
The Emergence

of Flavour Physics

The weak interactions
(short introduction)
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ΔE Δt ~ Uncertainty on the 

mass (width G) due to 

Dmc2 = Gc2 

2c


G 

Heisenberg :

The faster the decay, the larger the uncertainty on m

Stable particle  well defined mass state

The uncertainty principle from Heisenberg for an unstable particle is :
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The Width : G

G Is proportional to the probability

that an interaction (decay)  take place
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More in details on width/lifetime and also cross section. 

The total cross section  for a collision is  a+b →1+2+…

The width for a decay G is   a→1+2+… n

All traduce the probability that a pheomena occurs.
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 , G  ~  Kinematics    × Physics

Why « Kinematics »?  Because the probability that a phenomena occurs depends on the 

number of kinematical configurations «opened» for the process. More configurations opened

→ larger cross section and larger width (or smaller lifetime). We call it also Phase Space

What we have in « Physics » ?   For instance we have couplings !  Stronger is the coupling

→ larger cross section and larger width (or smaller lifetime).

initial state

set of final states
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This quantity characterizes the available

energy in the decay (phase space)

[is expressed by Pmax of the decay]

-
L

o
g

1
0


(s

)

hadrons strong interaction
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hadrons electromagnetic 
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Particles lifetime in function of the maximal momentum avaible for one of the decay product

Log10 pmax (MeV)

The lifetimes used as an introductory exemple to Weak Interactions

4



D++ →p ~ 10-23 s Strong interaction

S0 →Lg ~6 10-20 s electromagnetic 

interaction0 →gg ~ 10-16 s

S →n ~10-10 s

Weak interaction
- →m- n ̅m ~10-8 s

m- →e- n ̅e nm ~10-6 s

n →p e- n ̅e 15 min

• How to explain these long lifetimes  ?

In fact a full range of lifetimes has to be explain by the weak interaction (from 10-12 s to 15 min !).

There is roughly the same phase space 

available (Mn~Mp and MD ~MS) 

 Coupling for the weak interaction : W~10-6
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The lifetimes used as an introductory exemple to Weak Interactions
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1932 : Fermi  proposes a theory which is the analogous of electromagnetism to 

explain the  b decay (by weak interaction)

Fermi propose n→p e-ne         p→n e+ne

( ) ( )2

1
p ep eM eu u eu u

q
m

mg g
 

= − − 
 

( ) ( )
2

2 p e

e
M J J

q

m

m= −

courant Jm

p n

e- ne

Jm
N

Jm
e

( )( )en p eG u u u um
n mg g

[GeV-2]

( )( ) ( )( )5 51 1
2

m
n mg g g g− −

en p e

G
u u u u

To take into account the 

Parity Violation (1957) :

Fermi’s theory of the weak interactions 
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G is an universal constant, 
i.e. used for all the weak processes

G is dimension E-2

Not a fundamental
adimensional coupling constant
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From dimensional arguments   ~

From calculations :

e      
192

   

G E

G m

5 21.16 10FG GeV− −= 

From precise muon lifetime

[G]= GeV-2 [G2m5]=[GeV]=[s-1]

G~ 10-5/M2
N

GF the effective weak interaction constant
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Muon decays !

Has a consequance : Heavy particles will have a shorter lifetime (an heavy particle decays 

before a light one) 

= 1/m
m   =2.2 µs   →



Few words on Electromagnetism (QED)

• Between charged particles 

• Vector of the interaction : the photon (g)

• One Feynman graph for QED: 

e-

e-e-

e-

1/q2
g (virtual)





electrons exchanging a photon

An e- which emits a g and moves 

back. The g is absorbed by an 

other e- whose direction is modified

or

t

Creation and exchange of an interaction  particle

 violation of the energy conservation principle during a limited time

During Dt the particle can travel  R =c Dt 

Heisenberg principleD  =
D 2E mc

t

2

c
R

mc
=
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More on Feynman graphs

• A powerful « graphical » method to display the interaction in perturbations theory (each 
diagram is a term in the perturbation series)

• Each graph is equivalent to « a number »

• → computation of the matrix elements and of the transition probabilities

• Horizontal axis : the time

• Lines are particles which propagate in space-time 

• The         represent the vertices «location» of the interaction (where there is quantum 
number conservation)

particle Vector boson of the interaction

e-(k’)

m- (p’)

e-(k)

g (q)

m- (p)

Vertex:  factor in the matrix element  

« interaction intensity »

Propagator: 

factor igun /(q2-m2) (depends also on 
spin …)

t

External lines: fields 

(spinors, vectors, …)

Feynman rules :
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• Analogy with electromagnetism Fermi Theory

The constant G has dimension GeV-2

• InWeak Interaction: echange of a boson 

• if q2<<MW
2 (true for the  b decay) thus 

– Constant G of the effective coupling 

– Disparition of the propagator

– Fermi theory works at low energies (q2<<MW
2 )
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But what is the value for  MW?

Under the hypothesis  g~e and 

MW~37 GeV … large !

In fact  e = g sin(qW) and thus MW~37 GeV/sin(qW) ~ 80 GeV

The weak interaction is not weak because of g<<e but because of the large value for the W 

mass (which is very different of what happens with QED and the photon)
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Need to know the value of weak charge g

Let’s say without knowin the result of SM 
that there are two solutions :
- g << e   coupling constant is weak
- MW is heavy

SM tell us that e  = g sin (qW)



Conservation laws conserved by all the interactions

Grandeurs non 

observables

Invariance Conservation

Position absolute translation momentum

absolute time Time displacement Energy

Absolute direction rotation Angular momentum

Relative phase between

charged particles

Jauge transformation of 

the charge

Electric charge

Relative phase between

quarks and the other

particles

transformation of jauge 

baryonics

Baryonic number

(charge)

Relative phase between

ene , mnm , n and the 

other particles

Transformation of jauge 

electronic, 

muonic,tauonic

Leptonic number

(electronic, 

muonic,tauonic)

ALL THE INTERACTION CONSERVE THESE ABOVE SYMMETRIES



Helicity/Chirality

• Helicity: definition for the helicity operator : with 44

• Chirality:

If  is a solution for the Dirac equation, on can write: = CL+ CR

Definition: chirality operators Left ou Right (CL,CR) :

Algebra :
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• Chirality is the  “correct” quantity (it appears in the Lagrangian and in addition the helicity 

in not Lorentz invariant) but what is measured is the helicity and this is also the helicity 

which is preserved in the reactions ! 

• One can show that:

with

CR, CL are the eigenvectors of H

CR corresponds to the eigenvalue +1

CL corresponds to the eigenvalue -1

• for m<<E: a = 1 - b and b = 1 + b

b ~ 1: a = 0 and b = 2 

and thus : CL=HL and CR=HR
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for E>>m : Helicity  Chirality

Link between helicity and chirality
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The PARITY
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   
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 = 

 = 
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P vector (parity -1)

P( ) scalar (parity +1)
   

pseudovector (parity +1)P( )

pseudoscalar (parity -1)P[( ) '] ( ) '

r r

r p r p

r p r p

r p r r p r

Parity
changes direction and momentum

NOT angular momentum or spin 
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Helicity is a pseudoscalar ! (parity -1)

Excellent quantity to look for Parity effects !



Schematical overview of 

the Co60 experiment
• b decay :

• Wu’s experiment :

- The spin of the Co60 atoms are aligned by a magnetic field 

- Record of the direction of the emitted electrons

e-

P

Result of the experiment: the e- are 

preferentially emitted in the 

direction opposite to the Co spin 

(asymmetry)

60 60*( 5) ( 4)Co Ni        n p e eJ J e en n− −→=→=

Co 

spin

The magnetic field direction is changed and the rate for 

the electrons emission is measured in the two 

configurations. The asymmetry is reversed. 

Magnetic 

field

Parity is violated by the weak interaction 

IF P is conserved, these two configurations (H=-1 and H=+1) should have the same probability

Ni spin

ev e-

ev
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The parity violation in weak interactions

If parity were a symmetry of the weak interaction, both helicity states would be produced 

with equal probability. The experiments show that the weak interaction couples only to 

left-handed electrons (and right-handed positrons). 

The parity-transformed state is therefore not produced in the same way.



60 60*( 5) ( 4)Co Ni        n p e eJ J e en n− −→=→=

Wu-experiment
Parity violation also seen in the Cobalt60 experiment

Goldhaber-experiment   (see appendix)
Neutrino particles are left handed particles

Parity violation in weak interaction explicitely seen in

Another very important experiment

Left-handed particle

s s

Right-handed particle
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The parity violation in weak interactions

CONCLUSION IS THAT PARITY IS 
MAXIMALLY VIOLATED IN WEAK INTERACTIONS

Under a parity transformation, a left-handed state is mapped onto a right-handed state; 
however, the weak interaction does not couple to these two states in the same way.
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This form for the current leads to maximal parity violation 

(the V-A structure allows only left handed neutrinos)

Validation of the  gm (1−g5) expression for the weak currents

(gm  is a vector, parity = -1)

Let’s take an electromagnetic current :  ̅gm  :

Let’s take a weak coupling  ̅gm (1−g5) :
gmg5 is vector-axial, parity +1

gm (1−g5): V-A structure
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The V-A structure

 for the electromagnetic interaction : CL- CL and CR - CR couplings

 for the weak interaction : CL- CL coupling only
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g

RR

e- e-

g

LL

e- e-

e+

particle-particle : LL or RR particle-antiparticle : LR or RL

e-

LR

RL

Electromagnetic interaction

Weak interaction

LL e+ e-

RL

Z

e- e-

The weak interaction selects Left handed 

particles and Right handed anti-particles

In the limit E>>m : Helicity  = Chirality

particle-particle : LL particle-antiparticle : LR

19
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Helicity : It is the projection of spin along momentum.

•For massless particles, helicity is Lorentz invariant.

•For massive particles, helicity is not invariant (you can boost to flip it).

So for massive fermions, helicity alone cannot define a fundamental symmetry of nature.

Chirality : We define projection operators: PL, PR. These project a Dirac spinor into:

• Left-chiral component

• Right-chiral component

Chirality is Lorentz invariant, even for massive particles.

Experimental fact.  Experiments (Wu experiment, Goldhaber experiment) showed:

• Weak interactions only involve left-helicity neutrinos 

• and right-helicity antineutrinos

This is maximal parity violation.

But since helicity is not invariant for massive particles, the deeper statement must be: 

The weak interaction couples only to left-chiral fermions.

The V−A structure:

• Projects out left-chiral fermions

• Violates parity maximally

• Matches experimental data

• Is consistent with gauge invariance (SU(2)_L)

In the Standard Model:

• Only left-handed fermions are in SU(2)_L doublets

• Right-handed fermions are singlets

Summary : Helicity, Chirality, V-A structure

❑ Experiments show only left-helicity states participate.

❑ Helicity is not Lorentz invariant for massive particles.

❑ Thus the fundamental structure select chirality.

❑ That leads uniquely to the V − A structure.

❑ Weak interaction in SM are constructed exactly like  this



n

P

n

n right

n

C

n

n left

n

CP

n

n right

-Violation of the parity in the weak interaction (1956 experiment-Wu)

-The neutrino has helicity left (1958 experiment-Goldabher)

-The helicity of the antiparticle is opposite to those of particles 

P and C are maximally violated in weak interaction.

CP was thought to be conserved 21

C and P are violated but CP is conserved



• Responsible for long lifetimes, small cross sections

• Fermi’s theory: a local interaction built as the electromagnetic interaction 

• GF Fermi , Weak EFFECTIVE coupling GF : ~ 10-5

• The ¨real theory¨ for weak charged interaction is with high mass mediator (W)

• GF is small because the W is heavy !

• The weak interaction preserves: the leptonic number, the baryonic number and 
the electric charge…

• The weak interaction maximally violates parity

• The weak interaction currents has a V-A shape, the weak interaction selects 

Left handed particles and Right handed anti-particles

• The weak interaction in principle conserve CP

Short Summary on Weak Interactions

( )( )m
n mg g

enF p eG u u u u
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e-Play and make the particle decays - I

m- nm

ne

W-

e-

23

Consequance : 

Heavy particles have a shorter lifetime (an heavy particle decays before a light one) 

Consequence : 

c

u u

s

W +

u

d


+

D0 K-

The quark c is much heavier than quark u.
• The work c emit a W which convert into a final state 

with pion.
• The quark u forming D0 recombine with the s forming 

a K- in final state
We say the the u quark in the D0 act as a spectator



All particles decay if conservations laws are respected

All particle decay

• (if possible) through strong

• or through electromagnetic

• and otherwise via weak interaction

m- nm

ne

W-

e-

Play and make the particle decays - II

24

g

e-m-

Forbidden by LFV



 decays (the lighest hadron)

+ → m+nm : weak interaction

Why does it decay via weak interaction ?

Strong interaction ?

d

u

u

u

u

d

+
+

0

Allowed for the r

(M~770MeV). The 

mass is too small

Electromagnetic 

interaction?

g

u

d

This coupling does not 

exist  (electric charge 

conservation)

u

d W

m

nm

The only possibility is the weak 

interaction !

Play and make the particle decays - III
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BACKUP



Taking the case of :a+b →1+2 ou a→1+2 we write :

impulsion spin
 =  

1 1

2 1 2 1a bs s


+ +

Not polarised beam

We obtain (some calculations…)

Kinematics

From « Feynman » diagram..

2 2 2 2
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1 2
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2

a

a

m
p m

m
p

 
= − 

 

=

<<







+ →

→


=  




G
=  





*
2

* 2 *
int1,2

*
2

* 2 2
int1,2

1 1
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1
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pd
T
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pd
T
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The total cross section  for a collision a+b →1+2+…n and the width for a decay G a→1+2+… n 

are given by :

( ) ( )
( )

( ) ( )
( )

  


 


=

=

= −

G = −

= −

 

 



3
2 4 4

3
int 1

3
2 4 4

3
int 1

2 2

int

1
2

2 2

1
2

2 2 2

:   flux : 4

:  over all the internal degrees of freedom of the final particles

  : depend upon  spins and 

n
k

f i

k k

n
k

f i

ka k

a b a b

d p
d f T i Q Q

F E

d p
d f T i Q Q

m E

F F q q m m

T

=

→

= +

= 
1

momenta

:  matrix element of the transition 

  momentum-energy quadrivector energie of the initial state 

  momentum-energy quadrivector energie of the final state 

, :   mome

i a b

n

i k

k

kk

f T i i f

Q q q i

Q q f

p E ntun and energy of the k  particle in the final stateth

Differential element :

( ) ( ) ( )
( )

3
4 4

1 3
1

, ,..., 2
2 2

n
k

n i n f i

k k

d p
d Q q q Q Q

E
  

=

= − 

This term contains all the kinematics
3 2

cos

d p p dpd

d d dq 

= 

 =

To be determined 

from the interaction

Named phase space at n-body

How to calculate Widths & Cross Sections  (detailed, but conceptually simple) - I
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The Particle Data Group book : where all the measured particles properties are recorded 

(paper or internet) 

For each particle : 

This is BRi=Gi/G

2 2

1 i

i

BR

c c
 = =

G G

This is the pmax from the 

previous page. Obtained by 4-

momentum conservation

Short example ... Can be much longer ! 

2 2 2

*

* *2 *2

      
2

m m m
E

m

p E m

 m n

m



m m m

+ −
=

= −

pmax ~30 MeV

How to calculate Widths & Cross Sections  (detailed, but conceptually simple) - III
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Measuring widths, one is able to 

have information on very small 

lifetimes. This is the way one can 

have information on a phenomenon 

extremely fast (the fastest in 

Nature?...) : a particle with a lifetime 

of 10-23 sec)

Decay mc2  Gc2

K*0→ K- + 892 MeV 1.3 10-23 s 51 MeV

0→ g g 135 MeV 8.4 10-17 s 8 eV

Ds → + 1969 MeV 0.5 10-12 s 10-3 eV

Measurable 

width

Measurable lifetimes



And for cross section

( )
2 2 2 2

Fc G E cm  [MeVcm]2[MeV]-4[MeV]2

For example  in neutrino – electron scattering with 
nEmE e2=

Considering the electron as a fixed target 
244 )(102 cmMeVEe nn −=

h       = 6.583 10-22 MeV sec

hc     = 1.973 10-13 MeV m = 197 MeV fm 

(hc)2 = 0.389 GeV2 mbarn

For En=1MeV L = (nene)-1

In lead ~ 24light-years

Typical cross section of weak interaction constant
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Digression - I

• Because g~e it is not necessary to introduce a new charge to understand the weak

interaction. The electric charge is sufficient (…not entirely correct, sin(qW)

• A new mass scale has been introduced: MW 

• This is similar to electromagnetism, where there is no difference between electric and 

magnetic charge.

• Magnetic effects become important when v becomes large and become comparable to 
electric effects

• Unification  introduction of a new scale.

= +  =        M MF eE e v B e e unification

It is the scale that sets the relative couplings of the forces.
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2
( .) ~

( ) ~
2

2 ( ~

80

)

G
t Heis

E mc

W GeV

eV

eV
W

G


D  =
D

G →
W

- e-

ne

b c

The W is emitted virtually, that is, by violating the principle of energy conservation. This is possible within 

the time t (Heis.) granted to it by the Heisenberg principle. During this time, the W has a small probability of 

decaying ((W))  → (W) >>t(Heis.)

Digression sur l’interaction faible et la virtualité

Antother way 

80 GeV2GeV

The W can be emitted at, 
for example, 2 GeV, with a 
small probability.

First way of looking at it

Particle=Resonance(BW)
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• Responsible for long lifetimes, small cross sections

• Weak EFFECTIVE coupling GF : ~ 10-5

• Plays a role in b decay and the beginning of solar reactions

• Fermi’s theory: a local interaction built as the electromagnetic interaction 

GF Fermi constant, it is universal

Fermi theory is an effective theory ( widths , cross sections grow with energy)

• GF is small because the W is heavy !

• The weak interaction preserves: the leptonic number, the baryonic number and 
the electric charge

First Short Summary on Weak Interactions

( )( )m
n mg g

enF p eG u u u u
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W(θ)∝1+a cosθ

a = 1;  P maximally violated

The number 1.2 in the experiment comes from the fact that 
the coefficient in front of the spin–momentum correlation for 
that specific nuclear transition is not simply 1 — it includes 
nuclear matrix element factors.
In other words:
The experimentally fitted coefficient is not just the “pure 
helicity” coefficient — it also contains nuclear physics factors.

The parity violation in weak interactions



Wu EXPERIMENT – some details
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Some experimental facts explicitly of the V-A structure

ne

nm

e+

m+

+,K+

S,K=0

Ultra-relativistic case (E>>m)  : only left handed fermions (and right handed anti-fermions) are emitted in 

charged currents interactions (= interactions with a W).

This is always the case for the neutrinos, for other particles the « forbidden »helicity states (eg left handed 

anti-fermions) are suppressed by factors of the order of :

Example: leptonic decays of + or K+ (spin 0)

decays with a neutrino in the final state  antilepton of left chirality

leptonic decay width:

21
v

m
c

 
−  

 

2

4

2
2

2

1
1.27 10

1

e em

m m

m

m m
m



−
 G

   G   
−  

 

Experimentally :
( )
( )

( ) 41.230 0.004  10
ee

m

 n

 m n

+ +

−

+ +

G →
= 

G →

Despite the much larger phase space the electronic decay mode is suppressed ! 

2
2

2 2 2

2

1
1

8

m
G f m m

m
 



 
G = − 

 

~

(the heaviest the particle the less 

suppressed they are .. or in other words 

the less valid the E>>m hypothesis) ,
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• chirality/helicity

in the ultra relativistic case (E>>m) : chirality = helicity

• The weak interaction maximally violates parity  

• The weak interaction currents has a V-A shape :

the weak current can be written as ̅gm (1−g5)

• The weak interaction selects Left handed particles and Right handed anti-

particles

• Charged currents are mediated through a W

• Only left handed neutrinos (and right handed neutrinos) exist (if mn=0 …)
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Second Short Summary on Weak Interactions


