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Quantum Field Theory

Consistent framework which incorporates both
guantum mechanics and special relativity

Particles are excitations of quantum fields and
can be created or annihilated
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Symmetries

iy

Noether’s theorem: Emmy Noether

For every differentiable symmetry of the system (action)
there exists a corresponding conservation law.

Conservation laws are the backbone of physics: energy,
momentum, electric charge, spin, ...

Such symmetries can be described by “Lie groups”
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Symmetries are property of the action which is written in

terms of fields (which in turn describe particles).

For every particle discovered, like electrons, muons, and
qguarks, there is a corresponding field.

QFT predicts antiparticles.
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What is a symmetry?

A symmetry is a transformation in the fields
which leaves the action invariant

() = YP'(x)=L— L
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If we forget the electric charge, protons and neutrons
are very similar (mp= mn= 0.938 GeV)

(D ) cosfd sinf D
¢_<n>%¢_(—sin6’ cos@)(n)

Or even better (more general)

V= ( i > %wlzexp(—ieﬂ.jwi)

And the Lagrangian remains invariant
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If we forget the electric charge, protons and neutrons
are very similar (mp= mn= 0.938 GeV)

(P ) cosf)  sin0 D
w_(n>%¢_<—sin6’ cos@)(n)
Or even better (more general)

v ( . ) %WeXp(wyjj)(£>

Pauli matrices, the generators of SU(2)

And the Lagrangian remains invariant

What does that mean???
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If we forget the electric charge, protons and neutrons
are very similar (mp= mn= 0.938 GeV)

(D ) cos  sinf0 p
w_(n>%¢_<—sin6’ cos@)(n)

Or even better (more general)

v ( . ) %WGXP(WT)(£>

Pauli matrices, the generators of SU(2)

And the Lagrangian remains invariant

You are free to define proton
and neutron, physics should be independent
of that.
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If we forget the electric charge, protons and neutrons
are very similar (mp= mn= 0.938 GeV)

(D ) cosf sinf D
w_(n>%¢_<—sin6’ cos@)(n)

Or even better (more general)

v ( . ) %WGXP(WT)(£>

Pauli matrices, the generators of SU(2)

And the Lagrangian remains invariant

Simpler case:  — ey
Why should it be the same phase
everywhere?
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Invariance under local transformations (gauge symmetries),
require additional, dynamical fields

These fields are the force carriers, like the photon

fermion + local phase invariance = electromagnetism

electrons U(1) gauge symmetry guantum electrodynamics

3¢ Fermilab
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The

Standard Model
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Issues with B decays

Observed Expected
spectrum of electron
energies energy

Number of electrons

Ener
2 Endpoint of

spectrum

Observations by Sir J. Chadwick, 1914
3¢ Fermilab
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Issues with B decays

/ G Pt > “c
WW 0{ 7?50 i ananiuls ﬂwasohrTft/:S.lZ.;sqsﬂ

Offener Brief an die anpe der Radiocaktiven bel der
Gauvereins-Tagung su Tubingen.

Abpchrift

Physikalisches Institut
der Eidg. Technischen Hochaschile Zirich, Le Des. 1930
&rioh Oloriastrasse

Observed Expected
spectrum of electron
energies energy

Iiebe Radicaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich luldvollst
ansuhBren bitte, Ihnen des nilheren suseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der N. und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten iusweg
verfallen um den "Wechselsats" (1) der Statistik und den Energlesats
su retten. Mimlich die Moglichkeit, es kiinnten elektrisch neutrale
Tellohen, die ich Neutronen nemnen will, in den Kermen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"deh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
:.uit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Ofossenordming wie die Elektronermasse sein und
:a.n. nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Annahme, dass beinm
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron

konstant ist. Energy

Number of electrons

S ——————— s Endpoint of

{ + Gross violation of energy-momentum spectrum

| conservation! ? - - -

,- 0 o . Observations by Sir J. Chadwick, 1914
t + Postulates an "invisible" particle to avoid | 2% Fermilab

| catastrophe - the neutrino : pmaghado@fnal.gov
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Theory of B decays

Versuch einer Theorie der g-Strahlen. IY).
Von E.Fermi in Rom. 4
Mit 3 Abbildungen. (Eingegangen am 16. Januar 1934.)

Eine quantitative Theorie des f-Zerfalls wird vorgeschlagen, in welcher man
die Existenz des Neutrinos annimmt, und die Emission der Elektronen und
Neutrinos aus einem Kern beim f-Zerfall mit einer ahnlichen Methode behandelt,
wie die Emission eines Lichtquants aus einem angeregten Atom in der Strah-
lungstheorie. Formeln fiir die Liebensdauer und fiir die Form des emittierten

kontinuierlichen f-Strahlenspektrums werden abgeleitet und mit der Erfahrung i [
verglichen.
0 1] . 0 0
(1) Q= 0 0;!3 Q:}] 0;

Si riconosce immediatamente che ¢ determina le transizioni da pro-
tone a neutrone, e Q* le transizioni opposte da neutrone a protone.

b= X, ¢, electron
S

» = Xp;bs neutrino

= g[Qd(x) plx) + @¥Fx) ()]

Fig, 1
af rerimiido
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Theory of B decays

H = g[Qy(z)o(x) + Q7Y™ (2)o" (2)]

(A . Y = electron, ¢ = neutrino
Operator: neutron to proton transition

In modern language: Lpermi o€ G@przbn@erl%/e

Predictions: muon and neutron lifetimes!

T=22US: W — €EVV
T=880s:. n — p+e_u
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Making a long story short...

EFermi X G@p Fwn@e F/wue

Symmetry!

(n) ()

2= Fermilab
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Making a long story short...

LFermi X G@p Fwn@e F/wue

Symmetry! Fermi theory originated the

D g theory of weak interactions
( n > ( T4 > SU(2) gauge symmetry

2= Fermilab
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Making a long story short...

LFermi X G@p Fwn@e F/wue

Symmetry! Fermi theory originated the

D 1 theory of weak interactions
( n > ( 14 ) SU(2) gauge symmetry

Non-conservation of parity in pion decays

2= Fermilab
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Making a long story short...

LFermi X G@p Fwn@e F/wue

Symmetry! Fermi theory originated the

D 1 theory of weak interactions
( n > ( 14 ) SU(2) gauge symmetry

Two problems:

Gauge symmetries do not allow for
gauge boson mass term m2A AH

The weak interactions forbid mass terms for the fermions
Solved by the Higgs field!

2F Fermilab
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QFT framework
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QFT framework
o | o

Particles
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QFT framework
| symmetrios |+~ conservation aws

Particles
Local symmetries = forces

Massless mediators

2% Fermilab
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QFT framework
o | o

Particles
Local symmetries = forces

Experimental l
observations

Massless mediators
Standard model |
is chiral ~ Massless fermions
2= Fermilab
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QFT framework
o | o

Particles
Local symmetries = forces

Experimental l
observations

Massless mediators ~

Higgs
: : ~ Massless fermions
IS chiral

2= Fermilab
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The Standard Model

Building blocks of the universe
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The Standard Model

Building blocks of the universe

Proton

Neutron

A

&

S

Everything we see in this room
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The Standard Model

GO
@

Proton

Everything we see in this room
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The Standard Model

GO

Building blocks of the universe S

@ 8 wnow prot o'
c\eS
Proton Q ua rks \N . paﬂ\o\e
uiclft
Lower energy
%’ ')D"". lin this room
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Lower energy
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The Standard Model

Building blocks of the universe

Heavier copies of the “first family”

JE H
¥ Fermilab
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The Standard Model

Building blocks of the universe

Gives mass to all elementary particles

3¢ Fermilab
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The Standard Model

Building blocks of the universe
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The Standard Model

Building blocks of the universe

Forces

Gives most of the mass to all we see

3¢ Fermilab
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The Standard Model

Building blocks of the universe

Forces are a manifestation of symmetries
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The Standard Model

Several observations lead us to believe that
the standard model is not the final answer

Open questions:

How did matter (and not antimatter)
survived in the big bang?

Primordial , Primordial

SE—

10,000,000,001 10,000,000,000
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The Standard Model

Several observations lead us to believe that

the standard model is not the final answer

Pedro A. N. Machado | Introduction to Particle Physics

Open questions:

How did matter (and not antimatter)

survived in the big bang?

What is the mass of the neutrinos?

Mass?
(

2.5 % 10° eV?{

\
7.6 x 10° eV? {

?

33

Normal

N

\ l“2
ml

Inverted
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The Standard Model

Several observations lead us to believe that
the standard model is not the final answer

Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark

energy!
Atoms
Dark
4.6% Energy
72%
Dark ’
Matter
23%
Fermilab

pmachado@fnal.gov
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The Standard Model

Several observations lead us to believe that

the standard model is not the final answer
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?

2= Fermilab
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The Standard Model

Several observations lead us to believe that
the standard model is not the final answer

Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?

Any reason behind the 3 families?
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The Standard Model

Several observations lead us to believe that
the standard model is not the final answer

Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?

\
-~

Any reason behind the 3 families?

/| ' /@zﬁ’ What is the mechanism of neutrino

masses’
2= Fermilab
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Conclusions

The standard model of particle physics elegantly explains mostly of
what we observe

The SM is just symmetries and particles in QFT
But the SM is not satisfactory:

Unexplained puzzles (theory argument)
Unexplained experimental observations
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