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Outline
This is an “introduction to introduction” to a
complicated subject.
●
●
●
●

Historical overview.
What are the elementary particles?
What are the elementary forces?
Symmetries:
○
○
○
○

Gauge symmetry
Problem of mass
Spontaneous symmetry breaking
(simplified) Higgs mechanism.

This lecture is not a complete course in particle
physics and will only touch some most general
problems.
Just to give you a sense of what we are doing and
what you will be doing over the next four weeks.
Further reading:
●
●

D. H. Perkins, “Introduction to High Energy
Physics”,
F. Halzen, A. Martin: “Quarks and Leptons”.
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Introduction
to introduction to introduction
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Ancient history
As we came down from trees, we started asking questions:
●
●

How does
What’s
for the
lunch
world
today?
work?
What is it made of ?

400 BC, Democritus:

Many ideas existed:
➔

Single substance

➔

Four elements

➔

Atoms (!)
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Modern era
Idea of atoms reappeared in 19th century thanks to
John Dalton and others:
●
●
●
●

Matter is built of atoms,
Atoms cannot be created nor destroyed,
Atoms of the same substance are identical,
Chemical reactions occur when atoms
reorganise.

In 1869 Dimitri Mendeleev published his periodic
table of elements.
He arranged elements based on atomic masses, and
noticed that they exhibit apparent periodicity in
their properties.
He left gaps in places where he thought an
undiscovered element may lie…
If this works, we get a strong hint of the existence
of some building blocks of atoms!
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Mendeleev’s success
Gaps were left in places where an
undiscovered element may lie
1875 - discovery of Gallium (A = 69)
1879 - discovery of Scandium (A = 44)

Sc
Ga

Ge

1885 - discovery of Germanium (A = 72)

Atoms must be built of
something!
D. Mendeleev, The natural system of the elements and it application in the prediction of the
properties of certain elements, 1871.
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Atomic models
J. J. Thompson’s “plum pudding” model:
Positively-charged pudding,
Negatively-charged plums
(already called electrons at
that time).
Mathematically, it was almost impossible to
perform any calculations for larger numbers of
electrons...

Bohr model:
Heavy nucleus is located in
the centre,
Electrons orbit the nucleus,
Only certain orbits are
allowed.
Bohr has introduced some quantum postulates ad
hoc to keep the atom stable.

OK, so is the atom really indivisible?
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Beginning of particle physics
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Rutherford experiment
In 1909 a first serious particle-physics experiment
took place. Also known as Geiger-Marsden
experiment.
A beam of alpha particles was directed onto a gold
foil.
The whole setup was surrounded by screen on
which marks of scattered particles were appearing.
This type of experiment has been performed
many, many times since then. In fact, we
haven’t invented anything better than that
for over 100 years...
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Rutherford experiment: results
According to Thompson model, and to popular
intuition, Rutherford expected to see this:

But the results were unexpected:
Sometimes, alpha particles were scattered backwards!

If the charge (and matter) was distributed
uniformly, particles should traverse it almost
unscattered.

This is only possible if a very small, very massive
charged nucleus exists in the center. The negative
charge is carried by surrounding cloud.
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How big is the
nucleus?
If the nucleus was the size of the
Telstar ball, the whole atom would be
as large as the Luzhniki stadium!
Matter is empty...
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More particles
The discovery of nucleus was the snowflake that
started the avalanche:
●
●
●
●
●
●

1919: discovery of protons,
1923: Compton effect, photon as particle,
1932: discovery of positron,
1932: discovery of neutron
From 1937: A zoo of new particles…
Too many for a well-behaved theory!

… and many, many
more.

Who ordered “that” ?

I. I. Rabi
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“Young man, if I could remember the names of all
these particles, I’d be a botanist.”
Enrico Fermi to Leon Lederman
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What does “elementary” mean?
Elementary particles should have no internal structure.
Number of elementary particles should be sufficient to build matter.
Number of elementary particles should be minimal.
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Let’s organise this

●
●
●

Similar mass of proton & neutron,
Similar masses of π mesons (with three
different charges),
and many others.

New quantum numbers were introduced, such as
the isospin:
●
●

Nucleon has I = ½, protons and neutrons are
states with I3=+½ and I3=- ½ respectively.
Pion has I=1, so [π+, π0, π-] have
I3= [+1, 0, -1].

Let’s try to classify other particles too!
charge

strangeness

In such a zoo some rules should exist. Some hints
of them were observed:

A new
See
theparticle,
gap? Ω- was later
discovered! Haven’t you see this
before?
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Quarks!
This structure can be explained if everything is
built with 3 constituents:
●
●
●

Let’s try to classify other particles too!

up - quark (q=⅔, s=0),
down - quark (q=-⅓, s=0),
strange - quark (q=-⅓, s=-1).

The name “quarks” is derived from J. Joyce’s book,
Finnegan’s Wake: “Three quarks for Muster
Mark!”.
1 quart = ¼ gallon (=2 pints).
1 gallon ≈ 4 liters.
3 quarts ≈ 3 liters of beer (6 pints). Not bad!
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Quarks!
This structure can be explained if everything is
built with 3 constituents:
●
●
●

up - quark (q=⅔, s=0),
down - quark (q=-⅓, s=0),
strange - quark (q=-⅓, s=-1).

The name “quarks” is derived from J. Joyce’s book,
Finnegan’s Wake: “Three quarks for Muster
Mark!”.
1 quart = ¼ gallon (=2 pints).
1 gallon ≈ 4 liters.
3 quarts ≈ 3 liters of beer (6 pints). Not bad!

●
●
●

Quarks were considered a nice mathematical
model but rather unreal.
Fractional charges were hard to accept,
The proposed solution: quark confinement sounded also a bit crazy.

Quarks are confined - they cannot be observed alone and
can only exist in bound states.
Every attempt to drag quark out of hadron ends up in
creation of quark-antiquark pair.

But in 1968 it was proven experimentally that
protons really consist of three point-like
constituents!
(ok, now we know that it’s a bit more complicated...)
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Three quarks would be sufficient to
build the matter we know today.

More quarks

In the early universe, more quarks
must have existed (due to symmetries
and interaction properties):
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Leptons
OK, but what about electron?
●
●
●
●

No evidence of internal structure
Unit charge (as large as that of proton),
Very low mass (1/2000th of proton).
Would probably be the only lepton
needed to build the universe, but...

There are more leptons!
●

●

●

In cosmic rays we can observe another
charged lepton, the muon (μ). It is 200
times heavier than electron!
There is another one: the taon
(or tau: τ). It is 4000 times heavier than
electron (2x proton) !
Is this all?
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Neutrinos
Proposed by Pauli to rescue the
energy-conservation principle in β decays:
n → p+e- + ν
Neutrino should be neutral, massless and
almost impossible to detect. It would be
a neutral lepton.
Pauli didn’t believe its existence…
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Neutrinos
But - again - crazy ideas turned out to be true!

Neutrinos can sometimes be detected!
If the chances are low - we need more
time, larger detector and low background.
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OK. But what keeps them
together?
22

Interactions
In the real macroscopic world there are only two:
●
●

Electromagnetism,
Gravity.

They look similar, their strength decreases as 1/r2
yet their range is infinite.
But their strength differs quite a lot:
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In case of particles, gravity is 10 times weaker!
(it’s like the size of the Universe vs the size of a
particle)

In the world of particles there must be something
more:
Atomic nuclei are built of protons (q=+1) and
neutrons (q=0). We know many of them are stable.
Another force, stronger than electromagnetism,
must exist.
Also, yet another mechanism is needed for many of
the particle decays (radioactivity, etc.).

23

Interactions
In the microscopic world there are four three
interactions:
●
●
●
●

Strong force,
Electromagnetism,
Weak interactions,
Gravity.

In the quantum field theory all forces
(interactions) are mediated by particles:
the intermediate bosons.

Interaction

Force carrier

Range

Acts on

Strong

gluon (g)

10-18 m

quarks &
gluons

100

Electromagnetism

photon (γ)

∞

charged
objects

1

Weak

W+, W-, Z0

10-15 m

Gravity

graviton?

∞

Relative strength

all known
particles

10-4

massive
objects

10-41
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Electromagnetic interaction
●

It occurs between charged objects,

●

Its intermediate boson is the well-known photon.

●

Photon is massless and electrically neutral:

●

○

It does not interact electromagically itself.

○

This makes the description quite simple and elegant.

The Quantum ElectroDynamics (QED) is the “jewel of physics”:
○

Mathematical elegance,

○

Extremely accurate predictions for many phenomena, like Lamb shift (8-digit) or anomalous
magnetic dipole moments (14 digits)!
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Strong interaction
●

Electromagnetism has its electric charge. Strong interactions have color charge.

●

Electromagnetism has its photons, strong interactions have gluons.

●

Gluons also carry color charge (contrary to photons)!
○

Complicate description in the Quantum ChromoDynamics (QCD).

○

Confinement and asymptotic freedom:

○

■

Quarks close to each other behave as free particles (quark-gluon plasma),

■

Dragging quark out of hadron is like pulling a string. In the end we end up with two strings
with quark & anti-quark at each new end.

Low-energy processes impossible to describe...
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Weak interaction
●

Hard to imagine classically
○

●
●

Can’t be described as attractive or repulsive.

Governs radioactive decays,
Has three intermediate bosons:
W+, W- and Z0
○
○

Two of them are charged,
All of them are heavy: 80 - 90 proton masses!
(because of that, the Higgs mechanism is needed)
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Antiparticles
Antiparticles were first introduced by Dirac as solutions to his equation of motion.
They can be thought of as particles moving backwards in time.
They are identical to particles but have opposite electric charge.
Number of particles and antiparticles produced in known reactions is (almost)
identical. However, there is a huge deficit of antimatter…
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Structure of matter
three generations
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Interlude: fermions & bosons
The most fundamental classification of particles is based on their spin value.
Spin is the internal property of every particle. There are analogies to angular
momentum but they are not fully correct (electron is point-like).
●
●
●

Fermions have spin ½
They undergo Pauli principle,
Matter particles are fermions.

●
●
●

Bosons have integer spin
They obey Bose-Einstein statistics,
Force carriers are bosons.
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Symmetries
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Symmetries in nature
What is a symmetry?
●

A physical or mathematical feature of the system (observed or
intrinsic) that is preserved or remains unchanged under some
transformation.

Symmetries exist everywhere around:
●
●
●

Reflection symmetry: butterfly,
Rotation symmetry: snowflake,
Translation symmetry: honeycomb.

Symmetries may be discrete or continuous.
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Symmetries in physics
Physics describes nature, so a symmetry of system
should be somehow reflected in its description by a
physics model.

Example: electric potential of point-like charge.

Symmetry simplifies the problem description. This
is why physicists love spherically-symmetric cows
in vacuum.
Instead of 3 variables we
now have 1.

B-meson decays in left-right symmetric
topless models

Symmetry of system
⇒symmetry of description
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Gauge symmetry: a must-have
Classic gauge symmetry:
Electric potential can be shifted by a constant
value - electric field does not change:

In quantum mechanics (electrodynamics):

Global gauge transform (obviously doesn’t change
anything):

Magnetic vector potential can be shifted by a
gradient of a scalar function: magnetic field does
not change.

Local transform θ=θ(x) involves introducing
covariant derivative:
(otherwise we loose invariance!). So we have:

and, introducing kinetic term to the photon field:
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Gauge theory
In QED (Dirac lagrangian):
Global gauge transform doesn’t change the Lagrangian:
Local transform is a bit more complicated:
and the Lagrangian is no longer invariant:
so, to impose invariance we need to define covariant derivative:
And we end up with:

Adding a photon kinetic term:

we finally obtain:
35

with
This term describes
electron-photon (field)
interaction! It came out of
local gauge invariance
requirement (symmetry).
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Boson mass problem
Gauge transform for boson field is: Aμ is

Aμ→Aμ+∂μϕ.

The mass term for a gauge field is m2AμAμ.
Combining these two facts together, the action of
the gauge symmetry on the mass term is:

m2AμAμ→m2AμAμ+2m2Aμ∂μϕ.
The only way this term remains unchanged under
the symmetry transformation (i.e. arbitrary ϕ) is for
m2 to be zero.

On one hand SM forbids intermediate bosons to have
mass.
On the other - we know for sure that masses of W & Z
bosons are large.
Should we forget about the Standard Model?
What about all its precise predictions?
Dropping gauge symmetry is not an option either.
Looks like we’d want to both have our cake and eat it...
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There is a way out!
Possible solution: spontaneous symmetry breaking.
Initial state of system is symmetric but it goes into
asymmetric final state.
A potential for that could have the form of:

V(ϕ) = ½μ²ϕ² +¼ λϕ⁴ where λ>0, μ² < 0:

Lagrangian of our scalar field:

ℒ=(∂μϕ)2-μ2ϕ2-λϕ4
becomes:

ℒ=(∂μη)2-μ2η2 + const + h. o.
We have a new minimum, chosen spontaneously.
Our field around its vacuum value (v=-μ2/λ) is now

ϕ(x) = v + η(x), so:
V(ϕ) = λv²(η(x))² + λv(η(x))³ + ¼ λ(η(x))⁴ + const

Gauge-invariant Lagrangian is:

ℒ=(∂μ-ieAμ)ϕ(∂μ-ieAμ)ϕ - μ2ϕ2-λϕ4-¼FμνFμν
So: ℒ=(∂μη)2 - v2λη2-½e2v2AμAμ -¼FμνFμν
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The Higgs mechanism
ℒ=(∂μη)2 - v2λη2-½e2v2AμAμ -¼FμνFμν
The terms in bold are:
-v2λη2 - mass of the scalar field (note that -v2λ is positive, mH=√-2v2λ),
½e2v2AμAμ is the mass-term of the boson field (with m=ev).

ℒ=(∂μη)2 - ½mH2 η2-½m2AμAμ -¼FμνFμν
The mass is back!
OK, this is a bit simplified description, we should have used SU(2) multiplets and complex fields.
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What have we done?
●
●
●
●
●
●

We faced a problem of weak boson masses:
○ Experimentally, we know they are large but they break gauge symmetry.
We cannot simply discard Standard Model:
○ It has great successes in precise description of many, many phenomena.
We cannot discard gauge symmetry:
○ We would lose any predictive power of the theory.
There is a way out:
○ Spontaneous symmetry breaking
Is this all?
○ No! We need an extra scalar field, like: a new “interaction” or “force”.
What else it may imply?
○ The Higgs boson.
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The existence of the Higgs
field is a necessity in SM.
Luckily, it’s there!
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Thanks!
Next lecture:
Tuesday
July 3, 2018, 9:15
Main lecture hall.

Contact:
pawel.malecki@cern.ch
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95%
of what the world is made of is still unknown!
That’s pretty bad for 100 years of research...
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