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“Tranen van geluk, Higgs boson bestaat!”



  

“Tears of joy, Higgs boson exists!”



  



  

HOW do we measure
these particles ?



  

How do we make
things “visible” that

are too small to be seen ?



  

What are the “eyes”
of the particle physicist ?
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Standard Model of Particle Physics
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Standard Model of Particle Physics

Chemistry
Nuclear
physics

Particle
physics
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Standard Model of Particle Physics
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Elementary particles
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Standard Model of Particle Physics

Quarks, electron → matter
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Standard Model of Particle Physics

Gauge Bosons → interactions
e− e−

e−e−

γ
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Standard Model of Particle Physics

Gauge Bosons → interactions
d

u

e−

νe

W −



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

Standard Model of Particle Physics

Higgs Boson → mass
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Standard Model of Particle Physics

For each matter particle there is a corresponding antiparticle

● Same mass as the particle, but opposite charge
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Standard Model of Particle Physics

Particle – antiparticle pairs can be 
produced out of energy

e+

e− u

u
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Standard Model of Particle Physics

Particle – antiparticle pairs annihilate
into energy (e.g. gamma rays)

e+

e−

γ

u

u

γ



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

Fundamental Questions

WHY DO WE SEE SO MUCH MORE MATTER

THAN ANTIMATTER IN THE UNIVERSE ?

u

u

BIG
BANG
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Fundamental Questions

WHY DOES ANYTHING EXIST AT ALL ?
u

u

γ
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Standard Model of Particle Physics

Three “generations” of matter particles

2nd and 3rd generation are heavier siblings of 1st generation

I III III
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Standard Model of Particle Physics

All ordinary matter (you, me, …) is made up

from particles of the 1st generation

II
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Standard Model of Particle Physics

Particles of 2nd and 3rd generation

can be produced in high-energy collisions

( cosmic rays, particle accelerators )

II III

p s

sp
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Standard Model of Particle Physics

… but they are very short-lived and

decay to particles of the 1st generation

II III

s

u

e−

νe

W −
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Fundamental Questions

WHY THREE GENERATIONS ?

Who ordered THAT ?

(Isidor Isaac Rabi on the discovery of the muon)
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LHCb Experiment
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Standard Model of Particle Physics

Quarks are not observed as free particles
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Standard Model of Particle Physics

Particles that are observed consist of 
● three quarks (e.g. proton), or

● a quark and an antiquark
(“exotic” combinations: Tetraquarks, Pentaquarks)
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Standard Model of Particle Physics

Particles that are observed consist of 
● three quarks (e.g. proton), or

● a quark and an antiquark
(“exotic” combinations: Tetraquarks, Pentaquarks)

Many possible

combinations:

“particle zoo”
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Reconstructing an Event

Most particles in the particle zoo are very short-lived

Very few are stable or live long enough to leave a trace 

in a particle detector

electrons and muons

protons (uud)

pions (ud) and kaons (us)

photons

neutrons (udd)

… … and their antiparticlesand their antiparticles

charged

neutral
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

→ Relativistic kinematics
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E = m⋅c2

Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

→ Relativistic kinematics
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E = m

Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

→ Relativistic kinematics

“natural units“:
c = 1
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

→ Relativistic kinematics

E 2 = m2 + p2
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

→ Relativistic kinematics

m2 = E 2 − p2
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

M2 = ( ∑i E i )
2

− |∑i p⃗ i |
2

→ Energy and momentum conserved in the decay

→ Relativistic kinematics

m2 = E 2 − p2
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Reconstructing an Event

Short-lived particles can be reconstructed indirectly

by measuring their long-lived decay products

sum over

decay

products

→ Relativistic kinematics

M2 = ( ∑i E i )
2

− |∑i p⃗ i |
2

mass of

decaying

particle

energies of

decay

products

momenta of

decay

products

→ Energy and momentum conserved in the decay

m2 = E 2 − p2
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Reconstructing an Event

M2 = ( E 1 + E 2 )2 − | p⃗1 + p⃗2 |
2

Simple example: particle decays to a muon and an antimuon 

● Measure the momenta of the muon and the antimuon

● Determine their energies

● Calculate the mass of the decaying particle:

( E 1 , p⃗1 )

(E 2 , p⃗2 )
M

muon

antimuon
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Reconstructing an Event

M2 = ( E 1 + E 2 )2 − | p⃗1 + p⃗2 |
2 [
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Reconstructing an Event

Random

combinations

of a muon

and an

antimuon
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Reconstructing an Event

Y(1s)

Y(2s)

Y(3s)

Short-lived

particles

decaying

to a muon

and an

antimuon
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Reconstructing an Event

measurement
resolution

Spread in reconstructed mass values due to

finite precision of momentum measurements
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Reconstructing an Event

Spread in reconstructed mass values due to

finite precision of momentum measurements

measurement
resolution
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Reconstructing an Event

i.e. need to 

● Measure the flight directions of long-lived particles

● Measure the magnitudes of their momenta

● Determine which type of particle they are
(to know their mass and energy)



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

LHCb Experiment
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Collision energy = 13'000 × the mass of the proton
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LHCb Experiment

p
p
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LHCb Experiment
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LHCb Experiment
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LHCb Experiment

p p
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LHCb Experiment

p p
B⃗

Vertex detector
→ measure flight direction

Cherenkov detectors
→ identify kaons and pions

Muon system
→ identify muons

Tracking system
→ measure momentum

Calorimeters
→ measure energy

collision
point
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LHCb Experiment

B⃗

Cherenkov detectors
→ identify kaons and pions

Tracking system
→ measure momentum
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LHCb Experiment

B⃗

Tracking system
→ measure momentum
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Lorentz Force

Moving charge in a magnetic field → Lorentz force

F⃗ L = q⋅v⃗ × B⃗

charge
magnetic field

velocity
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Lorentz Force

Moving charge in a magnetic field → Lorentz force

Remember the famous “right hand rule” 

for the vector product ?

F⃗ L = q⋅v⃗ × B⃗

charge
magnetic field

velocity
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Lorentz Force

Moving charge in a magnetic field → Lorentz force

Remember the famous “right hand rule” 

for the vector product ?

q
v⃗

F⃗ L

F⃗ L = q⋅v⃗ × B⃗

charge
magnetic field

velocity

→ Force always perpendicular 
to field lines AND to direction of motion

→ Particle forced onto a circular trajectory
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Measure Momentum

p = q⋅B⋅r

Some really simple calculation shows that

curvature of the trajectorymomentum
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Measure Momentum

Some really simple calculation shows that

→ Apply a known magnetic field

→ Measure the curvature of the particle trajectory

→ Calculate the momentum

But how do we measure 

the trajectory of an object

that we cannot see ?

p = q⋅B⋅r
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Measure Momentum

But how do we measure 

the trajectory of an object

that we cannot see ?

Some really simple calculation shows that

→ Apply a known magnetic field

→ Measure the curvature of the particle trajectory

→ Calculate the momentum

p = q⋅B⋅r
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Cloud Chamber

Create a volume of clear, 

super-saturated vapour

Charged particle passing through

interacts with atoms in the gas

→ Creates clusters of ionized atoms

Ionization clusters cause condensation

→ Formation of droplets
along the particle trajectory

Take a photograph,

take a ruler and analyse discovery of the antielectron
(Anderson, 1932)
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Cloud Chamber

Create a volume of clear, 

super-saturated vapour

Charged particle passing through

interacts with atoms in the gas

→ Creates clusters of ionized atoms

Ionization clusters cause condensation

→ Formation of droplets
along the particle trajectory

Take a photograph,

take a ruler and analyse discovery of the antielectron
(Anderson, 1932)
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Build your own Cloud Chamber

+ Insulating gloves, safety glasses, bright flashlight

Bottle of 

liquid nitrogen

(-196°C)

Few drops of

isopropyl

alcohol

Styrofoam

container

with

metallic lid

Piece of felt

Transparent cover
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Build your own Cloud Chamber

Setup: Katharina Müller, UZH Science Lab 
(katharina.mueller@sciencelab.uzh.ch)

Styrofoam container

filled with

liquid nitrogen

Felt soaked with

isopropyl alcohol
warm

cold

alcohol

vapour
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Build your own Cloud Chamber

Setup: Katharina Müller, UZH Science Lab 
(katharina.mueller@sciencelab.uzh.ch)
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Build your own Cloud Chamber

Setup: Katharina Müller, UZH Science Lab 
(katharina.mueller@sciencelab.uzh.ch)

file:///home/olafs/talks/170320_AV/cloud3_1.avi
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Modern Tracking Detectors

Searching for increasingly rare processes

→ Have to deal with higher and higher event rates

(LHC: 40 million events per second)
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Modern Tracking Detectors

Searching for increasingly rare processes

→ Have to deal with higher and higher event rates

(LHC: 40 million events per second)

Need detectors with fast, electronic readout,

digitization of data,

computerized reconstruction

V –
+ ↓

# # #

–

+
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Modern Tracking Detectors

Searching for increasingly rare processes

→ Have to deal with higher and higher event rates

(LHC: 40 million events per second)

Need detectors with fast, electronic readout,

digitization of data,

computerized reconstruction

V –
+ ↓

# # #

–

+
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Gaseous Tracking Detectors

Cylindrical metallized tube,
filled with a gas mixture

Thin wire along the centre of this tube

High Voltage (typically a few kV)
between the wire and the outer wall – HV

gas

+ HV
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Gaseous Tracking Detectors

Cylindrical metallized tube,
filled with a gas mixture

Thin wire along the centre of this tube

High Voltage (typically a few kV)
between the wire and the outer wall

Charged particle ionizes atoms in the gas
electric field → electrons drift to the wire

– HV

gas

+ HV
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Gaseous Tracking Detectors

Cylindrical metallized tube,
filled with a gas mixture

Thin wire along the centre of this tube

High Voltage (typically a few kV)
between the wire and the outer wall

Charged particle ionizes atoms in the gas
electric field → electrons drift to the wire

– HV

gas

+ HV
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Gaseous Tracking Detectors

Cylindrical metallized tube,
filled with a gas mixture

Thin wire along the centre of this tube

High Voltage (typically a few kV)
between the wire and the outer wall

Charged particle ionizes atoms in the gas
electric field → electrons drift to the wire

1/r

– HV

gas

+ HV
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Gaseous Tracking Detectors

Cylindrical metallized tube,
filled with a gas mixture

Thin wire along the centre of this tube

High Voltage (typically a few kV)
between the wire and the outer wall

Charged particle ionizes atoms in the gas
electric field → electrons drift to the wire

Very high electric field close to the wire
electrons gain energy → ionize atoms

→ charge avalanche (typically 1'000'000 e–)
→ voltage pulse on the wire

1/r

– HV

gas

+ HV

photograph of
charge avalanche,

taken in a
cloud chamber

wire
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Gaseous Tracking Detectors

Build arrays of such drift tubes
to follow the trajectories of particles

 few mm 
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Gaseous Tracking Detectors

Build arrays of such drift tubes
to follow the trajectories of particles

 few mm 
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Gaseous Tracking Detectors

Build arrays of such drift tubes
to follow the trajectories of particles
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Gaseous Tracking Detectors

Can do better than a simple yes / no:
Measure the time it takes the electrons to reach the wire
→ calculate drift radius → more precise measurement
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Easy to cover large surfaces

 Quite cheap

Spatial resolution ~ 0.1 mm

Limited performance at very high rates

→ e.g. Electrons take ~ 100 ns = 0.0000001 s
to reach the wire

(LHC: a new collision every 25 ns)

Gaseous Tracking Detectors
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Silicon Detectors

Si4+
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Silicon Detectors

Silicon is the 2nd most abundant chemical element in Earth's crust

Silicon oxide
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Silicon Detectors

Silicon crystal is a semi-conductor:

Electrons are bound to nuclei in the lattice of the crystal, 

 but only weakly

Si4+

Si4+

Si4+

Si4+

Si4+

Si4+

Si4+ Si4+ Si4+
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Si4+

Si4+

Si4+

Si4+

Si4+

Si4+

Si4+ Si4+ Si4+

Silicon Detectors

A charged particle can kick electrons out of the lattice,
leaving behind “holes”

(~ 30'000 electron/hole pairs in ½ mm of silicon)

These electrons and holes can move through the lattice
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Silicon Detectors

Apply an electric field across the crystal

→ Collect electrons and holes on electrodes at the surface

V

–

+

h+

e–

p+

n+

n
Silicon
crystal

SiO
2

Al

R
b

Al



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

Silicon Detectors

→ For details, sign up for my lecture in autumn ;-)

V

–

+

h+

e–

p+

n+

n
Silicon
crystal

SiO
2

Al

R
b

Al
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Silicon Detectors

Better resolution than gaseous detectors
0.01 mm ↔ 0.1 mm

Faster than gaseous detectors
10 ns  ↔ 100 ns

+ Other advantages
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Silicon Detectors

Better resolution than gaseous detectors
0.01 mm ↔ 0.1 mm

Faster than gaseous detectors
10 ns  ↔ 100 ns

+ Other advantages

More difficult to cover large areas

More expensive than gaseous detectors
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Silicon Detectors

Better resolution than gaseous detectors
0.01 mm ↔ 0.1 mm

Faster than gaseous detectors
10 ns  ↔ 100 ns

+ other advantages

More difficult to cover large areas

More expensive than gaseous detectors

   USE SILICON DETECTORS

WHERE  THEIR

SUPERIOR PERFORMANCE 

IS NEEDED
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LHCb Experiment

Tracking system
→ measure momentum



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

LHCb Experiment

GASEOUS

 ~ 5 m 

Tracking system
→ measure momentum
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LHCb Experiment

  ~ 1.3 m 

SILICON

Tracking system
→ measure momentum
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LHCb Experiment

MADE WITH PRIDE ATMarch 15, 2008

(Stefan Steiner)
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LHCb Experiment

  ~ 1.3 m 

MADE WITH PRIDE AT
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LHCb Experiment

Cherenkov detectors
→ identify kaons and pions
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Particle Identification

Each type of particle has a characteristic mass

→ Measure the mass to determine of which type a particle is
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Particle Identification

Each type of particle has a characteristic mass

→ Measure the mass to determine of which type a particle is

E 2 = m2 + p2

→ Measure momentum     and energy
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E 2 = m2 + p2

Particle Identification

Each type of particle has a characteristic mass

→ Measure the mass to determine of which type a particle is

→ Measure momentum     and energy

or ...
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p = m⋅v

Particle Identification

Each type of particle has a characteristic mass

→ Measure the mass to determine of which type a particle is

speed

→ Measure momentum     and speed

→ Cherenkov detectors
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p = γ⋅m⋅v

Particle Identification

Each type of particle has a characteristic mass

→ Measure the mass to determine of which type a particle is

speed

→ Measure momentum     and speed

→ Cherenkov detectors
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Cherenkov Effect

Cherenkov light is emitted when a charged particle

moves through a medium at a speed faster than that of light
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Cherenkov Effect
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Cherenkov Effect

Speed of light in a medium
is smaller than 

“the” speed of light in vacuum

e.g. Speed of light in water is only 226’000 km/s

→ Charged particles can move through a medium

faster than the speed of light in that medium

When that happens, an electromagnetic shock wave is created

→ Emission of Cherenkov light
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Pavel Alekseyevich Cherenkov

Nobel Prize in Physics (1958)

Cherenkov Effect
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Cherenkov Effect

Equivalent to the “sonic boom” emitted by

a body moving faster than the speed of sound
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Cherenkov Effect

… or the wake created by a duck swimming

faster than the speed of water waves
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Cherenkov Angle

The shock wave is emitted under an angle 
with respect to the direction of motion
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Cherenkov Angle

The shock wave is emitted under an angle 
with respect to the direction of motion

That angle depends on the speed of the object / particle 
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shock front
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Cherenkov Angle

The shock wave is emitted under an angle 
with respect to the direction of motion

That angle depends on the speed of the object / particle 
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Cherenkov Angle

The shock wave is emitted under an angle 
with respect to the direction of motion

That angle depends on the speed of the object / particle 
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RICH

“Ring Imaging CHerenkov detector”:

Focus the emitted light onto a detection plane → rings

spherical
mirror

photon
detectors

radiator
(gas)
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RICH Detectors

Radius of the ring → Cherenkov angle → Speed of the particle

spherical
mirror

photon
detectors

radiator
(gas)
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Particle Identification

Momentum (tracking system)

&

Cherenkov angle (RICH) 

protonskaonspions

muons

→ Particle type
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Many more ingredients …

Other detector elements
→ e.g. Calorimeters to measure the energy of the particles

Trigger
→ Fast electronics to decide whether something interesting happened

Data Acquisition
→ Fast network to transfer the detector information to computers

Reconstruction Software
→ Algorithms to interpret the raw data and reconstruct what happened

…
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Many more ingredients …

Other detector elements
→ e.g. Calorimeters to measure the energy of the particles

Trigger
→ Fast electronics to decide whether something interesting happened

Data Acquisition
→ Fast network to transfer the detector information to computers

Reconstruction Software
→ Algorithms to interpret the raw data and reconstruct what happened

…

People
( physicists, but also engineers and technicians )

→ Who develop, build and commission all this
→ Who ensure efficient and precise operation over many years



The Eyes of the Particle Physicist O. SteinkampMarch 20, 2017

Seeing the Invisible

Higgs signal

in the CMS experiment 
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Seeing the Invisible

Higgs signal

in the CMS experiment 

Observation of an 

extremely rare decay

in the LHCb experiment 
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