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Forces in Nature

Four fundamental forces?
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Strong force Electromagnetic \:Zs?tl;afcut:\(;: :'jr:ecay ’ Gravitational force
binds the nucleus force binds atoms binds the solar system
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es in Nature

Four fundamental forces?

P
, o-
Weak force in ’ Gravitational force

Strong force Electromagnetic 0 s
binds the nucleus force binds atoms radioactive decay binds the solar system

Or just one 'superforce’?

Eleciromagnetic Force

Eleciroweak Force

(— 'Grand Unification’ Energy?

Weak Nuclear Force

Electroweak
Unification Energy

Strong Nuclear Force

~

Gravitational Force

Higher Energy / Higher Temperature / Further Back in the Time =

M. Trzebinski Elementary Particle Physics 3/24



M. Trzebinski Elementary Particle Physics 4/24



Dimensions

3 space and 1 time?

Time 9:00 a.m.

1 4
%x
z

8:00 a.m.
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The big barng
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sacond Farmaticn Firsi atoms form Modem galaxies appear
Probable | of protons
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inflatian Tram quarks
10-+2 sacond 1071 sacond 3 minutes 100 millien years
Qeantum Strong, weak,  Synthesis of hydrogen First stars, galaxies,
gravity era alectromagnetic.and helium nuclei and guasars appear
and gravitational

forces appaar
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The big barng

10 to 15 billion years

1038 10-5 second 300,000 years
Modem galaxies appear

socond Formmation First atoms form

Probable | of protons
ara al and neutrons

inflatian Tram quarks

10-+2 sacond 1071 sacond 3 minutes 100 millien years
Qeantum Strong, weak,  Synthesis of hydrogen First stars, galaxies,
gravity era alectromagnetic.and helium nuclei and guasars appear
and gravitational
forces appaar

Quark-gluon plasma.
Matter-antimatter asymmetry riddle.

M. Trzebinski Elementary Particle Physics 5/24



d Evolution of Univ

The big barng

1028 10-5 sacond 300,000 years 10 to 15 billion years
sacond Farmaticn Firsi atoms form Modem galaxies appear
Probable | of protons
ara al and neutrons
inflatian Tram quarks
10-+2 sacond 1071 sacond 3 minutes 100 millien years
Qeantum Strong, weak,  Synthesis of hydrogen First stars, galaxies,
gravity era alectromagnetic.and helium nuclei and guasars appear
and gravitational
forces appaar

Quark-gluon plasma.
Matter-antimatter asymmetry riddle.
Open questions: inflation? origin and cause of Big Bang? era before Big Bang?
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nts of Universe

Galaxies rotation — dark matter?

Expansion of Universe — dark energy?

What The Universe Is Made Of

DARK MATTER . /
21%

DARK ENERGY
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Components of Matter

Q electron
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quark
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Components of Matter

0 electron

<10"%cm
proton
(neutron)
quark
<107"%cm

nucleus
~10""2cm

~10""cm

Our current best understanding of matter components:
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions /force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Higgs Mechanism

Analogy: the Higgs field — a room full of people

interaction with Higgs field — massive particle — cannot travel with the speed
of light

M. Trzebinski Elementary Particle Physics 8/24



Higgs Mechanism

Analogy: the Higgs field — a room full of people

self interaction (fluctuation) of the Higgs field — the Higgs boson
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Fundamental problems:
o When?
o Why?
o How?
o Components?
e Principles?

High Energy Physics addresses these questions by studying
the behaviour of the Nature at the smallest possible distances,
where its elementary ingredients interact.

o Structure of matter?

o Mass hierarchy?

o Particle interactions?



One Way of Learning:
Accelerator Experiments



How to Observe (in macro-scale)?
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ow to Observe (in macro-scale)?

Basic 'tool": our eyes.
Resolution: 0.03 mm (about 25 cm from eye).

Resolution

How far from each other are objects before they will visually merge.
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How far from each other are objects before they will visually merge.

Microscope:
o visible light — magnification up to 1500,

o ultraviolet — magnification up to 3500x.

>\ VVVVIANN

Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) ~ 10° O {67 05x107° 10° O G

M. Trzebinski Elementary Particle Physics 12/24



> Observe (in macro-scale)?

Basic 'tool": our eyes.
Resolution: 0.03 mm (about 25 cm from eye).

How far from each other are objects before they will visually merge.

Microscope:
o visible light — magnification up to 1500,

o ultraviolet — magnification up to 3500x.

>\ VVVVIANN

Radiation Type Radio Mlcrowave Infrared Visible Ultravlolet X-ray Gamma ray

Wavelength (m) ~ 10° 10° 05x107°® 10:0

Observation Conditions /\ /WUW\.EH
The wavelength must be

Sous0 100 100

shorter than the size of the

object. MWW WA @D m
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to Observe (in micro-scale)?

Corpuscular-wave Duality

Matter has properties of both: corpuscles and waves. In particular, each particle
has a corresponding wavelength, which is in inverse proportion to its energy:
wavelength ~ 1/particle energy
The higher is the particle energy, the smaller is its wavelength.
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Observe (in micro-scale)?

Corpuscular-wave Duality

Matter has properties of both: corpuscles and waves. In particular, each particle
has a corresponding wavelength, which is in inverse proportion to its energy:
wavelength ~ 1/particle energy
The higher is the particle energy, the smaller is its wavelength.

Electron Electron Gun
Beam -~

Electron microscope:
e magnification: 107x
Al 2 anoc ® resolution: 50 pm

Magnetic
ST Lens
ToTV
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Secondary
Electron
Detector

Specimen
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Observe (in micro-scale)?

Corpuscular-wave Duality

Matter has properties of both: corpuscles and waves. In particular, each particle
has a corresponding wavelength, which is in inverse proportion to its energy:
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bserve (in micro-scale)?

Corpuscular-wave Duality

Matter has properties of both: corpuscles and waves. In particular, each particle
has a corresponding wavelength, which is in inverse proportion to its energy:
wavelength ~ 1/particle energy
The higher is the particle energy, the smaller is its wavelength.

Electron
Beam

Electron Gun

electron source Electron microscope:
\/ e magnification: 107x
77T . H .
2 Anode acceleration (energy o resolution: 50 pm

‘ increase) in the electric
field

Magnetic
ST Lens
ToTV
Scanner

focusing in the
magnetic field

'illuminating’

Secondary
Electron
petector data readout
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arch Facility (just one of few)

Conseil Europen pour la Recherche Nuclaire C\ﬁw

European Organization for Nuclear Research 7 _/

CERN:
o created: 29 September 1954 (decided in 1952),
o the biggest lab in the world devoted for fundamental research,

@ ~2600 employees and ~13000 users (scientists and engineers) from all
over the world,

o side 'technologies’: www, touch screen, ...

(Some) scientific equipment:

@ accelerators: Proton Synchrotron, Super Proton Synchrotron, Large
Hadron Collider,

o LHC detectors’: ATLAS, CMS, ALICE, LHCb, TOTEM, LHCf, MoEDAL.

LAt CERN we have about 60 other experiments: e.g. COMPASS, NA61/SHINE, ...
M. Trzebinski Elementary Particle Physics 14/24
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e Hadron Collider

@ The most powerful accelerator built (so far):
27 km of circumference.

@ Started in 2008.

@ Superconducting electromagnets: 1232
dipoles and 858 quadrupoles.

Temperature of magnets: 1.9 K (-271.3 °C).
Magnetic field: (up to) 8.33 T.

Ultra-high vacuum 107 atm.

Accelerates protons to 14 TeV or

heavy ions to 2.76 GeV /nucl.

Particles are accelerated to 0.999999991 x c.
o Discovery of the Higgs boson by ATLAS
and CMS experiments — Nobel prize for
Francois Englert and Peter Higgsa in 2013.
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First Stable Beams

ATLAS

EXPERIMENT

Run: 266504

proton-proton collisions at 13 TeV prent: B ool can




Particle Detectors (on example of AT

Usually huge, but very precise equipment:

LAr hadronic end-cap and
\, forward calorimeters

Toroid magnets LAr elechromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

composed of sub-detectors.
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Muon
Specirometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

x Radiation
‘j’rackmg Tracker

Pixel /SCT detector
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Interaction Point

how we describe the interaction

interaction

proton
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o
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Interaction Point

how we describe the interaction how we see the interaction
particles
=
=] proton
= proton
3 =
- interaction
o
roton .
= particles

We cannot directly see what happened in the interaction point
BUT

by studying behaviour and properties of products we can make conclusions.
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Example: Higgs Boson Search

Lets assume that based on theoretical predictions we would like to find a Higgs
boson decaying into four muons.
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1) From all collisions detected in ATLAS choose only ones containing four
muons.
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xample: Higgs Boson Search

Lets assume that based on theoretical predictions we would like to find a Higgs
boson decaying into four muons.

1) From all collisions detected in ATLAS choose only ones containing four
muons.

2) By using tracker, check if these muons point to the same point (vertex).
3) Measure momentum and energy of muons.

4) Use conservations laws — energy and momentum of products must sum up
to energy and momentum of initial particle.
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xample: Higgs Boson Search

Lets assume that based on theoretical predictions we would like to find a Higgs
boson decaying into four muons.

1) From all collisions detected in ATLAS choose only ones containing four
muons.

2) By using tracker, check if these muons point to the same point (vertex).
3) Measure momentum and energy of muons.

4) Use conservations laws — energy and momentum of products must sum up
to energy and momentum of initial particle.

5) Compute mass of initial particle: mass®> = energy® - momentum?.

6) Plot mass spectrum.

Please note that this is a VERY simplified view — just to give you an idea!
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Building Up Statistics
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Summary

We learnt a lot over last centuries / decades / year!

However, it seems that the more we learn the more questions
appear!

A lot to discover — long lasting questions like:

— what are the most basics laws of nature?

— what is the origin and destiny of Universe?

— what are the most elementary elements of matter?

One way of finding answers: studying the behaviour of the Nature
at the smallest possible distances, where its elementary ingredients
interact.

Tools: particle accelerators and detectors.
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School and PhD Studies in Cracow
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Findus on I / More information and application form at

ppss.ifj.edu.pl

Advertisement campaign projec is financed by the Polish National Agency for Academic Exchange under the Moden Foreign Promotion Programme

M. Trzebinski

Usually the first opportunity for
students to participate in a real
scientific research.

Four weeks: one for classes and
three for work on project (theory or
experiment).

Lectures and projects in English.

Support for lodging for the best
candidates.

Visit our webpage: ppss.ifj.edu.pl

Join us on Facebook:
https://www.facebook.com/ifjpanppss

In future: possibility to be a PhD
student in IFJ PAN Cracow.

In case of questions send mail to:
ppss@ifj.edu.pl
or contact me directly.
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