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Summary of Fundamental
Interactions

PROPERTIES OF THE INTERACTIONS

Interaction
Property Gravitational Strong
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See Residual Strong 7
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Invariance of the physics laws

The laws of nature should be invariant under certain transformations
since “nature does not know” how we observe it!

For example, the physics laws should be invariant w.r.t. the changing of
reference systems © (Special Relativity)

Abandon the anthropocentric view and move towards a more abstract
mathematical view, universally valid!
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Symmetry, invariance and
conservation laws

1. System is invariant under a transformation < it posses a
symmetry;

o ) (A.-E. Nother Theorem) o
2. System is invariant under a transformation < conserved quantities

3. S INVARIANCE - (A.E. Nother Theorem)
o —
SIMMETRY CONSERVED QUANTITY

31-Oct-2023 GIACINTO DE CATALDO CERN-CH AND INFN, BA-IT



Lagrangian in the classical Mechanics

The Newton law of classical mechanics

—

F=ma or V'(z)=-mi

can be obtained by requiring the least action principle

0S =0
where
to 1
the action: S = / dtL(x,x) with the (classical) Lagrangian: L(z,i) = Em:i:z - V(z)
ty
(Hamiltonian/energy:  H = :cfs—f -L= %m:&? +V(x)) T

o Potential term
Kinetic term

“ 0L d oL
0S = /zl dt (E - E-{g) 0z + boundary terms = 0 » st_f _ %i—f

For the classical Lagrangian: —V'(z) = mi

Euler-Lagrange
equations
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Classical invariance and
conservation laws

The evolution of a physical system of interacting particles can be fully described by equations
in the Lagrangian (or Hamiltonian) formulation;(Eulero-Lagrange eq. ->x=x(t))

1. If Lisinvariant under time translation (t->t+t,) — E,, is conserved;
2. If Lisinvariant under space translation (x->x+x,) = the momentum p is conserved,;

3. If Lisinvariant under axes rotation(8, ¢) — the angular momentum J is conserved.
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Toward the “Lagrangian of the SM

=

- particle <-> quantum field

- Complementary principle;

- Heisenberg indetermination
principle.
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Lagrangians for Particle Physics

—) —

Equations of motion, like F' = md, are covariant under the action of a symmetry.

(Under the Transformation of Galileo between two reference systems) gdc
Lagrangians are invariant.

That makes identifying the symmetries of Nature much easier.

—Particle Physics—

particles < fields with specific transformation properties under some fundamental symmetries

build a Lagrangian (i.e. a function of the these fields and their space-time derivatives) that
remains invariant under the action of the symmetry transformations.

1) Lis invariant under the Special Relativity space-time transform (Lorentz invariant)

2) Lis invariant under (local)transformations of the particle fields and of the potentials (gauge invariant)

SLP2023
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calileanand LOrentz Transformations

Consider two observers

O A Z
O aZ : : : . .
in relative motion with a constant speed vo along the x-axis
Vo they use their own systems of coordinates (t,x,y,z) and (t',x',y’,2)
x . .
in particular
/ t t =t
F S I B Al I O Sl
y Y vy =y c
- JR the speed can
be arbitrarily large.

o S

Lorentz transformations : _
in particular

Vo _
ct ct’ = vy (et — Box) Bo = — ;! 1 —v-vy/c?
) =~ (—-"5[}('1‘ -+ J') : ( ; :
o '“{, _ with e
/ y =9 N 1 The speed of light is

the same for all observers:

if v=c than v’'=c too




Summary on Simmetries

Classical Space and time
translation symmetries;
axes rotation symmetry.

Space and time symmetry
(Galilean transformation)

SPACE-TIME symmetries

Internal local symmetry of
Lagrangian intercation:
GAUGE symmetry

(classic ED, QED, QCD, EW)
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System invariance under:

* space and time
translations;

* Axes rotation

* Change of reference sys.

Lorentz invariance

System Invariant under
GAUGE transform
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Momentum p, Energy E and
angular momentum L,
respectively

Square modules of four-
vectors: x, E-p

Strength of the interaction




The SM ingredients

Feynman diagram of the muon beta decay

Y; w w L?'-\i Yy

(a)

Fig. 7.4. Muon beta decay.

The lifetime 1 of the p depends on the transition amplitude from i; to Y.

Itis %]iven by the “matrix element” of the interaction Lagrangian between the final | f)
and the initial |i) states. With QM symbols:

Mg = (Y5 |Line| i)

2
|Mg;|” - 7, = 107s that is the experimental value!
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L properties

Fermlon Lagrangian

1’ 4-component Dirac spinor
describes a spin-1/2 particle
when quantised

A (= 0,1,2,3) are four 4x4 matrices

Kinetic term Potential term

e Equation of motion:
0=0L =0 (iy"0, —m) 6e mmm) | Dirac equation (iv"0y —m) =0
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Dirac Equation

Equation of motion of a fermion :

Dirac Equation (1928): me

v =0
i)

(i'y“au —

a

j 2.2 2.4 matter
E{+ pret rmse E c—}—ﬁmcz

/PP £ mich antimatter 3 = B, = B, {42} = 2

positron (e*) discovered by C. Anderson in 1932

In this equation, y is the Dirac bi-spinor

¥,

w-(5)-0) () @) e

Wy
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The Higgs mechanism

Vi)
The Higgs mechanism was proposed (1960) to
provide mass to the weak gauge bosons W* and
Z°, the interaction carriers, without destroying
the gauge invariance of the EW Lagrangian !
i L1 b]
this was to unify the Weak and EM interactions ()

in a gauge QFT (Electroweak interaction); ~ 10712 s after the Big-Bang

After about 50 years, The Higgs boson was 1
observed at the LHC and presented on the 4t Vid)
July 2012 at CERN;

value and provides mass to the fundamental
particles;

The Higgs field fills the Universe with a non zero \ /
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Observation of the Higgs
boson

Two protons interacting in the LHC excite the Higgs field
that manifests itself with the emission of the boson with a
mass of 126 GeV.

Particle
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The “giant” of LHC: ATLAS

25m

Tile calorimeters
' LAr hadronic end-cap and
forward calorimeters
Pixel detector
LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker
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H—>7%7°>4 |leptons

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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Invariant mass plot H=>7Z->4 leptons
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The SM ingredients

2 Kinetic term of all gauge bosons fields
(W’s, Zo, photon and gluons)

Kinetic term of fermion fields
(quarks and leptons)

Interaction with H field giving mass to
the g’s and leptons

kinetic term for Higgs boson and H potential
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Summary

»From the classical Lagrangian to the particle physics Lagrangian
»Dirac equation and the anti-matter
»Feynman diagram and the computation of the muon the life-time

» Brief description of the SM Lagrangian .
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