What are we?
Where do we come from?
Where are we going? What will
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“Where do we come from?
What are we?
Where are we gomg?

| The aim of partiéle physics, CERN & the LHC: |
i What |s the Unlverse made of? :
R ki
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Super-Microscope

Study physics laws of first moments after Big Bang
Increasing Symbiosis between Particle Physics,
Astrophysics and Cosmology



From Cosmic Rays to Accelerators ju f/

showers were
4, found to

— * contain many gARRess
“different types /" ab RN
of particles ... SRV =

; \ cosmic-ray ?

- Accelerators study these partlcles in detall o
g & " _ﬁ%" ... . id—




Experiments at Accelerators

Large accelerators are based on
| same principles as old TV set

Accelerate and direct particle
& beams using electric and
magnetic fields

Y,

Collisions take place inside
large detectors that observe §
and measure the particles
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A Typical Particle Detector
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The ‘Standard Model’ of
Particle Physics

Proposed by Abdus Salam,

Glashow and Welnberg ¢ G
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fl ZATREEEL TP at CERN ' N g

ALEPH
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Perfect agreement between
theory and experiments | ,. | —
In all laboratories | S S




The ‘Standard Model’

= Cosmic DNA

The matter particles

Q € - neutrino @ electon

@ L - neutrin @ I iuon
@ T - neutrino @ tau

Where does
mass
come from? ING'S

Gravitation electromagnetism  weak nuclear force strong nuclear force



The I\/Ian Wlth the Answer
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Why do Things Weigh?

Newton: (‘\ = WY |
Weight proportional to Mass | S S EESEE LI
d '_:J@ 2 . ;. J
Einstein:

Energy related to Mass

| Neither explained origin of Mass

| Where do the masses
® come from?

" Are masses due to Higgs boson?
1 (the physicists’ Holy Grail) %"=
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Think of a Snowfield

Skier moves fast:
Like particle without mass
e.g., photon = particle of light/L

Snowshoer sinks Into snow,
moves slower:

Like particle with mass
e.g., electron

The LHC found
the snowflake:
The Higgs Boson

Hiker sinks deep,
moves very slowly:
Particle with large mass_
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A Phenomehol'c')g‘icald Profile
of the Higgs Boson

11:!

i

 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Eecejved T Moveinbey 1975
A discussion is given of the production, decay and observability of the scalar Higgs

boson H expected in gauge theores of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higps boson. unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
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Gauguin’s Questions in the
Language of Particle Physics

What Is matter made of? e
— Why do things weigh? —} /

What is the origin of matter? I!IE
What is the dark matter that fills the Universiizle
How does the Universe evolve?

Why is the Universe so big and old?
What is the future of the Universe?

Our job is to ask - and answer - these questions | =




300,000 e AOREEESER Y Formation
years [N NECREREE | of atoms

3 | Formation
minutes of nuclei

Formation

1 micro-

f proton
second O1 protons

Appearance [ - = = | & neutrons

: of dark matter?| - %
1 pico- et T Appearance

second [N - of mass?
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The Large Hadron Colllder (LHC)

Several thousand billion protons
Each with the energy of a fly
99.9999991% of light speed

A billion collisions a second

Primary targets: . Collisions at 8 TeV in Run 1
*Origin of mass : _
Nature of Dark Matter 13/14_ Tevin LHC Run 2:
Primordial Plasma 3 times earlier in the

Matter vs Antimatter history of the Universe



Vacuum similar to mterplanetary space:

the pressure in the beam-pipes is ten times
lower than on the Moon.
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Cooler than Outer Space

LHC 1. édegrees above absolute zero = - 271 C
Outer space 2.7 degrees above zero =- 270 C

—— -




Overall View of the LHC and its Experiments

27 km circumference
100 m underground

w
NSRS,
CERN
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Scientists from around the World

MEMBER STATES

Austria 99
Belgium 159
Bulgaria 47
Czech Republic 239
Denmark 76
Finland 126
France 950
Germany 1343
Greece 142
Hungary 65
Israel 74
Italy 1564
Netherlands 173
Norway 91
Poland 275
Portugal 111
Romania 103
Slovakia 86
Spain 365
Sweden 113
Switzerland 511
United Kingdom 942

7654

OBSERVERS

Japan 294
Russia 1046
USA 2018

3358

ASSOCIATE
MEMBERS IN
THE PRE-STAGE
TO MEMBERSHIP

Cyprus 15

Serbia 35 5@

OTHERS

Algeria 1
Argentina 24
Armenia 19
Australia 39
Azerbaijan 3
Bangladesh 4
Belarus 23
Brazil 136
Canada 180

Chile
China
Colombia
Costa Rica
Croatia
Cuba
Ecuador
Egypt
Estonia
Georgia

Hong Kong
Iceland
Indonesia
Iran

Ireland
Korea
Latvia
Lebanon
Lithuania
Madagascar

Malaysia
Malta
Mexico
Mongolia
Morocco
New Zealand
Oman

Peru

Saudi Arabia
Singapore

Slovenia
South Africa
Taiwan
Thailand
TFYROM
Venezuela
Viet Nam

1338
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The Discovery of the Higgs Boson

Mass Higgsteria
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{c) CERN. A1l rights reserved. l
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Higgsdependence Day!

—




Unofficial Combination of Higgs Data

1o - 10ifb 0610312013

Is this the

-' ‘-"' w "1----

No Higgs here!

300 500 600
nggs boson mass GeVic?

By ian R g N
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IS HC finng the missig piece? '
IS it the right shape?
IS it the right size?




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

Fl>  [aTLAS ana Cws
1k ATLAS and CMS

) L) LHC Run 1
M2

¢+ ATLAS+CMS

------- SM Higgs boson _ -
— [M, €] fit <
[168% CL ] _-

95% CL

Global i

fit

| Blue dashed line = Standard Model 30 [
e .




Without Higgs ...

| ... there would be no atoms

— massless electrons would escape at the
speed of light

... there would be no heavy nuclel

... weak interactions would not be weak

— Life would be impossible: everything

would be radioactive
== |ts existence Is a big deal! |




Dixit Swedish Academy

Today we believe that “Beyond any reasonable
doubt, it is a Higgs boson.” [1]

| http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/a | «
T dvanced-physicsprize2013.pdf 5
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* « Empty » space IS unstaf¥z[e
I~ -\ 4 - Dark matter LHC
| . Origin of matter LHC
. W Sizes of masses LHC
A “; - Masses of neutrinos
| < - Inflation LHC
W Quantum gravity

" |
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Is “Empty Space” Unstable?

178
Unstable

| l\gass . O Need new
| of top -
average Physics?
- quark J Y
Stable

168

120 125 130

Mass of Higgs boson

« Depends on masses of Higgs boson and top quark! |
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Should 1t have Collapsed already? ~

— Fluctuate over barrier Not If |
- in the early Universe? 7 supersymmetry: |
| Infinite barrier |

We are here - A, N

-

Py

Tunnel through
barrier now?

| Quantum fluctuations

The Blg Crunch iJLTRA-Dsteiq GGGGGGGGG -
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The Dark Matter Hypothesis

* Proposed by Fritz Zwicky, based on
observations of the Coma galaxy cluster

* The galaxies move too quickly
» The observations require a

stronger gravitational field
than provided by the visible matter & ™




The Rotation Curves of Galaxies

« Measured by Vera Rubin

» The stars also orbit ‘too quickly’

 Her observations also required a
stronger gravitational field

than provided by the visible matter &= .

e of Physics




Rotation Curves

 |n the Solar System

 |n galaxies

50 -~
Mercury ¢ eso| S i
(T) Sa NGC 4378
@ 40 H
%’ o g Sbe NGC 3145
enus 250
= 2 Sbe NGC 1620 \Milky
— 30 - Earth b Way
o 2
3 Mars '_; Sc NGC 7664
% 20 - B 150
-F_E Jupiter §
.'é 10 - -~k Uranus 50
5 Neptune pjuto
| |
1

| | 1 1
10 20 30 40 50
mean distance from Sun (AU)

The velocities decrease

e The velocities do not
decrease with distance

with distance from Sun
Mass lumped at centre

S e
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Dark Matter 1n the Umverse |

Astronomers say PEITICIEE
that most of the
matter In the
Universe IS
| Invisible
Dark Matter
~ Supersymmetric partlcles?
Searching for x
them at the

LAC ‘I"--Supa*synuﬂetnc

"shadow " partlcl

L. \ e




Minimal Supersymmetric
Extension of the Standard Model

. Leplons

For ' W) Slept WP SUSY1
@ rorce particies Squarks ) steptons @D SUSY forae

 Quarks

SUSY particles




Searches for Dark Matter

Annihilation
Dark Matter g particles > Standard Model

\incosmic rays

Annihilation Production
Inthe early = € at particle
Universe colliders

Dark Matter  Direct dark matter ~ Standard Model
detection



Search for Dark Matter at the LHC

zzzzz

Missing transverse energy R
B carried away by dark matter particles % ?




Nothing (yet) at the LHC

NoO supersymmetry Nothing else, either
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. for BE I\/Iatter’7 -




Direct Dark Matter Detection

Scattering of dark

matter particle in recoiling

deep underground hucleus
laboratory _

Detector



L HC vs Dark Matter Searches

« Compilation of pr
lall esent sensitvities
-1 -
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General Interest iIn Antimatter Physics

Physicists cannot make enough for
Star Trek or Dan Brown!




How do Matter and Antimatter Differ

?

Dirac predicted the existence of antimatter:
same mass
opposite internal properties:

electric charge, ...
Discovered in cosmic rays
Studied using accelerators
Used In PET scanners

e

[

= Why does the Universe mainly contain matter, no

—

Matter and antimatter not quite equal and opposite: WHY?

Experiments at LHC and elsewhere looking for answers

>
- . .
. -
o .

t antimatter? |




How to Create the Matter In the
Universe?

 Need a difference between matter and antimatter

 Need Interactions able to create matter




Unify the Fundamental Interactions:
Emstem S Dream




Will LHC experiments create black holes?

entire

Cosmic rays have not harmed us!



Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Photon Lovers of physics
:‘H § Beyond the SM:
Muon neutrino be patlentl

Diown

Strange

Up

Charm

Tau

Bottom
Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: I'he Economist
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https://www.youtube.com/watch?v=Ts6vS-qYuY4

