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Particle physicist working
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But what are we looking for?



Studying nature’s building blocks
and the forces that govern them

Accelerators
g, LHC Today
Cosmic Star and Galaxy .

Microwave Formation

Light Background

Quarks  Protonsand nuclei form
and neutrons form
electrons

Big
Bang
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380,000 years

1 billion years
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three generations of matter interactions / force carriers
T h e (fermions) (bosons)
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The Big Questions

Image: Jorge Cham/PhD Comics
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The search for the Higgs boson

10



Fun fact! If this happened very

The SearCh fOI’ the nggS bOSOn quickly, it might have caused

gravitational echos that with bigger
and better graviational waves
detectors, maybe we can ‘see’ this

Aim: to understand
the origin of the
mass of elementary
particles.
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This costs too much
== energy! | think I'll
hang out down there.
\.

“vacuum expectation value”
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The Higgs

Light particle

boson

Image: Jorge Cham /PhD Comics

Heavy particle

https://youtu.be/71alQCeCWe6cC

The Higgs boson
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The discovery of a new boson!

The Higgs boson — a major success of the first LHC run.
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Physicists Find Elusive Particle Seen as Key to Universe

By DENNIS OVERBYE JULY 4, 2012

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle that looks like the Higgs
boson. Pool photo by Denis Balibouse
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Visible matter

The search for new
particles (dark matter?)

Dark energy

68.3%
T [

Copyright: STFC/Ben Gilliland



lllustration by Sandbox Studio, Chicago with AnaKova for Symmetry magazine



Matter-Antimatter asymmetry? pr W e

Note: originally detectors / scanners were people at CERN, often women
https://videos.cern.ch/record/2299808
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The Strength of Gravity?

* |s there a graviton?

» Are there extra dimensions that
gravity iIs leaking into?

« What is the strength of gravity for
antimatter?

20



So, we keep searching



Searches

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 [£dt=(36-139)fb" Vs =13TeV
Model t,y Jetst ET'™ [ratm™] Limit Reference

ADD Gkk +g/q Oe 1,y 1-4] Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 n=3HLZNLO 1707.04147
ADD QBH - 2j - 139 n==6 1910.08447
ADD BH multijet - >3] - 3.6 n =6, Mp =3 TeV, rot BH 151202586
RS1 Gyk — vy 2y - - 139 k/Mp = 0.1 2102.13405
Bulk RS Gk — WW/ZZ multi-channel 36.1 k/Mp; = 1.0 1808.02380
Bulk RS gxx — tt le,u 21b 2102 Yes  36.1 r/m=15% 1804.10823
2UED/ RPP leu >2b >3] Yes 361 Tier (1,1), BAMY — ) = 1 1803.09678
SSM Z’ — ¢t 2ep - - 139 1903.06248
SSMZ' - 17 27 - - 36.1 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 1805.09299
Leptophobic Z' — tt Oe,u  21b,22J Yes 139 r/m=12% 2005.05138
SSM W’ — {v 1eu - Yes 139 1906.05609
SSM W’ — 1v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - 21b,21J - 139 ATLAS-CONF-2021-043
HVT W' — WZ model B 0-2epu 2j/1J  Yes 139 gv =3 2004.14636
HVT W’ — WZ — (v {'¢ modelC 3 e pu 2j(VBF) Yes 139 gvey=1,g =0 2207.03925
HVT Z' - WW model B 1eu 2j/1J  Yes 139 gv =3 2004.14636
LRSM Wgr — uNg 2u 1J - 80 m(Ng) =0.5TeV, g1 = gr 190412679
Cl gqqq - 2j - 37.0 1703.09127
Clétqq 2ep - - 139 i 2006.12946
Cl eebs 2e 1b - 139 g =1 2105.13847
Cl puubs 2u 1b - 139 g =1 2105.13847
Cl tttt >leu =21b=21] Yes 361 |Carl = 4 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 £4=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 gq=1, g =1, m(y)=1 GeV 2102.10874
Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 tanf=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e >2j Yes 139 B=1 2006.05872
Scalar LQ 2™ gen 2u >2] Yes 139 B=1 2006.05872
Scalar LQ 3 gen 17 2b Yes 139 B(LQY — br) =1 2303.01294
Scalar LQ 3 gen Oeu  22j,22b Yes 139 BLQY — tv) =1 2004.14060
Scalar LQ 3™ gen *2epu,21121j,21b - 139 BLQ] — tr) =1 2101.11582
Scalar LQ 3 gen Oe,u,2170-2},2b Yes 139 B(LQY = bv) =1 2101.12527
Vector LQ mix gen multi-channel =1j,21b  Yes 139 B(U, = tu) = 1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3 gen 2eu,1 21b Yes 139 B(LQY — br) = 1, Y-M coupl. 2303.01294
VLQ TT — Zt + X 2e/2u/>8eu 210, 21] - 139 SU(2) doublet 221015413
VLQ BB — Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ Ts3 T3l Tsys = We + X 2(8S)/z8epu21b 21] Yes 361 B(Ts/3 — Wit)=1, c(Ts3Wt)=1 1807.11883
VLQ T — Ht/Zt le,u  21b23j] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y - Wh lepu 21b21] Yes 361 B(Y — Wh)=1, cp(Wh)= 1 1812.07343
VLQ B — Hb Oeu =22b 21,21 - 139 SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
VLL T — Zt/HT multi-channel ~ >1] Yes 139 SU(2) doublet 2303.05441
Excited quark ¢* — gg - 2j - 139 only u* and d", A = m(q") 1910.08447
Excited quark g* — gy 1y 1j - 36.7 only u* and d*, A = m(g*) 1709.10440
Excited quark b” — bg - 1b,1] - 139 1910.08447
Excited lepton 7 27 >2j - 139 A=46TeV 2303.09444
Type Il Seesaw 234epu >2j Yes 139 2202.02039
LRSM Majorana » 2u 2j - 36.1 m(Wg) =4.1TeV, g1 = gr 1809.11105
Higgs triplet H** — W*W= 2,34 e, u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — (¢ 234eu(SS) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 DY production, |g| = 1gp, spin 1/2 1905.10130

TR |

107 1

*Only a selection of the available mass limits on new states or phenomena is shown.
+8mall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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ATLAS — We haven’t see them
New Parmices below this mass so far

Searches ——
e Ways that
e we looked
st for them

l

iﬁim ;7"‘;5‘1;“ I

At | ™

Rl

Prerar  FuLL

1 10 Mass (TeV)



(U SEEEEEEIf--
S5 W W W . - . - -
LU LLLLULLL

AL L LU L L L L

LU LLL UL UL L L
- -
A
Bz
L
na
(.-
e
me
] Cr
ae
7\u L
-
- 1
o
A
s ==ty
=R
| I
I =1
o e
| -
| | e |
==l
| PO S G |
T
" YT
1
AV
|
- ®
|
(@) | J
7 —4
| R 1]
J _
I
| |
# _ ®
| |

b e ——

I

—a v J

rr

Q_

u)

I
I
T
I
|
I
I
I
-
I
LT
o= I
. Tl
=
T e D
@ ¢
| -
" ~+
) I ©
7)1 e o e 4 =
Sepep=
gy ey
< iy
T ohLh
o i e
= @)
B D
OQ.
o 180 anu
oA 60 2
(a W
{®)
= @)
(@N|
-<~<ﬂ<1~<:

A

09




Precision
measurements

How likely a

process is to be

Standard Model Production Cross Section Measurements

10°
10*

10°

created in LHC

collisions

A rarer process

10°

10!

Status: October 2023

OAQ total (x2)

inelastic
0AQ

ATLAS Preliminary
\s=5,7,8,13,13.6 TeV

incl
pr > 100 GeV
=}

pr>70 GeV
O

n]
pr =75 GeV
dijets Ey >
O 25GeV
pr>100 GeV

O nz0

<

Theory

LHC pp Vs =13 TeV

Data 3.2 - 140fb!

LHC pp Vs =8 TeV

Data 20.2 - 20.3fb™*

Ao
v
pr > LHC PP Vg =7 TeV
30 GV
Ee o ge il en o om B Data 452017
125 G:e;f 100GeV & g A‘o
O v total
2 N A, o ww LHC pp Vs =5 TeV
v A t-chan o LA PR
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Precision Higgs measurements

]
ATLAS

| | I
~-Total [ |Stat. only

Run 1: Ys = 7-8 TeV, 25 fb”, Run 2: s = 13 TeV, 36.1 fb™ Total  (Stat. only)
Run 1 H—4l] . = 12451+ 0.52 ( + 0.52) GeV
Run1H-yy » 126.02 £ 0.51 (£ 0.43) GeV
Run 2 H—4l —— 124.79 £ 0.37 ( £ 0.36) GeV
Run2 H-yy -—-I—- 124.93 £ 0.40 (£ 0.21) GeV
| Runts2 Hoal S 124712030 (£0.30) GeV
Run 142 H-yy . 125.32 + 0.35 (£ 0.19) GeV
Run 1Combined ll—o—i 125.38 + 0.41 (£ 0.37) GeV
Run 2 Combined —— 124.86 + 0.27 (£ 0.18) GeV
Run1s2Combined w7 124.97 £0.24 (£0.16) GeV
| ATLAS+CMSRuni1 -*T.—- """""""""" 12500 £0.24 (£0.21) GeV
co oo oy by oy | c oo by
123 124 125 126 127 128
m,, [GeV]

Mass measurements
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-The‘stablllty of the unlvers epehds on |t'

(Please note: measuring this doesn’t affect the stablllty%\’e rea passwe observer)

Instability \ Metastability
“V(H) Our V(H) Another >
vacuum vaccum S &
o =
- |
\ ]
| 2 Stability z
N : g
. 8. E
| 5
H
I — 50 100 150
"ﬂ.%..;'s.!'&j'f s . . .
o o o Higgs mass M;, in GeV
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Nature 607, p41-47 (2022), G. Salam et al.

Precision Higgs measurements

a No evidence yet b Dark ’7
First Second Third Probably needs arxk -
generation generation generation future colliders 1 :_ AT1 A Bl 2 matter
Mass | =2.2MeVc? . ~173 GeV ¢ 2 ~125 GeV ¢2 =
O @ = |
: = L Standard Model
Top Higgs 55 107E prediction
boson S @ -
5 8 -
~4.18 GeV c2 D B
@ g g 10_2? Lept Quark
Established e - eptons ki
0
Down Strange Bottom ~01.2 GaV c2 O 3_ & :I-n
' 10°Eg- s n
~0.511 MeV ¢ 2 | | =105.7 MeV c2 | | ~1.777 GeV c2 e - Vector bosons nggs boson
Ol ® || ® N | 7
:Illll 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIIII 1
Electron ~80.4 GeV ¢2 5 1.4r|,|||| ] T T TTTTT] T T TTTTT] T T TTTTT] T
No evidence yet First evidence @ o S C
No clear route To be conclusively s E 1.2
to conclusively  established at the LHC W boson = I _
establishing within 5-10 years o 1.0r { T i} E
Standard Model g C }
Couplings w 0.8-_III|- 1 1 1 |7|||| 1 1 IIIIIII 1 1 IIIIIII 1

O Quarks O Leptons 0 Vector bosons 1071 1 10! 102

Particle mass (GeV) 28



Nature 607, p41-47 (2022), G. Salam et al.

Next step: Higgs self-interaction

An alternative
potential

Standard Model
potential

Hello there!

Image: Jorge Cham /PhD Comics V (¢)

Nice to meet you! Higgs field value

in our Universe

Current
experimental
knowledge

Image: Jorge Cham / PhD Comics
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So how do we go
about answering
these questions’







Colliding
protons

ATLAS Online, 13 TeV JLdt=148.5fb'1

2015: <u> =134
2016: <u> = 25.1
2017: <u>=37.8
2018: <u> = 37.0
Total: <pu> =34.2

=
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30 40 20

Mean Number of Interactions per Crossing

We wanted to explore a high range
of masses: from 50 GeV to 1 TeV

uolielqiea 810z [enu)
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The LHC detectors




2002

AT L A S Installation in the cavern
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2004

ATLAS Installation in the cavern
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Albania
Algeria
Argentina
Armenia
Australia
Austria
Azerbaijan
Bangladesh
Belarus
Belgium
Bosnia and
Herzegovina
Botswana
Brazil
Bulgaria
Burundi
Canada
Chile
China
Colombia
Costa Rica
Croatia
Cuba
Cyprus
Czech Republic
Denmark
Ecuador
Egypt
Finland
France
Georgia
Germany
Ghana
Greece
Honduras

Hong Kong
Hungary
Iceland
India
Indonesia
Iran

Iraq

Ireland
Israel

Italy

Japan
Jordan
Kazakhstan
Kenya
Kyrgyzstan
Latvia
Lebanon
Lithuania
Luxembourg
Madagascar
[ EIEVHE]
Malta
Mauritius
Mexico
Mongolia
Montenegro
Morocco
Nepal
Netherlands
New Zealand
Niger
Nigeria
Norway
Pakistan
Palestine

Peru
Philippines
Poland
Portugal
Romania
Russia
Saudi Arabia
Senegal
Serbia
Slovakia
Slovenia
South Africa
South Korea
Spain

Sri Lanka
Sudan
Swaziland
Sweden
Switzerland
Syria
Taiwan
Thailand
Tunisia
Turkey
Ukraine
UAE

UK

USA
Uruguay
Uzbekistan
Venezuela
Vietnam
Zambia
Zimbabwe

" ATLAS Collaboration
member nationalities

Over 5500 members of 103 nationalities

i U
~

Status: November 2018




Mi'l. L—'T I

T T J
0L TN T iy




ATLAS

25m \

Muon chambers

Toroid magnets

P“-

Tile calorimeters

- ” LAr hadronic end-cap and
| forward calorimeters
Pixel detector .

LAr electromagnetic calorimeters

Solenoid magnet | Transifion radiation tracker

Semiconductor tracker

40



——— Measures

muons

Measures
the energy

Calorimeter

| - Tracks the path of

' Transition
Tracking wmﬁ%mr/ff\\\ .
E e S charged particles

LHC beam pipe







The inner detector

rR= 1082 mm

TRT

TRT

LR=554m | o . 7 THE INNER
(R=514mm [ i ; A DETECTOR

The Inner Detector is the innermost part of ATLAS
to see the decay products of the collisions, so it is
very s and highly i It of
three different systems, measuring the direction,
momentum and charge of electrically-charged
particles produced in collisions.

py)
I
A
@
=
=

SCT

py)
i
w
=
=
=

PIXEL DETECTOR

Located just 3.3 cm from the LHC beam line, the Pixel Detector
is the first point of detection in the ATLAS experiment. It is made
up of four layers of silicon pixels, with each pixel smaller than
a grain of sand. As charged particles burst out from the colli-
sion point, they leave behind small energy deposits in the Pixel
Detector. These signals are measured with a precision of almost
10 pm to determine the origin and momentum of the particle.
The Pixel Detector is incredibly compact, with over 92 million
pixels and almost 2000 detector elements.

f
Pyl
I
)
©
©
=
3

SEMICONDUCTOR TRACKER

The Semiconductor Tracker surrounds the Pixel Detector and is
used to detect and reconstruct the tracks of charged particles
produced during collisions. It consists of over 4,000 modules of 6
million “micro-strips” of silicon sensors. Its layout is optimised
such that each particle crosses at least four layers of silicon. This
allows scientists to measure particle tracks with a precision
of up to 25 pm - that's less than half the width of a human hair!

R=122.5mm Pixels
Pixels { R = 88.5 mm
R =50.5 mm

R=0mm

TRANSITION RADIATION TRACKER

The third and final layer of the Inner Detector is the Transition Ra-
diation Tracker (TRT). Unlike its neighbouring sub-detectors, the
TRT is made up of 300,000 thin-walled drift tubes (or "straws").
Each straw is just 4 mm in diameter, with a 30 pm gold-plated
tungsten wire in its centre. The straws are filled with a gas mix-
ture. As charged particles cross through the straws, they ionise the
gas to create a detectable electric signal. This is used to reconstruct
their tracks and, owing to the so-called transition radiation, pro-
vides information on the particle type that flew through the de-
tector, i.e. if it is an electron or pion.

Information sheets:

§ATLAS
https://atlas.cern EXPERIMENT

https://atlas.cern/Resources/Fact-sheets
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The pixel detector

430mm

readout
electronics
decoupling
capacitors bu mp—bond
Sensor sensor

NTC
e bl

..... Barrel Layer 2
O Barrel Layer 1

Barrel Layer 0 (b-layer)
End-cap disk layers

FEs

dimensions: ~ 2 x 6.3 cm?

™T sensor
weight: ~ 2.2 ¢

44



How a pixel detector works

45



Calorimeters
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Information sheets:

Cal O r | m eters https://atlas.cern/Resources/Fact-sheets

Tile barrel

created in high-energy LHC collisions. They are
designed to absorb most of the particles coming
from a collision, forcing them to deposit all of
their energy and stop within the detector.
ATLAS calorimeters consist of layers of an
“absorbing” high-density material that stops

LAr hadronic
end-cap (HEC)

“active” medium that measures their energy.

o
wiched between the Layers, producing an eleciric current that is
N measured By combining all of the detected currenss, physicits can

¥

¢ is specially designed to
eatures 3 characteristic
honeycomb pattern, to ensure

« calorimeter is kept at
aled cylinders of cables
iquid argon to the

)

e locate
TILE HADRONIC CALORIMETER
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Information sheets:

https://atlas.cern/Resources/Fact-sheets

MAGNET SYSTEM

ATLAS uses two different types of superconducting magnet systems
- solenoidal and toroidal. When cooled to about 4.5 K (-268°C), these
are able to provide strong magnetic fields that bend the trajectories of
charged particles. This allows physicists to measure their momentum
and charge.

Field lines of
the solenoidal
magnetic field

Field lines of
the toroidal
magnetic field

CENTRAL SOLENOID MAGNET

The ATLAS solenoid surrounds the inner detector at the core
of the experiment. This powerful magnet is 5.6 m long, 2.56 m
in diameter and weighs over 5 tonnes. It provides a 2 Tesla
magnetic field in just 4.5 cm thickness. This is achieved by
embedding over 9 km of niobium-titanium superconductor
wires into strengthened, pure aluminum strips, thus minimising
possible interactions between the magnet and the particles
being studied.

TOROID MAGNET

The ATLAS toroids use a series of eight coils to provide a mag-
netic field of up to 3.5 Tesla, used to measure the momentum
of muons. There are three toroid magnets in ATLAS: two at the
ends of the experiment, and one massive toroid surrounding the
centre of the experiment.

At 25.3 m in length, the central toroid is the largest toroidal
magnet ever constructed and is an iconic element of ATLAS. It
uses over 56 km of superconducting wire and weighs about
830 tonnes. The end-cap toroids extend the magnetic field
to particles leaving the detector close to the beam pipe. Each
end-cap is 10.7 m in diameter and weighs 240 tonnes.

https://atlas.cern
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Information sheets:

M uon S p ect rom eter https://atlas.cern/Resources/Fact-sheets

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

SPECTROMETER

The outer layer of the ATLAS experimentis made
of muon detectors. They identify and measure
the momenta of muons - particles similar to
electrons but 200 times heavier, which allows
them to cross the thick calorimeter layers.

PRECISION DETECTORS

The precision detectors of the Muon Spectrometer are able to
determine the position of a muon, to an accuracy of less than
a 10th of a millimeter!

Monitored Drift Tube (MDTs) detectors are composed of 3 cm
wide aluminum tubes filled with a gas mixture. Muons pass
through the tubes, knocking electrons out of the gas. These
then drift to a wire at the tube’s centre to induce a signal. Over
380,000 aluminum tubes are stacked up in several layers in
order to precisely trace the trajectory of each muon.

FAST-RESPONSE DETECTORS

ATLAS uses fast-response detectors to quickly select collision
events that are potentially interesting for physics analysis. They
make this decision within 2.5 ps (400,000th of a second).

The Resistive Plate Chambers (RPCs) surround the central region
of the ATLAS experiment. They consist of pairs of parallel plastic
plates at an electric potential difference, separated by a gas
volume. Thin Gap Chambers (TGCs) are found at the ends of the
ATLAS experiment and consist of parallel 30 pm wires in a gas
mixture. Both chambers detect muons when they ionise the gas
mixture and generate a signal.

Barrel toroid

Resistive-plate
chambers (RPC)

Micromegas and Small-Strip Thin-Gap Chambers (sTGCs) are
two additional detector technologies specially designed for
high-intensity LHC collisions. These detectors can track muons
in high-density areas on either side of the experiment close to
the LHC beam pipe, both quickly and with high precision.

The combined data from fast-response detectors gives a coarse

of amuon’ allowing ATLAS to choose
whether to keep or discard a collision event.

Monitored drift tubes (MDT) 5 ATLAS

End-cap toroid
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Muon Spectrometer
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600 million collisions
every second




Learning more about our
universe Is a fundamental
human curiosity



Doing difficult
things gives us
better technology
that improves our
lives and tells us
Interesting things
right now!

PET Scan

Monitor

Brain scan

PET
machine

Rotating
scanner

Motorized

re exam table

Cleveland
Clinic
©2022
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We are here Hilumi

LARGE HADRON COLLIDER
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2026

A new LHC

Towards
high
luminosity

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to

ATLAS and CMS. tilt the beams before collisions.

v
NG e

FOCUSING MAGNETS

12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

of the beams before collisions.

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

tunnels near ATLAS and CMS.

CERN March 2022
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2040 and after

The future

What’s beyond the HL-LHC?

For the FCC we need magnets
with strengthof 16 T

- We don’t have this yet

- Need R&D!

Also, muon colliders, plasma
wakefield accelerators...

Linear collider?

—LHC
—FCC
—— CLIC
limestone

molasse
subalpine

1 molasse

prevessin/site

Prealps

Préalps

Circular
collider?
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Your future !

There are a number of summer programmes
and internships you can apply to throughout e N
your undergraduate programme. iR

Apply to EVERYTHING you’re interested in.

“Idon’t know if we were particularly lucky, but | rally enjoyed every aspect of the summer student program: work, lectures and social life (a lot!).”

Summer programmes: Internships:

CERN Summer Student Programme CERN Technical Student programme
DESY Summer Student Programme ESA Student Internships

HASCO Summer School
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Backup

Here’s one | prepared earlier
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