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Source: Symmetry magazine
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The (complete) Standard Model Lagrangian
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[1]: Describes the gluon, the gauge 
boson which is the carrier of the 
strong force, and its interactions. 

Gluons come in eight types, interact 
among themselves and have a color 

charge.

[2]:Describes the interactions 
between bosons, particularly W and 
Z bosons.  
Bosons are force-carrying particles, 
and there are four species of 
bosons that interact with other 
particles using three fundamental 
forces. Photons carry 
electromagnetism, gluons carry the 
strong force and W and Z bosons 
carry the weak force. The most 
recently discovered boson, the 
Higgs boson, is a bit different; its 
interactions appear in the next part 
of the equation.

[3]: This part of the equation 
describes how elementary matter 
particles interact with the weak 
force. This section also includes 
basic interactions with the Higgs 
field, from which some elementary 
particles receive their mass. 

[4]: In quantum mechanics, there is 
no single path or trajectory a particle 
can take, which means that 
sometimes redundancies appear in 
this type of mathematical 
formulation. To clean up these 
redundancies, theorists use virtual 
particles they call ghosts.  
This part of the equation describes 
how matter particles interact with 
Higgs ghosts, virtual artifacts from 
the Higgs field. 

[5]: This last part of the equation 
includes more ghosts. These ones 
are called Faddeev-Popov ghosts, 
and they cancel out redundancies 
that occur in interactions through the 
weak force.
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Note: Thomas Gutierrez, an 
assistant professor of Physics 

at California Polytechnic 
State University, transcribed 

the Standard Model 
Lagrangian for the web. He 

derived it from 
Diagrammatica, a theoretical 
physics reference written by 

Nobel Laureate Martinus 
Veltman. In Gutierrez’s 

dissemination of the 
transcript, he noted a sign 

error he made somewhere in 
the equation.

Good luck finding it!
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Field description Fµν 
Photons, gluons 

Maxwell equations, E- 
and B-fields, self 

interactions
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Particles ψ 
normal matter, particles 

and antiparticles, quarks, 
leptons
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Interactions D 
interactions between 
particles and fields
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Higgs field
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Mass ψψφ 
how particles acquire 

mass by interacting with 
the Higgs field
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Field description Fµν 
Photons, gluons 

Maxwell equations, E- 
and B-fields, self 

interactions

Particles ψ 
normal matter, particles 

and antiparticles, quarks, 
leptons

Interactions D 
interactions between 
particles and fields

Mass ψψφ 
how particles acquire 

mass by interacting with 
the Higgs field

Higgs field
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Forces and mediators
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Quantum ElectroDynamics (QED)
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Fermi’s golden rule

Decay 

Decay width is reciprocal of decay time 

Total width is sum of partial widths 

Branching fraction for certain decay mode 

Unit: inverse seconds 

Scattering 

Parameter of interest is “size of target”, cross section σ 

Total cross section is sum of possible processes 

Unit: inverse surface 

Fermi’s golden rule
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Fermi’s golden rule (cont.)
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Initial state Final state

Fermi’s golden rule gives the transition probability 
to go from the initial state ψi to the final state ψf

Matrix element  
contains dynamical information related 
to the interactions (E/M, weak, strong)

Density of states factor  
contains kinematic information related 

to the masses, momenta etc
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Maxwell equations
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We want to work in the relativistic limit

Introduce a mathematical 
tool in the form of a field:

The electric and magnetic fields (E and B) are the physical fields, Aµ is not!!!

Rewrite the Maxwell 
equations in the form:
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Gauge invariance

The electric and magnetic fields are invariant under gauge transformations 

Is physics the same for the fields Aµ and Αµ’? 

Yes if 

What if the invariance is not requested to be global but local? 

What if  

How can we keep the Schrodinger equation still invariant under such transformation? 

Introducing the gauge-covariant derivative solves the problem

19
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QED Lagrangian

Dirac equation: 

Let’s replace the derivative with the covariant derivative 

20

Gauge invariance leads to fields 
and their interactions with particles
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QED Lagrangian (cont.)

21

Free photon 
field Αµ

Fermion ψ 
with mass m

Interaction with 
coupling α
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Symmetries and gauge tranformations (QED)
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Conserved quantities Gauge transformation

Charge: ψ

Symmetry group

U(1) (QED) Aµ (photon)

Field
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Feynman rules for QED

A tool to describe interactions and calculate 
processes (e.g. cross-sections) 

Convenient set of rules to calculate the matrix 
element and the density of state factor

23
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General Feynman diagrams

24

s-channel

P1

P2

P3

P4

t-channel

P1

P2

P3

P4

u-channel

P1

P2 P4

P3

s-channel: particles 1 and 2 join at the vertex and create 
particles 3 and 4 with the emission of an intermediate 
particle 

resonances, unstable particles 

t-channel: particle 1 interacts with particle 2 via the emission of 
an intermediate particle; particle 1 then becomes particle 3 and 
particle 2 becomes particle 4  

u-channel: same as the t-channel but particles 3 and 4 are 
interchanged (important if the initial or/and final state particles 
are identical)

Mandelstam variables s, t, u
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QED processes via Feynman diagrams (elastic processes)
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e-µ scattering

e-

Moeller scattering

e- e-

µ-µ-

γ

e- e-

e-e-

γ

e-

e-

e-

γ
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QED processes via Feynman diagrams (elastic processes)
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e-

Bhabha scattering

e- e-

e-e-

γ

e- e-

e-e-

γ

Scattering process Annihilation process
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QED processes via Feynman diagrams (inelastic processes)

27

e-

Pair annihilation

e-

e-

e- γ

γ e-

e-

e-

γ

γ
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QED processes via Feynman diagrams (inelastic processes)
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e-

Pair production

e-

e-

e-γ

γ

e-

e-

e-

γ

γ
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QED processes via Feynman diagrams (inelastic processes)
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e-

Compton scattering

e-

e-γ

γe-

e-

e-γ

γe-

e-
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Charge screening in QED
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In QED a charged particle is surrounded by a cloud of virtual photons and electron-
positron pairs continuously pop in and out of existence 

Because of attraction and repulsion in case of an electron, the positrons of the pairs 
tend to be closer and “screen” its charge 

This is called vacuum polarisation and is analogous to the polarisation of a dielectric 
medium 

This gives rise to the notion of an effective charge  that becomes smaller at large 
distances 

One defines the β-function that is positive in QED (as we will see later)
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QED higher order corrections
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QED higher order corrections (cont.)
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e- µ-

µ-e-

γ

Lower order diagram



Panos.Christakoglou@nikhef.nl

QED higher order corrections (cont.)
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First order diagrams

e- µ-

µ-e-

γ

e- µ-

µ-e-

γ

e- µ-

µ-e-

γ
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QED higher order corrections: Bhabha scattering
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e+e-→e+e- 
annihilation process

e- e-

e-e-

γ

each vertex contributes a factor √α to the cross-section: dσ/dΩ~α Note that 
α~1/137<<1
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QED higher order corrections: Bhabha scattering (cont.)
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e+e-→e+e- 
First order loops

e- e-

e-e-

γ

e- e-

e-e-

γ

e- e-

e-e-

γ

e- e-

e-e-

γ

each vertex contributes a factor √α to the cross-section: dσ/dΩ~α2 Note that 
α~1/137<<1
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QED higher order corrections: Bhabha scattering (cont.)
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e+e-→e+e- 
Second order loops

e- e-

e-e-

γ

e- e-

e-e-

γ

e- e-

e-e-

γ
…….

each vertex contributes a factor √α to the cross-section: dσ/dΩ~α3 Note that 
α~1/137<<1
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QED higher order corrections: Bhabha scattering (cont.)
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The cross section is a sum of contributions from all possible orders 

the highest the order the less significant the contribution (~α=1/137)

…….

e-

γ

e-

e-e-

e-

γ

e-

e-e-

e-

γ

e-

e-e-

+ +

+
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QED coupling constant

Strength of E/M interactions reflected in the coupling constant α 

QED coupling constant α=e2/4π is not a constant but depends on the distance 

QED coupling constant depends on the scale i.e. the momentum transfer Q

38
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QED coupling constant (const.)
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