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The Standard Model of Particle Physics
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The Standard Model of Particle Physics

• Predicted by Gell-
Mann in 1962 

• Discovered at 
DESY in 
1978/1979

• Predicted by Glashow, 
Weinberg, Salam in 
1968 

• Discovered at CERN in 
1983

• Predicted by 
Kobayashi, Maskawa 
in 1973 

• Discovered at 
Fermilab in 1995
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• Discovered by 
Anderson, 
Neddermeyer in 1936. 

• Rabi: “Who ordered 
that?”



Then, in 2012…
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Higgs Boson 
Predicted in 1964 and 

discovered at the LHC in 2012!

The Higgs boson: the last piece of the Standard Model
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The Large Hadron Collider at CERN
CERN: Organisation européenne pour la recherche nucléaire 
Swiss/French border

https://home.cern/
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ATLAS

The Large Hadron Collider CMS

LHCb
ALICE
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What comes out of a proton-proton collision?

p
ŝ >>

p
s = Ecm = 2Ep

?

E = mc2

Collisions of composite 
objects, made up of 
quarks and gluons

8̂s = centre-of-mass energy = 7,8,13 TeV



…for example, a pair of top-quarks
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• There are millions of top quarks produced 
each year of running at the LHC.



…for example, a pair of top-quarks Visible in the detector
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• There are millions of top quarks produced 
each year of running at the LHC.



The detectors
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The detectors
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ATLASCMS



Measuring different types of 
particles

13



A pair of 
top-quarks 
as seen by 
the ATLAS 
detector
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A pair of 
top-quarks 
as seen by 
the ATLAS 
detector

muon

b-jet

b-jet

jets
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Quantum chromodynamics processes producing gluons and 
quarks that originate jets of particles
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In a sea of QCD collisions, we want to find those that 
produced a W or a Z bosons, Higgs bosons, top quarks…  

… and potentially new particles! (More on this later)
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Quantum chromodynamics processes producing gluons and 
quarks that originate jets of particles



Pile-up: collisions don’t come one by one…

A Z boson decaying to 
two muons is recorded 
in a beam crossing with 
65 (!) additional pile-up 
collisions.
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̂s = 13 TeV



Pile-up: collisions don’t come one by one…

Transverse momenta 
of tracks > 100 MeV

Transverse momenta 
of tracks > 1 GeV

Transverse momenta 
of tracks > 5 GeV
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A Z boson decaying to 
two muons is recorded 
in a beam crossing with 
65 (!) additional pile-up 
collisions.

̂s = 13 TeV



Physics with the LHC data
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Physics with the LHC data 
First step: rediscovering the Standard Model

W
Top
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Physics with the LHC data 
Precisely measuring the Standard Model
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Physics with the LHC data 
Measuring the Higgs Boson properties

Decay modes of the Higgs Boson 23

~125 GeV



Physics with the LHC data 
Measuring the Higgs Boson properties

Decay modes of the Higgs Boson 24

Observed only in 2018!



• Spin, parity

• Cross-sections

• Couplings to SM particles

Physics with the LHC data 
Measuring the Higgs Boson properties

All consistent with 
the Standard Model.
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The Higgs boson discovery was a groundbreaking 
achievement. 

… but the Standard Model is an incomplete description of 
our Universe. 

Plenty of open questions… 
• What happened to all the antimatter? 

• What is dark matter? 

• What is dark energy? 

• How does gravity come in? 

• No explanation for masses of particles. 

• No explanation for the number of generations.

Dark 
matter 
(27%)

Dark energy 
(68%)

Ordinary 
matter (5%)

The Standard Model is not enough
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What else could there be?

27

Or something completely 
unexpected!



Heavy W’ and Z’ bosons and 
composite Higgs bosons to 
alleviate the naturalness 
problem? 

What else could there be?

Additional Higgs bosons to help 
explain the matter antimatter 
imbalance?

Dark matter candidates, such as 
sterile neutrinos, axions, 
supersymmetric particles, …?

higgstan.com
symmetrymagazine.org 28

http://higgstan.com
http://symmetrymagazine.org


How to make a search?

Mass

# 
ev

en
ts

For example, search for a new 
particle (resonance) in a 
particular final state, e.g. W’ 
into WH→qqbb: Small signals on top of large 

backgrounds: take advantage of 
advanced analysis methods such 
as machine learning

Perform a statistical analysis 
to determine whether the data 
is compatible with the presence 
of signal or not

signal-likebackground-like
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https://arxiv.org/abs/1707.06958 
https://arxiv.org/abs/2007.05293

https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293


How to make a search?

Small signals on top of large 
backgrounds: take advantage of 
advanced analysis methods such 
as machine learning

Perform a statistical analysis 
to determine whether the data 
is compatible with the presence 
of signal or not

Exciting hint / statistical fluctuation?

For example, search for a new 
particle (resonance) in a 
particular final state, e.g. W’ 
into WH→qqbb:

signal-likebackground-like

30

https://arxiv.org/abs/1707.06958 
https://arxiv.org/abs/2007.05293

https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293


New: anomaly detection
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CERN seminar

https://arxiv.org/abs/2005.02983

Weak supervision

https://indico.cern.ch/event/853615/attachments/2037283/3411394/CWoLa_5.13.20_v2.pdf
http://www.apple.com/uk
https://arxiv.org/abs/2005.02983


New: anomaly detection
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https://arxiv.org/abs/2105.09274v1

Unsupervised learning

https://arxiv.org/abs/2105.09274v1


The LHC is back on!

• Run 1 (2010-2012) @ 7, 8 TeV  
• Run 2 (2015-2018) @ 13 TeV 
➡ Run 3 (2022-2025) @ 13.6 TeV

“Beam splashes” to check that all instruments and 
software is running as expected

New energy record! 
First stable beams expected in July.

Run 3 
(2022-2025)

Long 
Shutdown 3

Run 4 
(2029-2032)

Long 
Shutdown 4

Run 5 
(2035-2038)

Higher collision rates

450 fb-1 3000-4000 fb-1
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https://cms.cern/tags/physics-briefing

https://atlas.cern/updates/briefing

How to stay up-to-date on CMS and ATLAS physics news



• Run 3 and beyond will deliver a much larger data rate. 

• Unexpected surprises may still be around the corner…

Stay tuned for Run 3 results!
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Backup

37



CERN open data

http://opendata.atlas.cern/
https://opendata.cern.ch/
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Physics with the LHC data 
… including the W boson mass

ATLAS, LHC @ CERN

CDF, Tevatron @ Fermilab

Recent Tevatron result:
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Higgs Boson production at the LHC
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The LHC datasets
Run 2

147 fb-1

The New Zealand earthquake (2016). 

LHC beam orbit displacement.41



Superconducting magnets 
to bend and focus the beam

Radio-frequency cavities to bunch 
and accelerate the protons
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