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What is 
the Standard Model?





What is the Standard Model
A fundamental theory that describes almost all 
phenomena that humans have ever observed... 

...yet so simple it fits into a T-shirt :)



Where does 
the Standard Model 

theory can be applied?



In theory, everywhere

In practice, to describe the smallest known components 
of matter: quarks, electrons, etc. 

For larger objects, we rather use effective theories that 
can be derived from the SM. But in some cases SM may 
be useful for precision calculations



How do we construct
the Standard Model?



Standard Model Lagrangian



Framework

Quantum theory with manifest invariance 
under Lorentz transformations, 
a.k.a. relativistic quantum field theory

Particles described by fields with definite 
transformation properties under Lorentz 
transformations Λ fixed by particle’s spin

Interactions are described through a 
Lorentz invariant Lagrangian. The 
Lagrangian has to be Hermitian to 
preserve unitarity.  



Standard Principles

Invariance under local symmetry 
SU(3)xSU(2)xU(1)

Renormalizability

Spontaneous symmetry breaking 

In addition to Lorentz invariance



Gauge Invariance

Invariance under local symmetry, that is a 
different symmetry transformation at every 
space-time point

In practice, it strongly constrains the 
structure of particle interactions

For each symmetry generator there has to 
be a vector field interacting with the particle 
charged under local symmetry

This vector field cannot have mass terms in 
the Lagrangian which leads to the 
appearance of a long range force
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Gauge Sector
• Gauge group SU( 2 )SU( 3 ) U( 1 )u u
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Renormalizability

Only contact interactions allowed are those 
with a small enough number of particles

The exact criterion is the dimension of the 
interaction term, given the canonical 
dimensions of fields 

Renormalizability implies that theory is 
predictive with infinite precision: all 
observables can be expressed via a finite 
numbers of parameters



Spontaneous symmetry breaking

A symmetry of the Lagrangian is not a 
symmetry of the particle spectrum and their 
interactions

Vacuum state does not respect symmetry

(Anderson-)Brout-Englert-Higgs mechanism 
to give masses to spin-1 particles and get rid 
of unwanted massless particles



Spontaneous symmetry breaking
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Spontaneous symmetry breaking
In SM Higgs field breaks the  
SU(3)xSU(2)xU(1) local symmetry down to 
SU(3)xU(1) symmetry

W and Z boson acquire masses, while photon 
and gluon remain massless
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• Re-define

- Check the V(I) term, one finds

- Check the                                         term…

and 3 massless would-be Goldstone bosons (GBs)
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What are the particles 
in the Standard Model?





Borrowed from Matt Strassler blog:
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Particle Physics Units

Natural Units

Then mass, distance, time, energy 
can be measured in the same units

SI Units



Particle Physics Units
Silly basic unit choice in particle physics

In natural units 



Building Blocks

6 spinor pairs spinors for each quark q = d,u,s,c,b,t   

3 pairs of spinors for each charged lepton l = e,μ,τ

3 spinors for each neutrino

8 vectors for a gluon 

3 vectors for weak gauge bosons

1 vector for the photon

1 scalar for the Higgs boson 



SU(3)C SU(2)L U(1)Y

q =

✓
u
d

◆
3 2 1/6

uc 3̄ 1 -2/3
dc 3̄ 1 1/3

l =

✓
⌫
e

◆
1 2 -1/2

ec 1 1 1

Table 2.1: Representation of the SM fermionic fields under the SM gauge group.

The SM Lagrangian can be split as,

LSM = LV
SM + LF

SM + LH
SM + LY

SM. (2.1)

The first term is the pure gauge interactions:

LV
SM = � 1

4g2s
Ga

µ⌫G
a
µ⌫ �

1

4g2L
W i

µ⌫W
i
µ⌫ �

1

4g2Y
Bµ⌫Bµ⌫ , (2.2)

where gs, gL, gY are gauge couplings of SU(3)C⇥SU(2)L⇥U(1)Y . In my conventions

these are defined as the normalization of the appropriate gauge kinetic term. The

field strength tensors are given by

Bµ⌫ = @µB⌫�@⌫Bµ, W i
µ⌫ = @µW

i
⌫�@⌫W

i
µ+✏ijkW j

µW
k
⌫ , Ga

µ⌫ = @µG
a
⌫�@⌫G

a
µ+fabcGb

µG
c
⌫ .

(2.3)

where ✏ijk and fabc are the totally anti-symmetric structure tensors of SU(2) and

SU(3). The second term is the fermionic kinetic terms:

LF
SM = iq̄�̄µDµq + iuc�µDµū

c + idc�µDµd̄
c + il̄�̄µDµl + iec�µDµē

c, (2.4)

I use the 2-component Weyl-spinor notation for fermions; in all instances I follow the

conventions of Ref. [1] . Each fermion is a 3-component vector in the generation space,
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Quantum numbers of SM fermions



Standard Model Lagrangian



Direct Consequences
Long range force known as electromagnetic 
interactions

Short range force known as weak 
interactions

Strong force leading to emergence of 
composite objects made of quarks

Baryon and lepton number conservation

Mixing of quarks but no mixing of leptons

Observable C, P, and CP violation

Existence of a fundamental scalar particle 
called the Higgs boson (a new short range 



Weak Force



Running of the Strong Coupling



Confinement of strongly interacting particles



Confinement of strongly interacting particles



Baryon number conservation

Borrowed from http://hyperphysics.phy-astr.gsu.edu
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Lepton number conservation



Discrete spacetime symmetries

Parity changes sign of spatial 
coordinates, and all vectors (not 
pseudo-vectors). For spin 1 and 1/2 
relates opposite helicities  

Charge conjugation changes particle 
into anti-particle with the same helicity

What really makes difference between 
matter and anti-matter is the CP 
symmetry 
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Parity: P

◉ Reflection through a mirror, followed by a rotation of p around 
an axis defined by the mirror plane.
 Space is isotropic, so we care if physics 
    is invariant under a mirror reflection.

◉ P is violated in weak interactions:

                           [P, HW] π 0
◉ Vectors change sign under a P transformation, pseudo-

vectors or axial-vectors do not.

◉ P  is a unitary operator: P 2=1.

T. D. Lee & G. C. Wick Phys. Rev. 148 p1385
(1966) showed that there is no operator P that
adequately represents the parity operator in QM.

Graphics borrowed from Marcela Bona’s lectures
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Charge Conjugation: C

◈ Change a quantum field φ into φ†, where φ† has opposite U(1) 
charges:
◆  baryon number, electric charge, lepton number, flavour 

quantum numbers like strangeness & beauty etc.
◈ Change particle into antiparticle.

◆ the choice of particle and antiparticle 
    is just a convention.

◈ C is violated in weak interactions, so matter and antimatter 
behave differently, and:

◈ C is a unitary operator: C 2=1.

[C, HW] π 0



Quark mixing

No symmetry reason for Yukawa couplings to be 
diagonal 

After Higgs gets vacuum expectation values this leads 
to non-diagonal mass matrix for quarks and leptons   

Via unitary rotation we can choose the new basis of 
quarks and leptons such that masses are diagonal, at 
the price of flavor non-diagonal interactions of the 
quarks with the W boson  
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CKM matrix in the Standard Model

CP violation and quark mixing

Graphics borrowed from Marcela Bona’s lectures
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CKM matrix in the Standard Model

CKM matrix


