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But what are we looking for?
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Gravity!
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The Big Questions in Physics




The search for the Higgs boson
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The Higgs Potential energy density
boson Q} of the Higgs field

Our
Universe

Aim: to understand
the origin of the mass
of elementary
particles.

Vacuum expectation value
“Universal setting for the
Higgs field”







The Higgs boson

Low mass particle (electron)

Image: Jorge Cham / PhD Comics

High mass particle (top quark)

The Higgs boson
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The Higgs boson Q}

Zero mass particle (photon)
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Visible matter

The search for new
particles (dark matter?)

Dark energy

68.3%
T [

Copyright: STFC/Ben Gilliland



The searclrfor

lllustration by Sandbox Studio, Chicago with Ana Kova for Symmetry magazine
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The Strength of Gravity?

* |s there a graviton?

* Are there extra dimensions that
gravity is leaking into?

« What is the strength of gravity for
antimatter?




Neutrino note

Not going to talk much about
them today because in LHC
physics, we mostly just deal with
them as missing momentum in
our data.

But, there are big questions still:
What are the neutrino masses
and where do they get their
mass from?

We still don’t know.

Theinternational journal of science /13 Fe

Deep-seatelescope detects
neutrino with highest
energy ever recorded
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So how do we go
about answerlng







The CERN accelerator complex
Complexe des accélérateurs du CERN

2010 (27 km)

ALICE LHCb

SPS TTa2
TI2 197& (7 km) AWA KE
2016
HiRadMat ATLAS 2
e m\
ELENA
|50|-DE

BOOSTER [ 1992 ]
[ 1972 (157 m) |
710 RiBs REX/HIE
2001/2015
—| East Area ;
\_',/H . 1959 (628 m)
! LNAC 4 a CLEAR
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1.4

1 2017
e
LINAC 3 LEIR
lons
p H™ (hydrogen anions) p ions P RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) ) e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials
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Colliding
protons
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The LHC detectors




25m \

Muon chambers

Toroid magnets

) »
“\A :"Jn\ WA
: g \
|

it - f7/

)

= - T

P“‘

Tile calorimeters

- ‘* LAr hadronic end-cap and
forward calorimeters
Pixel detector .

LAr electromagnetic calorimeters

Solenoid magnet | Transifion radiation tracker

Semiconductor tracker
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2002

AT LAS Installation in the cavern

36



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
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Cyprus
Czech Republic
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Egypt
Finland
France
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Germany
Ghana
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Honduras

Hong Kong
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Iraq

Ireland
Israel

Italy

Japan
Jordan
Kazakhstan
Kenya
Kyrgyzstan
Latvia
Lebanon
Lithuania
Luxembourg
Madagascar
[ EIEVHE]
Malta
Mauritius
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Montenegro
Morocco
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Pakistan
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South Africa
South Korea
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Switzerland
Syria
Taiwan
Thailand
Tunisia
Turkey
Ukraine
UAE

UK

USA
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" ATLAS Collaboration
member nationalities

Over 5500 members of 103 nationalities
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Status: November 2018
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600 million collisions
every second



2012

The discovery of a new boson!

The Higgs boson — a major success of the first LHC run.

Image: Jorge Cham/ PhD Comics
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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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S0, 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 Gkg +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 = 3TeV, rot BH 151202586
RS1 Gyk — vy 2y - - 139 k/Mp = 0.1 2102.13405
Bulk RS Ggx — WW/ZZ multi-channel 36.1 k/Mp; = 1.0 1808.02380
Bulk RS gxx — tt 1e,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' — ¢y lep - 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/14 Yes 139 gy =3 2004.14636
HVT W’ — WZ — (v {'¢ modelC 3 e pu 2j(VBF) Yes 139 gvey=1,g =0 2207.03925
HVT 2" — WW model B lepu 2j/14d 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
Clttqq 2epn - - 139 Um 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 |Cael = 4 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 84=0.25, g,=1, m(y)=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 15 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, |g| = 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

Ways that
we looked
for them
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NASA/JPL-Caltech

54



Precision
measurements

How likely a

process is to be
created in LHC

collisions

A rarer process

Standard Model Production Cross Section Measurements

Status: October 2023
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The stability of the

universe depends on It!

Please note:

measuring this at CERN doesn’t affect the stability.
We’'re a passive observer :)
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Potential energy density
of the Higgs field

Our
Universe

Vacuum expectation value
“Universal setting for the
Higgs field”






# hasthelargehadroncolliderdestroyedtheworldyet.com ¢,

NOPE.







lllustration purposes only.




NN
. v
lllustration purposes only. Large Hadron Collider on paws after

T AN creature chews through wiring The
Gu rdian

Y LHC to be out of action for a week while connections to
transformer are replaced following visit from hungry fouine
R ALITT

2 © A young beech marten, or fouine. Photograph: Alamy

The world’s largest and most powerful particle accelerator has been
brought to its knees by a beech marten, a member of the weasel family, that
chewed through wiring connected to a 66,000-volt transformer.



Big bang goes phut as bird drops
baguette into Cern machinery

The

Guardian

Hadron collider halted again by power cut
Scientists stop testing for relaunch after fowl play

O Cern: View from the central axis of the LHC (Large Hadron Collider) tunnel of the ATLAS
underground facility with the eight toroids surrounding the calorimeter

It is the machine that scientists hope will recreate the conditions present at
the beginning of time. But scientists at the £3.6bn Large Hadron Collider
(LHC) found their plans to emulate the big bang postponed this week when a
passing bird dropped a "bit of baguette" into the machine, causing it to
overheat.



Scientists find antimatter is subjectto e antimatter
g gravity operties

Tests at Cern refute suggestion that antigravity might apply to
_ antimatter, showing instead it also falls downwards

O Scientists have struggled to preserve antimatter long enough to carry out experiments on it.
Illustration: US National Science Foundation/AFP/Getty Images







Learning more about our
universe is a fundamental
human curiosity



PET Scan

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

Brain scan

Rotating
scanner

Motorized

re exam table

Cleveland
Clinic
©2022 67



Even 3D
colour x-rays
using CERN
technology!

X-rays have
wavelengths just
like visible light
does
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Muon tomography for pyramids
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We are here
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LARGE HADRON COLLIDER
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HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY L PROTOTYPES CONSTRUCTION PHYSICS

HL-LHC CIVIL ENGINEERING:

BUILDINGS

DEFINITION EXCAVATION



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
WO TuNn©

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

74



—LHC gt eV

—FCC
- CLIC .

The Future

limestone 74 . %I

mOIasse ¥ :/’ . i ‘7 g s

- subalpine (1T 4380 GeV s M :

2040 and after I molasse prouc

~\

prevessin/site

=4
s
3 TeV”
.’l Ly
o
N(

Préalps




Challenges at
CERN

» Huge data processing
challenge

* Programming skills
are very important to
being a particle
physicist.

* Oryou can be more
hands on in the laboratory,
building new detector
components.

« Or you can be more
theoretical and work on
the calculations.




S0 much more than physics...

ROBOTICS COMPUTING COMMUNICATION RADIO FREQUENCY ELECTRONICS

VACUUM AND ELECTRICAL CIVIL MECHANICAL MATERIALS
CRYOGENICS ENGINEERING ENGINEERING ENGINEERING SCIENCE
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Science and .
Technology home about the programmev contact after work experience
Facilities Council

" For years 10, 11, 12, 13

Possible placements in Cheshire,
Oxfordshire or Edinburgh

Work Experience

Science and Technology Facilities-Council

about the programme —
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The future

There are a number of
summer programmes and
Internships students can
apply to throughout their
undergraduate programme.

“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 :
DESY Summer Student Programme CERN Technical Student programme
HASCO Summer School ESA Student Internships
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Backu

Here’s one | prepared earlier
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CERN

Technical Studentship - General / Civil Engineering 2025-1
Meyrin, Switzerland
FulHime

Company Description

At CERN, the European Organization for Nuclear Research, physicisis and engineers are probing the
fundamental structure of the universe. Using the world's largest and most complex scientific
instruments, they study the basic constituents of matter - fundamental particles that are made to collide
together at close to the speed of light. The process gives physicists clues about how particles interact
and provides insights into the fundamental laws of nature. Find out more on home.cern.

Diversity has been an integral part of CERN'S mission since its foundation and is an established value
of the Organization.

Job Description
Take part in CERN's Technical Student Programme!

If your university or institute requires or encourages you to acquire work experience through an
internship, imagine doing this at CERN in Geneva. It's more than work expernence. In fact, it's a student
programme like nowhere else on Earth and an impressive addition to your CV1

If you are a student looking to complete practical training in domains related to general or civil
engineering, surveying or safety, you will have the opportunity to work at the cutting edge of technology,
contribute and broaden your knowledge in areas as varied as industrial and tertiary building structures,
design and drafting, underground structures, roads, drainage, geotechnical engineering, safety risk
management to name a few.

Please note that students specialising in theoretical or experimental particle physics are not eligible fo
apply for this programme

A panel of CERN experts meets three times a year in February, June and October, to review all
applications, and on each occasion, typically 80 students are selected to join the programme.

How can | apply?¢

Refer a friend

SHARE THIS JOB

MO XBE AR

OTHER JOBS AT CERN

Doctoral Student Programme

Meyrin, Switzerland

Administrative Student Programme 2025-1
Meyrin, Switzeriand

Technical Studentship - Applied Physics 2025-1
Meyrin, Switzerland

Show all jobs

- Direct link to application

Direct links to apply:

= Electrical/Electronics Engineering

= Mechanical Engineering

= |T, Mathematics & Robotics

= Material & Surface Science

=  Applied Physics

= General/Civil Engineering



https://smrtr.io/n9bJZ
https://smrtr.io/n9bJZ
https://smrtr.io/n9cfy
https://smrtr.io/n9cfy
https://smrtr.io/n9cmh
https://smrtr.io/n9cmh
https://smrtr.io/n9ch4
https://smrtr.io/n9ch4
https://smrtr.io/n9cjJ
https://smrtr.io/n9cjJ
https://smrtr.io/n9ckw
https://smrtr.io/n9ckw
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Highest energy
observation of
quantum
entanglement,
looking at top
quarks in the
ATLAS Experiment
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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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Nature 607, p41-47 (2022), G. Salam et al.

Precision Higgs measurements

a No evidence yet b Dark ?
First Second Third Probably needs arKk =
generation generation generation future colliders 1 | ATLAS Run 2 matter
Mass | =2.2MeVc? . ~173 GeV ¢ 2 ~125 GeV ¢2 =
O @ = |
. = Al Standard Model
Top Higgs 55 107E prediction
boson S @ -
5 8 -
~4.18 GeV c2 D B
O 5 2
o
Established T = Leptons Quarks
o
Down Strange Bottom ~01.2 GaV c2 O 3_ & jﬂﬂ
' 107 s n
~0.511 MeV c2 | | =105.7 MeV c2 | | =1.777 GeV c2 e = Vector bosons H|ggs boson
Ol ® || ® N | 7
:Illll 1 1 IIIIII| 1 1 IlIIlII 1 1 llIIllI 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 8 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 H E
Standard Model g C i
Couplings w 0.8-_III|- 1 1 II'IIIl 1 1 IIIIIII 1 1 IIIIIII 1

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

Particle mass (GeV) 87
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Images: CERN




2008

Magnet incident - QUENCH

19th September, 11.45am
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2009 First collisions in the LHC! ' s e— -

WATLAS
A EXPERIMENT

2009-11-23, 14:22 CET
Run 140541, Event 171897

Candidate
Collision Event

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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in the world!

le collider

2009 Highest energy partic

First collisions at 900 GeV.
Then to 2.36 TeV - a new

record!
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to 2010 to reach 7 TeV centre of

Continued ramping up through
mass.
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From Fermilab to CERN



Coffee

e ir P

1%

¢ Ty h
T )L‘- lét) )L”Z‘ +he
+Rgf-v@)

~10 million

cups of coffee

The restaurants at CERN go through about 30 kilograms
of coffee a day. Considering every kilogram of coffee
generally makes between 120 and 140 cups, that's
roughly 4,000 cups a day!

- Symmetry Magazine
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2016

The LHC as an earth-quake detector

Timeseries Chart between 2016-11-13 04:55:51.338 and 2016-11-13 18:55:51.336 (LOCAL_TIME)

—— LHC.BOFSWRADIAL LOOP_ERROR_B1

0.00005

-0.00005

LOCAL_TIME




The top quark

The heaviest fundamental particle.

« ~170 GeV (but we don’t know why it's so heavy).

* Very short lifetime.
Expected to couple strongly to the Higgs boson (~1).

» Apossible connection to new physics!

* Need to measure its properties and interactions with other
particles in further detail to find out!
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