
1

An introduction to 
Hadron Collider Physics

HASCO Summer School 2024, Gottingen

Simone Amoroso (DESY)



2

What are these lectures about ?

Main goals of these lectures are:


A brief overview of the theory of 
elementary particles and interactions


Provide the essential elements to 
understand the LHC physics 
program, with a few specific and 
representative examples
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The building blocks of reality
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What are we made of ?

Leibniz representation of the universe resulting from the combination 
of the Aristotelian four elements (earth, water, air, fire)
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What are we made of ?

In 1869 Russian chemist Dimitry Mendeleev published the periodic table,  
arranging all known chemical elements by their atomic mass

~80 elements - why so many? Why is there a structure?
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The electron

As the cathode rays carry a charge of negative electricity, are deflected by an electrostatic force as if they 
were negatively electrified, and are acted on by a magnetic force in just the way in which this force would 
act on a negatively electrified body moving along the path of these rays, I can see no escape from the 
conclusion that they are charges of negative electricity carried by particles of matter.

1897 electron discovered by J.J. Thompson

Anode
Charged  
platesCathode
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The nucleus
1911 nucleus discovered by Rutherford
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1911 - atomic nucleus by Rutherford

1919 proton discovery by Rutherford

Shot alpha particles at nitrogen gas and got hydrogen.  
Hypotheised the hydrogen came from the nitrogen 
Suggested hydrogen nucleus to be an elementary particle, named it proton 

1932 neutron discovered by Chadwick

Determined the mass of neutral radiation produced in Beryllium hit by alpha particles. 
Measured that the energy of the proton leaving the hydrogen and worked backwards 
~1.006 times larger than that of a proton
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Particle physics ~1930
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What are we made of ?
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Discovery of antimatter

1932 Discovery of the positron

Predicted by Dirac in 1928
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More and more particles appear

1919 V. Hess discover cosmic rays

With a hot air balloon flew above 
2Km observing the amount of 
radiation increased instead of 
decreasing (radiation from the sky) 

1937 Discovery of muons in cosmic rays

Negatively charged particles which in 
a magnetic field curve less than an 
electron but more than a proton, for 
particles with the same velocity 
-> mass between electron and 
proton 

1947 Discovery of the pion and Kaon
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The particle Zoo (~1960)

With the advent of 
accelerators the  particle zoo 
quickly grew to more than 
200 “elementary particles”

Why so many? 
Can we make some order ?
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Patterns begin to emerge

Charge
Hypercharge

Isospin

Patterns suggestive of some substructure: fundamental building blocks? 

1960s M. Gell-Mann and G. Zweigh explained the pattern of particles by 
hypothesizing fundamental particles inside them. Gell-Mann named them “quarks”
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The structure of the proton

1968 confirmation of the quark model of the proton (Kendall, Friedman, Taylor)
Rutherford like scattering experiment at SLAC shooting 20 GeV electrons into protons 

Consistent with the diffusion of electrons 
from point-like particles inside the proton
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What is matter made of ?

Particles: excitations of underlying quantum fields

Forces: also due to fields and have associated particles 
Consequence of enforcing symmetries to be local (gauge)
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The Standard Model
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What are we made of ?
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The 3 fermion families
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Quarks
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Hadrons
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Leptons
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Forces - classical
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Forces - quantum
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The four known forces

SU(3)color x SU(2)L x U(1)Y
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Forces - Mediators

Gauge bosons mediate the fundamental forces

They are spin-1 particles (vector bosons)

Interact in a similar way with all fermion generations

They exact mode of interaction determines  
the nature of the fundamental force

N.B. Gravity is not included in the Standard Model
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Forces - range

The range of a force is inversely related to the mass of the exchanged bosons

Due to quark confinement, nucleons start to experience the strong force at ~ 2 fm 
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How do particles get their mass

The SM Lagrangian does not include a mass term for the gauge bosons or the fermions

If we introduce it by-hand for the gauge 
fields, we violate gauge invariance

For the fermions, a mass term would 
couple states of different chiralities, 
and violate weak isospin

Introduce a new field with self-
interactions

These induce a non-zero vacuum 
expectation value (VEV)

Reparametrising the fields in terms of 
physical states we can introduce masses

Spontaneous Symmetry Breaking
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Higgs boson

Early universe: symmetric phase,  
fundamental particles are massless 
 -> gauge symmetry is restored

A Higgs field displaces the ground 
state, breaking gauge symmetry

It fills all space-time   
(but no orientation as spin-0)

Particles interact with the Higgs 
field and effectively reduce their 
propagation speed  
-> they acquire a mass proportional 
to their interaction strength

Action of the Higgs field creates a 
“viscosity of the vacuum”
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the fate of symmetries in the SM

Several possible realization of symmetries 

Symmetries may remain exact  
→ U(1)em, SU(3)color, B-L number 

They may be good symmetries of the classical action,  
but broken by quantum loop corrections (anomalies) 
→ global U(1) axial symmetry 

They may be explicitly broken by terms in the lagrangian 
→ SU(2)Isospin broken by EM interactions and non-zero quark masses 

Hidden (spontaneously broken) symmetries 
symmetries of the action but not of its ground state
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The Standard Model
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Compact enough to fit on a t-shirt
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… almost
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Particle masses

Note: photon and graviton massless



36

Units 
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Units 
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Units  - examples
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Making predictions - Feynman diagrams



40

Ingredients of Feynman diagrams - legs
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Ingredients of Feynman diagrams - vertices
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Does the Standard Model get anything 
wrong?
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Does the Standard Model get anything 
wrong? 

No.

Anomalous magnetic moment
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So, are we done?

Despite being the greatest theory of all times the Standard Model remains unsatisfactory

Fine-tuning of the  
Higgs mass

Hierarchy of scales in 
particle masses

Number of free parameters

Several important questions are left unanswered

Dark-Matter

Dark-Energy

Baryon asymmetry

Gravity

Some arguments to think the new physics to be around the weak scale ~ 1 TeV
Strong motivation for a comprehensive exploration of the TeV-scale
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Collider experiments
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Connecting theory and experiment
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An hierarchy of scales
At hadron colliders most of the interesting dynamics due to the 
asymptotic freedom of Quantum Chromodynamics


At low energy scales the strong coupling diverges

Impossible to perform analytical calculations

Physical degrees of freedom are the hadrons


At large momentum transfer the coupling strength 
becomes vanishingly small


Allows the usage of perturbation theory

Quarks and gluons are acceptable  
degrees of freedom
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Collinear factorisation
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The Parton distribution functions
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The Parton distribution functions

Valence u and d PDFs dominate at large x, about ~30 % of the proton momentum

Sea quark takes ~20%, while remaining ~50% is in the gluons
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Hard cross-sections
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Confinement and hadronization

Quarks are not observed as free states: confinement


The quark-antiquark potential grows linearly with 
their distance (like a string being pulled)

At some point the tension in the 
string is sufficient to release 

another quark-antiquark pair 
from the vacuum 

The quark-antiquark pairs of low momentum form hadron bound 
states until all energy of the original quark is employed

This process is called hadronisation
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The anatomy of a collider event
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hadronic activity and jets

Starting from an energetic quark a cascade of  
low energy and small angle gluons are produced, 
given a collimated spray of partons

At the energy of the parton decreases, they will 
confine into hadrons keeping their overall direction

We call this object an hadronic jet, essential to 
interpret hadronic final states
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Jet algorithms comparison

Require an operational 
definition that can be 
applied to theory 
calculation and to 
experimental data:  
a jet algorithm


At the LHC, use the 
anti-kT algorithm, due 
to the circular jets it 
produces and being 
insensitive to pile-up
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Monte Carlo event generators
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Cross-section and event rates
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Energy Scales
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Energy Scales
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Linear Colliders

To produce and discover heavy new particles, we need high ECM 
Need to collide massive particles at high energies!

Accelerate charged particles using RF high-voltage


Energy gained at each application of the electric field 

Limited by physical space! SLAC 3.2 Km long, reached Ee=50 Gev

ΔE = qV
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Circular Colliders

Accelerate charged particles using RF high-voltage


Curve  the beam trajectory using bending magnets
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Circular Colliders
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The precursors

But only colliding in fixed-target modes
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Colliders kinematics

In a fixed-target experiment most of the proton’s energy is wasted to boost 
the final state rather than being converted into interesting particles
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Intersecting Storage Rings 

CERN 1971 - 1984 
proton-proton collisions at 62 GeV

Enough energy to produce the  and hadronic jets,  
but experiments were instrumenting only the forward region

J/ψ
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Hadron colliders 



67

Cross-sections at Hadron colliders 

At the design luminosities (1034 
cm-2 s-2) the LHC produces


Any event: 109/second

W bosons: 103/second

Top quarks: 10/second

Higgs: 0.1/second


Need to detect and reconstruct 
the product of the collision to 
deduce the process
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Testing the SM at colliders
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Discovering the W and Z bosons

Production of W and Z at a  collider proceeds as a result of 
 annihilation  ,  , ,  

pp̄
qq̄ d̄u → W+ dū → W− uū → Z dd̄ → Z

Need to detect  decays determines the minimal collider luminosity:  
the cross-section for inclusive Z production at ∼600 GeV is ∼1.6 nb  

The fraction of  decays is ∼3%, hence a luminosity L = 2.5 × 1029 cm-2 s-1 
would give an event rate of ∼1per day. To achieve such luminosities one  
would need an antiproton source capable of delivering daily ∼3 × 1010 

Z → e+e−

Z → e+e−

p̄

∼ 50% of the momentum of a high-energy proton is carried,  
by three valence quarks, the remainder by gluons.  
A valence quark carries about 1/6 of the proton momentum  
W and Z production require a pp collider with a centre-of-mass 
energy of about six times the boson mass: 500–600 GeV 
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The SppS
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The legacy of the SppS
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First jets in hadronic collisions

Dijet event with separate energy deposits

Jet algorithm based on calorimeter cells structure
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The Tevatron Collider 
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The discovery of the top quark

Event found by CDF in September 1992

Reconstructed tracks consistent with decay 
products of a pair of top quarks

One clean event not enough to claim discovery!

It took about three years before the top-quark 
discovery was later announced
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What can we expect increasing collider energy?

Take a simple Z’ model (a new Z-like boson with a larger mass) as simple example

Hadron colliders are “discovery” machines!
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The Large Hadron collider
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The Large Hadron collider
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The Large Hadron collider
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The Large Hadron collider
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General purpose experiments
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Specialized detectors
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And even more specialized detectors
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What do we actually “see” in a collision?
Stable particles, which can be directly observed 

Quasi-stable particles, with a long lifetime can also be directly seen


Short-lived particles may display a secondary decay vertex


Short lived particles which are not directly seen,  
may be reconstructed from their decay products


Missing particles, neutral and weakly interacting  
that escape the detector
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Detecting particles
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Collider detectors

A typical detector of LEP / Tevatron / LHC (ATLAS is the only remarkable exception) 
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A typical experiment: CMS
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Detecting particles
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An event display
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The Data volume
ATLAS is designed to observe up to 1.7 billion proton-proton collisions per second, 
with a combined data volume of more than 60 million megabytes (MB) per second

A picture on an iPhone is ~3Mb —> equivalent to 20000 pictures/second
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Triggering

At the LHC we cannot (and do not want to) record all events
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Computing challenges
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KInematics

In pp collisions the longitudinal momentum of the system is not known a priori 
However the transverse momentum should vanish 
Event kinematics described by variables invariant under boosts in the z-axis

Transverse momentum pT 
momentum perpendicular to the beam direction

Rapidity Pseudorapidity 
for massless particles

Not Lorenz invariant,  
but differences are
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LHC operations

The goal of a collider experiment is to collect the highest possible 
integrated luminosity in the best possible conditions for the experiments

The LHC has delivered ~ 20 fb-1  

in Run1 and ~150 fb-1 in Run2 

to the experiments


Outstanding performances  
over time


Short turn-around time and 
stable conditions
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Pile-up

But increasing the instantaneous luminosity comes at a cost:  
pile-up, number of inelastic collisions per bunch crossing

Bunch crossing frequency ~30 MHz, a collision of bunches every 25 ns

Up to 2808 proton bunches per beam, each with 1011 protons


LHC reached average number of pile-up interactions of 40-60
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status of the LHC
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The LHC is an “everything factory”
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The LHC “mission”

The no-loose theorem: Either discover the Higgs boson  
or reveal new strong dynamics in vector boson scattering


Probe the electroweak scale with direct searches for new particles and 
forces beyond the Standard Model


Prove the Standard Model at higher scales through indirect searches: CP-
violation in Heavy Flavors, precision measurements of Higgs couplings, EW 
parameters, …


Study strongly interacting matter at extreme energy densities  
in proton and heavy-ion collisions
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The Standard Model at the LHC
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The Standard Model at the LHC
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The Standard Model at the LHC
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SM measurements at the LHC
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Measure the cross-section for the production                                                                       
of jets above a given transverse momentum

N.B. jet-level and not event level quantity

Sensitive to the strong coupling and its running
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Inclusive jet cross-sections



104



105

The dilepton mass spectrum at the LHC
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Drell-Yan measurements at the LHC

Provide plenty of statistics for 
precise lepton calibrations


Measured inclusively and 
differentially over a wide 
phase-space and at different 
collision energies


Can now be predicted up to 
N3LO in QCD and NLO in EW
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Potential for very 
precise measurements
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Top quark production
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Top pair cross-sections and mass
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Display of an ATLAS candidate Higgs 

event decaying into four electrons 

Higgs production
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Higgs Searches: 1975

Ellis, Gaillard, Nanopolous, Nuclear. Phys. B106, 292

125 GeV
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Higgs production and decay

Production modes

Decay modes
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Higgs production and decay
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What was known about mH before the LHC ?

Direct searches at LEP excluded  mH < 114.4 GeV

Tevatron excluded mH ~ 160 GeV

Indirect constraints from SM fit to EW precision data

Indirect constraints from vacuum stability
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Higgs production and decay
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Higgs production and decay

At the LHC, Higgs boson is dominantly produced via gluon fusion:  at 8 TeV  
Cross section decays drastically with the Higgs mass

σH ∼ 22pb

The Higgs will then decay preferentially to the heaviest particle allowed 

It does not couple directly to photons or gluons, but can decay 
into them through loop diagrams involving heavy particles (top, W)

Production of ~470K Higgs boson for each ATLAS and CMS in 2012

Other important 
production modes
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A Higgs candidate event
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How to discover a new particle

After having selected the interesting events, look for 
resonances in the invariant mass of the Higgs decay products
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The Higgs discovery
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The Higgs discovery

mH = 126.0 ± 0.4(stat) ± 0.4(sys)

mH = 125.3 ± 0.4(stat) ± 0.5(sys)

ATLAS

CMS
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Does mH agrees with our expectations?

Direct searches at LEP excluded  mH < 114.4 GeV

Tevatron excluded mH ~ 160 GeV

Indirect constraints from SM fit to EW precision data

Indirect constraints from vacuum stability
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Higgs production and decay

Since then, tests of the Higgs boson properties - Is it the SM Higgs ?
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Higgs couplings to fermions



124

Electroweak symmetry breaking
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Electroweak symmetry breaking
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Display of an ATLAS candidate Higgs 

event decaying into four electrons 

Display of an ATLAS candidate gluing 
event decaying into hadronic jets

Searches for new physics
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The hierarchy problem and weak scale new physics

Supersymmetry is a new symmetry between fermions and bosons  
which cancels these quadratic divergences

Predicts “superpartners” for all known particles 

Supersymmetry must be broken: gives rise to complex phenomenology 
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Unification

Can we embed the SM symmetries into a larger group to obtain a 
Grand Unified Theory (GUT) of elementary interactions ?

Turns out Supersymmetry could do just that 
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Searching for supersymmetry
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Searching for new resonances
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Searches for New physics
Cover all possibilities and leave no stone unturned
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Exotic exotica
Long-lived particles can occur in case of weak couplings,  
small phase-space (mass degeneracies) or high virtuality
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particle physics 2024
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Hadron colliders - the future
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What remains to be done ? 

From Gavin Salam
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The high-luminosity LHC
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Hadron colliders: The HL-LHC
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Hadron colliders: The HL-LHC

The High-luminosity inclusive Higgs sample will be 23 times larger than that of the Run2 

190M single Higgs and 120K di-Higgses produced in 3 ab-1
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Hadron colliders: The HL-LHC

To collect data faster increase 
in number of collisions per 
bunch crossing. Average pile-
up of ~200

High particle fluency’s 
challenge for detectors

All experiments plan 
significant upgrades  
(mainly of traking systems)

Novel reconstruction 
algorithms required (extensive 
usage of machine learning)
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Hadron colliders: The HL-LHC
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The far future

New generation high-energy lepton/hadron colliders being studied by CERN and China

Aim to study with high precisionnthe Higgs properties an its potential  
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The far future
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The FCC reach

Take a simple Z’ model (a new Z-like boson with a larger mass) as simple example
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This situation is not new

Scientific American, ~1990
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The end


