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• The K0-K0 system

• The CKM mechanism and the unitarity
triangle 

• Neutrinos  
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V0

Brookhaven, 1956 
2

K2 lifetime ~ 10000 K1 lifetime due to phase space

Two states :

  
K

1
→ππ

  
K

2
→πππ

M(π) ~ 140 MeV 
M(K) ~ 500 MeV 

Same mass (~ 500 MeV)

Very different lifetimes  

Remember the strange particles ? The K0-K0 system
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CP violation in the K0 system  

if CP is a good symmetry for the weak interaction : 

CP(ππ) = +1 and CP(πππ) = -1 

  
K0 = sd

  
K

0

= ds

  
K0

  
K

0

CP         =
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K
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(     - )

  
K

1
→ππ

  
K

2
→πππ

  
K

2
ππà

not CP 
eigenstates

CP 
eigenstates

⇒   
K0 = sd

  
K

0

= ds

One can build : 

NB : K1 = KS and K2= KL
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After some time, pure K2 beam

Search for the signal of the decay far (20 meters) 

from the production point of the K1 and K2

initial beam
K1 and  K2

?
  
K

2
ππà

  
K

1
→ππ
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initial beam
K1 and  K2

Cronin& Fitch experiment 1964 

charged tracks 
detector
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signal

π+

π-
cosθ < 1

π0
π+

π-cosθ = 1

θ θ

background

m*(π+π-)

Two informations : 
• The  π+π- invariant mass (m*)

• The opening angle between the two pions in 
the K center of mass frame

signal 

N(signal) = 45±10

HCPSS 2017 Heavy Flavours Marie-Hélène Schune

not 
detected
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1964 
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A(                 )  
K

2
ππà

A(                 )
  
K

1
→ππ  

= 2.271± 0.017( )10−3

« The discovery emphasizes, once again, that even almost self evident principles in 

science cannot be regarded fully valid until they have been critically examined in 

precise experiments. » 

0.7 % precision ! 

R. Turlay was a PhD student
J Christenson was a graduate student 

Today : 
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Experimental observation of CP violation in K decays

+ Cabibbo angle 

VCKM Cabibbo-Kobayashi-Maskawa matrix



VCKM Cabibbo-Kobayashi-Maskawa matrix
Two different way of seeing the charged interactions 
among quarks

W

u

d

gVud

In the basis dealing
with mass eigenstates :

In the basis where :
charged interactions are just

between members of the same family
and « CKM » is diagonal

W

u

s

gVus

W

u

b

gVub

W

u

d’

g

⎛ ⎞ ⎛ ⎞⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟=⎜ ⎟ ⎜ ⎟⎜ ⎟
⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

'
'
'

ud us ub

cd cs cb

td ts tb

d V V V d
s V V V s
b V V V b

Weak interaction 
eigenstates

Mass eigenstates (flavour or 
strong interaction 
eigenstates) 

≠
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# families # angles # reducible phases # irreducible phases

n n(n-1)/2 2n-1 n(n+1)/2 –(2n-1)=(n-1)(n-2)/2

2 1 0

3 3 1

4 6 3

1973
Before the discovery 
of the 4th quark

Prediction of the 3rd

family 
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V*ub ≠ Vub à CP violation 

CP

source
1A

2A

1A

2A
B f

One amplitude : no sensitivity on phase (|Vij|2 =|V*
ij|2 )
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No prediction on the Vij à they need to be measured
à Experimental observations : 

=
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Measuring triangles

Unitarity of VCKM

à9 relations 

† † 1VV V V= =

Stay within the 3 families
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The non-diagonal elements of the matrix products correspond to 6  triangle 
equations

They all have the same area, proportionnal to the amount of CP violation in the SM 



Measurements of the unitarity
triangle parameters : 

some examples 
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2(1 /2)λ η−

*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β

10-1

b c

ℓ

Vcb

b u

Vub

ℓ
ν ν

Rates of semileptonic B decays

2 2

Conceptually simple, complicated by QCD 



2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β

B0-B0 oscillationsThe other side : 

Diagrams involving Vtd or Vts
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(
The mixing phenomenon
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Pairs of self-conjugate mesons that can be transformed to each other via flavour changing 
weak interaction transitions are:

=0K sd =0D cu =0
dB bd =0

sB bs

They are flavour eigenstates with definite quark content

Apart from the flavour eigenstates there are mass eigenstates:
§ eigenstates of the Hamiltonian

§ states of definite mass and lifetime

§ They are propagating through space-time

§ useful to understand particle production and decay

Since flavour eigenstates are not mass eigenstates, the flavour eigenstates are mixed 
with one another as they propagate through space and time

00

00

L

H

B

B

B B

B

p

B

q

p q

= +

= −

00 ,  B B

, L HB B
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Γ⎛ ⎞
− −⎜ ⎟
⎝ ⎠= =

,
, 2

, ,( ) ( 0)
H L

H Li M i t

H L H LB t e B t

00

00

L

H

B

B

B B

B

p

B

q

p q

= +

= −
+

Time evolution 

( )
20 0 (1 cos )

2

teB H B t mt
−Γ

= + Δ

( )
20 0 (1 cos )

2

teB H B t mt
−Γ

= − Δ

The probability to observe a B0 at time t if a B0 was produced at time t=0 is :

Simplified formulae assuming that the two mass eigenstates have the same lifetime and neglecting CP 
violation (q/p=1) 

The probability to observe a B0 at time t if a B0 was produced at time t=0 is :

This is the mixing phenomenon !

𝑁"#$%&'( − 𝑁*%&'(
𝑁"#$%&'( + 𝑁*%&'(

~cos Δ𝑚𝑡
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)
Let’s come back to the unitarity triangle 
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Δm can be computed in the Standard Model 
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2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β

B0-B0 oscillationsThe other side : 

Δmd∝ |VtdV*tb|2

10-1

𝑁"#$%&'( − 𝑁*%&'(
𝑁"#$%&'( + 𝑁*%&'(

~ cosΔ𝑚𝑡
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10-1

Are the two types of measurements compatible ? 
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2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β

2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β

Is

in 
agreement 
with

?



Weak Interaction, An-Najah National University, Nablus, Palestine 26

2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

α

βγ

0

“the” unitarity triangle : * * * 0ub ud cb cd tb tdV V V V V V+ + =

*

*arg ud ub

cd cb

V V
V V

γ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

CP violation measurement 
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b

u
B- D0

W-

u

u

c
s

Vus

Vcb

K-

àKK

b

u

B-

K-

W- c

u

u

sVcs

Vub D0 àKK

B- (KK)DK-

*

*arg ud ub

cd cb

V V
V V

γ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠
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CP

(KK)DK±

significantly different from 0 ! 

Start with the same amount of B+ and B-

Count N(B+à(KK)DK+) and N(B-à(KK)DK-) 
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2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ

0

α

β



An example of CP induced by the interference between
mixing and decay : the β angle
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B0

B0

f

Φmix

-Φdecay

Φdecay

Φd = Φmix-2 Φdecay

Mixing Decay
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= sin(2β) sin(Δmt) Pionnered by the B-factories
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2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

γ
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α
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2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td
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V V
V V
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γ
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with

?
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Sides and angles measurements in good agreement

The CKM model of CP violation has been confirmed

At the electroweak scale, the CKM mechanism dominates
CP Violation 
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• Anti-matter in cosmic rays

• No sign of light emission (anti-galaxy …)

•No significant sign of anti-nuclei (anti-He4 ... )         
Searches on-going

But the CP violation phase of the SM is
orders of magnitude too small



Neutrinos
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If β decay proceeds through nàp e- the energy conservation predicts a monochromatic 
spectrum 

1914 Chadwick observes a continuous spectrum …

à Energy conservation is violated (Bohr) or an other particle is in the game (Pauli) : 
β decay : nàp e-ν̅e

The β decay
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Fermionic sector of the SM : 

Nν = 2.9840±0.0082

3 types of neutrinos with m = 0 

Lepton number 
conservation 



Weak Interaction, An-Najah National University, Nablus, Palestine 38

matrix element for the Feynman graph:

µ- νµ

e-

νe
W-

( ) ( )5 2 52
1 11 1
2 22 2

1
e

W

e
g gM u u

q
u u

Mµ
µ

ν µ µ νγ γ γ γ⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠− =
2

2
2
8F

W

gG
M

νµ

νµ

νe

νe

The ν is left handed (the anti-neutrino is right handed) 
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How to detect a neutrino 
If ν are produced by β  decay, they can be detected using the inverse reaction.

d u

e-

νe
W

uu
d dn p

Neutron β decay 

n
u d

e+νe

W

uu
d dp

Inverse β decay

σ(ν p) ~ 10-43 cm2 for Eν = 3 MeV 

So one needs :

• Intense neutrino sources

• Large mass detectors

Sun
Cosmic rays interactions
Reactors
Accelerators



Weak Interaction, An-Najah National University, Nablus, Palestine 40

Three flavour of leptons : 3 flavour of neutrinos 

ν
target
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Three flavour of leptons : 3 flavour of neutrinos 

target
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Three flavour of leptons : 3 flavour of neutrinos 

νe

e-

because of lepton number conservation 

target
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Three flavour of leptons : 3 flavour of neutrinos 

ν

because of lepton number conservation 

target
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Three flavour of leptons : 3 flavour of neutrinos 

νµ

µ

because of lepton number conservation 

target
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Three flavour of leptons : 3 flavour of neutrinos 

ντ

because of lepton number conservation 

τ−àπ−π−π+ντ

target
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Liquid 
scintillator

Liquid 
scintillator

CdCl2

• Checks :
- Target without cadmium
- data taking with nuclear reactor OFF

à 3.0 ±0.2 signal events/hour 

Direct experimental evidence of νe

• Reminder: around 1930, Pauli and Fermi made the hypothesis of the νe

• In 1956, Reines-Cowan experiment : experimental evidence using a nuclear 
reactor : search for the  ν̅e p à n e+ reaction

νe coming from the 
nuclear reactor

target p

e+

γ

γ

n

γ

γ

ν ̅e p à n e+

The e+ stops and annihilates 
e+ e- à γγ

The neutron undergoes sequential collisions 
and after ~1 ms is captured by the Cadmium 
à γ emission
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Two other types de neutrinos  

• In 1962 : Schwartz, Lederman et Steinberger experiment at BNL : νµ≠νe

1012 p 
(15 GeV ) π+

K+

µ+

νµ

iron

21 m                            13.5m

Be target

Detector (10 tons)

Sparks along 
the µ track

νµ

• in 2000 the third neutrino ντ (DONUT) at Fermilab :

sD ττν→
ντ beam

N Xτν τ+ → +

3 years of data taking : 4 
unambiguous ντ signal events
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BUT : 
In a deep mine the Davis Chlorine experiment

Inverse beta decay Cl37+ν àAr37+e-

Ar is chemically very different from Chlorine à can be separated

It is radioactive and reverts to Cl37 emitting an Auger electron (lifetime 35 
days) 

Count a few atoms in a tank of few hundred tons !

The observed rate was about 3 times 
smaller than the predicted one … 

Which one is wrong ? The experiment 
or the Solar Model ?

Searching for νe

End of the 60’s
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Neutrinos mixing
If neutrinos have masses : Mass eigenstates ≠weak (flavour) eigenstates

à 3x3 matrix (CKM-style) 

Assume for simplicity two families : the 2 basis 
are connected through a simple rotation : 

1 1

2 2

cos sin
sin cos

e U
µ

ν ν νθ θ
ν ν νθ θ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞

= =⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟−⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

In the case of 3 families : 

1 2 3

1 2 3

1 2

2

33

1e e ee U U U
U U U
U U U

µ µ µ

τ τ

µ

τ τ

ν ν
ν ν
ν ν

⎛⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟=⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟⎝ ⎠

⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟ ⎠⎠⎝⎝

Mass 
eigenstates (ni)

Weak 
interaction 

eigenstates (na)

PMNS matrix 
(Pontecorvo, Maki, 

Nakagawa, Sakata)
α αν ν=∑

N

i i
i
U
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propagation 

L

1 2

( 0)

cos sin
exν ν

θ ν θ ν

= =

= +

The weak interaction 
produces neutrinos 
of a given flavor

Evolution with time in the  mass 
eigenstates basis follows 
Schrödinger equation (lab frame):

( ) ( )1 1 2 2
1 2

( )

co
          

s sini E t p L i E t p L

L

e e

ν

θ ν θ ν− − − −

=

+ e

N X

N e X
µν µ

ν

−

−

→

→

Detection again via
weak interaction :

2

2
2 2 12

2 2 2
12 1 2

( ) | | ( ) |

sin 2 sin
4

eP L

m L
E

m M M

µ µν ν ν ν

θ

→ = < >

Δ
≈

Δ = −

source detection 

νe

Neutrinos oscillations : the case for 2 families

Ultra relativistic neutrinos of 
momentum p

2
2 2  

2
i

i i
Mp M E p M p
p

>> ⇒ = + ≈ +

2 2
1 2

2 2
1 2( ) co

        
si

 
s n

 

M Mi L i L
p pL e eν θ ν θ ν

− −
= +

E is the average energy of 
the mass eigenstates
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The other flavour eigenstates (not present at t=0)  appear during the propagation

The total flux is conserved. 

Neutrinos oscillations are only sensitive to the difference of the masses squared (NOT to the 
absolute value) 

2
2 2sin 2 sin

4
m LP
Eαβ
ν

θ
⎛ ⎞Δ= ⎜ ⎟
⎝ ⎠

1  1P Pαα αβ= − <

appearance

disappearance

2 parameters
1 measurement
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The mixing phenomenom can be tested using :

• Neutrinos from the sun

• Neutrinos from reactors

• Neutrinos from accelerators

If neutrinos oscillation is observed it implies that
neutrinos have masses … 
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The combination of all solar neutrino experiments (before SNO) implied that solar neutrinos 
were disappearing between production (in the sun core) and detection in the earth.

So the sun is shining the expected number of neutrinos but many of them are detected as 
and νµ and/or  ντ,! 

Neutrinos from the sun ! 

the neutral current reaction (NC) 
measures the (νe + νµ + ντ,) flux

The charged current (CC) one the 
νe flux 

SNO
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Neutrinos from the reactors : νe
DayaBayPRL 115 111802
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Which is the 
correct hierarchy ? 

What is measured : m22 – m12 and m32 – m22

è the neutrinos have masses but two scenarii are possible :
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Cosmological constraints on Σm(ν)

• The neutrinos mass would modify the (delicate) balance between
gravity and the Hubble expansion

• They would also have also effect on the structure formation … 

• Small modifications in the Cosmological Microwave Background 
which is the fingerprint of what happended at the very beginning of 
the Universe

à Σm(ν)< ~ 0.2 eV 



Weak interaction in summary
• All quarks and leptons are sensitive to the weak interaction

• MW~MZ~100 GeV

à short range 

à Extremely weak : (~ 10-8 smaller intensity than the strong interaction at a 
distance of 1 fm)   

• The weak interaction 
• violates maximally C and  P

• does not conserve the flavour

• Exhibits a tiny CP violation   

• The weak and mass eigenstates of quarks are not the same, they are related 
via VCKM which is a natural source of CP violation 

• Neutrinos are only sensitive to the weak interaction

• They have masses ! (but we do not know the values) 

• They may be an open window to physics beyond the Standard Model 
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cos
sin

ij ij

ij ij

c
s

θ
θ

=

=

c12c13 s12c13 s13e-iδ

- s12c23 – c12s23s13eiδ s23c13

s12s23 – c12c23s13eiδ

c12c23 – s12s23s13eiδ

c23c13- c12s23 – s12c23s13eiδ

=

3 families ⎝ 3 angles (θij) and one phase (δ) Vub

à Parametrization in power of λ (=sinϑc) = s12 = |Vus|~ 0.22

( )

( )
( )

2 3

2 2 4

3 2

1 /2
1 /2

1 1

A i
A

A i A

λ λ λ ρ η
λ λ λ ϑ λ

λ ρ η λ

⎛ ⎞− −
⎜ ⎟− − +⎜ ⎟
⎜ ⎟− − −⎝ ⎠   

λ = sinθ
c

~ 0.22

A ~ 0.80

ρ ~ 0.20

η ~ 0.35
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“the” unitarity triangle : * * * 0ub ud cb cd tb tdV V V V V V+ + =

2
* 3( ) (1 )

2ud ubV V A i λλ ρ η= + × −
* 3

cd cbV V Aλ= −

* 3 5(1 ) ( )td tbV V A i A iλ ρ η λ ρ η= − − + +

Basis of the triangle aligned on the real axis, normalized to 1

2(1 /2)λ η−
*

*
ub ud

cb cd

V V
V V

*

*
tb td

cb cd

V V
V V

12(1 /2)λ ρ−

α

βγ

0

at order λ5

*

*
arg atanud ub

cd cb

V V
V V

ηγ
ρ

⎛ ⎞ ⎛ ⎞⎜ ⎟= = ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

* 2

2*

(1 /2)arg atan
1 (1 /2)

td tb

cd cb

V V
V V

λ ηβ
λ ρ

⎛ ⎞ ⎛ ⎞−⎜ ⎟= = ⎜ ⎟⎜ ⎟ − −⎝ ⎠⎝ ⎠

α+β+γ= π

2 sides ; 3 angles 
⇒ aim : to overconstrain this unitarity
triangle
precision test of the Standard Model 
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(
CP violation 
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V*ub ≠ Vub à CP violation 

CP

source
1A

2A

1A

2A
B f

If you just have one amplitude : no sensitivity on phase (|Vij|2 =|V*ij|2 )
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)
Let’s come back to the unitarity triangle 
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π-υµ µ-−

π+υµ µ+ π+ υµµ+

P

π- υµµ- −

P

CC CP
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Anti-matter in the Universe and Big Bang

Primordial Universe Today

Matter Anti-matter Matter Anti-matter

1. Baryonic number violation:

2. C and CP symmetries violation: 

3. To be out of equilibrium:

Xàp e-

Γ(Xàp e- )≠Γ(Xàp e+ )

Γ(Xàp e- )≠Γ(p e-àX )

The 3 Sakharov conditions(1967)

𝑛 𝑏𝑎𝑟𝑦𝑜𝑛 − 𝑛 𝑎𝑛𝑡𝑖𝑏𝑎𝑟𝑦𝑜𝑛
𝑛:

~6	10?@A
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Anti-matter in the Universe and Big Bang

Primordial Universe Today

Matter Anti-matter Matter Anti-matter

1. Baryonic number violation:

2. C and CP symmetries violation: 

3. To be out of equilibrium:

Xàp e-

Γ(Xàp e- )≠Γ(Xàp e+ )

Γ(Xàp e- )≠Γ(p e-àX )

The 3 Sakharov conditions(1967)

𝑛 𝑏𝑎𝑟𝑦𝑜𝑛 − 𝑛 𝑎𝑛𝑡𝑖𝑏𝑎𝑟𝑦𝑜𝑛
𝑛:

~6	10?@A

But the CP violation phase of the SM is
orders of magnitude too small


