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E.M. interaction 
 

Z = # electrons 
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2 1,3 3u dQ Q= + = −
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Fundamental  Interactions 
Type Intensity Intermediate 

Particle Physical System 

Strong ≈  1 Gluons   (m = 0) Atomic Nucleus 
Electromagnetic ≈  10-3 Photon     (m = 0) Atom 

Weak ≈  10-5 W ±, Z     (M ≠ 0) Radioactivity  β 

Gravitation ≈  10-38 Graviton  ? Massive Bodies 

The exchange  
of particles  

generates the 
interaction 

5 SM                                                                                                                                                              A. Pich  –  2021 



en p e ν−→ + +

" "ep n e ν+→ + +

(β decay) 

14 14
6 7 eC N e ν−→ + +

Weak  Interaction 
0,W Z±

100W Z pM M m∼ ≈

0e e
Q Qν ν= =

0
e e

m mν ν= ≈

Neutrino ; Anti-Neutrinoe eν ν≡ ≡

( ) ep p p n e ν+→ + +

νe 

RADIOACTIVITY 
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, ...ep p d e ν+→

νe 

  Interact very weakly 

  Very  abundant  in  the  Universe 

  Each second your body is crossed by 
 

1410 eν∼ coming from the  Sun

NEUTRINOS 
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νe They also come from below ! 

, ...ep p d e ν+→

Each second your body is crossed by 

NEUTRINOS 
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1410 eν∼ coming from the  Sun



 
 
 
 
 
 
 
 
  
 
 
 
 
 
                              

 
 
 
 
 
 
 
                      

       Quarks          Leptons 

photon 

 gluons 

up  (u) down  (d) electron  (e) neutrino  e  (νe) 

e

Z0    W ± 

 Q = 2/3             Q = -1/3              Q = 0                  Q = -1 

 Matter    (Fermions , J = ½) 

J = 1 

Bosons 
Forces 
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d
d

u eν

eνu
e−

e+

(Dirac) 
Quantum Mechanics  +  Relativity                     Antiparticles        

E = m c 

2 

ANTIMATTER 
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       Quarks          Leptons 

Photon 

 gluons 

  Higgs 

up  (u) down  (d) electron  (e) neutrino  e  (νe) 

charm  (c) strange  (s) muon  (µ) neutrino  µ  (νµ) 

top  (t) beauty  (b) tau  (τ) neutrino  τ  (ντ) 

e

µ

τ

Z0    W ± 

 Q = 2/3             Q = -1/3              Q = 0                  Q = -1 

 Matter    (Fermions , J = ½) 

J = 1 

J = 0 

0.003                            0.005                                   < 0.000002                         0.0005                      

1.3                                   0.1                                     < 0.000002                         0.105                      

173                                4.2                                      < 0.000002                         1.777                      

Bosons 
Forces 
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  Quantum Electrodynamics (QED) 

    Electricity + Magnetism + Light: 
 
 Quantum Chromodynamics (QCD) 

    Strong interaction:              8  Gluons 
 
 Electroweak Theory 

    QED + Weak Interactión: 

γ

, ,Z Wγ ±

⊗L YSU(2) U(1)

 Quantum  Mechanics           +   Special  Relativity 

                Quantum  Field  Theory 
( ) ( )c

STANDARD  MODEL 
A.P.,  http://arxiv.org/pdf/1201.0537.pdf 
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Spin matrices ( 4)D =

 • Spin   : 1
2 ( ) 0i mµ

µγ ψ∂ − = Dirac  equation 

• Non  Relativistic: 

;E i p i
t

∂
= = − ∇

∂





2

2
i

t m
∂ ∇

Ψ = − Ψ
∂

2

2
pE
m

=


Schrödinger  equation 

• Relativistic: 

( ),p E p i i g
x

µ µ µν
ν

∂
≡ = ∂ =

∂


2
2

2g
t

µν
µ

µ
µ ν

∂
≡ ∂ ∂ = ∂ ∂ = − ∇

∂





  Klein-Gordon  equation 

2( ) 0m φ+ =

2 2 2E p m= +


2( ) [( ) ] 0 ( )i m i m mν µ
ν µγ γ ψ ψ− ∂ + ∂ − = ≡ + { }, 2gµ ν µνγ γ =

13 

Quantum Mechanics Wave Equations ( )1c= =
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Dirac  Algebra 2 gµ ν ν µ µνγ γ γ γ+ =

20

2

0 0
;

0 0
I

I
σ

γ γ
σ

   
= =   − −  







1 2 30 1 0 1 0
; ;

1 0 0 0 1
i

i
σ σ σ

−     
= = =     −     

}{ , 2 ; , 2j i j j i jki i kiσ σ δ σ σ ε σ= = 

ϕ
ψ

χ
 

=  
 

Particle 
Antiparticle 

Spinors 

14 

20 1 2 3
5

2

0
0
I

i
I

γ γ γ γ γ
 

≡ =  
 

( )2
5 4; Iγ =Chirality  Projectors: 

5 51 1;
2 2R LP Pγ γ+ −

≡ ≡ 2 2P P ; P P ; P P P P 0R R L L R L L R= = = =

( )R L R LP Pψ ψ ψ ψ= + ≡ + Chirality (∼ helicity) components 
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Klein-Gordon:      (spin 0) 

2* *mµ
µφ φ φ φ= ∂ ∂ − 2( ) 0m φ+ =

0 0
( )

S µ
µδ

φ φ
 ∂ ∂

= − ∂ = ∂ ∂ ∂ 

 

Eq. Motion 

4 ( , )S d x µφ φ= ∂∫ 

Lagrangian Formalism 

Dirac:       (spin    )  † 0ψ ψ γ≡

( )i mµ
µψ γ ψ= ∂ − ( ) 0i mµ

µγ ψ∂ − =

1
2

15 

Fields create, annihilate and propagate (anti)particles 
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SYMMETRIES 

16 SM                                                                                                                                                              A. Pich  –  2021 



Free  Dirac Fermion: ( )i mµ
µψ γ ψ= ∂ −

Phase Invariance: ;e eiQ iQθ θψ ψ ψ ψ ψ ψ−′ ′→ = → =

Absolute  phases  are  not  observable  in  Quantum  Mechanics 

GAUGE  PRINCIPLE: 
Phase  Invariance  should  hold  LOCALLY 

( )xθ θ=

 SOLUTION:         Covariant  Derivative   

( ) eiQAD i De Q µµ µ µ
θψ ψ ψ≡ ∂ + →

One needs a  spin-1 (gauge) field           satisfying Aµ
1A A
eµ µ µθ→ − ∂

( )eiQ i Qθ
µµ µ ψθψ∂ ∂→ ∂ + BUT 
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( )i D mµ
µψ γ ψ= −

( ) ( )ei m Q Aµ
µ µ

µψ γ ψ ψ γ ψ= ∂ − −

Gauge Symmetry                             QED   Dynamics   

( ) JF eQ νµν ν
µ ψ γ ψ∂ = ≡ Maxwell 

21
2M m A Aµ

γ µ=

  Mass  term: 

Not  Gauge  Invariant 0mγ =

18[ exp: m 1 10 eV ]γ
−< ×

γ

ψ
e Q

ψ

18 

Quantum Electrodynamics  (QED) 

  Kinetic  term: 

1
4K F F µν

µν= −

F A Aµν µ µν ν≡ ∂ − ∂
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GAUGE  THEORIES   
The symmetries determine the interactions  

(locally in each space-time point) 

Anomalous Magnetic Moment 
1 ( 2 )
2l la g≡ −

2l l
l

eg
m

µ ≡

1
Rb2020

th137.035 999 206 (11 )) 0.001159 652 180 252 (95eaα − ==
exp 0.001159 652 180 91 (26)ea =

 

  Electroweak Theory:                  2 parameters      α, θW 
 

  Quantum Chromodynamics:     1 parameter      αs 

  Electrodynamics:  1 parameter                (interaction strength) 

          Phase symmetry              QED             Maxwell Eqs. 

19 

2

4
eα π≡
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Gauge  Principle:            Local  Symmetry ( )a a xθ θ=

3( )sgi µµ≡ ∂ + → μμD GI q Uq D q

† † †( );
s

i
g

µ µµ µ µ→ ∂→ +D D G GU U U U U U

1
2

[ ] ( )( ) a
a G xβ α βα

µ µλ≡G 8  Gluon   Fields 

q
q

q 
≡   

 
q

Free  Quarks:   NC = 3 colours 

[ ]i mµ
µγ= ∂ −q q

 SU(3)C   Colour  Symmetry: →q U q exp
2

a

ai λ θ
 
 
 

q=

Quantum Chromodynamics  (QCD) 

20 

[ , ] 2a b abc ci fλ λ λ=
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Mass Term: 21
2

a
aM Gm G Gµ

µ=

Not  Gauge  Invariant 0Gm =

Massless  Gluons 

    Kinetic Term: 

†[ , ] [ , ]s
s

i i gg
µν µ ν µ ν ν µ µ ν µν≡ − = ∂ − ∂ + →G UD D G G G G UG

;
2

a
a

a a a s b
b

a c
cfG G G G g G Gµν µν µν µ ν ν µ µ νλ

≡ = ∂ − ∂ −G

1 1
2 4

Tr ( ) a
K aG Gµν µν

µν µν= − = −G G
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QCD
1
2

Tr ( ) [ ]qi mµν µ
µν µγ= − + −G G q D q

( ) ( )1
4

[ ]q
a a

a a
q

G G G G q i m qµ ν ν µ µ
µ ν ν µ α µ αγ= − ∂ − ∂ ∂ − ∂ + ∂ −∑

1
2

( ])[ aa
s

q
g q q Gαβ

µ
α µβγλ− ∑

21 1
2 4

( ) s
a a

d
d e

s cbabc abc ca beG G G G G G Gg fgf Gfµ ν µ ν
µ ν ν µ µ ν+ ∂ − ∂ −

   Gluon  Self – interactions:    G3  ,  G4 

   Universal  Coupling                 (No  Colour Charges) sg
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 Left-handed leptons   (Right-handed antileptons) 

 

 Doublet  partners: 

 

, ll ν− , ll ν+

J


p

( ) ,L l L LL
l d uν− ⇔ ⇔

´ ; ´ ; ;e eX X X e X d u e u d eµ µν µ ν ν ν− − − +→ → → →

µ −

µν

µν

µ −

w+

e− eν

µ − µν µν µ −

e−

W −
e−

eν eν

Experimental 
Facts on Weak 

Transitions 
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W 

Family  
Structure , , ; , )) (( , ( )ul

uR R Rd
d L

ul

d
Rl

L

q
q

q
l q

l q q
l

ν
ν ν −

−−

       ≡      
   

 




    


, ,e cu t
e d bs

µ τνν ν
τµ− −−

    
    ′ ′′    

 Three families: 
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⊗L YSU(2) U(1) Electroweak Gauge Theory 
3 + 1  gauge bosons:  W 

± , Z , γ         ;        2  gauge couplings:  g , g’   

fe Q

γ

f f

( )5f f
e v a

2 s cθ θ
γ−

Z

f f

W

( )53/22
1g γ−

dq uq

W

( )53/22
1g γ−

l− lν

Fermion 

Interactions 

+W

W−

, Zγ
+W +W

W− W−

+W

W−

, Zγ

, Zγ

Gauge 

Self-
Interactions 

( )2
3 3
f f

f f
1sin cos , v , a 1 4 | | sin
2W W Wfg g e T T Qθ θ θ′= = = = ± = −
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