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Flavour Physics

1. Elementary constituents & 
fundamental interactions

2. Flavour-changing phenomena

3. Meson mixing & CP violation



• Kaon Factories : u , d , s 

• τcF : c , τ

• BF: b , c , τ

• LHC :   t , b , c

• LC, FCC : t , b , c, τ

• νF : νe , νµ , ντ

, ,eu c t
d e s b

µ τν ν ν
µ τ− − −

     
     
     

Flavour Structure of  the Standard  Model

Why  3 ?

• Pattern of  masses

• Flavour Mixing

• 

Related to SSB

Scalar Sector  (Higgs)
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NEUTRAL
CURRENTS

CHARGED
CURRENTS
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Flavour Changing
Left Handed

Universality: Family–Independent Couplings
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NO

 and  in Weak Interactions

 still a good symmetry (1 family)
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Fermion Masses are
New Free Parameters

f
Couplings Fixed: f

H f f
mg v=

fm
v

f

H

( ) ( ) ( ) v, , , ,
2ud

d u l
q q lm m m c c c   =   

FERMION   MASSES

{ }1
v udY q q u ud d l
H m q q m q q m l l = − + + + 

 


SSB

Scalar – Fermion Couplings allowed by Gauge  Symmetry

0

0 0
( ) (

( ) ( )† ( )

( ) ( )
) ( )

† ( )( , ) ( ) ( ) ( , ) h.c.u L R u R L Rd d l
d u l

Y q q q q vc clc l
φ φ φ
φ φ φ

+ +

+

      
= − + − +      

−       

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( ) (0)† ( )

(0) ( )† (0)
( ) ( ) ( ), , h.c.Y j j j jk R k R k RL
d u l

j k j k kL j
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 


SSB

Arbitrary Non-Diagonal  Complex Mass Matrices
( ) ( ) ( ) v, ,

2
, ,d u l

ud l jk jk jkjk c c cM M M  ′ ′ ′ =    

WHY ?

FERMION  GENERATIONS
Masses are the only differenceGN = 3 Identical Copies

0

1

Q

Q

=

= −

2 3

1 3

Q

Q

= +

= −
j j

j j

v u
l d
′ ′ 

 ′ ′ 
( )G1, , Nj = 
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DIAGONALIZATION  OF  MASS  MATRICES
†

†

†
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d d d d d d d

u u u u u u u

l l l l l l l
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1

1
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H l l= − + ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   

diag ( , , ) ; diag ( , , ) ; diag ( , , )u du c t s ed b lm m m m m m m m mµ τ= = =  

d d ;    u u ;
d d ; u u ;

L L L L L L

R R R R R R

ud l

u ud d l l

l l
l l

S S S
S U S U S U

′ ′ ′≡ ⋅ ≡ ⋅ ≡ ⋅

′ ′ ′≡ ⋅ ⋅ ≡ ⋅ ⋅ ≡ ⋅ ⋅

Mass Eigenstates

Weak Eigenstates
≠

N C N C′ = f f f f ; f f f fL L L L R R R R′ ′ ′ ′= =

QUARK   MIXING

†u d u d ;L L L L u dV V S S′ ′ = ⋅ ⋅ ≡ ⋅ CC CC′ ≠ 

µ
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Flavour Changing Charged Currents

( ) ( )†
CC i5 5

i
i j j

j
1 1 h.c.

2 2 l
l

g W u d v lVµ µ
µ γ γ γ γ

 
= − − + − + 

 
∑ ∑

u c t

d s b

Flavour Conserving Neutral  Currents (GIM)

Z
µ+

µ−

s

d
_

NO 10

(90% CL)

Br( ) 2.1 10SK µ µ+ − −→ < ×

LHCb, 2001.10354
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Weak Decays
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LEPTON   UNIVERSALITY

μ

e

g
g

μ

τg
g
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CHARGED  CURRENT   UNIVERSALITY
A. Pich, arXiv:2012.07099
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0.997 ± 0.011 (CMS preliminary)



j i

2

ij( )ed u e Vν−Γ → ∝

We measure decays of  hadrons (no  free  quarks)

Important QCD   Uncertainties

W

jd
iu

e−

eν

ijV

Flavour Changing
Charged Currents

u c t

d s b
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(*)

(95

Nuclear  decay
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( ) ,
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2 2 2
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Vij Determinations
PDG 2020 PDG 2018

0.97420 (21)

0.2243 (5)

0.9994 ± 0.0005  (PDG 2018)
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2 2
Csin 0.225 ; 0.81 ; 0.4Aλ θ ρ η≈ ≈ ≈ + ≈

Hierarchical Structure
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2 3

2 2

3 2

4
1 /2 ( )

1 /2
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A i
A

A i A
V

λ λ λ ρ η
λ λ λ

λ ρ η λ
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 − −
 − − 
 − − − 

≈ + 

u c t

d s b
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QUARK  MIXING  MATRIX
 Unitary Matrix: parametersG GN N× 2

GN

 arbitrary phases:G2 1N −

ji
i i j je ; eiiu u d dθφ→ → j i( )

ij ijeiV Vθ φ−→

ijV

( )G G
1 1
2

N N −

Physical Parameters:

moduli ; phasesG G
1 ( 1) ( 2)
2

N N− −

† †V V V V 1⋅ = ⋅ = moduli,                             phases( )G G
1 1
2

N N − ( )G G
1 1
2

N N +

iji ju dV
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● Nf = 2: 1  angle,  0  phases (Cabibbo)

No C C

C C

cos sin
sin cos

V
θ θ
θ θ

 
=  − 

2 2
Csin 0.225 ; 0.81 ; 0.4Aλ θ ρ η≈ ≈ ≈ + ≈ 13 0)0 (ηδ ≠≠ 

ij ij ij ijcos ; sinc sθ θ≡ ≡● Nf = 3: 3  angles,  1  phase (CKM)
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13 13
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2 3

2 2
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4
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1 /2
(1 ) 1

i

i i
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c c s c s e

s c c s s e c c s s s e s c

s s c c s e c s s c s e c c

A i
A

A i A

V

δ

δ δ

δ δ

λ λ λ ρ
λ λ λ

λ ρ λ

η

η
λ

− 
 
 − − −
 

− − −  

 − −
 − − 
 − − − 

=

≈ + 

54Flavour  Physics                                                                                                             A. Pich  – 2021



55

GIM  Mechanism
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 Top contribution dominates. Strong suppression:

 CP effects fully governed by top contribution

 


 
    

4 2 2

2 2 2
5 2 ,

16 W W

t cg m
M

A
m

M


* *Im( ) Im( )cs cd ts tdV V V V    
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W ± ↔ H± ,    Z ↔ H0, A0

Sensitive  to  (pseudo)  
scalar  contributions

Rare Decays Loop  &  CKM suppression
Sensitivity to New Physics

Bs,d → µ+µ−

( )

( )
0 9

exp

0 10
exp

( ) 2.9 0.4 10

1.7( ) 0.5 101.5

s

d

B B

B B

µ µ

µ µ

+ − −

+ − −

→ = ± ⋅

+→ = ⋅−
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F. Archilli, Moriond 2021
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Violations of Lepton Flavour Universality

0.042 0.0130.846 0.039 0.012
+ +
− −

3.1 σ below the SM
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Flavour Anomaly (charged currents) 
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 Complex Phases
 Interferences

Thus,   requires:

    Theorem: 

  ,  : Violated maximally in  weak interactions

  : Symmetry of  nearly all observed phenomena

 Slight (~ 0.2 %)    in           decays (1964)

 Sizeable    in           decays (2001)

 Huge Matter Antimatter Asymmetry in  our Universe
Baryogenesis

 Small   in       decays (LHCb, 2019)

0K
0B

60

0D
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DIRECT  ( ) ( )P f P f| | | |T T→ ≠ →

( ) 1 1 2 2
1 2P f T Ti i i ie e e eT φ δ φ δ

→ = +

( ) 1 1 2 2
1 2P f T Ti i i ie e e eT φ δ φ δ− −

→ = +



( ) ( )
( ) ( )

2 1 2 1CP
P f

2 1 2 1

1 2
2 2

1 2 1 2

P f P f 2 T T sin( ) sin( )
T T 2 T T cos( ) cos( )P f P f

A
φ φ δ δ

φ φ δ δ→

Γ → − Γ → − − −
≡ =

+ + − −Γ → + Γ →

One needs:

 2  Interfering Amplitudes

 2  Different Weak Phases

 2  Different FSI  Phases 2 1sin( ) 0δ δ − ≠ 

2 1sin( ) 0φ φ − ≠ 

0
dB
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DIRECT 

Br( ) Br( )
( )

Br( ) Br( )CP

B f B f
A B f

B f B f
→ − →

→ ≡
→ + →

0( ) 0.084 0.004CP dA B Kπ − +→ = − ± (21 σ)

0( ) 0.213 0.017sA B Kπ − +→ = − ± (12.5 σ)

( ) 0.122 0.021CPA B K K π+ + − +→ = − ± (5.8 σ)

Large & Interesting Signals

Big challenge:  Get reliable SM predictions 

Severe hadronic uncertainties
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9th CERN Latin-American School of High-Energy Physics
San Juan del Rio México, 8 –21 March, 2017

arXiv:1112.4094

Backup
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 Measure the q2 distribution I

 Measure Γ

 Get a theoretical prediction for

Vij Determination (0- → 0-)

K→πℓν , D→Κℓν...

suppressed

Theory is always needed: Symmetries
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jd iu
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ijV

2( )f q

 2
'

2'( ') ( ) ( ) ( )( ') ( ')PPi jP k u d P k C k k k kf q f q       

' RC

2 5
2 2

3 (1 )( ' ) | (0) |
192

F P
PP

G M CP P l f 
    2

ij| V | I

'
2 2( )

'

2
3/ 2 2 2 2

80

2
( )
(

( ,
0)

, )
P PM M

P P
P

dq q M
f

M
M

q
f








 I

(0)f ij| V |

(0)f ij| V |

5( ') (1 ) l lk k l m
    
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δ
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−

− 
 
 − − −
 

− − −  

  
  
  
−  

=

  − 
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PDG parametrization of the CKM matrix

Wolfenstein: 132 3
12 23 13, , ( )is s A s e A iδλ λ λ ρ η−≡ ≡ ≡ −

( )
2 3

2 2

3 2

4
1 /2 ( )

1 /2
(1 ) 1

A i
A

A i A

λ λ λ ρ
λ λ λ

λ ρ λ

η

η
λ

 − −
 − − 
 − − − 

≈ +V 
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Standard Model : 3 fermion families needed

2 2 2 2 2 22( ) ( ) ( ) ( )u t c c u t uM m m m m m mH ≡ − − −

2 2 2 2 2 22( ) ( ) ( ) ( )s sd b d b dM m m m m m mH ≡ − − −

 2 2( ) ( ) 0u dM MH H J⋅ ⋅ ≠

2 2 6 4
12 13 23 12 13 23 13sin 10c c c s s s AJ δ λ η −= = <

• Low-Energy Phenomena

• Small  Effects ~  J

• Big  Asymmetries Suppressed Decays

• B  Decays are  an optimal place  for signals
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