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lo the infinitely smail..

Horsehead nebula 1,500 light years away
By Pablo Carlos Budassi - Own work, CC BY-SA 4.0,
https://commons. W|k|med|a org/w/mdex php"cund 94313357 )

and the distance scales characterising the
Universe are mind boggling...
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Neurons derived from human embryonic stem cells, around 10 micrometres
Russo E. (2005) Follow the Money—The Politics of Embryonic' Stem Cell Research.
PLoS Biol 3(7): e234. doi:10.1371/journal.pbio.0030234
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Size of the Milky Wayf: 102t m

14

il

e
G Ly AR . :
= g T o ORI R il
“"‘m‘*"z‘“ g P,

-18
<10 m

Ouark Electron

8l Zl

T

NASA, ES '

http://hulfl
‘ 7l WP - Planets2008.jpg, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=45708230

0¢ 6l

0.000000000000000001 m

1m
1000000000000000000000000000 M


http://hubblesite.org/newscenter/archive/releases/2014/27/image/a/

All of the Universe is made up of atoms (protons,
neutrons, electrons)...

O

Nucleus

Neutron

@— Electron PR

AG Caesar https://bar.wikipedia.org/wiki/Datei:Atom_Diagram.svg 5



Messier 33 (The Triangulum Galaxy)

spiral galaxy 2.73 million light-years from Earth

Diameter:"60,000 light yeérs'

: ! - Contains 40 billion stars

. By using Hubble Space
Telescope, astronomers
estimate that some-100 billion
- galaxies must exist in the
§ - NASA, ESA, and M. Durbin, J. Dalcanton and B. F. Williams (Unive;sity of Washinéton) ‘ unlve rse!
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= Louise Volders (1959) measured that a galaxy did not spin according to expected laws of
motion
= Orbital velocity of stars&gas (observed matter) in galaxy vs. distance from centre

= Newtonian mechanics: decreases with distance (see A)
= Observation: it is flat! (see B)

Where Is all the matter in the universe?
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M33 (TriangulumAGa'Iaxy) NASA/JPL-Caltech

= Galaxies are rotating at such a speed that the gravity
generated by the observed matter cannot possibly hold them together:
= Galaxies should have ripped apart a long time ago!
= Possible explanation:
= Missing matter in the galaxy



Where Is all the matter in the universe?
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Where the mass is distributed on the flying disk dictates how it will spin
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By Iookmg at the terhperature
map of the universe: n

~30%0 of the universe is
' matter, of which only#49%6 is
baryonic (i.e: regular '
. éveryday stuff). Thé rest is
dark matter!

~70%_of the universe is an
sunknown dark energy - . :'

We maké up buta tiny fraction* -
of thé unlverse'
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What is dark matter? 4 =
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Can I find it in the*universe?
If not, can*l make it in a {ab?
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S e CERN Laboratory on the
; Swiss/French border: a paradigm

for international cooperation
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Study interactions of matter by high energy collisions in a lab

= The early universe was a HOT universe!
= Energy and mass are intimately related!

= High energy proton collisions provide the energy which can be converted to new
massive objects!

Matter —» energy —» new matter

= LHC: energy density of collisions like early universe less than a billionth of a
second after Big Bang

= Energy stored in each LHC beam: 360 mega-joules
= Kinetic energy: 450 cars at 100 km/h

= Chemical energy: 70 kg of chocolate (count the
calories!)

= Thermal energy: enough to make “a tonne of tea”




LHC accelerator chain

u Hydrogen







ﬁ LHC’s cameras

@ particleadventure.org
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Matter —» energy — new matte'r

= i*“fﬁ-hl

= You need some sort of “camera” to record the
passage of the collision products

= Needs to take ~40 million pictures per
second, for about 9 month every year!

s Four such “cameras” at the LHC
= ATLAS, CMS, LHC-b, ALICE

14



The ATLAS Detector

%

ATLAS is
= ... a detector capable of
identifying the particles
produced in pp collisions
= ~80m underground
= As tall as a 7 storey

building! _ -,_-.,-;Tﬂ‘-.—;;-n—_n-w—.

= 25m diameter 4 1
= Total length 44m A '__L LN N ]

= Weight of 7000 Tons ... T,
Same as wrought iron of: #&

ATLA Ik =l wp
S is Tike agmamem-”

O©ATLAS, CERN



ATLAS

EXPERIMENT

Run: 311287
Event: 2323168151
2016-10-23 14:56:09 CEST

Search for new phenomena in final states with large jet multiplicities and missing E; [pub]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-17/
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around the world
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The four fundamental forces of nature

Weak nuclear force

WWW.Nasa.gov

18



Matter & the

messengers of
the forces

s Matter feels the four

fundamental forces of nature

by exchanging little
“messengers”

m  Observed mass and distance

travelled by messenger
depends on the force

Force | Messenger | Range
EM Y infinity
Weak | W, Z° ~1018 m
Strong | gluons ~1015m
Gravity | gravitons? infinity

Just after the Big Bang all the forces
were one. As the universe cooled,

the forces split and the particles we
know today were created

10""seconds
(10"Gev)

10°seconds

(10°GeV - LEP
reaches these
energies)

1 second
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Nearly 600 physicists from around the world meeting online this week...



Candidate four-top-
guark event

ATLAS

EXPERIMENT

Run: 349114
Event: 1280053930
2018-04-29 10:53:24 CEST




Search for trilepton resonances from
chargino and neutralino pair production in Vs
=13 TeV pp collisions with the ATLAS detector

To search...

= We search for new particles, and if none found, exclude the range of mass that the new
particles could have.

= “If such a particle exists, then its mass must be greater than XXXX”

\\ , Observed Exclusion Region
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Mass of the hypothetical particle 29

Some other property of the new particle


https://arxiv.org/abs/2011.10543

Measurements of the Higgs boson inclusive and
differential fiducial cross sections in the 42 decay channel

To discover... s = 13 16V

= We search for new particles, and if one is found, we determine its properties
= “We found a new particle and we measured its mass to be XXX”
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Mass of the new particle 23


https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015

To measure...

Measurement of the W-boson mass in

pp collisions at Vs =7 TeV with the
ATLAS detector

We study with precision the properties of known particles, to look for deviations from
the theoretical predictions.

“We measured the properties of this particle with precision, and it agreed with

theoretical predictions”
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https://arxiv.org/abs/1701.07240

Atoms
§ Dark Matter: how can we see 46 e
. 7 (44 73 ar G
something that we can’t “see”? tter
23%
= Dark Matter is thought to be “weakly interacting” o s e

= Doesn’'t emit light and doesn’t interact with most of the fundamental forces.

= Even if we can't see it, it can have an effect on other particles, through the conservation
of fundamental laws of physics like conservation of energy and momentum.

© 0 0 O O O

Proton Proton Proton Proton

= Can look for particles that seem to recoil against nothing

= One example of a search for Dark Matter... -




AI I A ; Run: 337215 iea
2546139368 E

Event: T
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Candidate Dark Matter: production of a monojet



Excluding all plausible causes for such events...

= Nature already produces particles that “we can't see”! Abom 10
= Neutrinos v (e.g. produced in the Sun but also in LHC collisions) | rien

neutrinos

= Momentum in the transverse plane of the recoiling “something” g‘:ﬁsb‘;’c‘j’;;’;@h
every

{ second!

—
%; 107 ATLAS What we see — ¢ Data
O] Vs =13 TeV, 139 fo! s0¢ Standard Model w. unc.
-~ 5 . . P Z( vv) +ets ) .
% 10 SI%_r;al ng'gn v What VBF Z(— 11/ vv) + jets Something
S P, () > e 0 WS v) e jets Q (jet)
ks 10° nature tells _ VBFW(S v + jets
4 us we tl + single top ’
10 should see Diboson
| I Multjet + NCB Q—b }fv’:; 4—@
10° == m(i, %) = (600, 580) GeV
- o mi, 2,) = (1, 2000) GeV Proton / Proton
102 == DE, M2=1486G9V | - :
....... ! Neutrino v

Transverse plane

We don’t see anything “extra” beyond
what our interpretation of Nature
(‘Standard Model’) tells us we should see.

Data/SM

No Dark Matter observed yet at LHC.
27


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

2

What’s next for the LHC?

Run 1 Break Run 2 Break Run 3 Break Run 4-5...
[
2009 || 2010 - 2013 || 2013- || 2015 2018 || 2019- |p022-2024 2025- I| 2027 - 20407 S
2014 2022 2027 > /’
14

So far, the LHC has only produced a few percent of all the collisions it plans to make!
= To get there, it must collide more protons simultaneously!
Protons are not point-like objects and they are really small! 101> m.

Run 1: 10-20 at a time

Run 2: 25-40 at a time

Run 3: up to 50-60 at a time?
Run 4-5: up to 200!

High-Luminosity LHC (HL-LHC)
Hope to accumulate per year what we

accumulated in all of Run 1-3

2,50




The future of high-energy collider physics

Projects in particle physics have very long timescales...

LHC & experiments: first thoughts in mid 1980s

First ATLAS equipment underground: early 2000s

25 years First high-energy LHC collisions: 2010

First high-luminosity LHC (HL-LHC) collisions: /ate 2020s

30 years Final high-luminosity LHC collisions (HL-LHC): /ate 2030s?

The successor to the LHC is already being planned right now! 29



§ European Community comes together i
to plan the future of collider physics

High-priority future initiatives: the possibilities

A Higgs boson ‘factory’!
Precision studies of the Higgs

boson via an electron-
positron (e*e”) collider with
energy 90-350 GeV. ‘
7o start 10 years after the

end of the LHC?

A discovery machine!
Proton collisions at the highest
achievable energy
(100 TeV? = 7 x LHC)
Study the nature of Dark Matter.

X:ray: NASA/CXC/CfA/M Markévitch et al.; Opnaal NASA/S Scl :
._Magellan[U Arizona/D.Clowe’ et al; Lensmg“/lap NASA/S
ESO WFI Magellan/JAnzona/D Clowe etal.» | *

7o start after e*e ? 30




FCC: Future Circular Collider at CERN

= 80-100 km e*e- and/or pp collider with its own new experiments
= New international collaborations proposed to build accelerator and detectors

https://home:cern/séiengafar?céfé’g}ér's/fﬁm re-circular-collider
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Image: CERN



Visit the ATLAS website

Public lectures around once per month:
ATLAS YouTube Live

See inside the Great video of
ATLAS cavern! ATLAS In action!

Google Street View

32


http://www.google.com/maps/place/ATLAS/@46.2358321,6.0550713,3a,90y,194.46h,107.44t/data=%213m8%211e1%213m6%211skWZ2TA53b9AAAAQJODkDDg%212e0%213e2%216s%2F%2Fgeo2.ggpht.com%2Fcbk%3Fpanoid%3DkWZ2TA53b9AAAAQJODkDDg%26output%3Dthumbnail%26cb_client%3Dsearch.TACTILE.gps%26thumb%3D2%26w%3D129%26h%3D106%26yaw%3D16.396397%26pitch%3D0%217i13312%218i6656%214m7%211m4%213m3%211s0x478c62fd0547d8f7:0xbef5879504ec06a7%212sCERN+Recruitment+Service%213b1%213m1%211s0x0000000000000000:0x0cd37f0c1b3a3212%216m1%211e1
https://videos.cern.ch/record/2759181
https://www.youtube.com/playlist?list=PL1qU3k-RDRssm3aAS8nn5A6qvWY6ge4Qa
https://atlas.cern/
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