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Today Topics

Standard model particles

Fundamental interactions

Toy model of particle interaction

Electromagnetic and weak interactions

Strong interaction
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Standard model particles

Standard model particles = quarks, leptons and gauge bosons
Quarks and leptons appear in three generations and six flavors
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Quarks:
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Leptons:
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Gauge bosons
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Fundamental Interactions

Fundamental forces of nature
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Toy model of Yukawa-type interaction

We have learned about KG equation of φ(x),where x ≡ xµ = (t, ~x) is
spacetime coordinate, of the form

(∂2 +m2)φ(x) = 0, ∂2︸︷︷︸
d′Alembertian

= ∂µ∂
µ = ∂2t − ∇2︸︷︷︸

Laplacian

With generalized Euler-Lagrange equation

∂L
∂φ∗
− ∂µ

∂L
∂∂µφ∗

= 0

where L is known as Lagrangian density

L =

∫
d3xL, L = ∂µφ

∗∂µφ−m2φ∗φ

Note that L appear in quadratic form, it contains only kinetic term
and mass term.
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Yukawa-type interaction between massive complex scalar Φ and
massless real scalar φ, and g is coupling constant (charge)

L = ∂µΦ∗∂µΦ−M2Φ∗Φ +
1

2
∂µφ∂

µφ− gφΦ∗Φ︸ ︷︷ ︸
Y ukawa term

Feynman diagrams
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Scattering diagrams

Gauge field = vector field + gauge symmetry
In classical EM we have 4-potential Aµ = (φ, ~A)

~B = ∇× ~A, ~E = −∇φ− ∂t ~A

Its covariant form (field strength tensor) F µν = ∂µAν − ∂νAµ

F 00 = F 11 = F 22 = F 33, F 0i = ∂0Ai − ∂iφ = −Ei

F ij = ∂iAj − ∂jAi = −εijkBk
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Gauge symmetry

Aµ → Aµ + ∂µχ, F µν → F µν

Gauge field dynamics

Lgauge field = −1

4
FµνF

µν −−−−→
EL eqn.

∂µ(∂µAν − ∂νAµ) = 0

∂µA
µ = 0 |Lorentz gauge → ∂2Aν = 0 |Maxwell eqn.

Photon is a gauge boson. Matter coupling gauge field theory

Matter; Lmatter = ∂µφ
∗∂µφ−m2φ∗φ

Unitary trans. u = eiα(x), u† = e−iα(x), uu† = u†u = 1

φ→ φ′ = uφ, φ′∗ = φ∗u† → φ′∗φ′ = φ∗φ

∂µφ→ ∂µφ
′ = ∂µ(uφ) = u(∂µ + i∂µα)φ

∂µφ
∗ → ∂µφ

′∗ = {(∂µ − i∂µα)φ∗}u†

→ ∂µφ
′∗∂µφ′ 6= ∂µφ

∗∂µφ
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With the help of gauge field

Aµ → A′µ = Aµ − 1

q
∂µα = u(Aµ −

i

q
∂µ)u†

∂µ → Dµ = ∂µ − iqAµ
Dµφ→ D′µφ

′ = u(Dµφ)

= uDµu
†uφ = (∂µ − i∂µα− iqAµ + i∂µα)φ′

= (∂µ − iqAµ)φ′ = Dµφ
′

So that
(D′µφ

′)∗(D′µφ′) = Dµφ)∗(Dµφ)

Model Lagrangian (scalar QED)

L = (Dµφ)∗(Dµφ)−m2φ∗φ− 1

4
FµνF

µν

= ∂µφ
∗∂µ −m2φ∗φ− 1

4
FµνF

µν − qAµJµ + q2φ∗φAµA
µ

Jµ = i(φ∗∂µφ− φ∂µφ∗)
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Scalar QED diagrams

Quarks and leptons are Dirac particles, represented by Dirac spinors
(solution of Dirac equation)
Derivation of Dirac equation (RQM, c = 1 = ~), we start form
linearized relativistic energy-momentum relation

E = ~α · ~p+ βm −−−−−−→
constraint

E2 = p2 +m2

E2 =
1

2
(αiαj + αjαi)pipj + (αiβ + βαi)pi + β2m

αiαj + αjαi = 2δij, αiβ + βαi = 0, β2 = 1
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We observe that {αi}, β are not numbers but square matrices. Dirac
observe that

αi =

(
0 σi

σi 0

)
4x4

, β =

(
12 0
0 −12

)
4x4

where {σi} is a set of Pauli matrices and 12 is 2x2 identity matrix.
Quantum equation of Dirac energy is

E − ~α · ~p− βm = 0→ (i∂t + i~α · ∇ − βm)Ψ(x) = 0

γµ = (γ0, ~γ)→ γ0 = β, γi = βαi, β2 = 14

(iγµ∂µ −m14)Ψ = 0, Ψ =

(
χR
ψ̄L

)
Note that Ψ is bi-spinor, and χ, ψ are spinors. Dirac Lagrangian is

L = Ψ̄(iγµ∂µ −m)Ψ
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Electromagnetic interactions

Quantum electrodynamics of QED

L = Ψ̄(iγµDµ −m)Ψ− 1

4
FµνF

µν = L0 + Lint

Lint = −iqψ̄γµΨAµ

QED diagrams, QED = quantum of electromagnetic interactions,
i.e., γγ → γγ scattering
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Light-by-light scattering with intact protons at the LHC: from
Standard Model to New Physics - Fichet, Sylvain et al -
arXiv:1411.6629
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Weak interaction

Fermi’s theory of weak interaction

Weak gauge bosons masses at LEP and LHC at CERN
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Weak gauage bosons Bµ=Proca particle, with Lagrangian

L = −1

4
GµνG

µν − 1

2
M2BµB

µ, Gµν = ∂µBν − ∂νBµ

Weak interaction with W± and Z0 weak gauge bosons
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Weak interaction of quarks

Weak decays
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Next lecture:

strong interaction

meson decay with flavors oscillation
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