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Content (and Disclaimer)

Goal of Ideal experiments: measure

Å Characteristics of ALL charged and 

neutral articles

Å Characteristics of a full Event 
(topology & much more)

Limited dW+ easy access ~Full dW+ ~no access

This lecture will give an overview of how to assemble detectors into experiments at Colliders.

Å Experiments of the recent past and 

Å present experiments

This cannot be done by a single 

detector 

Ÿ integrate several detectors 

Ÿ experiments

Experiment: assembly of detectors
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Designing a 4pCollider Experiment

Å Be as hermetic as possible;

ÅMeasure momentum of all charged particles Ÿ B field 

ÅMeasure energy of all hadrons and electrons;

Å Filter muons using a large amount of material and 

measure its momentum;

the barrel (large angle / large pT / large h)

cylindrical and co-axial with the beam axis
the end-cap (forward / backward part), 

it consists of disks that are 
perpendicular to the beam line.

Å Be capable of identifying particles (mass and charge)

Å Reconstruct primary and secondary vertices

Å Have excellent triggering performance and sustain the 

rate of interactions;

Å The position of all the different detectors should be known 
with high accuracy. 

The experiment (== assembly of 

many detectors) ­should®:

Å Be capable of measuring known physics processes but also unexpected new physics;

Is this possible at all? Yes but with caveats and limitations.
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Choosing a B-Field Configuration

Å Bending in the transverse 

plane 

Å Large homogenous field 

inside coil

Å weak opposite field in return 
yoke 

Å Size limited (cost) 

Å rel. high material budget 

Å Bending in the longitudinal 

plane

Å Rel. large fields over large 

volume

Å Rel. low material budget (air 
toroid)

Å non-uniform field Ÿ

measure!

Å complex structure 
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Solenoids Vs Toroids

Å Large homogenous field inside coil

Å weak opposite field in return yoke 

Å Rel. large fields over large volume

Å Rel. low material budget

Type Experiment B-Field 

(T)

Cold/

Warm

Diameter (m) Length (m)

S DELPHI 1.2 C 5.2 7.4

S L3 0.5 W 11.9 11.9

S CMS 4.0 C 5.9 12.5

S ATLAS (ID) 2.0 C 2.5 5.8

T ATLAS (m, barrel) 0.5 C 9.4/20 24.3

T ATLAS (m, end-cap) 1.0 C 1.7/10.7 5

Å Size limited (cost) 

Å rel. high material budget 

Å non-uniform field

Å complex structure 
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Time Laps of Physics

A modern experiment should be ¯capable of ¤ unexpected new physics (generally indicated with NP)°

The Higgs case @ LHC experiments.

Higgs = ¯New Physics < 2012°

Å SM: couplings versus (unknown) mass known Ÿ cross 
section and decay rates known

Å Higgs events for different mass simulated 

ÅLHC Experiments designed to detect Higgs decays ­all 

masses®

A good / excellent discovery potential for some models beyond 

SM (SUSY).

Discovery threshold

SM predictions in different Higgs 

decay channels vs Higgs mass

Where is the problem?
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Time Laps of Physics - continued

A modern experiment at a collider should be ¯capable of measuring known physics processes but also unexpected 

new physics (generally indicated with NP)°.

Discovery threshold

SM predictions in different Higgs 

decay channels vs Higgs mass

~20 yearsbetween the conception / design and operation

(~10 years of project ~10 years of construction) (Find the money!)

What if after the ­no-return point® some new discovery or theory 

development changes the landscape?

The design cannot change much

Ÿrisk of a ­poor® experiment.

However: 

ÅModern experiments extremely versatile + very large detection 

potential

Åpast indicates that New Physics ~means ­large masses®

Å Look for high energy leptons, jets, missing energies

Pre-LHC situation : simulation
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Time Laps of Technology (1990 ²2000)

PDG. 1990 edition

PDG. ~2010 edition

Accuracy (mm) Time Resolution 

Year
Streamer 

chamber

Proportional 

chamber
Drift chamber RPC

Micro-pattern 

gas detectors

1990 300 >300 50 ns 50-300 - -

2010 300 50-100 2 ns 50-100 10mm <10ns 30-40 10 ns~
2
0
 y

e
a

rs

Comparison between typical 

detectors characteristics in 

1990 and 2010

Detectors designed ~ 10y < data taking

Å Detectors at the frontier of technology or (more often) detectors in R&D phase Ÿ optimise while constructing

Å Expected duration of future experiments > 30 years!

Å Long term planning for upgrade and / or replacement of technologies (increase of luminosity, radiation damage)



T
o

n
i B

a
ro

n
ce

lli
: 

D
e
te

ct
o

rs

And of SC Magnets used in Experiments

1989 - 2000

1992 - 2007

1987 - 2011

> 2035

Super-conducting magnets are used 

for the momentum measurement of 

charged tracks (curvature):

„ὴ

ὴ
ᶿ
ρ

ὄ

ü 4 x B Ÿ 4 x resolution in pT

üMagnets are the largest structure 

of an experiment

Radius of curvature of a charged particle in a B field Ÿ p

ü You may replace (part of the) 

detectors

üMagnets in experiments have to 

last for ~30 to 40 y
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A 4pCollider Experiment: the Real Life

A 4phermetic experiment is inaccessible, like a ship in a bottle.

Interventions at the LHC are planned since the construction and opening / intervening / closing back takes ~ 2 y 

and the coordinated work of a large number of engineers and technicians. The periods of stop are called ­LS®, 

Long Shutdowns.

LS Long Shutdowns :

LS2 2019+2020 ­Upgrade Phase 1®

LS3 2024 Ÿ ½ 2026 ­Upgrade Phase 2®

¤.. COVID delays!!
Expected data taking end ~ 2040

2038 !
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General Overview

Inside Ÿ Tracking detectors

Middle Ÿ Calorimeters

Outside Ÿ

Muon 

Spectrometer

F
ro

m
 In

s
id

e
 Ÿ

O
u
t

25 m
25 m
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General Overview

Non destructive 

measurements

Destructive 

measurements

~ mixed

measurements
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General Overview

Position Name Purpouse

Innermost Vertex Detector charged tracks close to beam pipe; primary ( + secondary vertices of 

decaying particles) (small DRadiusŸ no momentum!)

Inner Tracking Detectors charged tracks with a large DRadius

Middle EM Calorimeters Measure the energy of electrons and photons

Middle Hadron Calorimeters Measure the energy of hadronic particles

Outer Muon Spectrometer Measure the momentum of penetrating particles Ÿ muons

Position Name Hadrons± Hadrons0 Photons e± m±

Innermost Vertex Detector

Inner Tracking Detectors

Middle EM Calorimeters

Middle Hadron Calorimeters

Outer Muon Spectrometer Penetration limit 
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Basic Measurements: Summary

Type of Measurement Quantity measured Detector Position in Experiment

Non destructive (~light 

detectors in ~vacuum or in 

gas)

Trajectory of charged 

particles close to 

interaction point

Vertex detectors, Si 

detectors (excellent spatial 

resolution & rad-hard)

Cylinders with radii ~ 10/20 

cm

Radius of curvature of 

charged particles in 

magnetic field

Inner Detectors, typically Si 

or gaseous detectors 

Cylinders in barrel, disks in 

end-caps. Radially out of 

Vertex Detectors

Destructive (detectors 

made of heavy materials)

Energy of em particles 

(electrons & photons)

EM calorimeters ~ Lead 

sandwiched with energy 

detectors

Cylinders in barrel, disks in 

end-caps. Radially out of 

Inner Detectors

Energy of hadronic particles 

(charged & neutral)

Hadron Calorimeters: 

Fe/Cu sandwiched with 

energy detectors

Cylinders in barrel, disks in 

end-caps. Radially out of 

Inner Detectors

Mixed

Radius of curvature of 

charged particles emerging 

from  EM & HCAL 

calorimeters

Muon detectors: tracking 

detectors, typically gaseous 

detectors

Cylinders in barrel, disks in 

end-caps. At the outmost 

position
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Glossary

Definition Measurement Comment

Efficiency probability that a detector gives a 

signal when a particle traverses it

measured using a beam of 

known particles or using 

simulation

Response time time that the detector takes to form 

an electronic signal after the arrival 

of the particle 

Test beams during this time, a second 

event may not be recorded

Dead time time between the passage of a 

particle and the moment at which 

the detector is ready to record the 

passage of the next particle

Test beams The length of the signal, 

the electronics used, and 

the recovery time of the 

detector influence the 

dead time

Spatial resolution precision with which the passage of 

a particle is located in space

Test beams

Energy resolution possibility of a detector to 

distinguish two close energies

¯test beam° with particles 

of known energy

The energy resolution is 

the half-width of the 

energy distribution
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Charged Particles Detectors
Particle Data Group: https://pdg.lbl.gov/2024/reviews/contents_sports.html

Typical detectors in modern colliders
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Combined Measurements

Complex observables need the combination of different detectors

Å Etot,=Total event energy, ptot = event momentum balance; 

Å (ECM²Etot) = energy carried by invisible particles 

Å (π ὴ ) gives the direction of invisible particles 
Å Total momentum only in the transverse plane (ECM is not known in hadronic colliders)

ÅMuons (Inner Detector + Muon Spectrometer)

Å EM and Hadron calorimeters to  distinguish hadrons from electrons and photons

Å Associate showers with charged tracks extrapolated to the entrance of calorimeters

Å showers not associated to any charged particle (Ÿ neutral EM or hadronic particle)
Å Reconstruct jets
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Tracking Detectors

Tracking Detectors
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Measurement of Momentum p in a B Field

ṧ ὄ

Å Curvature of a trajectory in B field 

Å Non-destructive measurement Ÿ ionizationenergy losses (det. elements) are Ḻὴ
Å Tracking detectors are ~perpendicular to the trajectory of the charged track 

ÅMultiple position measurement along the trajectory Ÿ the curvature Ÿ momentum

.έὄ

ὴ

Ὡ
ὄɇ”
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Measurement of Momentum p

r

r

r-s

Measurement error 

of single point dx

Momentum is determined by measuring the radius of curvature in magnetic field ὴθ ʍ. 
Measuring the sagitta ­s® is a possible & simple method

””

ὴ

Ὡ
ὄɇ”
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High pT

r

r

r-s

Low pTŸ large sagitta

High pTŸ small sagitta

ὴ

Ὡ
ὄɇ”
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Measuring Physical Quantities

The component pT perpendicular to the direction of B is given by

ὴ ϳὋὩὠὧ πȢσɇ"Ìɇʍ4ÅÓÌÁɇά ᴼ
ρ

Ð

ρ

”ɇὄὰɇπȢσ

with units GeV, Tesla, meters. ris the radius of curvature andl is the position along the trajectory.

If we consider the triangle enclosed by ­l/2®, r-s and rwe can 

write the relation

” ί ὰȾς ”

”ɇÃÏÓ ” ίᴼί ”ɇρ ÃÏÓ

ὪέὶίάὥὰὰύὩὩὼὴὥὲὨÃÏÓ ρ —Ⱦψ

ί ”ɇρ ÃÏÓ ”ɇ—Ⱦψ r

r

r-s
q/2

ÓÉÎρψπωπ
—

ς
ÃÏÓ

—

ς

ὴ

Ὡ
ὄɇ”ᴼ
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Measurement of Momentum in B Field

ί ”ɇρ ÃÏÓ
—

ς
”ɇ—Ⱦψ

—
ὰ

”
ᴼ ί ”ɇ

ὰ

”ɇψ

ὰ

”ɇψ

From the slide before
ρ

Ð

ρ

”ɇὄίɇπȢσ

ᴼ

ί ”ɇ
ὰɇπȢσɇὄὰ

ὴɇψ

The example shown on this figure refers to a VERY low 

momentum charged track, in practice the sagitta is always 

much smaller than the radius of curvature

r

r

r-s

Measurement 

inside the B field

Ÿ points with 

error sx

Two ways to measure the sagitta:

Å Using measurements inside the B field: Inner Detectors inside a solenoidŸ

circle that best passes through the measurement Ÿ fit

Å Using measurements done outside the magnetic field, in this case the direction 
of the track before and after the B field region
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Relative Error on pT

Simplified example measurement with 3 points x1,2,3 :

ί ὼ ᴼ
Ⱦɇ Ⱦɇ ɇ

Ȣɇ ɇ

A more general formula has been derived for N equidistant measurements 
(R.L. Gluckstern, NIM 24 (1963) 381) :

ɇ

Ȣɇ ɇ
ɇ for N ~10

Å on the precision of the single measurementand 

Å linearly on pT: it worsen with increasing momentum. This is qualitatively intuitive if one considers that the curvature 

becomes larger (and the sagitta smaller) when pT increases.
Å On the inverse of square root of the number N of measurements

Å On the dimension of the measurement area Љ

σ
ς ρ ρȾς ρȾς

Important effect: the multiple scattering. 
Charged particles undergo a large number of small deflections when passing through matter 

Љ

—

ὼ ὼ

ὼ

Relative Error on pT
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Multiple Scattering Impact on pT

The deflection of a charged particle, 

qplane , after Љof a material with X0 ~

— ρτ
ὓὩὠ

ὴ‍ὧ
ЉȾὢ

Rad.Length(cm) = Rad.Length(g/cm2) * density

Ÿ Material of Inner Detectors (walls, cables and services ) has an impact on pT.

The relative effect is ~

The two effects (detector resolution and effect of multiple scattering have to be combined 
quadratically):

ὴ‏

ὴ
ὃ ɇὴ ὃ Ȣ

Ÿ no pT

dependence

Љ

ὄὝ”ά ὴ ϳὋὩὠὧɇσȢσσ
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Ideal Situation

Constant term

Cross-over

Example:

pT = 1 GeV, Љ= 1m, B = 1T, N=10, sx = .2mm

ὴ‏

ὴ
ȿ πȢυϷ

Assume the detector to be filled with atmospheric 

pressure Argon (gas), X0 = 110m

ὴ‏

ὴ
ȿ πȢυϷ

Note: calorimeters 

filter ALL particles 

but Muons !



T
o

n
i B

a
ro

n
ce

lli
: 

D
e
te

ct
o

rs

(Muon) pT Resolution in ATLAS

1 TeV

Detector Resolution

Chamber Alignment

Total Resolution

Multiple Scattering

Ionization losses

More effects (in the Muon system 

after traversing calorimeters!): 

Å Alignment of detector elements

Å Energy losses when a charged 
particle (muon) traverses 

material.

At a pT of ~10 GeV the dominant 

contribution is ionization loss and 
multiple scattering 

At a pT of ~ 300 GeV multiple 

scattering and detector resolution 
are equally important

At a pT of ~ 1 TeV detector resolution 

is most important effect

300 GeV

10 GeVFor muons!
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Calorimetry

Calorimetry
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Energy Measurement in Calorimeters

Å A destructive measurement: a large number of nuclear and/or EM processes in a dense medium. 

Å Showers; Shape depends on material and on particle Ÿ identify!

There are two types of calorimeters: 

Å Homogeneous calorimeters: 

Å A transparent material (scintillating crystals or high density glasses 

emitting Cerenkov light) absorbs the energy and measure it.  
Å All charged particles in a shower seen Ÿ best energy resolution.

Å Uniform response in all points. 

Å Costly, can be hardly segmented (Ÿ total energy, not shape). 

Å Used for electro-magnetic calorimeters Ÿ electrons and photons

Å Sampling: 

Å Sampling between dense material and detectors. 

Å Often sandwich type structure (absorber / detector) but also fibres.

Å Limited cost, segmentation. 

Å However only a fraction of energy is detected Ÿ lower resolution.
Ὢ Ὁ ȾὉ Generally used for both electrons & hadrons

Detector to collect signal 

of segment

1

2

3

Convert signal into energy of 

primary particle Ÿ

calibration

Detector to collect signal 

of segment
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A characteristic parameter (Ÿused material) determines the development of showers

Å electrons/photons: Radiation Length ὢ (EM interactions)

Å hadrons showers the Interaction Length ‗ (Hadronic interactions)

‗ Ⱦὢ ὃȾ ᴼ‗ ḻὢ

Ÿ Hadron calorimeters much longer than EM calorimeters. 

Å The length of showers ~ log(primary energy)

ÅŸ Calorimeters contain showers in large range of energies

Dimensions of Calorimeters

Typical Length
Longitudinal Size (95% 

containment)

Transverse Size 

(95% 

containment)

EM Showers

Radiation Length  

ὢͯ ὭὪὃὤᴼ

ὢ ρͯȾὃ

15 to 20 ὢ ~2 ὢ

Hadron 

Showers

interaction length 

‗ ὃͯȾ
6 to 9 ‗ 1 ‗

Scint
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The Shower Development

From 5 to 15 cm for a 

factor 1000 in energy

Simulated lateral development of 

showers in air

250 GeV proton 250 GeV photon

EM showers much 

narrower and better 

defined
In the end all type of showers (Had & 

EM) degrade most of the initial energy 

by ionization losses



T
o

n
i B

a
ro

n
ce

lli
: 

D
e
te

ct
o

rs

Calorimeters & Test Beams

A calorimetersignal Smeasured θ number ὔof nuclear interactions θ energy Ὁ. 

Ὓ ὲόὧὰὩὥὶὭὲὸὩὶὥὧὸὭέὲί‌ɇὉ

‌converts the calorimeter signal into energy. ‌has to be determined. 

One method is based on test beam(s). 

Beam of known particles of known energy

Rotating LAr EM calorimeter 

prototype of ATLAS

Same distance as in the experiment

Mimic the same set-up of the experiment

Å You measure the proportionality constant ‌at different 

incoming energies and check if it does depend on 

energy (should not!) Ÿ linearity

Å You measure the spread of the signal for a given 

energy Ÿ resolution
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Energy Response

Å The figure Ÿ the response of a 

calorimeter to beam particles of 

different energies is linear

Å The distribution of the signal at a 

given energy gives the ­resolution®. 

The signal of a shower is linear with energy, the resolution decreases with 

energy

Ὁ‏

Ὁ

Ὠὔ

ὔ

ὔ

ὔ

ὧέὲίὸ

Ὁ

In real life the resolution is  subject to several effects, and they have to be 

combined quadratically Ÿ a more complex parametrisation is normally used:

„ „ +„ +„ +„

Ὠ

ATLAS LAr

calorimeter

Decreases with energy

ɇ

Ȣɇ ɇ
¤
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Dead Material: how to Measure it?

... via photon conversion

Selection:

Å Two oppositely charged tracks 

with pT > 0.5 GeV
Å Small distance between tracks

Å Good vertex; zero opening angle 

ÅWell reconstructed tracks

Fraction of converted photons translate into radiation 

length

z [mm]

z [mm]

R
 [
m

m
]

E
n

tr
ie

s

ʴ

e+
eς

=́2Detector   layer

X
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Hadronic Secondary Interactions

Ɲ
'
 
 
 
 
 

track

track track

Secondaryinteraction

Primaryparticle

... via secondary vertices

Reconstruct vertices from

secondary interactions ...

Remove vertices from

Kaons and Ɠ...

Radius (mm)

Radius (mm)
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Radiography of the Detector

Data

Data

Simulation

Simulation

(a) , (b)  The x -y  view zooming-in to the beam pipe, 

IPT, IBL staves 

(c) , (d)  of the pixel detector.
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Time Evolution of Material Budget
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Reconstruction

Reconstruction
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Pattern Recognition

How to find which measurements (*) (hits) make a track and have to be fitted to compute a trajectory?

(*) One possible set of track parameters: 

Ὠȟᾀȟ‰ȟ(selgna eht fo tnegnat ro)ὴȾήȟ‮

You see by eye!

Invisible by eye!

Simulated event: 

H0Ÿ bb

@ Desy 1980Ÿ1990
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Complexity of Collider Experiments

Invisible by eye!

Simulated event: 

H0Ÿ bb

In modern Experiments, already at the time the 

experiment is designed, you need to 

consider/know

Å How different detectors contribute to the 
analysis of one single feature 

(=characteristic)

Å How your analysis programs will solve the 

problem of very crowded and complex 

topologies

ÅŸ it is more and more difficult to think in 

terms of single/isolated detectors

ÅŸ it is more and more difficult to separate 
hardware and analysis programs

One Experiment = undistinguishable ensemble of many detectors and of analysis programs
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Ambiguities in Pattern Recognition (~History)

How to find which measurements (*) (hits) make a track and have to be fitted to compute a trajectory?

(*) One possible measurement: (impact parameter, direction and momentum) Ὠȟᾀȟ‰ȟὴȾήȟ‮

Real track(s)

Fake track

Real points

Ghost points Ÿ wrong 

combinations

In some cases you may arrange your detector 

to give you an indication Ÿ u,v geometry

4 combinations!

In some other cases you may have to ­score® your points

Correct combinations

S
tr

ip
s
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Basic Ideas in Pattern Recognition

Three tracks are defined 

by tan(q) and x0

They appear like this in 

your detector

The goal of Pattern recognition is going from 

Pattern Space to Feature Space 

1. templates: if a limited set of topologies Ÿ create a 

­road® and compare it with your measurements. A 

correct ­road® will include a large number of 

points. Works for simple and few topologies 

Templates are checked with increasing granularity
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Hough Transform

2. Hough transform. 

Å Join all possible pairs of points with a line characterised by tan(q) and x0 . 

Å each pair of hits in two dimensions becomes a line; 

Å real track, Ÿ many aligned points Ÿ same tan(q) and x0 Ÿpeak in the ­Feature Space®. 

Å Wrong associations ~flat distribution.
Ÿ one peak indicates one track Ÿ look for peaks

One peak Ÿ one track

12

3

1

xx
tan(q) tan(q)

2

3

(only a few shown¤)
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After Pattern Recognition: Track Fitting (~Old Way)

Åmeasured points ά ±ƺi (at position ὼ)      of a track have been correctly identified in the pattern recognition 

step. 
Å trajectory of a particle is described by an analytic expression Ὢ

üὴis the set of parameters Ÿ the momentum in B field is one parameter 
üὪὼ is the coordinate predicted by the function (f might be a circle in a solenoid or a straight line)

Find the set of parameters ὴthat minimises the ɯ

Meaning: you find which is the trajectory which minimises the difference2 between all measurements and trajectory

Better approach: include also multiple 

scattering and energy losses

ὶ ὶὩίὭὨόὥὰὨὭὪὪὩὶὩὲὧὩάὩὥίόὶὩάὩὲὸὪόὲὧὸὭέὲ

Use the least squares principle to estimate the kinematical parameters of a particle = track fitting. 

Definition of ¯Chi Squared°: ɯ В ά ±ƺi

ὼ

Ὢὼ

Physical meaning: distance between fit function and hit normalised to measurement error
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(~Modern) Pattern Recognition

As a consequence, the full chain of pattern recognition and track fitting will be a single unit.

The ATLAS / CMS track finding / fitting currently consists of three sequences

1. the main inside-out track reconstruction (start with a seed defined by the beam spot and the innermost hits of 

the vertex detector)

2. Followed by a consecutive outside-in tracking (recover ~unused / unassigned hits)

3. As a third sequence, the pattern recognition for the finding of V0 vertices, kink objects due to bremsstrahlung 
and their associated tracks follows

In modern track reconstruction, finding + fitting a track at the same time

no clear distinction between pattern finding and track fitting. 

In past experiments the track reconstruction consisted of two steps (possible in ­old® experiments):

Å Pattern recognition

Å Track fit
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Track Fitting and Kalman Filter (~ Modern Way)

The Kalman filter proceeds progressively from one measurement to the next, improving the knowledge about the 

trajectory with each new measurement. 

With a traditional global fit, this would require a time consuming complete refit of the trajectory with each added 

measurement.

The ɯ method is not always convenient:

1. You need to have all points attributed to one track before the fit

2. It is expensive in terms of computing-time: a large number of 

points have to be handled in the C2 fit: # measurements x # 

parameters of each measurement 

3. to be repeated for many tracks! 

track following == the path is not clear a-priori Ÿ the direction becomes clearer as you follow the trajectory

Ÿ Kalman filter technique

Ÿ use pattern recognition methods which are based on track 
following, where it is not clear a-priori the right hit combination

ὔ ɇὔ ɇὔ
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Kalman Filter in a Cartoon

1 (2 hits)

2 (3 hits)

3 (4 hits)

Kalman filter is an iterative procedure

Å Starts from a seed (2 hits)

Å Extrapolates and includes next hit; accounts for 
material, multiple scattering, energy loss

Å Recalculates track parameters, refines extrapolation

Hits left?

Yes No

Goal: compute X, observable using a sequence of  measurements 

(k=1,2¤ indicates  successive measurements/states)

ὼ Ὂ ɇὼ

ὼ : ­state® at ­time k-1®

Ὂ: ­Transfer matrix®
ὼ: ­new state® at ­time k®

ÅŸ does not require handling of all k+1 hits, only one 

measurement (~1 hit) + parameters of state before Ÿ very 

fast algorithm. 

ÅŸ Random trajectory perturbations, (multiple scattering or 

energy loss) can be accounted for efficiently.

4 (5 hits)
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Kalman Filters

Kalman Filter approach consists of two steps:

Å The prediction step: extrapolate current trajectory (state vector) to next measurement from the Ÿ discard noise 

signals and hits from other tracks. 

Å The transfer step, which updates the state vector 

System state vector at the time k includes k-1 measurements and contains the parameters of the fitted track, given at 

the position of the kth hit (including hits before!)

The corresponding measurement errors covariance matrix (contains measurement errors) by Ck. 

The matrix Fk describes the propagation of the track parameters from the (k 1)th to the kth hit. 

Example: planar geometry with one dimensional measurements and straight-line tracks 

tx = tan Ưx the track slope in the xz plane, 

ὼ

ὸ Ὧ
ρ ᾀ ᾀ
π ρ

ὼ

ὸ

Ÿὼ ὼ ὸɇᾀ ᾀ
Ÿὸ ὸͽ Ὧ ρ

Fk = transfer matrix

State vector 

@ measurement k

State vector 

@ measurement k-1

ὼ Ὂ ɇὼ
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Propagation of States

The extrapolation from one state to another (in page before) is valid in general:

ὼ Ὂ ɇὼ

The transfer matrix Ὂ transports 

the state ὼ (at the measurement 

point ­k-1®) to the next state ὼ at 

measurement point k  

ὅ Ὂ ὅ Ὂ ὗ

Åὅ is the error matrix extrapolated from the state ὼ
(generally called Covariance Matrix). It contains errors on 

measurements (diagonal terms) but also the correlation 

among different terms.

A new term appears: Qkis due to ­random® perturbations to the 

particle trajectory (mostly) multiple scattering 

Ÿ ~ exact knowledge of material distribution

1. We extrapolated the state ὼ from measurement k-1 to state ὼ at measurement point k

2. We have to include new measurement k. The formalism is a bit complicated and can be found in reference (*)

(*) Pattern Recognition and Event Reconstruction in Particle Physics Experiments: R. Mankel1

Measurement k-1

Measurement k

New state

A Kalman-Filter approach is used in modern collider esperiments

Error on track 

parameters

https://arxiv.org/abs/physics/0402039v1
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Vertices in Events Produced at LHC

Beam Spot

Collision event:

Å One primary vertex from the hard inelastic collision

Å Several pile-up vertices (pp interactions, superimposed 

to the triggered primary vertex)
Å Secondary vertices are produced due to 

V Decay-chain: decays of long-lived b-particles 

decaying into c-particles (tertiary vertex) 

V ὠ ) Decays of neutral particles (like photon 
conversions into electron pairs ‎O ὩὩ )

The recording of one event is started by the ­trigger system® 

that detects ­interesting characteristics® 

Ÿ primary vertex

Ÿ during the time window of the trigger more than one 
interaction takes place Ÿ Pile-up vertices (next slide)



T
o

n
i B

a
ro

n
ce

lli
: 

D
e
te

ct
o

rs

Pile-up

4 interactions in ATLAS

(2010)

78 interactions in CMS

2018

The luminosity (Ÿ intensity of 

the beams at LHC) is so high 

than MANY interactions occur 

during the same bunch 

crossing. ~ Only one (at most) 
is interesting Ÿ hard inelastic 

collision) 

FILTER EVENTS!

Time ŷPile-up ŷ

‘ ὔόάȢέὪὭὲὸὩὶὥὧὸὭέὲίὭὲρὦόὲὧὬ
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One simulated event with 88 reconstructed vertices

A visualisation of 

simulated ὸӶὸquark pair 

production in a pp 

collision at 

14 TeVHL-LHC 

The simulated event 

includes approximately

Å 200 pileup 
interactions in the 

same bunch crossing

Å 88 primary vertices 

(blue balls) 

reconstructed along 
the beam line.
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Vertex Finding and Fitting

Outlayer

Inlayer

Beam axis Ÿ z axis

Ὠ

Ὠ ὨὭίὸὥὲὧὩέὪάὭὲὭάόάὥὴὴὶέὥὧὬέὪὸὶὥὧὯὭὸέσὈὺὩὶὸὩὼȰὺȱ

Ὠ

Ὠ

3D distances

y
a

x
is

Vertex fitting: identification of a vertex and computation of its 

3D position. It is based on the use of

distance of minimum approach ▀░between good quality tracks 

to the vertex (impact parameter).

1. Start with a seed (beam spot of interaction region)
2. Compute distances of all tracks from vertex ὺand weight 

distances with a weight computed using formula 

3. Minimize 

and 

find new ὺ
4. Vertex ὺ ὺ ?

ὺ

No Ÿ Lower T

No improvement during last step, vertex found. Remove tracks 

incompatible with vertex (wi <0.5) and use them for a secondary vertex

Yes

„ ὩὶὶέὶέὲὨ

What counts is the ratioὨȾ„

ὨȾ„




