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This is the most technically 
applied of the lectures: 
for those working on theory, 
you could treat this as 
broadening your scientific 
culture, to understand how 
experiments actually work



Introduction
ÅWe wish to reconstruct as fully as possible the events, where particles 

from the colliding beams have interacted, and typically many particles 
emerge from the interaction point

ÅTrackingdetectors determine whether the particles are charged, and 
(in conjunction with a magnetic field) measure the sign of the charge 
and the momentum of the particle

ÅVertexdetectors: a subset of tracking detectors that are very precise, 
mounted close to the interaction point, to measure the vertex structure 
of the event: e.g. to see if there are short-lived decays

ÅCalorimetersdetect neutral particles, measure the energy of particles, and 
determine whether they have electromagneticor hadronicinteractions:  
typically with separate sub-detectors for the two interactions 

ÅParticle identification detectors determine what typeof particles were 
produced:  most experiments have muon detectors, and use information 
from their tracking detectors such as the amount of ionization
Others have dedicated sub-detectors for this, such as RICH detectors
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ÅParticles can only be detected if they deposit energy 
in the material of the detector

ÅThe cross-section for a particle with charge z to 
interact elasticallywith a target of nuclear charge Z:

ÅBut scattering does not lead to significant energy loss 
(nuclei are heavy)

ÅIn a sufficiently thick layer of material a particle will 
undergo Multiple Scattering, relevant to tracking:

ÅFinal displacement is result of many random scatters 
Ҧ Gaussian distribution (by the central limit theorem)

Interaction with matter
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X0Ґ άǊŀŘƛŀǘƛƻƴ ƭŜƴƎǘƘέ 
of the medium

Rutherford formula



Ionization
ÅEnergy is deposited through discrete collisions with 

the atomic electrons of the absorber material
(collisions with nuclei not important for energy loss)

ÅBethe-Blochformula for energy loss by ionization
dE/ dx depends only on velocity ̡= v/c of particle:
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άƳƛƴƛƳǳƳ-ionizing 
ǇŀǊǘƛŎƭŜǎέ όaLtǎύ g̡~ 3 

άǊŜƭŀǘƛǾƛǎǘƛŎ ǊƛǎŜέ

Increase at low ̡g

Recall: relativistic boost
g= E/mc= 1/Õ(1-b2)



1.  Tracking detectors
ÅWire chamber:  place an anode wire at HV 

in a gas volume ςelectrons liberated by 
ionization drift towards the anode wire 

ÅElectrical field close to the wire sufficiently 
high (above 10 kV/cm) for electrons to gain 
enough energy to ionize further Ҧ avalanche:  
exponential increase of number of electron-
ion pairs to several thousand 
Ҧ signal becomes detectable with electronics

ÅSimply repeat the cell using multiple wires 
Ҧ aǳƭǘƛ-Wire Proportional Chamber 

ÅDrift chamber:  measure time taken 
to reach the wire Ҧ ŘŜǘŜǊƳƛƴŜ ǘƘŜ
position more accurately
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MWPC

Nobel prize 1992 
(G. Charpak)



Micro-Pattern Gas Detectors
ÅWires are not the only way to provide the accelerating field required

ÅModern versions of gaseous tracking detectors use MPGDs:  
allow higher precision, operate at a higher rate, survive longer

ÅGEM(Gas Electron Multiplier) use holes in a foil
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Ø 50-70 µm

Kapton

Copper

Micromegasuse a fine wire mesh



Time Projection Chamber
ÅThe ultimate gaseous detector:  move the detection planes (wire chambers 

or MPGDs) to the endplates and drift the ionization across the full volume, 
measure its arrival time to determine the longitudinal coordinate

ÅLimitationsof gaseous detectors: 
Small primary signal needs amplification 
Ҧ ageing, rate limitations
Limited resolution (~ 100 µm); 
require massive frames, HV, gas flow
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ALICE TPC

ALICE TPC readout replaced with MPGDs
as part of its upgrade for Run 3 όά![L/9 нέύ



Silicon trackers
ÅSilicon trackers address some of 

those limitations, and are at the 
heart of many modern collider 
detectors

ÅNeed to be radiation hard and 
low mass, to minimize multiple 
scattering of detected tracks

ÅTrajectories reconstructed from 
consecutive measurements as 
particles traverse detector volume  
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Solid-state detectors
ÅSemiconductors such as silicon crystals are doped with impurities to alter 

their band structure (n or p-type, typically using phosphorus or boron)

Åimplant features with different doping to bulk 
Applying external reverse voltage to p-n junction
depletes the bulk material of free charges
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p-type

charge carrier positive

n-type

charge carrier negative

n
E

ground

+V

Bringing two doped regions 
in contact Ҧ ŘŜǇƭŜǘƛƻƴ ȊƻƴŜ
Resulting electric field 
separates any newly created 
free charges Ҧ signal current



Silicon strip detectors
ÅCan choose the implants to be microstrips

with pitch ~ 50 ˃ m Ҧ ŀŎŎǳǊŀǘŜ 
measurement of one coordinate

ÅThe other coordinate can be measured 
ǿƛǘƘ ǎǘǊƛǇǎ ŀǘ ŀ ŘƛŦŦŜǊŜƴǘ ŀƴƎƭŜ Ҧ ǘǊŀŎƪ 
passed where the hit strips cross

ÅAt high occupancy this can lead to 
ambiguities Ҧ move to pixel detectors
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50 ˃ m



Readout electronics
ÅThe signals are readout via dedicated ASICs 

(Application-Specific Integrated Circuits)
Pulses are small:  80 electron-hole pairs per mm
x 150 mm-thick detector = 12,000 electrons = 2 fC

ÅMeasure the time-over-threshold or 
just the presence of charge (binary)

ÅLHC bunch crossing rate of 40 MHz Ҧ
time between successive bunches = 25 ns
Fast electronics is therefore required 
Shaping time < ~ 25 ns to avoid overlapping 
events from previous bunch crossing 

ÅElectronics also needs to be radiation resistant:
Dose from pp collision products is high, 
especially in forward region > 1015 n/cm2 over 
10 years Ҧdeep sub-micronchip technology 
(0.25 mm CMOS, or now smaller feature sizes)
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ATLAS neutron fluencies



Magnetic field
ÅExperiments use a magnetic field to separate 

charges of particles and measure their momenta
The choice of magnet configuration determines 
the overall experiment layout

ÅIn a uniform magnetic field, charged particles 
follow circular trajectories in the transverse plane 

R= pT/0.3 B using units [m], [GeV], [T]

In 3D the trajectories are helical

ÅThe tracks of charged particle are measured using 
particle detectors with given spatial precision (̀x)
To measure to higher momentum, need to increase 
field Bor length L that track is measured over
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ÅGeneral-purpose experiments at the LHC were designed to measure 
muons out to 1 TeV:  use highest available field (superconducting magnets, 
up to 4 T) but still need to be very large, L~ O(20 m)

ÅThe type of magnet construction dominates their appearance



Magnets
ATLAStoroidal field CMSsolenoidal field

+ Air cored ­ low scattering

Standalone muon measurement
Tricky endcaps
Requires additional solenoid 
for central tracking
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Higher flux density (4T) Ҧmore compact
άǘǊŀŘƛǘƛƻƴŀƭέ ŘŜǎƛƎƴ
Very heavy (iron for return yoke)
Limited space for calorimeter inside coil

Ä Ä



Track parameters
ÅIn projection, helical tracks give circular segments (x, y) or sinusoids (y, z)
Ҧ Ϥ ǎǘǊŀƛƎƘǘ ƭƛƴŜǎ ŦƻǊ ƘƛƎƘ pT tracks in longitudinal plane of the beam axis
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y [cm]

x [cm]

z [cm]

y [cm]

Two projections of the 
same tracks in a Z decay 
(constant B-field along z)

Helical trajectory 
defined by 5 track 
parameters:  
2 impact parameters 
(d0, z0)
2 angles (̒, ˒ )  
+ curvature ́ 1/pT



Central tracking
ÅThe CMS tracker has 210 m2 of silicon 

detectors!

ÅThousands of wafers all have to be 
carefully alignedto each other
e.g. using tracks that pass through 
overlap region

ÅTracks are seeded with hits in the 
vertex detector, then a Kalmanfilter 
is used for track extrapolation, with 
subsequent fit to helical trajectory

ÅRemember:

and

so contribution to 
resolution from 
multiple scattering: 
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CMS



Tracking performance
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Harder to measure curvature of straighter (higher-momentum) tracks
Harder to extrapolate lower-momentum tracks: scattering in material matters

For CMS: magnetic field B= 3.8 T
tracker radius L= 1.2 m
number of measurements N >10

ÅMeasuring the resolution: refit the track after removing a hit, and 
ŎƻƳǇŀǊŜ ǘƘŜ άǊŜǎƛŘǳŀƭέ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ Ƙƛǘ ŀƴŘ ǘƘŜ ǊŜŦƛǘǘŜŘ ǘǊŀŎƪ 
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Vertex detectors
ÅSilicon pixel detectors are used for the 

precise vertex detectors

ÅTwo major varieties:  hybrid(with 
separate sensor and electronics chips) 
or monolithic (where on same Si wafer)

ÅExample of LHCb VELO: 55 ˃ m x 55 ˃ m 
pixels, bump-bonded to readout chip
Approach to a few mm from the LHC 
beams with complex motorized system 
to retract detector while beams injected
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LHCb vertex locator (VELO) 



Roger Forty

Primary vacuum

RF foil

Beams

Secondary vacuum

Hadronic interaction vertices

Hadronic interaction vertices
VELO in its vacuum tank

Incident with vacuum system (Jan 2023): 
RF foil has been deformed by ~ 1 cm
Will have to be replaced at end of the year
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Monolithic Active Pixel Sensors
ÅALPIDE chip of ALICE ITSis an example of a 

monolithic vertex detector:  each chip has
15 ×30 mm2 area with over half a million pixels 
organised in 1024 columns and 512 rows

ÅSensitive volume is a 25 ˃Ƴ-thick layer of 
high-resistivity p-type silicon (> 1 ƪʍcm) grown 
epitaxiallyon top of a standard CMOS wafer

ÅRadiation tolerance to beyond 1013 n/cm2

(1 MeV equivalent), sufficient for ALICE
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ALICE ITS



2.  Calorimeters

ÅBasic properties: 

Use dense material to cause particles to interact
Active material to produce measurable quantity: ionization charge or light
Thick to completely containenergy in calorimeter

ÅCalorimeters complement the magnetic spectrometers

They also measure the energy of neutralparticles
Energy resolution improveswith energy while track resolution degrades
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ÅCalorimeters measure energy: in a thermodynamics 
lab the temperature change of a known volume of 
water can be measured to determine the energy 
released in a reaction, sharing the reaction energy 
with many molecules evenly to determine its total

ÅHEP calorimeters convert the energy of an incoming 
single particle into many lower-energy particles 
Count the number of particles to determine the 
total original energy



electrons

Electromagnetic interactions
ÅElectronsare stable particles and 

have low mass  (me = 0.51 MeV) 
When passing through matter they 
produce Bremsstrahlungradiation

ÅScales with radiation length X0 of material 
= mean distance to reduce energy by 1/e

ÅPhotonsinteract with 
material via various 
processes, dominating
at different energies 
ςat highenergy they 
produce e+e- pairs
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DE´1/m2

Dominates over 
ionization for electrons 
with E> 100 MeV

Compton scattering

Photoelectric effect

Pair production

photons

PDG

e = base of natural logarithms @2.718



ÅElectromagneticshowers: 
pair production + radiation

ÅHadronicshowers: 
due to nuclear reactions

Calorimeter showers
ÅPut those effects together at high energy:

1g­ 2e ­ 2g­пŜΧ Ҧ showerof particles

ÅCalorimeters convert the energy of incoming 
particle into many lower-energy particles until 
reach critical energy Ec at which showering stops

ÅEventually, low-energy particles deposit their 
kinetic energy by ionizing or exciting absorber

ÅBasic principle is to determine total number of 
particles produced in the shower, proportional 
to position of the peak of the energy deposit
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Calorimeter types
ÅHomogeneous:  a single medium serves 

as both absorber and active detector
Plastic scintillators or glass produce light 
that is read out by photodiodes or 
photomultipliers ςexpensive 

ÅSampling:  reduce cost ςlayers of cheap, 
dense passive absorber (Pb, Cu, Fe) for 
shower development alternated with 
active detector layers (silicon, scintillators 
or liquid argon) for signal measurement

ÅScintillatorsare materials that convert 
ionization energy into light, typically by 
excitation of molecular energy levels:
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e.g. CMS ECAL

e.g. ATLAS ECAL



Energy resolution
ÅElectromagnetic showers scale with the 

radiation lengthX0 e.g. = 1.8 cm for Fe
Hadronic showers scale with the nuclear 
interaction length ˂ I  e.g. = 17 cm for Fe

Å I˂ >> X0 so hadronic showers are longer
and hadron calorimeters are placed behind
the electromagnetic ones

ÅGeneral expression for energy resolution:
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Stochastic term:  
fluctuations in the 
number of signal 
processes

Example:E0 = 100 GeV in lead glass 
Ec=11.8 MeV Ҧ tmaxҒ моΣ RM = 1.8 · X0Ғ оΦс cm

Simulation of showers

Hadronic: EM component, charged hadrons

note the less uniform energy deposition
EM component comes from ̄0­ggdecays

Constant term: 
inhomogeneities, bad 
cell inter-calibration, 
non-linearities

Noise term:  electronic noise,
radioactivity, pileup

Shower transverse size 
(Molière radius): 

Position of shower max:

for EM calorimeters

EM



Electromagnetic calorimeters
ÅCMS uses scintillating crystals (PbWO4) 

Very good energy resolution: 

but no longitudinal segmentation

ÅATLAS uses a sampling calorimeter: 
Pbplates embedded in liquid argon
to collect charge produced in showers
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È /E~ 10% /ҞE

È /E= 2.8҈ κҞE ṥ 0.3% ṥ 0.128 GeV/E

~ 80,000 crystals required
ATLAS LAr



Hadron calorimeters
ÅDue to the large size hadron calorimeters are usually sampling to save cost 

Example of the ATLAS HCAL:  iron plates interleaved with scintillator
Wavelength shifting fibers trap the light via internal reflection and transport 
it to photon detectors that convert it into electrical signals

ÅIn general the hadronic component (h) of a hadron shower produces a 
smaller signal than the EM component (e) so e/ h > 1
Compensatinghadron calorimeters seek to restore e/h = 1 to achieve
better resolution and linearity e.g. using 238U as absorber: fission releases 
additional neutrons (done in ZEUS and L3); or dual readout with different 
fibres (scintillating/Cherenkov) ςdiscussed for future colliders
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s/E~ 50% /ÕEÄ0.03
~ 100% for CMS

ATLAS HCAL



Particle Flow
ÅAt borderline between tracking, calorimetry and particle ID:  in a typical jet

60% of jet energy is from charged hadrons

30% is from photons (mainly from p0) 

10% is from neutral hadrons (n and KL
0)

ÅThe traditional approach to jet reconstruction:

Measure all of jet energy in calorimeters
Ҧ~ 70% of energy measured in HCAL 

HCALlimits jet resolution: DE/E~ 60% /ÕE

ÅParticle Flow approach:

Charged particles well measured in tracker 

Photons in ECAL

Neutral hadrons (only) in HCAL

ҦOnly 10 % of jet energy is taken from HCAL
DE/E~ 30% /ÕEcan be achieved
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Particle-flow calorimeters
ÅThe main remaining contribution to the jet energy resolution comes 

from the confusion of contributions, from overlapping showers etc.

ÅMost important is to have high granularityof calorimeters to help the 
(complicated) pattern recognition

ÅThis is the approach being studied for detectors at a future e+e- collider 
Higgs Factory (e.g. ILC): will return to this in the 4th lecture
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Similar technology (Si-W) has been 
adopted for the CMS forward 
calorimeter upgrade (HGCAL) for 
HL-LHC ςwith 6 million channels

Simulated event in an ILC detector

Si wafer



Photon detectors
ÅPhoton detection necessary for many detectors 

performing calorimetry or particle identification
Requirements:high efficiency, good spatial
granularity, single-photon sensitivity (for RICH) 

ÅIncident photon is converted to anelectron by 
photoelectric effect in a photocathode, typically 
formed out of alkali metals e.g. Sb-Na-K-Cs

ÅPhotoelectron signal needs to be amplified to 
give a measureable electronic pulse
Achieved in traditional photomultiplier (PM)
by dynode chain Ҧcharge multiplied at each 
dynode:  e.g. if number of electrons triples at each 
stage of a 12 dynode chain ҦGain = 312 ~ 106

ÅMultianode PM:  a marvel of miniaturization 
up to 64 pixels in a single tube, each ~2³2 mm2

Dynodes formed from stack of metal foils  
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MultianodePM

25 mm

Photomultiplier



Photon detection efficiency
ÅQuantum efficiency:  probability that an 

incident photon produces a photoelectron  
Peak value is typically 20ς30%

ÅNeeds to be multiplied by the collection 
efficiency: efficiency for detecting the 
photoelectron (typically 80ς90 %)

ÅPhotocathode type is chosen according to 
the desired spectral sensitivity 
(mostly near to visible light, Eg= few eV)
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Remember: E = hc/l
l[nm] º1240/ E [eV]

QE curves for tubes with
multialkaliphotocathode

Wavelength



Other photon detectors
ÅTime Of Flight detectors need fast 

timing precision at picosecond(10-12 s) level  
1 psº0.3 mm for a relativistic particle 
Ҧ requires small feature sizes

ÅMCP (micro-channel plate) photon detectors 
use electron multiplication in small (~ 10 mm) 
glass pores, as used in image intensifiers 
Timing precision of ~ 10 psachieved

ÅSiPM: Fully solid-state photon detectors are
a very active field of development
Use a p-n junction in Geiger mode (above the
breakdown voltage) Ҧ large gain, binary signal, 
long recovery ςan array of ~100 such elements 
are combined to make up a single pixel

Advantages: very compact, high QE
Disadvantages:high noise, neutron damage
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SiPM

MCP

Sub-pixel

pores



ÅDetectors arranged in successive layers, moving out from interaction point

Trackingdetectors closest to beam pipe to minimize multiple scattering 
of tracks before they are measured Ҧdetect charged particles

Followed by Electromagnetic calorimeter:  (e, g) produce showers

Then a Hadron calorimeter:  (p, K, p, n) produce showers

Finally muon detectors

ÅNeutrinos escape undetected Ҧmissing energy
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3.  Particle identification

Enough information provided 
to separate all of the particle 
types, except the charged 
hadrons (p, K, p) τfor this 
require specialized detectors

Will now briefly review how 
the different particles are seen

,̄ K, p



Electrons & photons
ÅReturn to the event display shown in 

1st lecture: ALEPH experiment at LEP 
ςcan now recognize the detectors

ÅDisplay is a fish-eye view in the plane 
transverse to the beams: use these 
άǎƛƳǇƭŜέ ŜǾŜƴǘǎ ǘƻ ƛƭƭǳǎǘǊŀǘŜ Ƙƻǿ 
different particle types are identified

ÅElectrons& photonsgive similar 
showers in the ECAL 
(electromagnetic calorimeter)

Distinguished by the existence 
(or not) of an associated track

ÅFor electrons, E(energy in the
ECAL) and p (momentum from the 
tracker) should be equal:  E/p = 1
τnot the case for other particles
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ALEPH

(silicon+wirechamber)

What the detector actually looked like

e+e-Ÿ Z Ÿ e+e-



Muons
ÅMuons act like heavier versions of 

the electron, with mass 105.7 MeV

ÅThey decay to electrons m-­ e-nenm
with (proper) lifetimetm= 2.2 ms
= mean of their exponential decay distribution

ÅDistance they travel (on average) 
before decay: d = bgctm
where velocityb= v/c

boostg= E/m= 1/Õ(1-b2)

ÅSo a 10 GeV muon flies ~ 60 km 
before decay >> detector size
Ҧeffectively stable

ÅSince mass is large, Bremsstrahlung 
radiation is small, and as a lepton it 
does not feel the strong interaction
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Z Ÿm+m-

Ҧmost penetrating charged particle



Muon detectors
ÅSince they are sited on the outside of an experiment, muon detectors 

tend to dominate their appearance

ÅTracking for muons covers an area of ~ 10,000 m2 in these detectors!
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ÅThey must be inexpensive, low granularity
but precise enough for p measurement
e.g. wire chambers with long drift volume
(cross-section of a CMS chamber shown)

m

Wire

Ionization

Gas

ATLAS

See lecture of George Mikenberg



Tau leptons

ÅTau is heavier still, mt= 1.78 GeV

ÅHeavy enough that can decay to 
many final states:  t-­m-nmnt, 
p-nt, p

-p0nt, p
-p-p+ntΣ Χ

ÅLifetime tt= 0.29 ps so a 10 GeV 
tau flies ~ 0.5 mm

ÅThis is typically too short to be seen 
directlyin the detectors

ÅInstead the decay products are seen: 
ƭƻǿ ƳǳƭǘƛǇƭƛŎƛǘȅΣ άŦŜǿ ǇǊƻƴƎέ ŘŜŎŀȅǎ

ÅAccurate vertex detectors can detect 
that they do not come exactly from 
the interaction point (i.e. measure 
their impact parameter)
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Z Ÿt+t-



Neutrinos
ÅNeutral (i.e. no track) and only weak interaction Ҧpass though matter easily

ÅInteraction length lint = A /(rsNA), cross-section s~ 10-38 cm2³E[GeV]
Ҧa 10 GeV neutrino can pass through over a million km of rock

ÅNeutrinos are usually detected in HEP experiments through missing energy
(applying Econservation to rest of the event, in the transverse plane ET)

ÅNevertheless their interactions can be detected if you produce enough of 
them, and the detector is sufficiently massive
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OPERA > 1 kton of 
instrumented 
target mass!

DUNE will be 
even bigger, 
aiming for 40 kton 
of liquid argon

See lectures of Renata ZukanovichFunchal


