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ÅExplain why we need particle colliders

ÅShow examples of discoveries in particle physics before the Large 
Hadron Colliders

ÅDescribe the searches and discovery of the Higgs boson

ÅHighlight unresolved mysteries and prospect
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Relativistic kinematics revision

3

I assume you are OK with simple relatistic kinematics, such as the relation

("natural units" ȫ=c=1)which I'll write (setting c=1)  
trivially giving

The rest mass of the particle, m, can be evaluated in any inertial frame and is always  
the same ðit is a Lorentz invariant

This generalises to a system of particles, where we talk about the invariant mass

For a system of two colliding particles, minv is normally written ãs (the centre -of-mass  
energy) - it too is (naturally) a Lorentz invariant quantity
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Whycolliders?
High-energy experiments use accelerators in two ways: fixed targets or colliders

Fixed target
Beam of energy E strikes a target particle with mass m

(E,p) (m,0)

Provided E>>m, centre -of-mass energy ãs åã(2Em)

Because the beam can be stopped by the target, high luminosities are possible  
Boosted collision system in the lab frame (can be good or bad)
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Whycolliders?
High-energy experiments use accelerators in two ways: fixed targets or colliders

Colliders
Two beams collide, usually particles having same m and equal and opposite momenta

(E,p) (E,-p)

Provided E>>m, centre -of-mass energy Ҟǎ å 2E ðgrows with E rather than ãE  

Much higher ãs for e.g. 100 GeV to TeVbeams

Big challenge to have high luminosities Ÿ
squeezed beams, many bunches ... ...

Must accelerate two beams - complexity

5
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Why colliders?
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If you want to study very  
rare processes, fixed  

target often wins
e.g. neutrino experiments!
(but not always ðB factories)

If you want to search for  
new physics at high  
masses/energies ðbetter  

build a collider

At high beam energy

Fixed target
ãs åã(2Em)
very high luminosities "easily" possible  
boosted collision system in the lab

Coll iders
ãs å2E
high luminosities difficult

must accelerate two beams ðcomplexity  
may be in CM frame of final system (e+e-)
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Rates, luminosities and cross-sections
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In a collider, the rate, d Na/ dt, of events produced for a given process a is:

dNa/ dt = ƭa L

where
ƭa is the cross-section for the process

units of area (1 barn = 10-28 m2 = 10-28 cm2)
typically mb, µb, nb, pb and fb are (all) met for different processes!
it depends on the physics process, eg. pp Ÿ W + anything and the centre -of-mass energy ãs

L is the instantaneous luminosity, usually called the luminosity
units of inverse-area per unit time (typically ~1034 cm-2 s-1 at LHC)  
Process-independent, depends only on the beam characteristics

Integrated version:

Na= ƭÚLdt

where ÚLdt is the integrated luminosity, typically expressed in fb -1
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Particle colliders have a longhistory

DESY (HERA, PETRA)

CERN ISR (pp, pp)

VEP-1 (e-e-)
Novosibirsk

BEPC-II Beijing

SuperKEKB4/9/2025 TIGER at TSU 8
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The LEP e+e- Collider

Large Electron-
Positron Collider

Huge 27km  
circumference tunnel  
excavated in the  
1980's

Four experiments, all  
aiming at all physics  
topics accessible  
("general purpose  
detectors")
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LEPdata Data corrected for radiation
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~17MZ
1989-1995

~36k W+W-

1995-2000

Centre-of-mass energy ãs=88-
209 GeV

LEP-1 at Z peak

LEP-2 at high energy

LEP-1: high precision  
measurements of Z

Z mass, width, couplings  
to fermions
Number of light neutrino  
speciesé

LEP-2: WW and ZZ production

W mass andcouplings  
Searches é
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e+eҍ Ÿ hadrons at LEP  
"2-jet" event

e+eĬ Ÿ qq

Quarks hadronise to form two back -to-
back jets

Rest of event is very clean in e+eĬ  

collisions ðno òunderlying eventó as  
seen in hadron collisions

eñ

e+

q

q

Z
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Tevatron
Tevatron at Fermilab, USA  

Ran from 1986 ð2011

Proton-antiproton collisions  
at ãs=1.8 to 1.96 TeV

Two experiments CDF andD0

Numerous physics  
measurements and  
observations (e.g. first  
observation of B-B time  
dependent oscillations)

The Tevatronõs most famous achievement was to  
complete the family of quark flavours...
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Discovery of the topquark
Co-discovered by CDF+D0 in 1995  
Decaychain:

tt ŸWbWb
WŸɲƨ,WŸqqõ

At least one b-jet identified by looking for  
a displaced b-hadron decay
Reconstruct m(tt ) from decay products

(jets, leptons, missing-pT)

Mass of top quark ~ 175 GeV!!!
ά²Ƙƻ ƻǊŘŜǊŜŘǘƘŀǘΚέ
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Preliminary Summary
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The CERN-SppS, CERN-LEP and Fermilab-Tevatron colliders in the 1980õs and  
1990õs established and measured many processes, masses and interactions

The electroweak bosons W, Z of the Standard Model were discovered by UA1/UA2,  
and measured with very high precision at LEP(+SLD)

Couplings of the Z to fermions very precisely probed
Interactions between gauge bosons started to be probed, but weakly

Highly convincing that gauge theories are at the root of fundamental physics
Nobel prize to õt Hooft and Veltman in 1999

The top quark was discovered at the Tevatron, and found to be shockingly heavy!

However, many questions left, requiring the LHC
What breaks the electroweak symmetry (making the W,Z massive and the photon light)  
What gives mass to fermions?
Is there new physics at the TeV energy scale?  
Dark matter?
é
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The matter particles

The óStandard Modelô

The fundamental interactions

Gravitation electromagnetism     weak nuclear force    strong nuclear force

= Cosmic DNA

The Higgs 

boson gives 

mass to 

fundamental 

particles



Without Higgs é

é there would be no atoms
Å massless electrons would escape at the 
speed of light

é there would be no heavy nuclei

é weak interactions would not be weak
Å Life would be impossible: everything 
would be radioactive
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Lake of Geneva

Large Hadron Collider

CMS

ATLAS

LHCb

ALICE

The  LHC machine
Proton-Proton Collisions
Heavy Ion Collisions 

The LHC is a 27 km long collider ring housed in a 
tunnel about 100 m  underground near Geneva
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Large Hadron Collider Project:
A Journey to Discover the Physics 

Shortly After the Big Bang

! ŘǊŜŀƳ ōŜŎŀƳŜ ǊŜŀƭƛǘȅΧ
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ATLAS: Higgs and dark matter

CMS: Higgs and dark matter

ALICE: Primordial cosmic plasma

LHCb: Matter-antimatter difference



The Underground Cavern 
for the ATLAS Detector

Length = 55 m
Width = 32 m
Height = 35 m

Side A
Side C

Side A

Side C
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ATLAS Detector at the LHC
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45 m

24 m

7000 Tons

~3000 Physicists

550M Suisse Franks



Confirming previous measurements or discoveries

ÅBefore we do new searches, we have to show that we measure 
accurately what is already known

4/9/2025 TIGER at TSU 21



Higgs boson production and decays
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The ATLAS and CMS Experiments at the LHC have discovered, 
independently, a Higgs boson with mass around 125 GeV 
using these productions and decay modes



The Higgs Boson Discovery
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Single channel discovery: 7.4s Single channel discovery: 6.6s



Higgs Ą 4 muons Candidate
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Higgs Ągg, ZZ
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Discovery confirmed in later measurements



Higgs coupling 
measurements
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Signal Strength 
relative to SM
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m=1.11+0.09ī0.08



pp Ą H +X Cross section measurements
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Top-quark sector
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Summary of ATLAS 
measurements of the 
top-pair production 
cross-section as a 
function of the 
center-of-mass energy 
compared to the 
NNLO QCD calculation 
complemented with 
NNLL resummation 
(top++2.0 ).



H Ą BSM contribution to the Higgs width
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BR [HĄ BSM] < ~45%



Search for new physics

ÅHiggs Discovery confirmed in later measurements

ÅMeasurement of properties consistent with expectations 
from the SM

ÅBut are there more than one Higgs boson?

ÅBeyond-the-Standard-Model (BSM) Higgs searches

Å²Ŝ Ŏŀƴ ǳǎŜ ǘƘŜ IƛƎƎǎ ōƻǎƻƴ ŀǎ ŀ ǇƻǊǘŀƭ ǘƻ άƴŜǿ ǇƘȅǎƛŎǎέ:

ÅCan we search for new physics in the decay of the Higgs 
boson?

ÅOr in association with it?

ÅOr in the small deviations in the properties with respect 
to the SM expectations?

4/9/2025 TIGER at TSU 31



The Dark Matter Hypothesis

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

ÅThe galaxies move too quickly

ÅThe observations require a

    stronger gravitational field

    than provided by the visible matter

ÅDark matter?
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The Rotation Curves of Galaxies

ÅMeasured by Vera Rubin

ÅThe stars also orbit ótoo quicklyô

ÅHer observations also required a

    stronger gravitational field

    than provided by the visible matter

ÅFurther strong evidence for dark matter
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Sample Rotation Curve: NGC 6503 
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