP

B0 at t=0: 

_
✘For B0 case, ΔΓ small – can be neglected…

1

1

_



CP viola)on in interference
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Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) + Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) + Amix sin(Δmt) ]CPCP

B0 at t=0: 

Γ(B(t) ➝ f ) ∝ e−Γt

× [ cosh(ΔΓt/2) − Adir cos(Δmt) + AΔΓ sinh(ΔΓt/2) − Amix sin(Δmt) ]CPCP

B0 at t=0: 

1

1

✘For ‘golden mode’ B0 ➝ J/ψ KS0:  No direct CPV   (ACP
dir = 0, a = 0)

and Amix = −sin(2β)

_

CP

_



CP viola)on in interference
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Γ(B(t) ➝ f ) ∝ e−Γt × [ 1 − sin(2β) sin(Δmt) ]B0 at t=0: 

B0 at t=0: 

_

Γ(B(t) ➝ f ) ∝ e−Γt × [ 1 + sin(2β) sin(Δmt) ]

⇒ By Eme-dependent analysis, can extract β from amplitude of oscillaEons
_



CP viola)on in interference
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Γ(B(t) ➝ f ) ∝ e−Γt × [ 1 − sin(2β) sin(Δmt) ]B0 at t=0: 

B0 at t=0: 

_

Γ(B(t) ➝ f ) ∝ e−Γt × [ 1 + sin(2β) sin(Δmt) ]

⇒ By Eme-dependent analysis, can extract β from amplitude of oscillaEons

⇒ Even cleaner using CP asymmetry:

Γ(t) [B0➝J/ψKS
0] − Γ(t) [B0➝J/ψKS

0]  

Γ(t) [B0➝J/ψKS
0] + Γ(t) [B0➝J/ψKS

0]  
= −sin(2β)sin(Δmt)  

_

_

Hence, 
“Golden mode”

_

But note: asymmetry integrates to zero over time



Part III: The B factories



The B Factories: BaBar and Belle
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• Collide e+e− at Υ(4S) resonance energy ⇒ Υ(4S) ➝ B(0,±)B(0,±) 

• B hadrons quantum correlated – can determine iniKal state from ‘other B’

• Asymmetric beam energy ⇒ B hadrons move, so can measure ‘t’

_

NEW!

Pier Oddone, father of
asymmetric e+e− colliders



The B Factories: BaBar and Belle
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BaBar: on PEP-II @ SLAC, USA
9 GeV e− ⟷ 3.1 GeV e+

433 N−1 (1999 – 2008)

Different detectors, same ideas:
• Vertex + tracking detectors
• ParXcle ID
• Calorimetry

Belle: on KEKB accelerator (Japan)
8 GeV e− ⟷ 3.5 GeV e+

711N−1 (1999 − 2010)



Example event

45

B0 ➝ D*+ π−
fast

➝| D0 π+
so0

➝| K−     π+

_Tagging side: 

K− tags ini7al flavor as B0

⇒ Signal must be B0 at “t=0”

_

B0 ➝ J/ψ KS
0

➝
|

μ+μ−
➝| π+π−

|
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Golden mode results: sin(2β)
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BaBar h<ps://arxiv.org/abs/0902.1708 h<ps://arxiv.org/abs/1201.4643Belle

Actually use many different channels 

(both CP-odd and CP-even, ηf = ±1)

⇒ Clear CP-asymmetry! Measure sin(2β)

~KS0~ KL0

https://arxiv.org/abs/0902.1708
https://arxiv.org/abs/1201.4643


Golden mode results: sin(2β)
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Results on 
previous slide

LHCb now 
compe::ve with 
B-factories!

sin(2β)



Golden mode results: sin(2β)
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Two-fold ambiguity on β, but 

second soluFon ruled-out by 

other inputs

0.70



Other angles: α and γ
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Similar approach to measure other angles…

b➝cW transiBons, with B mixing

(e.g. B
0 ➝ J/ψ K

S

0
)

b➝uW transitions, with B mixing

(e.g. B
0 ➝ π

+
π

−
)

Messy – many interfering processes, 
and direct CPV



Penguin pollu+on

50

Beyond tree-level…

d

_

b

d

s

c

_

J/ψ

K0

c

_

B0
u,c,t

Vtb
*

_ __

Vts

Tree “Penguin”

Can have penguin diagrams with different weak phase

For B0 ➝ J/ψ KS
0, tree-level process dominates

⇒ penguin can be ignored (<1% effect)

With sufficient experimental precision, these penguin 

contributions must be included.

d

_

b

d

_	

d	

b	

B0	
u,c,t	

W−	

W+	
d	

b	

_	

B0	
u,c,t	_	

W+ s

c

c

Vcb

Vcs

_

*
J/ψ

K0

_

W+B0
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_

_	

d	

b	

B
0	 u,c,t	

W
−	

W
+	

d	

b	

_	

B
0	

u,c,t	

_	_

51

Similar process allows α to be measured , BUT cannot ignore penguin pollu9on here

Measuring CKM angle α

d

_

b

d

u

u

_

d

B0
Vub

*

VudTree (T) “Penguin” (P)

d

_

b

d

u

π+

π−

u

_

d

Vub
*

Vud

π+

π−

W+

Adir = 2       sinα sin(δP − δT) 
CP

|P|

|T|

~20%

Amix = sin2α - 2        sinα cos2α cos(δP − δT) 
CP

|P|

|T|

= sin2αeff

Several proposed techniques to reduce sensi9vity to penguin pollu9on, e.g. 

• ‘Gronau London’ (hYps://doi.org/10.1103/PhysRevLeY.65.3381, 1990) 

• ‘Snyder-Quinn’ (hYps://doi.org/10.1103/PhysRevD.48.2139, 1993)

B0
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https://doi.org/10.1103/PhysRevLett.65.3381
https://doi.org/10.1103/PhysRevD.48.2139


CKM angle α: state-of-the-art

52

Current measurements from different channels not in perfect agreement – need more 
precision!

Smaller CPV and 
penguin effects

Larger CPV and 
penguin effects

Adir
CP

Amix
CP

Adir
CP

Amix
CP
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LHCb measurements now most precise

CKM angle α: state-of-the-art

h6ps://doi.org/10.1007/JHEP03(2021)075
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sin(2α)

https://doi.org/10.1007/JHEP03(2021)075


Impact of B-factories

54

1995 2009
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β = (21.15 ± 0.90)°

α = (89.0        )°

γ = (73        )°− 25

On the eve of the LHC…

55

All constraints consistent with single 
point for apex

Direct measurements of angles:

+ 4.4
− 4.2

+ 22

2009

⇒ Need to improve γ measurement!

Brings us to the LHC era of flavour
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Summary

56

Today we covered the founda3ons of b physics:
• CP viola3on in the SM (quark sector) 
• Unitarity triangle(s)
• Measuring CKM phases
• B-factory measurements of β and α

Next 3me – we will cover b (and c) physics in the LHC era:
• Hadron colliders vs B-factories
• Mixing and CP viola3on in Bs

0 and D0 mesons
• CKM angle gamma
• Rare decays and lepton universality
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• CKM parameters

• CPV and ‘strong phases’

• Measuring |Vub|

• Measuring sin(2β)

Extra Slides
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CKM matrix: Why 4 parameters?

Why does a 3×3 CKM matrix only have 3 real and 1 complex parameters?

Most general N×N complex matrix  would have 2N2 = 18 parameters

• Must be unitary, i.e. VCKMVCKM* = I ⇒ N2 constraints, leaving N2=9 parameters
(in physics: t➝d + t➝s + t➝b = 1)

• We can readily change conventions which describe phases between quark fields
⇒ 6 quarks, so 5 phase differences, leaving 4 free parameters

• N(N−1)/2 = 3 are rotation angles

• Remaining parameter is irreducible phase

Note: For N=2 (Cabibbo), we have 8 – 4 – 3 = 1 free parameter (must be rotation angle)



Condi&ons for CPV
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Consider a process with two interfering amplitudes – can it violate CP symmetry?

Rate = |A1eiφ + A2eiφ’|2 

= A12 + A22 + 2A1A2cos(δφ) 

Amplitude A = A1eiφ1 + A2eiφ2 Amplitude A* = A1e−iφ1 + A2e−iφ2

Rate = |A1e−iφ + A2e−iφ’|2 

= A12 + A22 + 2A1A2cos(−δφ)
= A12 + A22 + 2A1A2cos(δφ)

No! Obvious in Argand diagram…

Amplitudes and Observables

P (i� f) = |A1 + A2|2

A1 + A2

A1

A2

Aj = �final|Hj |initial⇥

= |Aj |e+i�weak
j

= |A1|2 + 2|A1||A2| cos �2 + |A2|2

�2

Āj = A⇥
j

= |Aj |e�i�weak
j

P (̄i� f̄) = |Ā1 + Ā2|2

Ā1

Ā2
Ā1 + Ā2

CP

�2

108

Amplitudes and Observables

P (i� f) = |A1 + A2|2

A1 + A2

A1

A2

Aj = �final|Hj |initial⇥

= |Aj |e+i�weak
j

= |A1|2 + 2|A1||A2| cos �2 + |A2|2

�2

Āj = A⇥
j

= |Aj |e�i�weak
j

P (̄i� f̄) = |Ā1 + Ā2|2

Ā1

Ā2
Ā1 + Ā2

CP

�2

108

There is a second condi&on to allow CP viola&on…
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Rate 
= A12 + A22 + 2A1A2cos(δφ + δκ) 

A = A1eiφ1eiκ1+ A2eiφ2eiκ2 A = A1e−iφ1eiκ1 + A2e−iφ2eiκ2

Rate 
= A12 + A22 + 2A1A2cos(δφ − δκ)

There is a second condi:on to allow CP viola:on…

Different strong phase (i.e. CP conserving – no sign change) between amplitudes

Amplitudes and Observables

A1 + A2

A1

A2
�2

P (i� f) = |A1 + A2|2

�2

Ā1

Ā2Ā1 + Ā2

P (̄i� f̄) = |Ā1 + Ā2|2

Āj = |Aj |ei(�⇥weak
j +�j)CP

�2
�2

= |A1|2 + 2|A1||A2| cos (⇥2 ± �2) + |A2|2

P (i⇥ f)� P (̄i⇥ f̄) = �4|A1||A2| sin (⇥2) sin (�2)

Aj = |Aj |ei(+�weak
j +j)

109

Amplitudes and Observables

A1 + A2

A1

A2
�2

P (i� f) = |A1 + A2|2

�2

Ā1

Ā2Ā1 + Ā2

P (̄i� f̄) = |Ā1 + Ā2|2

Āj = |Aj |ei(�⇥weak
j +�j)CP

�2
�2

= |A1|2 + 2|A1||A2| cos (⇥2 ± �2) + |A2|2

P (i⇥ f)� P (̄i⇥ f̄) = �4|A1||A2| sin (⇥2) sin (�2)

Aj = |Aj |ei(+�weak
j +j)

109

CP violaNon! Difference in rates:     Γ(i➝f) − Γ(i➝f) = −4A1A2 sin(δφ) sin(δκ)_ _

Condi:ons for CPV



Measuring |Vub|
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|Vub| determined from 
semileptonic b➝u decays: 

Two different approaches:

• “Exclusive” semileptonic decays
(i.e. a known set of parJcular decays, 
e.g. B0 ➝ π−e+ν)

• “Inclusive” semileptonic decays
(i.e. B0 ➝Xue+ν where Xu includes all 
possible hadrons)

Experiment Theory

! Easier

! Cleaner – can use 
Operator Product 
Expansion (OPE)

✘Harder − need to 
reject background 
from b➝c

✘Less clean − requires 
understanding of form 
factors (La\ce QCD)



Measuring |Vub|
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Exclusive approach
⇒ B0 ➝ π−e+ν rate versus q2

is sensiBve to |Vub|, but 

requires theory input |f+(q2)|

hKps://arxiv.org/abs/1306.2781Belle (2013)

|Vub| = (3.52 ±0.29)×10−3

hKps://arxiv.org/abs/1208.1253BaBar (2012)

|Vub| = (3.25 ±0.31)×10−3

https://arxiv.org/abs/1306.2781
https://arxiv.org/abs/1208.1253


Measuring |Vub|

Flavour Physics Lecture 2            21 July 2022          Mark Williams 63

Inclusive approach
Total decay rate to all Xu is easier to calculate – don’t care 

about details of hadronisaDon

But – large contaminaDon from b➝c

needs to be rejected. 

⇒Cut on lepton energy or q2 – charm 

hadrons more massive

Several theoreDcal approaches – this is a 

summary of one of them (from Heavy 

Flavour Averaging Group, HFlav)



Measuring |Vub|
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Exclusive vs Inclusive
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‘Golden Mode’ B0 ➝ J/ψKS
0

Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saHsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110



_	

d	

b	

B0	 u,c,t	

W−	

W+	 d	

b	

_	

B0	u,c,t	

_	

_	

d	

b	

B0	u,c,t	

W−	

W+	d	

b	

_	

B0	 u,c,t	

_	
b

d

_ W−

W+

t

d

t

_

b

Vtb*

Vtd Vtb

Vtd

*

Flavour Physics Lecture 2            21 July 2022          Mark Williams 66

Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saMsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

Vtb*Vtd

VtbVtd*

= 
Vtb*Vtd

VtbVtd*
… 

‘Golden Mode’ B0 ➝ J/ψKS
0



d

_b

d

_	

d	
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B0	
u,c,t	

W−	

W+	
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_	
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W+ s

c

c
Vcb
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_

* J/ψ

K0

_
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saNsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

d
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d
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W+	
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c

Vcb

Vcs

_

*

J/ψ

K0_ × ⟨KS0|K0⟩_
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_B0
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× ⟨KS0|K0⟩

‘Golden Mode’ B0 ➝ J/ψKS
0
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is satisfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0
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B0

B0

fCP

g+(t)

p

q
g�(t)
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Af
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�fCP ⌘ q

p
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AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2
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‘Golden Mode’ B0 ➝ J/ψKS
0
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saNsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0
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B0
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fCP

g+(t)

p

q
g�(t)
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Af
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AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110
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‘Golden Mode’ B0 ➝ J/ψKS
0
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saMsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0
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fCP

g+(t)

p

q
g�(t)

Af

Af
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AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2
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Vcb*Vcs

VcbVcs* Vcd*Vcs

VcdVcs*
ηCP= 

Vtb*Vtd

VtbVtd*

Vcb*Vcd

VcbVcd* Cancel terms, and
ηCP = −1  for  J/ψKS

0= − 
Vtb*Vtd

VtbVtd*

‘Golden Mode’ B0 ➝ J/ψKS
0
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saMsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

Vcb*Vcs

VcbVcs* Vcd*Vcs

VcdVcs*
ηCP= 

Vtb*Vtd

VtbVtd*

Vcb*Vcd

VcbVcd* Cancel terms, and
ηCP = −1  for  J/ψKS

0= − 
Vtb*Vtd

VtbVtd*

Vcb*Vcd

VcbVcd*
=   − Vtb*Vtd

VtbVtd*
Rearrange

‘Golden Mode’ B0 ➝ J/ψKS
0
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Why is Amix = −sin(2β) for  B0 ➝ J/ψ KS
0?CP

26

Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

A
CP

dir 2 A 
2 A

CP

mix2=1

CP violating asymmetries CP conserving parameter

ACP

dir = CCP =
1−∣CP∣

2

1∣CP∣
2

A =
2 ℜ

CP


1∣CP∣
2

ACP

mix = SCP =
2 ℑ

CP


1∣CP∣
2

Tim Gershon
Flavour & CPV

(1) remember: so this is saMsfied if    λCP = −e−2iβ

= −cos(2β) − i sin(2β)

(2) remember: Interference!

t = 0 t Amplitude

B0

B0

B0

B0

B0

B0

fCP

g+(t)

p

q
g�(t)

Af

Af

g+(t)

q

p
g�(t) Af

Af

fCP

�fCP ⌘ q

p

AfCP

AfCP

= e�i�weak

AfCP


g+(t) +

1

�fCP

g�(t)

�

AfCP [ g+(t) + �fCP g�(t) ]

For neutral B mesons, g
-
(t)has a 

90o phase difference wrt. g+(t)

g±(t) =
e�i!Ht ± e�i!Lt

2

110

Vcb*Vcs

VcbVcs* Vcd*Vcs

VcdVcs*
ηCP= 

Vtb*Vtd

VtbVtd*

Vcb*Vcd

VcbVcd* Cancel terms, and
ηCP = −1  for  J/ψKS

0= − 
Vtb*Vtd

VtbVtd*

Vcb*Vcd

VcbVcd*
=   − Vtb*Vtd

VtbVtd*

=  [Aeiβ]*
=  Ae−iβ

= [−Aeiβ]−1

= −A−1e−iβ

Rearrange

⇒ Aeiβ = 

⇒ λJ/ψKS0 = −e−2iβ Q.E.D

‘Golden Mode’ B0 ➝ J/ψKS
0


