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A  boson  with     MH = 125  GeV    and   J ≠ 1 
5.0 σ  both  ATLAS  &  CMS 
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•  Kaon Factories :   u , d , s  

•  τcF :   c , τ  

•  BF, SuperB :    b , c , τ 

•  LHC :   t , b 

•  LC :   t , … 

•  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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 Three Families 

, ZγNeutral currents Flavour  Conserving 

Universality                      Family – Independent  Couplings 

W ± Charged Currents 
  Left–handed  Fermions  only 

  Flavour  Changing: , ul dl q qν ⇔ ⇔

Family  
Structure 
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    and         in Weak Interactions 

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

f
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Hf f

mg v=
fm

v
f

H

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

d u l
q q lm m m c c c   =   

FERMION   MASSES 

{ }1
v udq q u uY d 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.d

u L R u R L Rd
u

l
l

dY c cq q q q v l lc
φ φ φ
φ φ φ

+ +

+
     
     

−

 

     
= − + − + 

  


10 Flavour  Physics  &  CP                                                                                                                A. Pich   –  TAE  2012 



( ) ( )
( ) (0)† ( )

(0) ( )† (0)
( ) ( ) ( ), , h.c.Y
d u l

j k j kj j j jk R k R k RL Lj
j

k
ku d c c cd u v l l

φ φ φ
φ φ φ

+ +

+

   ′ ′ ′ ′
     
     −

′ ′ ′= − + − +  
        

∑

{ }1 h.c.
vY L R L R L Rud l
H d d u u l l  ′ ′ ′ ′ ′ ′ ′ ′ ′= − + ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ + 

 
M M M

SSB 

Arbitrary  Non-Diagonal  Complex  Mass  Matrices 
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DIAGONALIZATION  OF  MASS  MATRICES 
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Flavour   Changing   Charged   Currents 
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Weak Decays 
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Muon  Lifetime 

kicker 

µ/e separator 

New World Average: 

τµ = 2.196 981 1 (22) µs               GF = 1.166 378 7 (6) x 10-5 GeV 
-2   (0.5 ppm) 
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LEPTON   UNIVERSALITY 
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LEPTON   FLAVOUR  VIOLATION 
90 % CL  Upper Limits on  Br(l 

− → X 
−)    [MEG’11,SINDRUM’88, Bolton’88, BABAR / BELLE] 

Decay U.L. Decay U.L.  Decay U.L.  
µ−→ e−γ 2.4 ⋅ 10−12 µ−→ e−e+e− 1.0 ⋅ 10−12 µ−→ e−γγ 7.2 ⋅ 10−11 

τ−→ e−γ 3.3 ⋅ 10−8 τ−→ e−e+e− 2.7 ⋅ 10−8 τ−→ e−e+µ− 1.8 ⋅ 10−8 

τ−→ µ−γ 4.4 ⋅ 10−8 τ−→ e−µ+µ− 2.7 ⋅ 10−8 τ−→ µ−e+µ− 1.7 ⋅ 10−8 

τ−→ e−e−µ+ 1.5 ⋅ 10−8 τ−→ µ−µ+µ− 2.1 ⋅ 10−8 τ−→ e−π0 8.0 ⋅ 10−8 

τ−→ µ−π0 1.1 ⋅ 10−7 τ−→ e−η’ 1.6 ⋅ 10−7 τ−→ µ−η’ 1.3 ⋅ 10−7 

τ−→ e−η 9.2 ⋅ 10−8 τ−→ µ−η 6.5 ⋅ 10−8 τ−→ e−Κ*0 3.2 ⋅ 10−8 

τ−→ e−ΚS 2.6 ⋅ 10−8 τ−→ µ−ΚS 2.3 ⋅ 10−8 τ−→ µ−ρ0 1.2 ⋅ 10−8 

τ−→ e−K+K− 3.4 · 10−8 τ−→ e−K+π− 3.1 · 10−8 τ−→ e−π+K− 5.8 · 10−8 
τ−→ µ−K+K− 4.4 · 10−8 τ−→ µ−K+π− 4.5 · 10−8 τ−→ µ−π+K− 1.6 · 10−7 
τ−→ e−π+π− 2.3 · 10−8 τ−→ µ−π+π− 2.1 · 10−8 τ−→ Λ π− 7.2 ⋅ 10−8 

τ−→ e+K−K− 3.3 · 10−8 τ−→ e+K−π− 3.2 · 10−8 τ−→ e+π−π− 2.0 · 10−8 
τ−→ µ−Κ*0 5.9 ⋅ 10−8 τ−→ e−φ 3.1 ⋅ 10−8 τ−→ µ−ω 4.7 ⋅ 10−8 

τ−→ µ+K−K− 4.7 · 10−8 τ−→ µ+K−π− 4.8 · 10−8 τ−→ µ+π−π− 3.7 · 10−8 
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MEG 
2011 

E. Craig Dukes 

SM:  Br < 10-51 

Exciting Prospects 

New Physics ? 



M. Blanke et al             LHT      

M.J. Herrero et al 

MEG:       Br(µ→e γ) ~ 10-13 

Prism:     Pr(µ→e) ~ 10-18 

SuperB:   Br(τ →µ γ) ~ 10-9 

V. Cirigliano et al 

MEG 

BABAR 

Br(µ→eγ)/Br(τ→µγ) 

MLFV 
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M. Blanke et al             LHT      

M.J. Herrero et al 

MEG:       Br(µ→e γ) ~ 10-13 

Prism:     Pr(µ→e) ~ 10-18 

SuperB:   Br(τ →µ γ) ~ 10-9 

V. Cirigliano et al 

MEG B
A
B
A
R 

Br(µ→eγ)/Br(τ→µγ) 

MLFV 

T2K  
+  

DC  
+ 

Daya Bay 
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M. Blanke et al             LHT      

M.J. Herrero et al 

MEG:       Br(µ→e γ) ~ 10-13 

Prism:     Pr(µ→e) ~ 10-18 

SuperB:   Br(τ →µ γ) ~ 10-9 

V. Cirigliano et al 

MEG B
A
B
A
R 

Br(µ→eγ)/Br(τ→µγ) 

MLFV 

T2K  
+  

DC  
+ 

Daya Bay S-B 
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j i

2

ij( )ed u e ν−Γ → ∝ V

We  measure  decays  of  hadrons     (no  free  quarks) 

Important   QCD   Uncertainties 
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Flavour  Changing 
Charged  Currents 
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   Measure the  q2 distribution                   I 

   Measure  Γ 

   Get a theoretical prediction for     

  

  

  

Vij   Determination     (0- → 0-)  
K→π l ν , D→Κ l ν ... 

suppressed 

Theory is always needed:      Symmetries 
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|Vud| 

(Marciano – Sirlin) 

  

|Vud| = 0.97425 ± 0.00022 

Superallowed Nuclear  β  Transitions   (0+ → 0+) 

|Vud| = 0.97377 ± 0.00027 (PDG 06) 

Hardy-Towner 

RC RC

3

2 5
ln 2 (2984.48 0.05) s
(1 ) (1 )F eft G m ft

p
d d

 
 

2
ud| V |

2(0) 1 O[( ) ]u df m m   
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  Neutron  Decay: 

(Czarnecki – Marciano – Sirlin) 
PDG10:   τn = (885.7 ± 0.8)  s   ,    λ ≡ gA /gV  = -1.2694 ± 0.0028 

PDG12:   τn = (880.1 ± 1.1)  s   ,    λ ≡ gA /gV  = -1.2701 ± 0.0025 

τn = (878.5 ± 0.7 ± 0.3)  s              
                                      (Serebrov et al, 2005) 

PDG10 

|Vud| = 0.9773 ± 0.0017 

2
n

(4908.7 1.9) s
(1 3 )t l




2
ud| V |

(PIBETA) 

  Pion  Decay: 
|Vud| = 0.9741 ± 0.0026 

0 8Br( ) (1.036 0.006) 10eeπ π ν+ + −→ = ± ×
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Large O(p6) χPT correction    (Bijnens-Talavera) 

O(p4) 

O(p6) 

0.2230 0.0024±usV =(0) 0.97 0.01f+ = ±

(0) 0.2163 0.0005f+ = ±usV

Flavianet,   arXiv:1005.2323  [hep-ph]  

K → πlν  Decays  

4usV = 0.2255 ± 0.001(0) 0.959 0.005f+ = ±
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Γ( K+ → µ+ νµ ) / Γ( π+ → µ+ νµ )  (Marciano 04) 

(FLAG 2011)1.193 0.005Kf fp  

| | 0.2763 0.0005
| |

K us

ud

Vf
f Vp

  us

ud

| V | = 0.2316 ± 0.0012
| V |

usV

udV

Cirigliano - Neufeld 
50 ( ) Pi jd u P ik kfm mg g 
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2

2 2

22
, , ( )24 ( )sud S

s
R R m mR

musud VV
τ

τ

τ τ
τδ α≡ − ≈ ∆

  

Gámiz-Jamin-Pich-Prades-Schwab 

2 GeV( ) 96 10 MeVsm = ±

exp th0.2166 0.0019 0.0005usV = ± ±

Simultaneous  ms  &  Vus  fit  possible  with  better  data 
The  τ  could  give  the  most  precise  Vus  determination 

R τ,S = Γ( τ− → ντ
 S−

 ) / Γ( τ− → ντ e− νe ) 

2
th

2 ,
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S

ud

R
R

R
us

ud

V

V

τ

τ
τδ

=

−
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,
1.006 0.023

sD Kl D lcsV
ν ν→ →

= ±0.230 0.011
c dcdV

ν µ→
= ±

D → K / π l ν 

PDG  2012: 

0.98 0.10
D KlcsV

ν→
= ±

0.229 0.025
D lcdV

π ν→
= ±

CLEO-c  2009 CLEO-c  2009 

Lattice  input 
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B → D l ν B → D* l ν 

3

(1)

(42.64 1.53) 10

G




 
cb| V |

3

(1)

(35.90 0.45) 10

F




 
cb| V |

exp th

exp th

3

3
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(39.70 1.42 0.89 ) 10(1) 1.074 0.024

(1) 0.908 0.0 (39.54 0.50 0.74 )1 107

G

F





   

   




cb

cb

|

|

| V
| V

  3
excl

(39.6 0.8) 10cbV −= ± ⋅

  
  

QCD  Symmetries  
at    1 / MQ → 0 

HQET 
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Inclusive  B  Decays              (OPE, HQET) 

3
incl

(41.9 0.7) 10cbV −= ± ⋅

Fits to lepton energy,  
hadronic invariant mass and  

photon energy moments 

1.9 σ  discrepancy with  
exclusive measurement 

  3(40.9 1.1) 10cbV −= ± ⋅
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W

b
c

l−

lν

cbV

W

b
u

l−

lν

ubV

2
1

50
ub

cb
V

V

B → Xu l ν 

( )0.15
0.17incl

34.41 0.15 10+
−

−= ± ⋅ubV

  Large  backgrounds  from  B → Xc l ν 
  Strong  experimental  cuts 
  Large  theoretical  uncertainties 

PDG  2012: 
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B → π l ν 

( )excl
33.23 0.31 10ubV −= ± ⋅

PDG  2012: 

Large theoretical uncertainties 

  3(4.15 0.49) 10ubV −= ± ⋅
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2 2 2
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2 2
Csin 0.226 ; 0.80 ; 0.45Aλ θ ρ η≈ ≈ ≈ + ≈

Hierarchical   Structure 
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2 3

2 2

3 2
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λ ρ η λ
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 − − − 

≈ +V 

u c t 

d s b 
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QUARK  MIXING  MATRIX 
   Unitary                      Matrix: parameters G GN N× 2

GN

                     arbitrary  phases: G2 1N −

ji
i i j je ; eiiu u d dθφ→ → j i( )

ij ijei θ φ−→V V

ijV

( )G G
1 1
2

N N −

Physical   Parameters: 

Moduli         ; phases G G
1 ( 1) ( 2)
2

N N− −

† †⋅ = ⋅ =V V V V 1
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●  Nf = 2 :    1  angle,  0  phases    (Cabibbo) 

No C C

C C

cos sin
sin cos

θ θ
θ θ

 
=  − 

V

2 2
Csin 0.226 ; 0.80 ; 0.45Aλ θ ρ η≈ ≈ ≈ + ≈ 13 0)0 (ηδ ≠≠   

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

( )

13

13 13

13 13

12 13 12 13 13

12 23 12 23 13 12 23 12 23 13 23 13

12 23 12 23 13 1

2 3

2 2

3 2

2 23 12 23 13 23 13

4
1 /2 ( )

1 /2
(1 ) 1

i

i i

i i

c c s c s

s c c s s c c s s s s c

s s c c s c s s c s

e

e

c c

i

i

e

e e

A
A

A A

δ

δ δ

δ δ

λ λ λ ρ
λ λ λ

λ ρ λ

η

η
λ

− 


 − −
 − − 
 − − −


 − − −
 

− − −  

 

≈ +

=V
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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 

0K
0B
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Standard Model        :      3  fermion  families  needed 

2 2 2 2 2 22( ( ) () ) ( )t c c u t uu m m m m m mM − − −≡H

2 2 2 2 2 22( ( ) )) ( ) (s sb d b dd m m m m m mM − − −≡H

 2 2( ) ( ) 0u dM M⋅ ⋅ ≠H H J

2
12 13 23 12 13 23 13

2 6 410sinc c c s s AsJ λ ηδ −= = <

•  Low-Energy  Phenomena 

•  Small  Effects   ~  J 

•  Big  Asymmetries           Suppressed  Decays 

•  B  Decays  are  an  optimal  place  for          signals 
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