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Introduction
ÅThese are four introductory lectures, covering the basic concepts of 

experimental particle physics at colliders, including the highest energy 
collider in the world:  the LHC(Large Hadron Collider)

ÅI am an experimental particle physicist working at CERN, the European 
centrefor Particle Physics, based near Geneva on the border between 
Switzerland and France, the laboratory which organizes this school
I work on LHCb (one of the LHC experiments) but will try to be unbiased

ÅMost lectures in this school are theoretical, but testing theory with 
experiments is essential for scientific progress:  a broad experimental 
programme, pushing back all of the frontiers (energy, intensity, cosmic) 
is particularly relevant at this time, when there are compelling arguments 
for new physics but no clear guidance from theory where it will be found 

ÅAcknowledgements:  I have taken material for these lectures from many 
sources, in particular the previous lectures in this series of schools 
Cecilia Gerber (Argentina 2019), Paris Sphicas (Mexico 2017), & Peter Jenni (Ecuador 2015)
as well as Christian Joram (Basics of Particle Detection)

Many thanks to them ςand to those they borrowed from in turn
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Outline

Lecture 1:Accelerators & experiments

1. Physics motivation
Standard Model and beyond, Dark Sector

2. Particle acceleration
Accelerator design, the LHC

3. Colliders around the world
at CERN and elsewhere, collider types

4. Experiments at the LHC
Proton collisions, experiment overview

Lecture 2: Detectors & data

Lecture 3: LHC physics highlights

Lecture 4: Looking beyond
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Some of these topics may 
already be familiar, but 
hopefully put into a new 
context ςotherwise you 
Ŏŀƴ ǘǊŜŀǘ ǘƘŜƳ ŀǎ ǊŜǾƛǎƛƻƴΧ



1.  Physics motivation
ÅParticle physics is the study of the world around us, 

at the forefront of the human quest to understand 
what it is made of and how it works

ÅUnderstanding the make-up of the universe can be 
pursued in two ways, either looking outward at what 
surrounds us at the largest scales (cosmology) 
or inwards to see what things are made up of at the 
smallest scales (particle physics)

ÅThis is done by depositing energy into a small volume, 
since the resolving power increases with energy 
e.g. the wavelength ˂  dependence on  momentum, p:

=˂ h/p (de Broglie)

τhence the alternative name of High Energy Physics

ÅEnergies quoted in eV = energy gained by a charged particle if accelerated by 
1V (1 eV = 1.6 ³10-19 joule);  masses also quoted in eV via equivalence of 
energy and mass, E= mc2 (strictly should be written eV/c2); 1 GeV = 109 eV
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Germany and CERN | May 2009
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Big Bang
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Radius of Galaxies

Earth to Sun
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The two infinities
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The two approaches are fundamentally linked, since 
cosmology tells us that the universe has a finite lifetime, 
following the Big Bang ~14 billion years ago:  it was created at high energy 
and has expanded and cooled since ςso studying high energy collisions is 
like looking back in time to the conditions of the early universe 

Accelerators act as super-microscopes

LHC

Human scale
Hubble

WMAP

Realm of astrophysics and cosmology
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The Standard Model
ÅThe current knowledge of particle physics is all encapsulated in a 

theoretical framework, the Standard Model (note that there are also 
other Standard Models, of cosmology and the Sun)

Å Constituents of matter: fermions(spin=½) 
quarks and leptons
Carriers of forces: bosons(integer spin)
One scalar fundamental particle (spin=0): 
the Higgs boson
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What is the reason for this structure?



Forces
ÅThe four fundamental forces: 

Described by quantum field 
theory, except gravitation
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Distance/energy scaleUnification of forces

ÅStrong:  nuclear force, binding 
nuclei together; coupling aS~ 1

ÅElectromagnetic:  electricity and 
magnetism, EM waves; a~ 1/137

ÅWeak:  radioactivity e.g. ̡ decay 
n ­ p e-

e˄, shining of Sun; 
coupling (derived from GF) ~ 10-6

ÅGravitation:General Relativity;
coupling (derived from G) ~ 10-39

Note: couplings are scale dependent

Nobel prize 1979 
(Glashow, Salam, 
Weinberg)

graviton?
(spin 2)



Antimatter
ÅEachelementaryparticlehas a correspondingantiparticle

with opposite electricalcharge:  e.g. electron& positron

ÅSymmetries and invariance are important in particle physics
bƻŜǘƘŜǊΩǎtheorem: if a system remains invariant under 
a continuous transformation, there is a corresponding conservation law  
e.g. invariance under spatial translation ҭ momentum conservation

ÅThere are three possible discretetransformations:  

C= charge conjugation particles ҭ antiparticles
P= parity  spatial coordinates  x, y, z­ςx, ςy, ςz
T= time reversal  time  t­ ςt

ÅCombined operation of all three = CPT
Invariance under CPT is fundamental property of ºall field theories, and
guarantees that particles have exactly the same mass as their antiparticles

ÅAlthoughveryrare in the every-dayworld, antiparticlesare abundantly
producedin high-energycollisions, in an equalamountas particles
Energy is transformedinto matter (E= mc2) and particlesand antiparticles
are producedin pairs e.g. photon conversion:  g­ e+ e-

Roger Forty Collider Experiments 2:  Detectors & data analysis 10

e- e+

Bringing antiparticles together to make antimatter
e.g. e+ + p ­H (anti-hydrogen) is studied at CERN
at the antiproton decelerator (AD)



Two-particle scattering
ÅMandelstam variables (s,t,uύ ŦǊƻƳ ŎƻƳōƛƴƛƴƎ ǇŀǊǘƛŎƭŜǎΩ п-momenta:

ÅThe centre-of-mass energy in a collision of two particles Ґ Ҟs

ÅFeynman diagrams:  used to illustrate the interaction of particles
(technically, show spatial coordinate vertically and time horizontally)
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άǎ-ŎƘŀƴƴŜƭέ
(e.g. e+e- annihilation
followed by creation)

άǘ-ŎƘŀƴƴŜƭέ
(e.g. scattering of
two electrons, e-)

t



The Higgs mechanism*

Å¢ƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭΩǎ ǇŀǊǘƛŎƭŜ ŎƻƴǘŜƴǘ ǿŀǎ not 
complete when the LHC was built, 20 years ago

ÅIt was originally formulated for massless 
particles, but mg= 0, mW,Zº100 GeV 
Mechanism of spontaneous Electroweaksymmetry
breaking added:  Higgs field to give particles mass
Ҧ existence of neutral scalar particle H

ÅHiggs mass mH is not predicted, but mH < 1 TeV
to avoid violating unitarity in W+W-scattering
Width of Higgs boson GH increases with mH

For mH > ~ 1 TeV, GH > mH

ÅSearch for the Higgs boson was the Holy Grail
of the LHC, will use to illustrate techniques of particle 
physics (spoiler alert: it wasdiscovered, in 2012)
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mH (GeV)

* More correctly the BEH mechanism after those 
credited with its formulation:  Robert Brout, 
Francois Englert, and Peter Higgs (around 1964)

See lectures of John Ellis

GH

Higgs 
potential



Standard Model Lagrangian
ÅJust for the record:  the full theoretical description 

Action Sdescribes how a physical system changes
over time, choosing path of least action;  S= ñL d4x
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See lectures of  
Gustavo Burdman



Hadrons
ÅFree quarks are not seen:  confinement of QCD 
Ҧ bound together by gluons into colourlesshadrons

ÅMostly in form of qq (mesons) or qqq(baryons)

ÅThere are manytypes of them, corresponding to 
permutations of the six quarks + antiquarks
Most of their mass comes from their binding energy

ÅClear evidence has now been found at the LHC for 
άŜȄƻǘƛŎέ ƘŀŘǊƻƴǎ ǘƘŀǘ ŘƻƴΩǘ Ŧƛǘ ƛƴǘƻ ǘƘƛǎ ǎŎƘŜƳŜΥ
tetraquarks(qqqq) and pentaquarks(qqqqq)

ÅDetailed structure of such hadrons is actively studied, 
but can be accommodated in the Standard Model

Roger Forty Collider Experiments 1:  Accelerators & experiments 14

See lectures of Giulia Zanderighi
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New hadrons found at the LHC

Å{ƻ ǘƘŜ [I/ Ƙŀǎ ƴƻǘ άƧǳǎǘ ŦƻǳƴŘ ǘƘŜ IƛƎƎǎ ōƻǎƻƴ ŀƴŘ ƴƻǘƘƛƴƎ ŜƭǎŜΧέ
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Beyond the Standard Model
ÅWith the discovery of the Higgs boson, the Standard Model is now complete 

But there are compelling reasons why it cannot be the full story, including:

1. Gravity

The description of gravity (General Relativity) does not fit into the model
Why is natural scale of gravity  mPҐ ҞƚŎ/G~ 1019 GeV (Planck mass) so much 
larger than the Electroweak scale ~ 102 GeV?
This is known ŀǎ ǘƘŜ άƘƛŜǊŀǊŎƘȅ ǇǊƻōƭŜƳέ

2. Baryogenesis
Why is the world we observe made up almost entirely of matter, while it is
expected that equal quantities of matter and antimatter were produced in 
the Big Bang? 

3. Dark matter

Astrophysical measurements such as the rotations of galaxies indicate that 
ƴƻǊƳŀƭ άōŀǊȅƻƴƛŎέ ƳŀǘǘŜǊ ƳŀƪŜǎ ǳǇ ƻƴƭȅ Ϥ 5% of the total energy density of 
the Universe τwhat is the rest?  Is it made up of elementary particles?

Answering these key questions drives the continued use of colliders
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Baryogenesis
ÅIn Big Bang matter and antimatter should be produced equally, as in g ­ e+e-

Followed by annihilation Ҧnbaryon/ng~ 10-10

²Ƙȅ ŘƛŘƴΩǘ ŀƭƭ ǘƘŜ ƳŀǘǘŜǊ ŀƴƴƛƘƛƭŀǘŜ όƭǳŎƪƛƭȅ ŦƻǊ ǳǎ)?

ÅNo evidence seen ŦƻǊ ŀƴ άŀƴǘƛƳŀǘǘŜǊ ǿƻǊƭŘέ ŜƭǎŜǿƘŜǊŜ ƛƴ ǘƘŜ universe

ÅOne of the requirements to produce an asymmetric final state (our world)
from a symmetric matter/antimatter initial state (the Big Bang)
is that CP symmetry must violated

ÅCP is violated in the Standard Model (SM), through the weak mixing of quarks
For CP violation to occur there must be at least 3 generations of quarks
So problem of baryogenesismay be connected to why three generations exist, 
even though all normal matter is made up from the first:  (u, d, e, ne)

ÅThe way to probe CP violation is through the study of quark mixing
In particular, hadrons containing the b-quark show large CP asymmetries
However, the CP violation in the SM is not sufficient for baryogenesis
Other sources of CP violation expected Ҧ ƎƻƻŘ place to search for new physics
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[Sakharov, 1967]



Cosmic Microwave Background
Å¢ƘŜ άŀŦǘŜǊƎƭƻǿέ ƻŦ ǘƘŜ .ƛƎ .ŀƴƎ

ÅSince its accidental discovery in 
1965, the CMB has been studied 
in greater and greater detail, 
seeing our relative motion and 
eventually primordial structure

ÅAnalysis of its power spectrum 
has driven the development of 
the current cosmological model
άɽ/5aέ όɽ+ cold dark matter)
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T = 2.73 K

ɲT = 18 ˃ K

PLANCK

See lectures of Celine Boehm

ɲT = 3.35 mK

600 km/s

data
model

2015

Nobel prize 1978 



ÅThe expansion of the Universe is accelerating (discovered in 1998)

Å!ǎŎǊƛōŜŘ ǘƻ άDŀǊƪ 9ƴŜǊƎȅέΣ ŀ ƳȅǎǘŜǊƛƻǳǎ ǇƘŜƴƻƳŜƴƻƴ ǘƘŀǘ ŀŎǘǎ ƭƛƪŜ ǘƘŜ 
Cosmological Constant ɽin the Einstein field equations of General Relativity
Rmnς1 R gmn+ ɽgmn= 8̄ GTmn

2                              c4

Åɽ is the vacuum energy of empty space
Quantum fluctuations in the vacuum are
expected, but when calculated they exceed
observed value by 120 orders of magnitude
όάǘƘŜ ǿƻǊǎǘ ǇǊŜŘƛŎǘƛƻƴ ƛƴ ǇƘȅǎƛŎǎέύ
= Cosmological Constant problem

ÅDark Energy is a very rarefied phenomenon
~ 10-27 kg/m3, unlikely detectable at colliders 
Ҧ ǇǊƻǾƛƴŎŜ ƻŦ ǘƘŜ cosmic frontier, e.g. may 
require modifying our understanding of gravity
Breaking news:  might instead be explained by
Black Hole evolution? ApJL944 (2023) L31

ʍ= ratio of mass-energy density to 
critical value for universe to be flat
Cosmological measurements Ҧ ~ 70% 
of mass-energy density of universe is 
attributed to Dark Energy

Dark Energy

Roger Forty Collider Experiments 1:  Accelerators & experiments 19

arXiv:0804.4142

Curvature of space energy-momentum

Nobel prize 2011 
(Perlmutter, 
Schmidt, Riess)



Dark Matter
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Baryonic matter distribution: visible from X-rays (pink)
Total matter including DM: from gravitational lensing (blue)

Bullet cluster: colliding galaxies

ÅOf the remaining 28% of the mass-
energy density of the universe ascribed 
to matter, most does not appear to be 
ƴƻǊƳŀƭ άōŀǊȅƻƴƛŎέ ƳŀǘǘŜǊ ςwhich 
leads to star formation and visible light

Å23% is a form of matter that only 
appears to interact gravitationally,
e.g. not electromagnetically,
known as Dark Matter

ÅClear evidence for it seen from the 
rotation curves of stars in galaxies, as a 
function of distance from their centre,
as well as from gravitational lensing

ÅOnly < 5% of the mass-energy density 
is normal matter:  a lot remains to be 
understood!



Searching for Dark Matter
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ÅIf Dark Matter is made up of particles,they are of unknown mass: could be 
anywhere between 10ҍнн eV (from galaxy formation) up to black holes of 10s 
of solar masses (from observational limits) ςa vast space to be searched!

ÅConsidering the possible two-particle interactions between normal matter 
ό{aύ ŀƴŘ 5ŀǊƪ aŀǘǘŜǊ ό5aύ Ҧ Ŏŀƴ ƛŘŜƴǘƛŦȅ ǘƘǊŜŜ ŀǾŜƴǳŜǎ ǘƻ ōŜ ƛƴǾŜǎǘƛƎŀǘŜŘΥ

DM

SM

DM

SM

SM

SM

DM

DM

DM

DM

SM

SM

1. Direct Detection 
nuclear recoil when a DM 
particle scatters off the 
atomic nucleus of a target
Underground experiments

2. Indirect Detection
look for the products of 
the annihilation or decay 
of DM particles
Astrophysics experiments

3. Production at collider
produce DM particles by 
colliding SM particles at 
high energies
Collider experiments



Searching for Dark Matter (2)
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ÅAll three approaches important, 
and are being followed, providing 
complementary limits

ÅThe advantage of collider 
experiments is that parameters 
of the interaction are under 
control in the laboratory, and 
reproducible

ÅOn the other hand, cosmic rays 
reach higher energies than 
ǘƻŘŀȅΩǎ 
colliders

ÅWill return
to this topic
in 4th lecture



2. Particle acceleration
ÅCharged particles influenced by applied electric and magnetic fields 

according to the Lorentz force:   F= q (E+ v³B) = dp/dt

9 ŦƛŜƭŘ Ҧ ŜƴŜǊƎȅ ƎŀƛƴΣ  . ŦƛŜƭŘ Ҧ ŎǳǊǾŀǘǳǊŜ

ÅSimple particle gun:  energy gained 
for voltage V= 1V is 1 eV 
Energy per beam of LHC = 7 TeV
(i.e. 7000,000,000,000 eV)

ÅUse B field to deflect particles in 
~ circular orbit, so that they pass 
the accelerating gap many times
e.g. the Cyclotron (1929): 

ÅVary fields with time to keep 
particles inside small beam pipe 
Ҧ {ȅƴŎƘǊƻǘǊƻƴ όǎƛƴŎŜ мфрлǎ)

ÅParticles accelerated with radiofrequency (RF) cavities (at 400 MHz for LHC)
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First circular accelerator

Nobel prize 1939 (E.O. Lawrence)



ÅEarly experiments used the extracted beam from 
the accelerator, fired onto ŀ ǘŀǊƎŜǘ όάfixed targetέύ

Energy in centre-of-mass frame ECMºÕ2 mp Ebeam

(relativistic kinematics ςat 7 TeVa proton has 99.999999%

of the speed of light)

ÅBy colliding beams in opposite directions ECM= 2 Ebeam = 14,000 GeV at the LHC

ÅPrevious collider LEP used oppositely charged beams (e+and e-) so they follow 
the same trajectory through the magnets, and stay inside a single beam pipe

ÅEnergy limited by synchrotron radiation losses:
Power radiated                 dE/dt´E4 q2 

~ 2 GeV/turn at LEP m4r2

~ 10 MW electrical power

ÅTo reach higher energy, use heavier particles Ҧprotons in the LHC
(or go back to linear acceleration, and make the accelerator very long)
ELHC/ELEP= 70, but mp/me = 1800, so synchrotron loss at LHC only ~ 6 keV/turn
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Fixed-target versuscollider

ECM = 115 GeV for an LHC beam hitting a proton target



Colliders over the years

Roger Forty Collider Experiments 1:  Accelerators & experiments 25

ÅRoughly exponential increase in 
energy versus time (will be 
ŘƛŦŦƛŎǳƭǘ ǘƻ Ƴŀƛƴǘŀƛƴ ƛƴ ŦǳǘǳǊŜΧύ

ÅLepton colliders like LEP, the 
Large Electron Positron collider, 
predecessor of the LHC at CERN 
are good for precision studies

ÅHadron colliders like the LHC, that 
collides protons are at the energy 
frontier Ҧdiscovery machines

Χōǳǘ more difficult to make 
precision studies due to the 
complex environment:  protons 
are not elementary particles, 
and have strong interactions
Ҧmanybackground tracks



LEP
ÅPrevious major accelerator at 

CERN:  LEP (1989ς2000)

ÅCollided e+ and e- beams at 
Ҟs= 91 GeV (mZ) then 160 GeV 
(2 mW) and finally~ 210 GeV 
to search for the Higgs boson 

Åe+ and e- elementary particles 
Ҧ simple interactions

ÅEach collision in an experiment 
is known as an event

ÅView one of the experiments in 
the plane transverse to the 
beams, showing the hits in the 
different detectors
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e+e-­ Z ­
g, Z

e+

e-

qq

q

q

ALEPH



Typical event at the LHC
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Åproton-proton collisions at 13 TeV

ÅComplicated, high-multiplicity events!

ÅWill return to discuss the detectors involved 
in making such event displays in 2nd lecture

Transverse view

Sideview



Electroweak fits
ÅMany measurements were made at LEP of the 

electroweak properties of Z and W bosons

ÅAll consistent with Standard Model predictions

e.g. W mass:

ÅRadiative corrections:
Dr ~ f (mt

2, log mH)º3%
Example of an indirectsearch

ÅDirectsearches for the Higgs
Ҧ mH > 114 GeV (at 95% CL)

ÅIncluding this with result of fit 
mH < 200 GeV (at 95% CL)
i.e. after LEP the Higgs boson 
predicted to be άjust around 
ǘƘŜ ŎƻǊƴŜǊέ ŦƻǊ ŘƛǎŎƻǾŜǊȅ ŀǘ [I/
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CERN accelerator complex
ÅCERN has a wide variety of accelerators, some dating back to 1950s

ÅLHC machine re-uses the tunnel excavated for previous accelerator LEP
Others (PS/SPS) used to accelerate protons before injection into the LHC
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Now used
by AWAKE

SPS: first superconducting 
synchrotron in the chain

Previously a proton-antiproton 
collider, led to discovery of 
the W & Z bosons in 1983

Nobel prize 1984 
(Rubbia, van der Meer)

SPS supercycle

Pbions (NA)     p beam (AWAKE)   MD



Injector chain
ÅEarlier accelerators re-used to prepare the proton beams for injection in LHC
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Proton source: protons extracted at 90 keVfrom H2  (gas bottle)

LINAC:accelerates beam to 50 MeV over 33 m
Provides one beam pulse every 1.2 s

PS Booster: first 
synchrotron in chain
157 m circumference, 
increases proton energy 
to 1.4 GeV in 1.2 s

PS: oldest operating synchrotron at CERN, 628 m circumference 
increases proton energy to 26 GeV

SPS:  6.9 km circumference, 30 m 
underground, increases proton 
energy to 450 GeV, up to 5x1013

protons per cycle; provides beam 
to the LHC and fixed-target areas

LHC



The LHC
Å26.7 km circumference, ~ 100 m underground

Four interaction points where the major experiments are sited 
Two separate beam pipes that share the same magnets
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100 m



Roger Forty 32(underground, not visible on surface)



N-poleS-pole

S-poleN-pole

x

y

Beam

The LHC has 1232dipoles, 858quadrupoles

ÅDipolemagnets used to deflect the particles
Radius r[m] = p [GeV] / 0.3 B [T]

ÅFor the LHC, the machine has to fit in the 
existing 27 km tunnel, about 2/3 of which is
ǳǎŜŘ ŦƻǊ ŀŎǘƛǾŜ ŘƛǇƻƭŜ ŦƛŜƭŘ Ҧ r~ 2800 m
So to reach p = 7 TeVrequires B= 8.3 T

ÅBeams focused using quadrupolemagnets
By alternating Focusing and Defocusing 
quadrupoles, can focus in both x and y views
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LHC magnets



LHC beams
ÅEarlier hadron colliders (Tevatron, SppS) 

collided protons against antiprotons
Ҧ luminosity limited by supply of p

ÅThe LHC beams are formed from 
counter-rotating bunches of protons 
Ҧ ƴŜŜŘ ǎŜǇŀǊŀǘŜ ōŜŀƳ ǇƛǇŜǎ

ÅClever two-in-one design made for LHC: 
two beam pipes inside the same magnet 
with opposite B field in each pipe

ÅNeed high vacuum in pipes to avoid losing 
protons: < 10-10mbar (similar to outer space)
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B field

Need to take care that the beams 
collideat the interaction points



Superconductivity
ÅTo achieve high field required to reach 14 TeV

the dipole magnets are wound using cable of 
niobium-titanium alloy (embedded in copper)

ÅSuperconducting (i.e. no electrical resistance)
ƛŦ ōŜƭƻǿ ǘƘŜ άŎǊƛǘƛŎŀƭ ǎǳǊŦŀŎŜέ
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ω To reach 8.3 T coils are cooled to 1.9 K
(-271 ºC, colder than outer space!)
They carry a current of 11,700 A

ω Magnets cooled using liquid helium
About 700,000 litresǊŜǉǳƛǊŜŘ Ҧ 
the largest cryogenic system in the world

NbTicable
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The LHC



Higgs boson production
Å±ŀǊƛƻǳǎ ǇƻǎǎƛōƭŜ ǇǊƻŘǳŎǘƛƻƴ ŘƛŀƎǊŀƳǎΥ  ƎƎ Ҧ I ŘƻƳƛƴŀǘŜǎ ŀǘ ǘƘŜ [I/

Production cross-section is the order of a few picobarns, depending on mass
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Reminder:cross-section ̀ measures probability of reaction taking place
Units barn (b): 1 barn = 10-24 cm2 (~ area of nucleus) Ҧ1 pb = 10-36 cm2



proton-proton interactions
Å Total cross-section at the LHC 

ό̀ǇǇ Ҧ ŀƴȅǘƘƛƴƎύ Ϥ 0.1 barn

Å A 10 pb cross-section for the Higgs 
boson corresponds to one being 
producedevery 1010 interactions! 
(further reduced by BR ³efficiency)

Å Experiments have to be designed so 
that they can separate such a rare 
signal process from the background

Å Rate of interaction = L¶ů

where luminosity L
is a measure of how 
intense the beams are
(units cm-2s-1) 
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! άŦƛƭƭέ ƻŦ ǘƘŜ [I/ ǿƛǘƘ
beam can last a few hours

1 b



ÅIntegratedluminosity  LintҐ ҝ Ldt is what experiments care about
gives total number of events produced, when multiplied by cross-section
Assuming ~ 107 seconds of physics running per year (~ 4 months, operating 24 hours/day)

Ҧ Lint = 100 fb-1κ ȅŜŀǊ όάƛƴǾŜǊǎŜ femtobarnsέύ

ÅIn accelerator physics terms:  emittanceequantifies 
the beam brightness = its area in (x, x) phase-space 
[ƛƻǳǾƛƭƭŜΩǎtheorem: eis a conserved quantity around ring 
*̡ = focusing strength at IP,  g= relativistic boost (E/m0)

Calculating luminosity
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At the LHC:  N1 = N2 = N = 1011 p/bunch 

Number of bunches  kb = 2808
Revolution frequency  f = c/27 km = 11 kHz
Effective area of beam  A~ 4p sx sy

Transverse beam size sxºsy ~ 16 mm (RMS)
Strong focusing of beams at the interaction points
F= factor O(1) accounts for beam crossing angle

Ҧ  L= 1034 cm-2s-1 (design luminosity)  ~ 0.6 amps of beam current

L= N1 N2 kb f
A

in more detail:

(a parameter of the beam-optics function)



Machine protection
ÅAt the design luminosity of the LHC the 

stored energy in each beam is 
2808 bunches ³1011 p ³7 TeV= 400 MJ

Corresponds to the explosive energy 
of ~ 100 kg TNT or kinetic energy of 
a train travelling at 165 km/h! 

ÅExtreme care has to be taken that none of 
this energy is lost into the superconducting 
magnets (it would cause them to quench,
i.e. lose superconductivity and heat up)

Ҧ ŜŦŦƛŎƛŜƴǘ ŎƻƭƭƛƳŀǘƻǊ ǎȅǎǘŜƳ ŀƴŘ 
beam dump, using graphite absorbers
Test made of dumping a beam of 1013 p
at 450 GeV into a collimator jaw: 

ÅaŀƎƴŜǘǎ ƘŀǾŜ ǘƻ ōŜ άǘǊŀƛƴŜŘέ ǘƻ ǊŜŀŎƘ ƘƛƎƘ 
field ςrequires many quenches, currently 
limited to 6.8 TeV(design energy 7 TeV)
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Collimator jaw

IPAC2022



3. Colliders around the world
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Å¢ƘŜ ǘƛǘƭŜ ōǊƛƴƎǎ ǘƻ ƳƛƴŘ CŜǊƳƛΩǎ speculation in 1954 
about the highest possible energy that could be 
reached on Earth

ÅHe assumed fixed target operation, 2 T magnets, 
and only reached 3 TeVfor a circumference of 
50,000 km with an estimated cost of 200 billion $

ÅThe LHC achieved 13.6 TeV, 50 years later, at a 
fraction of that cost (~ 5 billion $) in 27 km tunnel: 
due to unforeseen developments in technology 
(8 T superconducting magnets) and clever idea 
(collider operation) that CŜǊƳƛ ƘŀŘƴΩǘ ŦƻǊŜǎŜŜƴ
Moral of the story: keep optimistic, and look out 
for future breakthroughs!

ÅPop quiz:  if its circumference of 50,000 km is increased by 1 m, 
Ƙƻǿ ŦŀǊ ŦǊƻƳ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǿƻǳƭŘ CŜǊƳƛΩǎ ŎƻƭƭƛŘŜǊ ƳƻǾŜΚ

ÅMeanwhile, take a look at the recent and current 
colliders operating around the world



Particle physics labs
ÅThere are many thousands of accelerators in operation today, 

mostly for medical or industrial applications
But few collidersςthey are used only for particle physics research

ÅMajor particle physics laboratories around the world:
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CERN
ÅNamed from original title ConseilEuropéenpour la RechercheNucléaire

European laboratory for particle physics, the largest in the world

ÅFounded in 1954 by intergovernmental treaty
23 Member States, 10 Associate Member States, 4 Observers (including US) 
~ 50 International Cooperation Agreements with non-Member States

ÅAnnual Budget: 1.3 BCHF (shared by Member States based on net income)

ÅDevoted to science for peace, no military research permitted, all results 
published (those from the LHC are all open access)
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Å/9wbΩǎ ŎƻƳƳǳƴƛǘȅΥ Ҕ мсΣллл 
people (> 110 nationalities)

2700 staff

800 post-doctoral fellows

12,700 users and other 
associates

3000 PhD students from all 
over the world 



17 May 1954
Ground breaking
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CERN today
(Meyrin site)

ATLAS



CERN users

ÅCERN takes care of running the accelerators on its site (such as the LHC)
while the experiments are built and run by collaborations of users from 
institutes around the world (ATLAS and CMS each have about 3000 authors)

ÅSpecific programmes to encourage CERN-Latin America collaboration 
HELEN:High-Energy physics Latin-American European Network(2005-9)

EPLANET:European Particle physics Latin-American NETwork(2011-15)
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Snapshot in 2017



Recent and current colliders
Lab. Country Collider Beams Beamenergy

[GeV]
Luminosity
[1030 cm-2s-1]

Circumf. 
[km]

Dates Experiments

FNAL US Tevatron pp 900+900 400 6.3 1983-2011 CDF, D0

CERN Europe LEP
LEPII

e+e- 45+45 (Z)
104+104 

100 26.7 1989-1995
1996-2000

ALEPH,DELPHI, L3, 
OPAL

SLAC US SLC e+e- 45+45 (Z) 3 3.2
(linear)

1989-1998 SLD

DESY Germany HERA e°p 27+920 15 6.4 1992-2007 H1,ZEUS,
HERA-B, HERMES

LNF Italy DAFNE e+e- 1+1 (˒ ) 240 0.1 1999-2018 KLOE

SLAC US PEPII e+e- 3+9 ( ) 5000 2.2 1999-2008 BaBar

KEK Japan KEKB
Super-KEKB

e+e- 4+7 ( ) 13000
46000

3.0 1999-2010
2019-

Belle
Belle II

BNL US RHIC pA, AA 250+250 160 3.8 2000- STAR, PHENIX

IHEP China BEPC II e+e- 2+2 (̞ ) 10 0.2 2006- BES III

CERN Europe LHC pp, pA,
AA

6800+6800 25000 26.7 2009- ALICE, ATLAS,
/a{Σ [I/ōΣ Χ
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ÅThey can be grouped into different categories:  1) particle factories, 
2) heavy-ion, 3) electron-proton, and 4) discovery machines



1) Particle factories
ÅParticle factories arrange their beam energy 

to sit on the resonance of a known particle, 
so that they are copiously produced

ÅLEPwas a Z factory in its first phase (as was 
SLC) then moved to higher energy, above 
the W+W- threshold (since the W+ is charged, 
it cannot be made singly in e+e- collisions)

ÅDAFNEΩǎ ŜƴŜǊƎȅ ǿŀǎ ŎƘƻǎŜƴ ǘƻ ǎƛǘ ƻƴ ǘƘŜ ˒
(ssmeson) which decays to K+K- or K0K0

BES III sits on (or near) ̞ (cc) Ҧcharm and ̱

ÅBaBarand Bellewere B-factory experiments, 
with their colliders tuned to sit on the (4S), 
an excited state of the (bb meson) which is 
heavy enough to decay to BB meson pairs

ÅIn the future:  plans made for a Higgs Factory
(will return to this in the 4th lecture)
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 (4S) ­ B0B0 or B+B-

{a άŘŀǊǘōƻŀǊŘέ
of fundamental
particles: (returns

in next lecture, to keep 
track of those identified)

OPAL (LEP)



B Factories
ÅBeam energies asymmetric between e+ & e-

so that BB pairs are boosted in lab frame 
Ҧ lifetime information measured, 
important for CP violation studies

ÅThe Belle collider has been upgraded, to 
reach higher luminosity:  Super-KEKB, one 
of few colliders currently operating outside 
CERN (in KEK, Japan), beam spot ỳ~100 nm

ÅIt currently holds the world record for 
luminosity 4.5 x 1034 cm-2s-1ςintensity frontier 
Belle II aims to integrate 50 ab-1 (= 50,000 fb-1) 
in its current run and will compete with LHCb 
in the study of flavourphysics (b-quarks etc.)
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CP asymmetryA(t) = G(B0­ J/yKS) -G(B0­ J/yKS) 
G(B0­ J/yKS) +G(B0­ J/yKS)

A(t) = -sin 2bsin Dm t in the Standard Model
BaBar+ Belle measured sin2b= 0.674 Ñ0.026

Super-KEKB

Cross-section is much larger at LHCb 
Ҧ 1 fb-1 there @1 ab-1 at a B factory

3 km rings



2) Heavy-ion colliders
ÅRHIC(Relativistic Heavy Ion Collider) 

collides the nuclei of heavy atoms
as well as protons (Al, Au, Cu, Zr, Ru, U)

ÅAtoms fully ionized before accelerated

ÅDue to their large mass, the energy 
density that can be achieved in the 
collisions is phenomenal Ҧ ǎǘǳŘȅ ǘƘŜ 
properties of matter at high temperature 
and density, as it was soon after the 
Big Bang (< 10-6 s):  hadrons expected 
ǘƻ άƳŜƭǘέ ǘƻ ŦƻǊƳ quark-gluon plasma

ÅThe LHC can also 
collide heavy-ions 
usually Pb-Pb
Requires a dedicated 
mode of operation
~ 4 weeks/year
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Simulation of collision between two Pbnuclei 
(Lorentz contracted)

See lectures of 
MaelenaTejeda-Yeomans

> 1000 TeV!

Quark-gluon plasma

Ordinary 
nuclear matter
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3) Electron-proton colliders
ÅHERAcollided an electron (or positron) 

beam with a proton beam

ÅDeep Inelastic Scattering:  allows detailed 
study of the proton structure

ÅEIC (Electron-Ion Collider) has been 
approved in US, to continue such studies 
including polarized e to study spin effects  
Aims to be operating at BNL by ~2030
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H1
ZEUS

HERMES



4) Discovery machines
ÅThe Tevatronwas the previous highest 

energy collider before the LHC
Collided protons and antiprotons
up to 1.8 TeV

ÅThe experiments integrated about 10 fb-1

of luminosity, and made important 
discoveries such as the top quark (1995)
Finished operation in 2011

ÅThe SSC(Superconducting Super Collider) 
was proposed in the US as a competitor to 
the LHC, with circumference of 87 km and 
beam energy 20 TeV, but was cancelled in 
1993 after cost overruns 

ÅLike them, the LHCis a discovery machine, 
pushing to the highest possible collision 
energy ςthe energy frontier
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CDF
D0

SSC site


