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Humanity’s search for the smallest unit
of matter, its different forms, and the
forces acting is much, much older than
particle physics

Particle physics is a term naming the
search for the ultimate laws of Nature




Setting the stage

About 2500 years ago, the Greek “laughing philosopher” Democritus
developed a new doctrine: atomism (atomos = indivisible)

Two realities would compose the natural world: atoms and void

Atoms are infinite in number and various in size and Q
shape, and perfectly solid, with no internal gaps. Atoms

barbs on their surfaces, which become entangled. o D

¢

may combine into clusters by means of tiny hooks and

Atoms move in an infinite void. -
Democritus (460-370 BC)

Since these times, philosophers, mathematicians, astronomers, physicists, chemists have tried to
understand the laws of matter and the forces acting on them, to find answers to the fundamental
question of “How”, and hoping to also get some insight into the “Why”

Democritus relied on phenomenology, since the scientific revolution physicists rely on
observation and mathematics to study and describe the physical laws




Setting the stage

Today, you all know what atoms are, and we know they exist as we can count them one by one

Light electrons surround a nucleus made of heavy protons and
neutrons like planets the sun...

Really? This classical picture fails in many respects. Only
quantum mechanics, developed in the 1920s was able to provide
a mathematical description of the atom. Heisenberg understood
that the “trajectories” are imagined, and only exist when we
observe them (one among a distribution of options occurred)

We still do not know what an atom really is, but we can compute
all its properties along statistical probabilities following strict

, Werner Heisenberg
physical law (1901-1976)

Physical laws are thus not what is in the Nature, but our way to describe Nature



Everyday life and particle physics are described by the Standard Model

Since the birth of quantum mechanics, physicists of the twentieth century have developed the Standard
Model, a quantum field theory which describes all known forms of matter and forces, except gravity

It can be written in a very compact
form so that it fits on a mug

The Standard Model unifies
guantum mechanics, special
relativity and field theory

It also unifies electromagnetic
and weak interactions




The Standard Model

Since the birth of quantum mechanics, physicists of the twentieth century have developed the Standard
Model, a quantum field theory which describes all known forms of matter and forces, except gravity

These terms describe interactions among
force particles (top) and among matter
and force particles (bottom)

This part was experimentally probed to
good precision before the start of the LHC

The Lagrangian
allows to derive the
equations of motion

of a system

The top term describes how matter
particles couple to the Higgs field ¢
and thereby obtain mass

The lower left term describes the
interaction of the Higgs field with the
weak-interaction bosons, which
thereby obtain mass

This term is related
to the Higgs sector

It was postulated before the
LHC but not experimentally
confirmed

The lower right term describes the
Higgs potential V(¢) with a non-zero
ground state




The Standard Model

In its full (and rather frightening) form, the Standard Model looks like this
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The Standard Model

These equations describe all known particles and their interactions

mass
charge
spin

LEPTONS

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(bosons)

(fermions)
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GAUGE BOSONS
VECTOR BOSONS

Completely new type of non-
universal interactions, nothing
to do with known forces



The Standard Model

These equations describe all known particles and their interactions

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il 11
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Completely new type of non-
universal interactions, nothing
to do with known forces



The Standard Model

The Standard Model describes the properties of macroscopic objects, molecules, atoms,
the atomic nucleus, the structure of the protons and neutrons

<10 19m
~1071"m

Several 1071° m

molecule atom atomic nucleus proton/neutron quark

In the Standard Model, the elementary particles have no substructure, they are “point-like”.
All experimental attempts to resolve further substructure have failed so far. Most physicists
believe there must be some form of tiny structure ...

10



The Standard Model

The Standard
Model does not only
describe the tiniest
objects in space, it
also explains how,
e.g. the Sun burns




The Standard Model

... and should describe
the full history since the
Big Bang, 13.8 billion
years ago
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The Standard Model

... but something is wrong
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The Higgs mechanism

A very simplifying picture!

Fundamental “gauge” symmetry requires all force and matter particles to be massless

Early universe: symmetric phase,
fundamental particles are massless
— gauge symmetry is respected

Symmetric phase — early universe

Gravity \ "\ N\ "\ "\ "\ "N
Photon ~\\ "\ "\ 'S\ "'\ S\N

Weak boson \/"\ '\ '\ VV\V/V/V/V/\

Neutrinos >
Electrons >
Top quark >

H. Murayama 14



The Higgs mechanism

A very simplifying picture!

Masses can be dynamically generated by spontaneously breaking electroweak symmetry

The universe expands and cools down,
after about 10~ seconds after the big
bang electroweak symmetry breaks

A Higgs field displaces ground state
breaking gauge symmetry

It fills all space time (but without
orientation as it has no spin)

Particles interact with Higgs field and
effectively reduce their velocity.
Acquired mass proportional to
interaction strength

— Action of the Higgs field
creates “vacuum viscosity”
(caution — not quite!)

Higgs quantum liquid in broken phase

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
Photon VAVAVAVAVAVAVAVAVAVAVAVAN
Weak boson %

Neutrinos — 7 A v

Electrons — ¢, W

Interaction with Higgs
Top quark . field alters chirality of

tL 1 L massive Dirac fermion

H. Murayama
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The Higgs mechanism was only a hypothesis
before the LHC

To prove it one had to find a
new particle: the mysterious

Higgs boson

If the Higgs boson existed, it had to be rather massive
and its production would be rare

16
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Producing the Higgs Boson an
Searching for New Physics at the
s a Huge Machine

——

{0 s e

Particle accelerators

* Look deeper into matter (size ~ 1/E) (powerful microscope)

* Discover new heavier particles (E = mc?) e =
; Einstein

* Probe conditions of the early universe (E = kT )

17 Boltzmann



Founded in 1954 has become a
paradigm for Scientific Cooperation




1971 — the (almost forgotten — Steve Myers) first ever hadron collider

N T : o— -
Intersecting Storage Rings at CERN operated as a proton proton—antiproton and ion
collider.for.physics between 1971 and 1983. 943 m circumference;1:3-T-dipole field,
CM energy up to 63 GeV, holding luminosity record for hadron-machines until 2004

: ﬁ?i :
Huge advantage over fixed target for protons: E¢y = 1. 4GeVEbeam
— Ecy = 14 TeV would require a 10,000 TeV beam




—_—
/2]
(=]
~
>
S
®©
Q,




CERN is the world’s biggest laboratory for particle
physics located near Geneva, Switzerland

Its mission is to understand the most fundamental
particles and laws of the universe
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The LHC has a total of 9300 magnets for beam bending, beam focusing and orbit corrections

Large Hadron
Collider (LHC)

« 27 km in circumference
« About 100 m underground

« Superconducting magnets
steer the particles around
the ring

* Protons and ions are
accelerated to multi-TeV
scale energies






— areal view

LHC
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Vacuum vessel

Thermal shield

Superisolation

Shrinking cylinder / Helium vessel

Main quadripole bus bar

Magnetic insert
Iron Yoke
Non-Magnetic collars

Superconducting coils
Main dipole bus bar

Heat exchanger tube
Beam pipe
Auxiliary bus-bar

Cryoline

Bunch of 10!! protons
Beam 1
Bunch of 101! protons
Beam 2



Vacuum vessel

Thermal shield

Superisolation

ir installation in the tunnel it

N - Y | A —___ uryonne

Bunch of 10!! protons
Beam 1

Bunch of 101! protons

Beam 2



What happens in a collision of
high-energetic protons?

A A

Its constituents fuse and
transform into new, sometimes
heavy particles with rates
depending on the strength of
their interaction with the -~ =
proton and their mass: - - 7
PEA .9 -

« Light quarks, gluons (“jets”) > W, Z > top quark > Higgs ,‘

< \"/ ‘ \\\ \\\_\\\\\\\\\‘\

« Heavy particles decay instantaneously to
light, stable particles (quarks, leptons, photons)

* A particle detector reconstructs these particles allowing
physicists to deduce the properties of the mother particle




History of the ATLAS

March 1992: Evian Meeting with presentations of the
Expressions of Interest (Eol)

For proton—proton:

« ASCOT P. Norton
- CMS M. Della Negra / H. Desportes
- EAGLE P. Jenni

« L3P S. Ting, F. Pauss

In addition:

» LHC Beauty Collider P. Schlein
B extracted beam G. Carboni

Peter Jenni (CERN)

« Bgas jet T. Nakada
* Neutrino at LHC F. Vannucci
« LHC HI J. Schukraft

 DELPHI LHC HI G. Jarlskog

2 Tennt’

ECFA CERN
Europ Ci earch

ean Committee for Future Accelerators European Organization for Nuclear Rest
Towards tlre LHC Experimental
Programime

« 5-8 March 1992
Evian-les-Bains, France

" Proceedings

L of the General Meeting
on LHC Physics & Detecters

29



The birth of ATLAS

March 1992 — Summer 1992: merging of EAGLE and ASCOT

September 1992: the new baby needs a name, decision:

1%t round: 2" round:
ATLAS 31 ATLAS 40
ALICE 12 ALICE 13
ACE 5

ALEX 5

LHD 0

1st October 1992: ATLAS Letter of Intend (Lol)
submitted to the LHCC

Official birth of the ATLAS* Collaboration

*A Toroidal LHC ApparatuS

30



The ATLAS Detector

Muon chambers

Toroid magnets

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters
Solenoid magnet | Transition radiation tracker

Semiconductor tracker

S
25 m diameter, 46 m long, 7000 tons weight ~

Axial field provided by solenoid
(2 T) in central region (momentum
measurement)

High resolution silicon detectors:
« 100 Mio. channels (50 ym x 250 ym)
* 6 Mio. channels (80 yum x 12 cm)

spatial resolution ~15 ym (in
azimuthal direction)

Energy measurement down to 1°
to the beam line with a calorimeter
system

Independent muon spectrometer
(superconducting toroid system)

Ultra-fast custom electronics filters
the collisions: only 1 out of 30,000
collisions is kept!

31



ATLAS Collaboration

ATLAS

EXPERIMENT

The LHC and its experiments are technological prowess designed, built, operated and upgraded
by large international consortia (— collaborations)

They offer scientific research at the energy
frontier, technological breakthroughs,
highest level and broad education,
international cooperation

The ATLAS Collaboration

* 5900 physicists, engineers, technicians
from 103 nationalities

Argentina
Armenia
Australia
Austria
Azerbaijan
Belarus
Brazil

e 2900 scientific authors
« 1200 PhD students chie

China

Colombia
« 247 institutes from 42 countries Denmark
Germany
Greece
Israel
Italy
Japan
Mongolia
Morocco

« 1122 scientific papers to date

Czech Republic

Netherlands
Norway
Palestine

Philippines

Poland

Portugal

Romania

Russia

Serbia

Slovakia

Slovenia

South Africa

Spain

Sweden

Switzerland AT LAS

Taiwan

Tarkiye C ]
ollaboratio
ua ration

USA 181 institutions (247 institutes) from 42 countries
e ATLAS

EEEEEEEEEE



CERN offers various renowned educational programmes
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ATLAS Detector construction and installation

ATLAS cavern after excavation in July 2002

+ 53 m long
* 35 m high (10-storey building)
+ 30 m wide

34



ATLAS Detector construction and installation
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_ View on the ATLAS inner
detectors. At the centre,fxth” il

inne[,tr?aclfing‘detqctpr/end
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ATLAS Detector construction and installation — Calorimeters

View of the central part of ATLAS
during final assembly stages.
The wire chambers mounted
inside and around the toroid
magnet cryostats are well visible,
as is part of the end-cap
hadronic calorimeter before its
insertion inside the magnet
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ATLAS Detector construction and installation Muons

Thin-gap chambers (TEC)
> § | Cathode strip chambers (CSC)

a \
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iy, ¢ ;
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‘& b e
A\ |
_
|

Barrel toroid

Resistive-plate
chambers (RPC)
End-cap toroid

Monitored drift tubes (MDT)

View on the Big Wheels, intermediate muon stations
with four 25 m diameter wheels on each forward side

39






Data analysis

The analysis of the electronic detector data requires extremely sophisticated computer and
mathematical algorithms as well as a deep understanding of statistics

Particle physicists have developed
and used machine learning algrithms
long before it became ubiquituous

in science and industry

High-speed internet and data
replication to computer centres
across the world allows ATLAS
physicists all over the world

to analyse the data and ,
contribute to the scientific ' B G )
publications S Py t

y AL < Luptongt Jty

- e
(taus.size() » )

CA_3th_1 = tausl Jott »
(1CA_3th_1)

countCutflowEvent(




Data processing relies on the worldwide LHC Computing Grid

i . COMMANDS =

- = e e : Py B
——— = £ 2 S P e B e 42 >},‘” P
N \ / - I > . EXPERIME
= — = 1408512 % bt~ B Wy T KL et ] SEIAT
\\\\\‘,\ e ; ¢ 4
— ‘ p = - LOADING -] . e AR 5 : <
= A= - . ’ A
- 2 +

N \\ M

Used to store, distribute, process > 1 million processing cores in More than 1000 Petabytes of
and analyse data about 160 data centres CERN data stored world-wide
in 42 countries
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ATLAS

EXPERIMENT

A Higgs boson to 4 muons candidate
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2012 nggs boson dlscovery — 10 years ago !

ys=7TeV J Ldt=0.05fb" Apr 24, 2011

Events / 5 GeV

ATLAS Preliminary
H—2Z"'— 4l channel

[__] Signal (mH=125"‘GeV)
[ ] Background zz"

I Background Z+jets, tt
—4— Data

Data - Background

Fablola Gianotti and Peter nggs‘JuIy 2012

” 4 /’ ATLAS

EXPERIMENT

A Higgs boson to 4 muons candidate



T~
2012 Higgs boson discovery

5

A S .

ATLAS and CMS physicists building at CERN after
the announcement of Nobel Prize in October 2013

Peter Higgs and Francois Englert

A Higgs boson to 4 muons candidate
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2012 Higgs boson discovery — then and today

Phys. Lett. B 716 (2012) 1-29 Eur. Phys. J. C 80 (2020) 942

B | T T T T | T T T T _LIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIJ_
. e Data ATLAS B ® Data

- - Background zz" *) ‘_ﬁ.’_-,LquZS* — 4] Higgs (125 GeV)
I . H=ZZ =4l [ Vs=13TeV, 139 fb™ - )

i - Background Z+jets, tt XX, VWV

- D Signal (mH=125 GeV)

, B Zijets, tt
" 7/ Syst.Unc.

/ 7 Uncertainty
[(s=7TeV:[Ldt=4.8 fb"

Events/5 GeV
Events/2.5 GeV

[(s=8TeV:[Ldt=5.8fb"

IIII|III|III|III|III|III|III|III

' 100 110 120 130 140 150 160 170
m,, [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
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ATLAS

EXPERIMENT

Run: 280862
Event: 2068254682
2015-10-03 02:48:56 CEST
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More decay channels %
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Data ATLAS
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Event: 2068254682
2015-10-03 02:48:56 CEST
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The Higgs mechanism
iS real ' ATLAS Run 2

I K¢ = Ky
k. is a free parameter

SM prediction
Non-universal couplings

b

4 Leptons Quarks

The Higgs sector is directly connected with very .’ --- -|:|-
profound questions: naturalness, vacuum stability [ Lo RS <] - [EN

& energy, flavour @C H"gson
The Higgs boson discovery allows us to directly
study this sector, requiring a broad experimental
programme that will extend over decades
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The Higgs mechanism
is real !

The Higgs sector is directly connected with very
profound questions: naturalness, vacuum stability
& energy, flavour 4

4

The Higgs boson discovery allows us to directly
study this sector, requiring a broad experimental
programme that will extend over decades
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Possible relations between the Higgs boson and
open questions in particle physics and cosmology

« What stabilises the Higgs mass versus high-scale new
physics? Are there new TeV-scale symmetries? Is the
Higgs boson elementary, are there anomalies in its
coupling to the W or Z?

Do Higgs interactions violate CP? Is there an anomalous
Higgs self coupling to allow for a first order electroweak
phase transition?

Is the Higgs boson unique?

What is the origin of dark matter, can the Higgs boson
provide a portal to a dark sector? Are there new, yet
unseen decay modes?

What is the origin of the vast range of Yukawa couplings,
are there modified interactions, lepton-flavour violation?

Is the Higgs field connected with cosmic inflation? Are

there possible cosmological observations related to the
Higgs field?

Salam, Wang, Zanderighi: Nature 607


https://www.nature.com/articles/s41586-022-04899-4
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Status: February 2022

AQ total (x2)

inolastic ATLAS Preliminary
\s =5,7,8,13 TeV

incl
pr>100 GeV
u ]

pr>70 GeV.

O

pr >75 GeV B
dijets Er>

25 GeV

pr>100 GeV 2\

EX> El> M
125GV 100 Gev A
0O o

pr > 25 GeV.
nj>4

nj

nj

Theory

LHC pp Vs = 13 TeV

BEEl  Date 32-139f!

LHC pp Vs =8 TeV

A Data 20.2 —20.3fb7!

LHC pp Vs=7 TeV

IRl Data 45-4910!

WWW tot.

wwz o, Wil

02 Bg

PP Jets

WWV 777 VB i

tty Vijj
EWK

ATLAS

EXPERIMENT

A harvest of unique
measurements probing new
forms of particle interactions
and very rare processes

Theory and computational
developments are key to this
progress

pp > WWW — ev ev pv candidate
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Run: 329716
I Event: 857582452

Are quarks elementary partlcles')

<10®m

~1075m
Several 107" m

& ‘ J

molecule atom atomic nucleus proton/neutron quark
substructure ?
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Run: 329716
\ ' Event: 857582452

Are quarks elementary particles? R

ATLAS . Data

Vs=13 TeV, 139 fb™ — Background fit
Inclusive — BumpHunter interval

O-- q*s mq* = 4 TeV
q’, m.= 6 TeV

q*, ox10 j" ”
p-value = 0.89

EXPERI



Could gravity
be strong In
extra spatial
dimensions?



EXPERIMENT

SPATLAS

Are dark matter particles
produced at the LHC ?




3.\@::/% i /7 Do we understand the
.~ interaction of light with

g = light in extreme
/Oii\ i*\ electromagnetic fields ?

Pb Pb
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =124.97 GeV/c?

charge % Ys s 0 0

spin | % u Ve t il g 0 H
up harm top glu l higgs

=4.7 MeV/c2 =096 MeV/c2 =4.18 GeV/c?
=% ) 0
« (@& N y
strange bottom phot_J

5.66 MeV/c? =1.7768 GeV/c? =91.19 GeVi/c?
il 0

H « :
electron muon tau Z boso '

<1.0 eVi/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c?
0 0 +1

% VIJ % Vt 1 W

electron muon tau “The Slitesh alblTan DATAmeta bIiN S
A / : W boso ' e e O S 2 Sl
neutrino neutrino neutrino in yaur ’everlv,da’v.l]fe."' -Bob Cavhn (‘] 996)

 Many deep questions remain, many of which require energy frontier experiments-. -



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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Preparing the future — the grand plan

HiLUMI

LARGE HADRON COLLIDER

We are here
LHC | HL-LHC

13 TeV

13.6 TeV 13.6 - 14 TeV

energy
Diodes Consolidation

splice consolidation cryolimit LIU Installation HL-LH
7 TeV 8 TeVv button collimators interaction ) inner triplet i C
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
5 to 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

. . . . HL upgrade
nominal Lumi ma'_'-_“’m_i ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi I /_ upgrade .
m lE::Ii:n integrated 3000 fb*
m luminosity L TJ0E o3

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |”| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Preparing the future — the grand plan

Hilumii )
LARGE HADRON COLLIDER

HL-LHC

» Higgs factory (400M Higgs bosons produced) for precise Higgs coupling
measurements, access to Higgs self interaction and longitudinal vector
boson scattering, and increased overall rare & new physics sensitivity

« With the improved LHC and injectors, large-scale detector upgrades
required for improved robustness against pileup and radiation

Display of a VBF H = tt in 200 p-p collisions

HL-LHC

13.6 - 14 TeV

energy

HL-LHC
installation

l& IIIIIIIﬂ»
5 to 7.5 x nominal Lumi

teg,ated 3000 fb"!
= 4000 fb™"

el N OSity
= |
e e —————
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High-Luminosity LHC (HL-LHC) Y SATLAS

EXPERIMENT

The HL-LHC promises 20 times the data
sample currently collected

Its beam intensity requires unprecedented
detector and computing technologies:

« Radiation hardness
« High detection granularity and resolution

* Precise timing detectors Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

« Machine learning & data science

Pixel detector \

« High-performance computing

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

s

ABCStanWafér on probe station




High-Luminosity LHC (HL-LHC) > SATLAS
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High Granularity Timing Detector

* Precise timing detectors

Novel technology with strong contributions
from Moroccan ATLAS groups
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tor upgrades for the HL-LHC
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4P Run 3 (2022-2025) at 13.6 TeV has begun

First 13.6 TeV collisions on 5 July 2022

STV

e =)

AN

\

We’ve come a long way —
the adventure continues

http://atlas.cern/



http://atlas.cern/

Extra slides

ATLAS

EXPERIMENT
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CERN today — world’s largest center for fundamental research

23 Member States

Austria — Belgium — Bulgaria — Czech Republic
Denmark — Finland — France — Germany — Greece
Hungary — Israel — Italy — Netherlands — Norway
Poland — Portugal — Romania — Serbia — Slovakia
Spain — Sweden — Switzerland — United Kingdom

MEMBER STATES
ASSOCIATE MEMBER STATES
ASSOCIATE MEMBERS IN

6 Associate Member States THE PRE.STAGE TO MEMBERSHIP

Croatia — India — Lithuania — Pakistan —
Turkey — Ukraine

More than 50 Cooperation Agreements with non-Member States and Territories

Albania — Algeria — Argentina — Armenia — Australia — Azerbaijan — Bangladesh — Belarus — Bolivia

Bosnia and Herzegovina — Brazil — Canada — Chile — Colombia — Costa Rica — Ecuador — Egypt — Georgia — Iceland
Iran — Jordan — Kazakhstan — Latvia — Lebanon — Malta — Mexico — Mongolia — Montenegro — Morocco — Nepal

New Zealand — North Macedonia — Palestine — Paraguay — People's Republic of China — Peru — Philippines — Qatar
Republic of Korea — Saudi Arabia — Sri Lanka — South Africa — Thailand — Tunisia — United Arab Emirates — Vietnam



Setting the stage

The scientific revolution began with Nicolaus Copernicus in the 16t century, shifting paradigms from
the Ptolemaic model of the heavens to the heliocentric one, continued with Galileo Galilei and his
Dialogue Concerning the Two Chief World Systems (1632), to find its culmination and accomplishment
with the 1687 publication of Isaac Newton’s Philosophize Naturalis Principia Mathematica, laying the
foundations of modern mathematical physics

von & ,(.,,m ommi ¢t frellormm.
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‘ / 1”::'5 LONDI
N Jyseysan, fu S er. Proftat apu
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ey e
N. Copernicus (1473-1543) On the Revolutions of the Celestial Galileo Galilei (1564-1642) Isaac Newton (1642-1726) Philosophige Naturalis
Spheres, published in 1543 Principia Mathematica,

published in 1687

Democritus relied on phenomenology, since the scientific revolution physicists rely on
observation and mathematics to study and describe the physical laws



The Standard Model

These equations describe all known particles and their interactions

Electromagnetic interaction Weak interaction

|

0 Photon

_______

Leptons

Strong interaction }

Electric
i W & Z bosons

2/3 -1/3

2/3

2/3

Gluons

Higgs interaction

Completely new type of non-
universal interactions, nothing
to do with known forces
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The Standard Model

As well as larger
scales of the universe

about 1 Wor sars

Andromeda Galaxy
(2.5 million light years from Earth)




The Standard Model

... up to the largest
scales ...

Simulation of structure formation
(dark matter, astro-ph/0504097)




Mass (= energy) and length scales

Year
when
energy
reached
in labs

~ 2010

~ 1970

~ 1900

Lgravitation

10%° GeV —1‘—

106 GeV

104 GeV —|—

100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV

100 meV
10 meV

Planck scale (Mp))

GUT ?  (required for charge
) quantisation in nx1/3)

Vg ?

t,Z, W, H EWSB

b

T,np

u s, QCD

u, d, nuclear binding E

e l
core of Sun

atomic binding E

T

Y, 8
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Mass (= energy) and length scales

Year
when
energy
reached
in labs

~ 2010

~ 1970

~ 1900

Lgravitation

10%° GeV J— Planck scale (Mp)

106 GeV

104 GeV —|—

10 TeV
1TeV
100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV

100 meV
10 meV

GUT ?  (required for charge
) quantisation in nx1/3)

Vg ?

} New Physics ?

t,Z, W, H, EWSB

b

T,np

u s, QCD

u, d, nuclear binding E

e l
core of Sun

atomic binding E
V's
ba l

Y, 8
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A 1 TeV-frequency microscope looks at really, really tiny objects...

Nanoscience Particle physics today
(TeV scale)

o

Siphonaptera (flea)
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On 17 May 1954, the first shovel of earth was dug on the Meyrin site in
Switzerland under the eyes of Geneva officials and members of CERN staff

Aerial view of the 25 GeV Protron Synchrotron at CERN in 1965
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This spring we celebrated the results of 1000 collision papers

This milestone emphasises the wealth, scientific breadth and impact of our research and publications:
the LHC is itself a scientific diversity programme !

- Enjoy a timeline featuring 60 paper highlights: https://atlas.cern/updates/news/1000-collision-papers

E¥% FirsT oBsERVATION OF R ..

X ] DISCOVERY OF A NEW
R A | o Nt oL L ISIONS HIGHLIGHTS FROM THE ATLAS PARTICLE: THE HIGGS
gl T i COLLABORATION'S 1000
e —— 8 COLLISION PAPERS *

Explore the broad range of physies measurements ai

%LLISION PAPERS


https://atlas.cern/updates/news/1000-collision-papers

ATLAS Detector construction and installation — Muons

Thin-gap chambers (TEC)
> § | Cathode strip chambers (CSC)

a \
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AN %)
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_
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Barrel toroid

Resistive-plate
chambers (RPC)
End-cap toroid

Monitored drift tubes (MDT)

View on the Big Wheels, intermediate muon stations
with four 25 m diameter wheels on each forward side
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Do new forces with new carriers exist?

—
o
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ATLAS ®
Z/v*
E = 13 TeV, 139 fb-1 EToYp quarks

Dielectron search selection ] Diboson
|:] Multi-jet & W+jets
— 27, (2TeV)
— 2, (3TeV)
—2Z' (4TeV)
— 7, (5TeV)
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Are dark matter particles
produced at the LHC ?

Events / GeV

ATLAS

s =13 TeV, 139 fb™
Signal Region

pT(j1) > 150 GeV

¢ Data
Q< Standard Model w. unc.

Z(— vv) +jets
VBF Z(— Il / vv) + jets
W(—Iv) + jets
VBF W(— Iv) + jets
tt + single top
Diboson
Multijet + NCB
m(, 7°) = (600, 580) GeV
m(x, Z,) = (1, 2000) GeV

= DE, M2 =1486 GeV

1 ?__‘IOO
prTeCO' [GeV]

ATLAS

EXPERIMENT



What are the
properties of
the quark-

gluon plasma
created in

In collisions of heavy ions, the LHC
creates for a very brief moment a quark-
gluon plasma of up to 6 trillion degrees,
almost half a million times hotter than the
core of the sun



We:j‘\ave twobb%ll extremely premse theorles

The Standard Model of General relativity — theory
electromagnetic, weak, of gravitation

strong and Higgs ><
interactions Tested up to an accuracy of order 10-°

(Cassini probe [B Bertotti et al., Nature 425, 2003])

Predicting, e.g., the magnetic
moment of the electron to a relative
precision of better than 102 in
agreement with experiment

Unfortunately, the SM and general relativity do not work in
regimes where both are important (ie, at very small scales)
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#* Scalar sector
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Single doublet or more
Elementary or composite
Form of potential

Origin of Yukawa couplings

Dark matter

» Composition: WIMP, axions, sterile
neutrinos, hidden sector particles,
gravitational effect only

« Single or multiple sources

Expansion of Universe

» Primordial expansion via inflation;
which fields, role of quantum gravity?

* Accelerated expansion today:
cosmological constant problem

Strong CP problem

£

Vs

Quarks and leptons

Origin of families, mass, mixing, CPV
Matter—antimatter asymmetry

Baryon and lepton number
conservation (proton decay)

Neutrinos

Origin and values of neutrino masses
Nature: Majorana or Dirac

CP violation

Sterile neutrinos

High-scale physics

Hierarchy problem and new physics at
TeV scale

Grand unification of forces
Unification with gravity
Quantum gravity, string theory
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European Strate
pUpdate =

Scientific priorities
for the future

Implementation of the recommendations
of the 2020 Update of the European
Strategy for Particle Physics:

* Fully exploit the HL-LHC

« Build a Higgs factory to further
understand this unique particle

* Investigate the technical and
financial feasibility of a future energy-
frontier ~100 km collider at CERN

 Ramp up relevant R&D

« Continue supporting other projects
around the world
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