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What Is the subatomic
structure of our Universe ?

What are we really made of ?
What are the fundamental forces 7

Can we even answer these guestions 7

....and how 7
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European Organization for Nuclear Research

Franco-Swiss border, near Geneva
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Existence of a Higgs field
showing ripples
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The Complex Subatomic World




Primary Cosmic Rays
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Electron already discovered

StrUCture Of the AtOm in 1897 by J. J. Thomson

1930s

Simple picture
3 elementary
particles

1911 nucleus, electron
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1932 neutron discovered
by James Chadwick

Nucleus

@ | ~10"°m
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Special Relativity
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Quantum Mechanics

Feynman
Diagram




Constituents How can we find internal structure?

Insect 1lens : Magnifying glass

% 2 lenses : Microscope
3 lenses : No improvement

Resolution limited by wavelength of light = A

Visible light wavelength A ~5x 10" m

This is 5,000 times size of atom

500 million times size of nucleus *

To “probe” elementary particles need wavelengths A
lower by factor more than a billion !




Quantum physics to the rescue Planck

_ / constant
Particles have h

wave properties wavelength A = —
P <— momentum

“See” small objects
— small wavelength Non-relativistic
—> high momentum D= my

— high energy mass x velocity
—> large accelerator

Relativistic

To observe the smallest objects P=ymyv
we need the largest machines ! v =1/ (1 - v&/c2)12
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Neutrinos Feel weak force

“predicted” — later discovered
100,000,000,000,000 per second pass
through each person from the Sun
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for antiparticles
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3 generations

At high energies
can produce two
more generations
of quarks and
leptons
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A Equal and opposite properties
“predicted” — later discovered

¥ Annihilate with normal particles
‘a Now used in PET scans
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Colour: Strong force “equivalent” of charge
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ALEPH
DELPHI
L3
OPAL

| ¢ average measurements, ///
error bars increased //
by factor 10 )/

Uncertainty Principle
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Discovery of top quark
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Model of a helium atom

Gravity A .
Strength: 6x10-3° Electromagnetic
Range: Infinite Force .
Exchange: Graviton? ] ¢ ' Strength: 1/137
R, Range: Infinite
Exchange: Photon

Weak Force (& Strong Force
Strength: 10¢ Strength: 1
Range: 107'8m Range: 10"°m
Exchange: W+ Z0 Exchange: Gluon

Weak Nuclear Force Strong Nuclear Force




Planetary Magnetism Electricity Light Molecular

FallingMotion N —— 7 Force
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Grand Unification? Nucleoar Forces
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Theories of Everything?




FERMIONS* BOSONS
First Second Third
Generation Generation Generation
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We don't
understand why
such value of
masses ...




A Window to the Early Universe




Analogy

Interacting | E Compress : Heat
objects more dense
I —> [Expand : Cool
less dense

Universe is expanding —>» Cooling

In the past —2> Universe was hotter




Temp T (in Kelvin )
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Equivalent collision energy
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History of the
Universe

T/K Energy
1076 1 TeV
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HISTORY OF THE UNIVERSE A

Dark energy
accelerated

expansion
Microwave Structure &
RHIC & Background radiation formation .
Accelerators |LHC is visible |
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A Machine Powertul Enough




CATLAS
JL EXPERIMENT
http://atlas.ch







Building
the LHC
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blaliat 1 9’ 3000 C beIQW roo.m temperature

Maximum proton energy: 7 TeV Collision Energy: 14 TeV
Equivalent to; 14 000 000 000 000 - 1V batteries

Looking down to dimensions of ~10-1° m



Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters
Solenoid field: 2.6 T
Toroid field: 4T

7000 Tonnes

Muon chambers Solenoid magnet | Transition radiation tracker
bl

Semiconductor tracker

UNIVERSITA' degli STUDI di ROMA
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Disappeared. Invisible. Unexpected.







Orbital Speed of the Planets ® .

5.43 km/s
Mars
24.077 km/s
\ .
I \ Uranus

’ .81 km/s
AN

Saturn
9.69




What Keeps Galaxies Together 7

Kepler, Newton

T2 = 4rt.2a3 /G M,

V2 =G Mo/a (circular orbit)




distanza distanza




Observations - .
- from starlight

Observations from
21 cm: hydrogen
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Hence there is more gravitationally attractive
material than is being detected: .

"DARK MATTER” '







The Universe
IS like this !
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< nearest galaxy

Plot distance against
recession velocity for
many galaxies

— (et straight line
— Big Bang

furthest galaxy
“ highest recession velocity

Hubble Diagram

Recession velocity

(Doppler Redshift z)



Hubble Diagram
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But cannot ignore gravity
which slows down the flow
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Expect this line to
curve downwards
for very distant
galaxies.
Expansion would
decelerate

Recession velocity (Doppler Redshift z)




Hubble Diagram| (simplified)
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Cosmic repulsion !
“Dark energy”

Recession velocity  (Doppler Redshift z)




always accelerates

accelerates now 4
decelerated in the past

flat opcn

always decelerates closed

0.5
Redshift z

D. Huterer and D.L. Shafer, "Dark energy two decades after: Observables,
probes, consistency tests” Rep. Prog. Phys., 2017




Dark matter

Dark energy
68%

Composition of the Universe

Dark
matter
27%

Dark
energy
68%

Ordinary

matter _
50 Ordinary matter

4% H and He
< 1% Stars
< 1% Other




Images and Videos: Credit CERN




