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T. Blake

An introduction to Flavour Physics

• What’s covered in these lectures: 

1. An introduction to flavour in the SM. 

2. CP violation (part 1).!

➡  Types of CP violation and neutral meson mixing. !

3. CP violation (part 2). 

4. Flavour changing neutral current processes.
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T. Blake

Recap: CKM matrix
• Standard form is to express the CKM matrix in terms of three 

rotation matrices and one CP violating phase,  

!

!

!

where  
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T. Blake

Wolfenstein parameterisation
• Can also exploit the hierarchy of the CKM matrix to write  

!

!

!

!

where
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T. Blake

Wolfenstein parameterisation
• Can also exploit the hierarchy of the CKM matrix to write  

!

!

!

!
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Bs system CP violating 
phases enters at λ4 in mixing

Bd system CP violating phase 
enters at λ3 in mixing

CP violating phase 
associated with Vub



T. Blake

Wolfenstein parameterisation
• Can also exploit the hierarchy of the CKM matrix to write  

!

!

!

!
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CP violation
• Three ways to observe CP violating effects: 

!

1. Direct CP violation  

!

2. Mixing induced CP violation 

!

3. CP violation in the interference between mixing and decay
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Direct CP violation
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T. Blake

Direct CP violation
• If there is only a single “path” to a final state f, then cannot get 

direct CP violation. 

•  Starting from 

!

!

• Gives  

!

• Solution  
➡ Introduce a second amplitude. Often realised by having 

interfering tree and penguin amplitudes.

9

A(B ! f) =A1e
i(�1+�1)

A(B̄ ! f̄) =A1e
i(�1��1)

ACP =
|A(B ! f)|2 � |A(B ! f̄)|2

|A(B ! f)|2 + |A(B ! f̄)|2
= 0



T. Blake

Direct CP violation
• Introducing a second amplitude 

!

!

!

• The direct CP asymmetry is  

!

which is non-zero only if the amplitudes have different weak and 
strong phases. 
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CP violation in charmless B decays
• For direct CP violation we need 

interference between 
amplitudes with different weak 
and strong phases. 

• Weak phase differences can 
come from from interference 
between tree and penguin 
processes with different 
phases. 

• Strong phase differences can 
come from re-scattering of 
final-state particles or regions 
with interference between 
intermediate resonances.
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Neutral meson mixing
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T. Blake

Observation of B “mixing”
• The ARGUS experiment observed that 

pair of              mesons could decay to a 
final-state with like-sign leptons. 

• How is this possible? 
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Observation of B0-B0 mixing

● Same sign leptons

⇒ same flavour B mesons

● Mixing probability is large

⇒ top quark is heavy

● Mixing probability

r = 0.21 ± 0.08

● PDG 2006: 

“r” (χ
d
) = 0.188 ± 0.003

● From 103/pb of data

ARGUS experiment (1987)

B0B0
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Neutral meson mixing

Bq Bq

Vtb

V ⇤
tq

t

W W
t̄

q̄

q = s, db

b̄V ⇤
tq

Vtb

• In SM generate meson anti-
meson mixing via box diagrams 
involving charged current 
interaction. 

• Weak eigenstates are not the 
same as physical mass 
eigenstates of the system. 
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T. Blake

CPLEAR
• Produce pure beam of 

K0 at production. Use 
semileptonic decays, 
!
to tag the flavour at 
decay.  

• Time evolution: 

!

!

• At a later time, t

15

K0 ! ⇡�`+⌫

|K1(t)i = e�im1te��1t/2|K1i

|K2(t)i = e�im2te��2t/2|K2i

2hK0|K0i = hK⇤
1 |K1i+ hK⇤

2 |K2i+ hK⇤
1 |K2i+ hK⇤

2 |K1i
= e��1t

+ e��2t
+ e(�1+�2)t/2

cos[(m1 �m2)t]



T. Blake

Coupled meson systems
• Single particle system evolves according to the Schrödinger equation 

!

!

• For neutral mesons, mixing leads to a coupled system 

!

!

!

!

where
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Coupled meson systems
• Neglecting CP violation, the physical states are an equal admixture of 

the weak eignenstates,  

!

!

with mass and width differences 

!

such that the system evolves as 

17

|BLi =
|B0i+ |B0ip

2
, |BHi =

|B0i � |B0ip
2

|��| = |�H � �L| = 2|�12| , �M = MH �ML = 2|M12|

i
@

@t

✓|BLi
|B̄Hi

◆
= H

✓|BLi
|B̄Hi

◆
=

✓
M � i

�

2

◆✓|BLi
|BHi

◆

=

✓
ML � i�L

2 0
0 MH � i�LH

2

◆✓|BLi
|B̄Hi

◆

H



T. Blake

Time evolution
• Solving the Schrödinger equation for the time evolution of the system 

an initially pure flavour eigenstate evolves as 

!

where
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Observation of B mixing
• Neutral B meson mixing observed by the 

ARGUS experiment in 1987.  

• Coherent pairs of             produced. 
Observed decay to same sign leptons. 

➡ Evidence for mixing.  

• Rate of mixing is large. 

➡ Top quark must be heavy. 
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Observation of B0-B0 mixing

● Same sign leptons

⇒ same flavour B mesons

● Mixing probability is large

⇒ top quark is heavy

● Mixing probability

r = 0.21 ± 0.08

● PDG 2006: 

“r” (χ
d
) = 0.188 ± 0.003

● From 103/pb of data

ARGUS experiment (1987)

B0B0
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Time evolution
• Time evolution is very different 

for different neutral meson 
systems.
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Time evolution
• Nice demonstration 

of this oscillation 
performed for the 
Bs system by LHCb 
using  
decays. 

(Tagging flavour at 
production and 
looking at flavour at 
decay)

21

B0
s ! D�

s ⇡
+

Amplitude of the oscillation is damped 
by the experiments ability to correctly 
“tag” the flavour of the Bs at 
production.



B meson production
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B-factories at 𝞤(4S)

• Asymmetric e- e+ colliders: 
➡ PEP-II at SLAC is 9 GeV on 3.1 GeV 
➡ KEKB at KEK is 8 GeV on 3.5 GeV 

• Produces a coherent            or               system that is moving in 
lab-frame (needed for decay time measurements). 

23
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b-production at the LHC
• LHC is predominantly a 

gluon collider.  

• b-quarks produced in the 
forward direction with large 
boost → forward geometry 
of LHCb. 

• Large boost and excellent 
vertexing makes decay time 
measurements much easier 
at the LHC → can resolve 
the fast Bs oscillations. 
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LHCb experiment

25

LHCb is a dedicated 
for experiment b- and 
c-hadron studies in 
the forward direction 
at the LHC.

     production predominantly in 
same direction and at small angles 
to the beam line (collisions between 
one hard and one soft parton).

bb
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LHC experiments

26

There are also significant 
contributions from ATLAS and 
CMS to heavy flavour 
measurements 
(large rate, but limited hadron ID) 



T. Blake

Flavour tagging at the LHC
• Ta

27

Tag flavour of B at production 
using same sign kaon (Bs) or 
pion (B0)

or flavour of B using the flavour of the other B in the event



Neutral meson mixing
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CP violation?
• Allowing for CP violation,  

• The physical states are combinations 

!

!

• The states have mass and width differences

29

|BLi = p|B0i+ q|B0i , |BHi = p|B0i � q|B0i

|p|2 + |q|2 = 1

M12 6= M⇤
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12
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Neutral kaon system
• Ignoring CP violation, the two physical states in the neutral kaon 

system are 

!

!

under Parity and Charge Conjugation 

!

• For the physical states 

!

i.e. they are P, C and CP eigenstates as well. 

30

|K1i =
|K0i � |K0ip

2
and |K2i =

|K0i+ |K0ip
2
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P|K1,2i = �|K1,2i , C|K1,2i = ⌥|K1,2i and CP|K1,2i = ±|K1,2i
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Neutral kaon system
• What does this tell us about their decays? 

!

➡ P = +1, C = +1 and CP = +1  

!

➡ P = -1, C = + 1 and CP = -1   

• K2 decays to 3π but the 2π decay would be forbidden if CP is 
conserved. 

31
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CP violation in kaon system

• Two possible explanations for CP violation in the kaon system, the 
KS and KL are not pure K1 and K2 states (           ) 

!

!

!

!

!

!

• Can also have CP violation in the decay (discussed in lecture 3).
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Mass and width differences

33

large ∆m 
and ∆Γ

small ∆m 
and ∆Γ

large ∆m and 
moderate ∆Γ

moderate ∆m 
and small ∆Γ

|q/p| ~ 1 for every meson system
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CP violation
• Three types of CP violation 

1. Direct CP violation  

!

2. Mixing induced CP violation 

!

3. CP violation in the interference 
between mixing and decay

34

����
A(B̄ ! f̄)

A(B ! f)

���� 6= 1

����
q

p

���� 6= 1

Im

✓
q

p

A(B ! f)

A(B ! f)

◆
6= 0



T. Blake

CP violation
• Three ways to observe CP 

violating effects: 

1. Direct CP violation  

!

2. Mixing induced CP violation 

!

3. CP violation in the interference 
between mixing and decay

35

charged 
and neutral  
mesons/baryons

neutral  
mesons}
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CP violation and mixing
• Need two interfering contributions,  

eg interference between decays to a common final state, with and 
without mixing.  

• Experimental complication: 
➡ Need to “tag” the flavour of 

the B at production. 

36



T. Blake

Time evolution
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Time evolution
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Time evolution
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Time evolution
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Golden mode
• Look at tree level                 decays 

to a common final state.  

• Higher order, penguin diagrams, 
have (mostly) the same weak 
phase.  

➡ No direct CP violation. Just 
sensitive to CP violation in 
mixing. 

b̄

c̄

W+

W�

c

d

s
d̄

B
0

B0

J/ 

K0
S

b J/ 

K0
S

c

c̄

s̄
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Golden mode
• Look at tree level                decays to a 

common final state.  

• Higher order, penguin diagrams, have 
(mostly) the same weak phase.  

➡ No direct CP violation (CP violation in 
the decay).  

➡ Sensitive to CP violation in mixing.  

• Mixing phase is 

!

• Therefore 

43
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Time dependent CP violation in B0 system

• Time dependent CP violation with 

!

!

!

!

where 
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Golden mode
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Golden mode
• The angle 𝛽 is very 

precisely known from 
measurements at the 
B-factories. 
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Bs mixing phase
• Can also look at equivalent processes in the Bs system, 

➡ Sensitive to the Bs mixing phase, 𝜙s = 2βs. 

• Cleanest experimental signature is  

➡ 4 charged particles in the final state.  

• However, now have a pseudoscalar B meson decaying to two vector (J 
= 1) particles.  

➡ The final state is a mix of CP-odd and CP-even.  

➡ Need to perform a time-dependent angular analysis to separate the 
CP-odd and CP-even components and determine 𝜙s.

47

B0
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Bs mixing phase

• Analyse decay in terms of polarisation of the 𝜙 meson, which can be 
longitudinally polarised or transversely polarised (there two transverse 
states with different CP).

48

• P → VV decay has a final 
state that is a mixture of CP 
odd and CP even. 

• Separated using angular 
information.   
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𝜙s

50

CP violating phase is small for fast Bs oscillations (consistent with SM)
�cc̄s
s [rad]



Charm mixing  
and CP violation
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Charm mixing
• Can probe mixing in Charm using “wrong sign” D decays. 

➡ Tagging the flavour of the D at production using D*± decays.  

!

!

!

!
• Ratio of wrong-to-right sign decays:
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• Ratio of wrong-to-right sign decays: 
!

!

!

!
• Uses a slightly different notation to before: 

Mixing formalism
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Charm mixing
• Gradient with proper time arises from D 

mixing/interference.  

• Can exclude no mixing hypothesis at 
more than 5𝜎. 
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Charm mixing
• Can exclude no mixing hypothesis at more than 5𝜎. 
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Charm CP violation
• No evidence (yet) for CP violation in mixing in D mesons. 
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Charm CP violation
• Direct CP violation in                      and  

• Tag the initial flavour of the D using                        and                        
decays or semileptonic B meson decays.  

• Resulting asymmetry: 

!

!

!

!

• Can cancel many experimental uncertainties by measuring
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ΔACP

• At the LHC we are able to 
record huge samples of D 
meson decays.  

• LHCb measures: 

!

• First observation of CP 
violation in charm decays 
at 5.3𝜎.
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�ACP = (�15.5± 2.9)⇥ 10�4
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Recap
• In this lecture we discussed:  

➡ The three different types of CP violation: 

1. Direct CP violation,  

2. CP violation in mixing, 

3. CP violation in interference between mixing and decay.  

➡ Mixing in the K, B0, Bs and D0 systems.  

➡ The CKM angle β. 
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Fin
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Flavour specific decays
• Probe CP violation through “wrong flavour” decays to a flavour 

specific final state, e.g. semileptonic decays where the charge of 
the lepton identifies the flavour of the B. 
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Flavour specific decays
• In practice easier not to tag the flavour at production and then to 

look at the time dependence of the flavour specific asymmetry
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Asl
• Results consistent with SM
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Asl(s,d)  consistent with SM

D0 like-sign result 
in tension with SM


