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What is flavour?
• In SM: fermionic fields (spin 1/2) 

• matter flavours: several copies of the same gauge 
representation
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Abstract
These notes represent a summary of three lectures on flavour and CP viola-
tion, given at the CERN’s European School of High Energy Physics in 2014.
They cover flavour physics within the standard model, phenomenology of CP
violation in meson mixing and decays, as well as constraints of flavour ob-
servables on physics beyond the standard model. In preparing the lectures
(and consequently this summary) I drew heavily from several existing excel-
lent and exhaustive sets of lecture notes and reviews on flavour physics and CP
violation [1]. The reader is encouraged to consult those as well as the original
literature for a more detailed study.

1 What is flavour?
In the standard model (SM) the basic constituents of matter are excitations of fermionic fields with spin
1/2. In this context matter flavours refers to several copies of the same gauge representation. Under the
unbroken SM gauge group SU(3)c � U(1)EM these are

– up-type quarks: (3)2/3 : u, c, t,
– down-type quarks: (3)�1/3 : d, s, b,
– chrged leptons: (1)�1 : e, µ, ⇥ ,
– neutrinos: (1)0 : �1, �2, �3,

where the colour representations are given in the brackets, while the electric charges are written as
subscripts. The different flavours of the same gauge representation differ only in their masses.

Ordinary matter is essentially made up of the first generation: u and d quarks are bound within
protons and neutrons, while the electrons form atoms; finally “electron neutrinos", which are an admix-
ture of �1,2,3, are produced in reactions inside stars. Second and third generation families are produced
only in high-energy particle collisions. They all decay via weak interactions into first generation parti-
cles. One of the big open questions in fundamental physics is why there are thee almost identical replicas
of quarks and leptons and which is the origin of their different masses?

Flavour physics refers to interactions that distinguish between flavours. Within the SM these are
weak and Yukawa (Higgs boson) interactions.

Flavour parameters are those that carry flavour indices. Within the SM these are the nine masses
of charged fermions and four mixing parameters (three angles and one complex CP violating phase).1

Flavour universal interactions are those with couplings proportional to the identity in flavour
space. Within the SM these are strong and electromagnetic interactions (and also weak interactions in
the so-called interactions basis, see below). Such interactions are sometimes also called flavour blind.

Flavour diagonal interactions are those whose couplings are diagonal (in the matter mass basis),
but not necessarily universal. Within the SM these are the Yukawa interactions of the Higgs boson.

1Adding Majorana mass terms for neutrinos introduces three additional neutrino masses plus six mixing parameters (three
mixing angles and three phases).
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What is flavour?
• Ordinary matter essentially first generation: 

• u and d quarks bound within protons & neutrons,  

• electrons form atoms;  

• “electron neutrinos", (admixture of ν1,2,3) are 
produced in reactions inside stars.  

• 2nd and 3rd generation families decay via weak 
interactions into first generation particles. 

Why there are thee almost identical replicas of quarks and 
leptons and which is the origin of their different masses?
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What is flavour?
• Flavour physics 

• Within SM: weak and Yukawa interactions. 

• Flavour parameters 

• Within SM: 9 masses of charged fermions          
& 4 mixing parameters (3 angles + 1 phase) 

• Flavour universal (flavour blind) 

• Within SM: QCD & QED  

• Flavour diagonal 

• Within SM: Yukawa interaction
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What is flavour?
• Flavour changing processes 

• Flavour changing charged currents:  

• Within SM:  single W exchange at tree-level 

• Flavour changing neutral currents: 

• Within SM: higher orders in weak 
expansion(loops) - often highly suppressed

Flavour changing processes are those where the initial and final flavour-numbers are different (a
flavour number is the number of particles with a certain flavour minus the number of anti-particles of
the same flavour). We can further specify flavour changing charged currents which involve both up-
and down-type quark flavours or both charged lepton and neutrino flavours. Examples of such processes
are the muon decay µ� ⌃ e�⇤i⇤̄j or the muonic charged kaon decay K� ⌃ µ�⇤̄i (which corresponds
to the quark-level transition sū ⌃ µ�⇤̄i). Within the SM such processes are mediated already by a
single W exchange at the tree level (the amplitudes being proportional to the Fermi constant GF ). On
the other hand, flavour changing neutral currents (FCNCs) involve either up- or down- type flavours
but not both; and/or either charged lepton flavours or neutrino flavours but not both. Examples of
such processes are the radiative muon decay µ� ⌃ e�� and the muonic decays of the neutral kaons,
KL ⌃ µ+µ� (sd̄ ⌃ µ+µ� at the quark level). Within the SM these processes occur at higher orders in
the weak expansion (i.e. via loops) and are often highly suppressed. In connection with flavour changing
interactions, one often speaks also of flavour violation.

1.1 Why is flavour interesting?
Flavour physics can discover new physics (NP) or probe it before it is directly observed in high-energy
experiments. Historical examples of this include:

– The smallness of the ratio �(KL ⌃ µ+µ�)/�(K� ⌃ µ�⇤̄i) lead to the prediction of the charmed
quark.

– Furthermore, the measurement of the mass difference between the two neutral kaons ⇥mK ⇤
mKL �mKS lead to the prediction of the charm quark mass.

– Similarly, the mass difference between the two neutral B mesons ⇥mB ⇤ mB0
H
�mB0

L
inferred

a prediction of the top quark mass almost two decades before top quarks (or more precisely, their
decay products) were directly observed in experiments.

– Finally, the observation of the CP violating decay KL ⌃ ⌅+⌅� (i.e the measurement of ⇥K) lead
to the prediction of the third generation of matter.

CP violation: Within the SM there is a single CP violating parameter determining the amount of
CP violation in all flavour changing processes. Successful baryogenesis would require new CP violating
sources.

Solutions of the electroweak (EW) hierarchy problem (in the form of a quadratic sensitivity of
the EW scale to UV physics) require NP to appear at or below the TeV scale. On the other hand, such
NP with a generic flavour structure would predict FCNCs orders of magnitude above the observed rates.
Conversely, flavour physics can probe NP scales up to O(105 TeV). The resulting NP flavour puzzle
refers to the fact that NP at the TeV scale needs to exhibit approximate flavour symmetries.

The SM flavour parameters are both hierarchical (i.e. mu ⇧ mc ⇧ mt) and mostly very small
(mf ⇥=t ⇧ mW,Z,h) . The question whether this points to some unknown underlying flavour dynamics is
sometimes called the SM flavour puzzle.

2 Flavour in the standard model
Any (local) quantum field theory model is specified by both (i) symmetries and the pattern of their
spontaneous breaking; as well as (ii) representations of fermions and scalars. The SM Lagrangian (LSM)
is thus completely determined by specifying the local (gauge) symmetry GSM

local = SU(3)c ⇥ SU(2)L ⇥
U(1)Y which is spontaneously broken to GSM

local ⌃ SU(3)c ⇥ U(1)EM ; plus the relevant fermionic

Qi
L ⌅ (3, 2)1/6 , U i

R ⌅ (3, 1)2/3 , Di
R ⌅ (3, 1)�1/3 , Li

L ⌅ (1, 2)�1/2 , (1)
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Why is flavour 
interesting?

•                       ⇒ prediction of charm quark 

•                             ⇒ prediction of charm mass 

•                   (εK) ⇒ prediction of 3rd generation 

• CP Violation 

• Within SM: single CP violating parameter

�(KL ! µ+µ�)

�(K� ! µ��̄i)

�mK ⌘ mKL �mKS
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• Electroweak (EW) hierarchy problem 

• requires NP ≤ 1 TeV 

• if generic flavour structure ⇒ FCNCs 

• flavour probes NP scales ≤105 TeV
NP flavour puzzle
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• Electroweak (EW) hierarchy problem 

• requires NP ≤ 1 TeV 

• if generic flavour structure ⇒ FCNCs 

• flavour probes NP scales ≤105 TeV 

• SM flavour parameters 

• hierarchical: mu << mc << mt 

• most are small: mf≠t << mW,Z

NP flavour puzzle

SM flavour puzzle

Why is flavour 
interesting?



Flavour in SM



Flavour in SM

i) Symmetries & their spontaneous breaking 

ii) Representations of fermions & scalars

L =?
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Flavour in SM

i) Symmetries & their spontaneous breaking 

ii) Representations of fermions & scalars 

i)   

ii)

L =?

GSM
local = SU(3)c � SU(2)L � U(1)Y

GSM
local ⇥ SU(3)c � U(1)EM

Qi
L ⇠ (3, 2)1/6 , U i

R ⇠ (3, 1)2/3 ,

Di
R ⇠ (3, 1)�1/3 , Li

L ⇠ (1, 2)�1/2 ,

� ⇠ (1, 2)1/2 , h�0i ⌘ vp
2
' 174GeV ,



Flavour in SM

• simple and symmetric (g, g’, gs) 

• EWSB, 2 params 

• SM flavour dynamics, flavour parameters

(where i = 1, 2, 3) and scalar

⇤ ⌅ (1, 2)1/2 , ⌃⇤0⌥ ⇤ v�
2
⇧ 174GeV , (2)

representations. Above, the first (second) entries in the brackets denote the SU(3)c (SU(2)L) represen-
tations, while the U(1)Y charges are given in the subscripts. Also, ⌃. . .⌥ denotes a vacuum condensate
value. LSM can be conveniently split into three parts

LSM = LSM
kinetic + LSM

EWSB + LSM
Yukawa . (3)

The sum of the gauge-kinetic terms LSM
kinetic is simple and symmetric. It is completely specified by the

SM local symmetry and its matter representations. The three physical parameters associated with this
part of the theory are conventionally chosen to be the three gauge couplings (gs, g and g�) . The EW
symmetry breaking (EWSB) part LSM

EWSB contains two additional parameters. They can be chosen to
correspond to v and the physical Higgs boson mass mh. Finally, all flavour dynamics is contained in
LSM
Yukawa which also involves all the SM flavour parameters.

2.1 Interaction basis
It is convenient to start our discussion in a flavour basis where all the gauge-kinetic terms are diagonal.
This can always be achieved by applying suitable unitary rotations on the matter fields. In this basis
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where G, W, and B denote the field strengths of the SU(3)c, SU(2)L and U(1)Y gauge interactions,
respectively. The covariant derivatives Dµ are defined as Dµ = ⇧µ + igsGa
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where La, T a and Y denote the SU(3)c, SU(2)L generators and the U(1)Y charges, respectively. Note
that in this basis, LSM

kinetic is manifestly flavour universal and CP conserving. Similarly

LSM
EWSB = µ2⇤†⇤� ⇥(⇤†⇤)2 , (5)

is also CP and flavour conserving.2 Thus both LSM
kinetic and trivially LSM

EWSB have a large flavour symme-
try corresponding to the independent unitary rotations in the flavour space of the five fermionic fields
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Among the U(1) factors, U(1)B,L are the baryon and lepton number, respectively. U(1)Y is gauged and
broken spontanouesly by ⌃⇤0⌥ . On the other hand U(1)PQ can be defined such that only the Higgs and
Di

R, E
i
R are charged under it and with opposite charges. It is thus broken only by the up-quark Yukawas.

Finally U(1)E refers to flavour universal phase rotations of Ei
R alone and is thus broken by the charged

lepton Yukawas.
2It is also symmetric under SO(4) rotations of the four real scalar fields �1,2,3,4 contained in � = (�1 + i�2,�3 + i�4)

T .
This approximate symmetry of the SM is sometimes called the custodial symmetry.
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Interaction basis

• in general flavour dependent (unless YF ∝ Iij) & CPV

The Yukawa Lagrangian of the SM

�LSM
Yukawa = Y ij

d Q̄i
L⇥D

j
R + Y ij

u Q̄i
L⇥̃U

j
R + Y ij

e L̄i⇥Ej
R + h.c. , (7)

where ⇥̃ = i�2⇥, is in general flavour dependent (if Yf /⇧ I) and CP violating. The pattern of explicit
GSM
flavour breaking by Yf ⌃= 0 is as follows:

– U(1)E is broken by Ye ⌃= 0 ,
– U(1)PQ is broken by Yu · Yd ⌃= 0 and Yu · Ye ⌃= 0 ,
– SU(3)Q ⇥ SU(3)U ⌅ U(1)u ⇥ U(1)c ⇥ U(1)t is due to Yu /⇧ I ,
– SU(3)Q ⇥ SU(3)D ⌅ U(1)d ⇥ U(1)s ⇥ U(1)b is due to Yd /⇧ I ,
– the remaining U(1) factors in the quark sector are broken by the fact that [Yu, Yd] ⌃= 0 down to
U(1)B ,

– finally, SU(3)L⇥SU(3)E ⌅ U(1)e⇥U(1)µ⇥U(1)� due to Ye /⇧ I . The remaining factor group
also contains the global U(1)L .

Thus, the global symmetry of the SM in presence of the Yukawas is GSM
global(Yf ⌃= 0) = U(1)B⇥U(1)e⇥

U(1)µ⇥U(1)� . In this language, flavour physics refers to interactions which break the SU(3)3q⇥SU(3)2⇥
and are thus flavour violating.

Commonly, a spurion analysis is useful for parameter counting, identification of suppression fac-
tors, and for the idea of minimal flavour violation (MFV) [2]. In this approach we promote the SM
Yukawas to non-dynamical fields with well-defined transformation properties under GSM

flavour

Yu ⇤ (3, 3̄, 1)SU(3)3q
, Yd ⇤ (3, 1, 3̄)SU(3)3q

, Ye ⇤ (3, 3̄)SU(3)2�
. (8)

In the following we will focus on the quark sector.

2.2 Counting the standard model quark flavour parameters
The flavour symmetry breaking pattern described above is useful in counting the number of physical
flavour parameters in the theory. In particular:

1. Consider a theory with a global symmetry group Gf with Ntotal generators.
2. Add interactions with Ngeneral parameters, breaking Gf ⌅ Hf with Ntotal �Nbroken generators.
3. Then the Nbroken generators can be used to rotate away Nbroken number of symmetry breaking

parameters.
4. The number of remaining physical parameters is thus Nphysical = Ngeneral �Nbroken .

We can apply this recipe to the SM breaking of U(3)Q⇥U(3)U⇥U(3)D ⌅ U(1)B . In this case the three
U(3) group rotations are described by unitary 3⇥ 3 matrices containing three real angles and six phases
each. Thus schematically Ntotal = 3⇥(3+6i) . Consequently Nbroken = Ntotal�1i = 9+17i . The two
quark Yukawas are general 3⇥3 matrices containing nine complex parameters (Ngeneral = 2⇥(9+9i)).
Finally, the number of physical parameters is Nphysical = Ngeneral �Nbroken = 9+ 1i, representing six
quark masses, three mixing angles and a single CP violating phase.

2.3 Discrete symmetries of the standard model
Any local Lorentz invariant quantum field theory conserves CPT [3]. It follows that in these theories
(including the SM) T violation equals CP violation. There is no reason, a priori, for C, P and CP to
be related to flavour physics. However, in the SM (and apparently in Nature) this is so. In the SM

4
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U(1)µ⇥U(1)� . In this language, flavour physics refers to interactions which break the SU(3)3q⇥SU(3)2⇥
and are thus flavour violating.

Commonly, a spurion analysis is useful for parameter counting, identification of suppression fac-
tors, and for the idea of minimal flavour violation (MFV) [2]. In this approach we promote the SM
Yukawas to non-dynamical fields with well-defined transformation properties under GSM
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In the following we will focus on the quark sector.

2.2 Counting the standard model quark flavour parameters
The flavour symmetry breaking pattern described above is useful in counting the number of physical
flavour parameters in the theory. In particular:
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quark masses, three mixing angles and a single CP violating phase.
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(including the SM) T violation equals CP violation. There is no reason, a priori, for C, P and CP to
be related to flavour physics. However, in the SM (and apparently in Nature) this is so. In the SM
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(YU & YD together break remaining U(1) factors to U(1)B)
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global(Yf ⇥= 0) = U(1)B � U(1)e � U(1)µ � U(1)�
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Interaction basis
• Flavour physics: interactions which break               

are flavour violating 

• Spurion analysis:  

• parameter counting 

• identification of suppression factors 

• idea of Minimal Flavour Violation 
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Counting SM quark 
flavour parameters

• global symmetry group Gf with Ntotal generators 

• Gf → Hf with Ntotal − Nbroken generators 

• Nphysical = Ngeneral − Nbroken  

•
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Counting SM quark 
flavour parameters

• global symmetry group Gf with Ntotal generators 

• Gf → Hf with Ntotal − Nbroken generators 

• Nphysical = Ngeneral − Nbroken  

• Within SM: U(3)Q×U(3)U×U(3)D →U(1)B 

• Ntotal = 3×(3+6i),  Nbroken = Ntotal −1i = 9+17i, 
Ngeneral = 2×(9+9i) (YU, YD)                        
Nphysical = Ngeneral − Nbroken = 9 + 1i
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Discrete SM 
symmetries

• Any local Lorentz invariant QFT conserves CPT   ⇒ 

CP violation = T violation 

• In SM: C & P violation maximally 

• C & P change chirality 

• Left- & right-handed fields in different gauge reps.

independent of SM parameters
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Discrete SM 
symmetries

• Any local Lorentz invariant QFT conserves CPT   ⇒ 

CP violation = T violation 

• In SM: CP violation depends on parameters 

• CP symmetric if  

• Jarlskog invariant

C and P are violated maximally: left-handed and right-handed fermion fields furnish different gauge
representations, while C and P both change the chirality of fermion fields. This maximal C and P
violation within the SM is also independent of the values of the SM parameters. On the other hand, the
CP violation within the SM does depend on the (Yukawa) parameters. The hermiticity of the Lagrangian
namely implies
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Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as

J � Im[det(YdY
†
d , YuY
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u )] = 0 . (10)

2.4 Mass basis
Upon replacing Re(⇤0) ⇥ (v + h)/

⌅
2, Yukawa interactions give rise to fermion mass matrices

Mq =
v⌅
2
Yq . (11)

The mass bassis corresponds, by definition, to diagonal mass matrices. The unitary transformations
between any two bases which leave the gauge-kinetic terms invariant are
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While VU,D are unphysical (they leave the gauge-kinetic terms invariant), V u,d
Q produce a physical effect.

In particular, since [Mu,Md] ⇤= 0, a nontrivial mixing matrix V u
QV d†

Q � VCKM ⇤= 1 (due to Cabibbo,
Kobayashi and Maskawa [5]) modifies the charged weak gauge interactions. The resulting SM flavour
Lagrangian in the mass basis is thus
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where (uiL, d
i
L) � QT

L and NC refers to neutral currents (interactions with gluons, the photon and the Z
boson).

3 Testing the CKM description of flavour
Let us recap the main features of quark flavour conversion in the SM: (i) it only proceeds via the three
CKM angles; (ii) is mediated by charged current electroweak interactions; and (iii) these charged current
interactions involve exclusively left-handed fermion fields.
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ij
u u

j
R

⇤
v + h⌅

2

⌅
+ d̄iL⇥

ij
d d

j
R

⇤
v + h⌅

2

⌅
+ h.c. ,

(15)

where (uiL, d
i
L) � QT

L and NC refers to neutral currents (interactions with gluons, the photon and the Z
boson).

3 Testing the CKM description of flavour
Let us recap the main features of quark flavour conversion in the SM: (i) it only proceeds via the three
CKM angles; (ii) is mediated by charged current electroweak interactions; and (iii) these charged current
interactions involve exclusively left-handed fermion fields.

5

C and P are violated maximally: left-handed and right-handed fermion fields furnish different gauge
representations, while C and P both change the chirality of fermion fields. This maximal C and P
violation within the SM is also independent of the values of the SM parameters. On the other hand, the
CP violation within the SM does depend on the (Yukawa) parameters. The hermiticity of the Lagrangian
namely implies

Yij⌅̄
i
L⇤⌅

j
R + Y �

ij⌅̄
j
R⇤

†⌅i
L

CP⇥ Yij⌅̄
j
R⇤

†⌅i
L + Y �

ij⌅̄
i
L⇤⌅

j
R . (9)

Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as

J � Im[det(YdY
†
d , YuY

†
u )] = 0 . (10)

2.4 Mass basis
Upon replacing Re(⇤0) ⇥ (v + h)/

⌅
2, Yukawa interactions give rise to fermion mass matrices

Mq =
v⌅
2
Yq . (11)

The mass bassis corresponds, by definition, to diagonal mass matrices. The unitary transformations
between any two bases which leave the gauge-kinetic terms invariant are

QL ⇥ VQQL , UR ⇥ VUUR , DR ⇥ VDDR . (12)

The Yukawa matrices on the other hand transform as

Yu ⇥ VQYuV
†
U , Yd ⇥ VQYdV

†
D . (13)

The diagonalization of MQ requires bi-unitary transformations

V u
QMuV

†
U = Mdiag

u =
v⌅
2
⇥u ; ⇥u = diag(yu, yc, yt) ,

V d
QMdV

†
D = Mdiag

d =
v⌅
2
⇥d ; ⇥d = diag(yd, ys, yb) . (14)

While VU,D are unphysical (they leave the gauge-kinetic terms invariant), V u,d
Q produce a physical effect.

In particular, since [Mu,Md] ⇤= 0, a nontrivial mixing matrix V u
QV d†

Q � VCKM ⇤= 1 (due to Cabibbo,
Kobayashi and Maskawa [5]) modifies the charged weak gauge interactions. The resulting SM flavour
Lagrangian in the mass basis is thus

LF
m =

�
q̄i /Dqj�ij

⇥
NC

+
g⌅
2
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Discrete SM 
symmetries

• Any local Lorentz invariant QFT conserves CPT   ⇒ 

CP violation = T violation 

• Experimental discovery of CPV in kaon decays
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Mass basis
•                                ⇒    

• mass basis corresponds to diagonal Mq 

•   

•   

•

C and P are violated maximally: left-handed and right-handed fermion fields furnish different gauge
representations, while C and P both change the chirality of fermion fields. This maximal C and P
violation within the SM is also independent of the values of the SM parameters. On the other hand, the
CP violation within the SM does depend on the (Yukawa) parameters. The hermiticity of the Lagrangian
namely implies

Yij⌅̄
i
L⇤⌅

j
R + Y �

ij⌅̄
j
R⇤

†⌅i
L

CP⇥ Yij⌅̄
j
R⇤

†⌅i
L + Y �

ij⌅̄
i
L⇤⌅

j
R . (9)

Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as

J � Im[det(YdY
†
d , YuY

†
u )] = 0 . (10)

2.4 Mass basis
Upon replacing Re(⇤0) ⇥ (v + h)/

⌅
2, Yukawa interactions give rise to fermion mass matrices

Mq =
v⌅
2
Yq . (11)

The mass bassis corresponds, by definition, to diagonal mass matrices. The unitary transformations
between any two bases which leave the gauge-kinetic terms invariant are

QL ⇥ VQQL , UR ⇥ VUUR , DR ⇥ VDDR . (12)

The Yukawa matrices on the other hand transform as

Yu ⇥ VQYuV
†
U , Yd ⇥ VQYdV

†
D . (13)

The diagonalization of MQ requires bi-unitary transformations

V u
QMuV

†
U = Mdiag

u =
v⌅
2
⇥u ; ⇥u = diag(yu, yc, yt) ,

V d
QMdV

†
D = Mdiag

d =
v⌅
2
⇥d ; ⇥d = diag(yd, ys, yb) . (14)

While VU,D are unphysical (they leave the gauge-kinetic terms invariant), V u,d
Q produce a physical effect.

In particular, since [Mu,Md] ⇤= 0, a nontrivial mixing matrix V u
QV d†

Q � VCKM ⇤= 1 (due to Cabibbo,
Kobayashi and Maskawa [5]) modifies the charged weak gauge interactions. The resulting SM flavour
Lagrangian in the mass basis is thus

LF
m =

�
q̄i /Dqj�ij

⇥
NC

+
g⌅
2
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boson).
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Let us recap the main features of quark flavour conversion in the SM: (i) it only proceeds via the three
CKM angles; (ii) is mediated by charged current electroweak interactions; and (iii) these charged current
interactions involve exclusively left-handed fermion fields.
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Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as
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NC = neutral currents (g,γ,Z)
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