
•Tracking

•Giacomo BRUNO 

•Center for Cosmology Particle Physics and Phenomenology (CP3)

•Université catholique de Louvain (UCL), Louvain-la-Neuve, Belgium

• Giacomo.Bruno@uclouvain.be



•Giacomo BRUNO - Tracking

Goals of tracking

• Crossing points of charged particles from tracking detectors

• Identify charged particles (e,μ,π,k,p,ions, Σ,Ξ,Ω, ,D,B,)
 From compatibility of position measurements with a particle trajectory (“track”)• Measure their momentum
 From trajectory and its bending in a magnetic field

• Input to higher-level reconstruction (use of several tracks, several
detectors or detector information other than position)
 Vertices (points of multiple track generation)
 Muons and electrons: id and measurements
 b-jet identification (“b-tagging”)
 Jet measurement with particle-flow algorithms
 Particle identification with Cherenkov light, dE/dx, TOF, transition radiation
 Detector calibration and alignment

• Physics data analysis
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• Lecture 1:
Tracking detectors

• Lecture 2:
Tracking algorithms

• Lecture 3:
Vertexing and alignment
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TRACKING DETECTORS

• Interactions
• Gas detectors
• Solid state detectors
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Interactions
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Ionization

• Elastic collisions with the electrons of the medium
 So frequent that energy loss can be described as a continuous process

(Bethe-Bloch formula)
 If M>>me, direction is almost unaffected.
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Ionization
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Energy loss fluctuations

• Bethe-Bloch gives the
mean of the energy loss
 Fluctuations described by

Landau-Vavilov
distribution

• For thin layers (< few
mm) Most Probable
Value is strongly shifted
toward lower values
 Long tail due to rare

energetic δ-rays (up to
several GeV)

  the mean is ill-defined
to describe deposits in
thin absorbers

 Relativistic rise is also
dumped
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Electrons: bremsstrahlung

• Very little change in
Bethe-Bloch

• Energy loss at HEP
energies is dominated
by bremsstrahlung
 Rare, catastrophic

process

9



•Giacomo BRUNO - Tracking

High-energy muons

• Radiative losses by bremmstrahlung, e-e+ pair production
and nuclear interactions• Contrary to electrons must go through massive parts of
the detector in order to improve momentum measurement
 Problem for tracking (will see later)

10



•Giacomo BRUNO - Tracking

Multiple scattering

• Elastic collisions with nuclei of the medium – analogy
with collisions in classical physics leads to the
conclusion
 Negligible contribution to energy loss
 Dominant contribution to change in direction

• Fundamental factor for tracking
 Can be described as a continuous process
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GAS DETECTORS
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Single-wire proportional chamber

• Particle passage through gas
creates electrons – ions pairs

• Electrons drift toward anode wire
 Drift distance ~ O (1 cm)
 Wire diameter ~ O(10-100 μm)

• As they approach the wire the
electric field increases and
accelerates electrons

• Charge multiplication (avalanche)
starts for E~O(10 kV/cm)
 New e-ion pairs produced
 N=n0exp(α(E)x)

• Electric signal induced on
electrodes
 Due to displacement of charge
 Ions gives useful signal

(electrons too fast and too little
distance covered)
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Gas gain

Depending on intensity of electric field:

• Ionization mode
 No primary charge amplification• Proportional mode
 Signal proportional to primary charge• Streamer mode
 Strong photoemission from e – ion

recombination
 Still, no need to switch off HV to stop

discharge• Geiger mode
 Massive photemission, this additional

ionizations and avalanches
 Full length of wire interested by

avalanches
 Need to cut off HV
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Evolution: multiwire proportional 
chamber

• Multiple wires in a single gas volume
 Interwire distance (pitch) ~ O(1 -10 mm)

• Space resolution
 Digital readout: pitch/√12
 Analog readout: much better

• But need additional electrodes (Strips or pads)• Nobel prize to G. Charpak
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• Position information by
measuring electron drift
time
 Drift velocity: O(10-100

μm/ns)

• Need external signal
providing particle arrival
time

• Large coverage with small
number of electronic
channels

• Suffers in busy
environments and in the
presence of magnetic fields
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Drift chambers at the LHC

• T0= absolute time of the bunch crossing at which TDC starts counting. It counts from 0 to 1000 ns and
then starts again. Start happens in coincidence with one bunch crossing.

• N=number of bunch crossings, after T0, at which the muon is produced at the vertex

• T0 + N x BXT + T_flight + T_drift_i + T_sigdelay = T0 + T_meas_i (x 4)

• 5 unknowns: 4 T_drift_i and N ; 4 measurements T_meas_i:

• X_i = V_drift x T_drift_i

• Y = A X + B ; 1 equation in 2 unknowns to be satisfied by 4 points

• 8 equations/constraints in 7 unknowns. Find out best estimates of the unknown from fit to
measurements. Chi^2 minimization.

• Can also work if there are only 3 measurements out of 4. In this case one has 6 equations/constraints
in 6 unknowns. It stops working with only 2 measurements.
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Time projection chamber (TPC)

• 3-dim track reco
 combines principles of

drift and multiwire
proportional chamber
in a single detector

• Gating plane
 Avoids gas

multiplication when no
external trigger signal

 Avoids ion diffusion in
the main drift region
(field distortions)
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ALICE TPC
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• ~5 m diameter. ~5 m height• O(500 k) pads on cylinder base
 7 x 4.5 mm2 each• 2.5 m max drift length (~100 us drift time)• Edrift~400 V/cm• Anode wire spacing: ~2.5 mm• Anode wire diameter: 20 um
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Micro-Strip Gas Chamber (MSGC)

• Replaces wires with microstructures on dielectric
materials
 Simpler construction

• Wires must be very thin, strung at high tension, ageing
problem

 Improved stability and flexibility (strips, pads, …)
 Improved rate capability

• Ions drift over very small distances (~ 100 um)
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Micromegas and GEM

• Reduce further
path for ions with
intermediate grids
 Further improve

rate capability
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Planar-electrode detectors 

• Ex: Resistive Plate
Chamber
 Planar electrode geometry
 Avalanche multiplication

starts immediately (V~10kV
over d~2 mm)

 Signal induced on strips or
pads electrodes

 Excellent time resolution
 Simple construction
 Poor space resolution (>1

mm) compared to wire
detectors

• Space extension of avalanche
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Gas detectors: summary

• Gas detectors – general
 +Small perturbation of primary particles
 +Low cost per unit surface
 +Flexible geometry
 Position resolution: O(>100 um) with wires
 - ageing (due to large charge involved,

discharges, chemical reactions)
 - rate capability

• Limited by evacuation of ion charge (field distortions,
primary electron capture)

• Solution: reduce path for ions
– MicroMEGAS, MSGC, GEM
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SOLID STATE DETECTORS
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Solid state material structure

• Each silicon atom has 4 closest neighbors, the 4 electrons
in the outer shell are shared and form covalent bonds.• At low temperature all electrons are bound• At higher temperature thermal vibrations break some of
the bonds and the free electrons provide conductivity:
electron conduction• The remaining open bonds can be filled by close-by
valence electrons (pushed by an electric field) such that
the “holes” change position: hole conduction.
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Energy levels structure

• In an isolated atom the electrons have only discrete
energy levels.• In solid state material the atomic levels merge to energy
bands.• In metals the conduction and the valence band overlap,
whereas in isolators and semiconductors these levels are
separated by an energy gap (band gap). In isolators this
gap is large.
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•Single occupied level (electron)
•Single empty level (hole)



•Giacomo BRUNO - Tracking

Semiconductor data
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Detecting particles

• In a pure semiconductor (no impurities), the density of electrons
in the conduction band, n, is equal to the density of holes in the
valence band, p.
 In silicon at room temperature:

• n=p= 1.45 1010 cm-3 free charge carrier density
• # atoms = 1022 cm-3

• Increasing the gas gap (going for insulators) reduces thermal
noise (reduces n and p), but reduces the signal from a MIP too
(more energy required to create an electron-hole pair. Optimal
gap is given by diamond, but still …

• Must find a different way to reduce the number of free charge
carriers
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n-doping
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• Add “donor” atoms
with 5 valence e-

 P, As, Ga, Sb

• 5th valence e- is
weakly bound and
can easily abandon
the atom to become a
free charge carrier
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p-doping

• “acceptor” atoms
with 3 valence e-

 B, Al, Ga, In

• Acceptors attract
near-by e- and
produce holes
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p-n junction

• At the junction between an n-
type and p-type
semiconductor:
 Conduction e- diffuse from n- to

p-type zone and recombine with
holes there.

 Holes diffuse from p- to n-type
zone and recombine with e-

 net static charge remains in the
region of the junction

• An E-field is generated that
counters diffusion until equilibrium
is reached

• Junction region gets depleted
of free charge carriers
 Depletion zone extends more

over region less doped
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p-n junction with reverse bias

• reverse bias operation:
external voltage with
anode connected to n-
type region

• Potential difference
across junction increases
 Static charge must

increase  depletion zone
extends further

• This is the operation
mode of a semiconductor
detector
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Semiconductor detector

• Segmentation
 Strips, pads, pixels

• Typical parameters
 Thickness: 150-500 um
 Strip pitch: 20-150 um
 Strip length: O(10 cm)
 Pixel size: 100 x 100 um2

 Charge collection: 20 ns
 Operating voltage:

O(100 V)

• Output signal
 dE/dx(MIP)=300 eV/um;

Si: 3.6 eV/pair  80 e-h
pairs per um  25000
pairs/MIP
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• Structure configuration
 n-doped substrate
 Heavily p-doped thin layer on one side

• Depletion zone extends fully on n side
 Heavily n-doped thin layer on opposite

side
• Just for ohmic contact
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Detector space resolution

• Calculate center of gravity
of collected charges
 Single strip clusters:

pitch/√12• Factors to take into
account
 δ-rays shift center of gravity
 Landau fluctuations
 Charge diffusion
 Lorentz drift in magnetic

fields
 Noise

• Leakage current
• Det capacitance (better with

small strips/pixels)
• Front-end electronics and

bias voltage components
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The CMS silicon inner tracker
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Solid state detectors: summary

• Various semiconductors• No need for detector level charge amplification (no
avalanches)
 Small ionization energy per pair

• E(e-h)=few eV
• Few tens of eV in gas detectors

 High density material
• High energy loss

– O(100) e-h/μm• Time response and time resolution
 Fast charge collection: O(10 ns)
 Very good time resolution: O(1 ns)• Space resolution
 ~Pitch/√12 for digital readout

• Pitch = 50μm-150μm
 Much better with analog readout

• Can make use of released charges on different strips• Very high rate capability
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TRACKING ALGORITHMS

• Experiment design
• Momentum measurement
• Track fitting
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EXPERIMENT DESIGN
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Detection systems

target

• Limited solid angle dΩ coverage
• relatively easy access (cables,
maintenance)
• little energy in the center of mass
• boosted particles – very displaced
secondary vertices

• “full” dΩ covergae
• very restricted access
• High energy in the center
of mass
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Magnetic fields in 4 experiments
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Track bending

• Solenoidal fields
 Bending happens in transverse plane

(R-φ)
• Will depend on transverse component

of momentum only
 Precise measurement must be in R-φ

plane
 R-z plane measurement can be less

precise
• Toroidal fields

 Bending in R-z plane
 Cannot exploit precise knowledge of

collision point at colliders
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Magnets at the LHC experiments
CMS Solenoid
• B=4 Tesla
• R= 2 m (1 m useful for
tracking)

ATLAS Toroids
• B= 2 Tesla
• R= 5 m (all useful
for tracking
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MOMENTUM MEASUREMENT
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Momentum measurement

In a solenoidal magnetic field, the
transverse momentum ( ) is
measured from track curvature

 Lorentz force:
 Trajectory is helix (projects to a circle

in the transverse plane)
 - classical derivation:

 The same, exact result is obtained
using the (correct) relativistic
approach.

 In convenient units:

[GeV/c] 0.3 [T] [m]

Ex: 4T;		 100 ; 1200
45
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Momentum measurement uncertainty

Actual measured quantity is sagitta, s:

2

	 ≪ 					 8 	; 	 8

	relative uncertainty - error propagation :

∆ ∆ 3
2

8

• prop. to detector position resolution

• prop. to , ,

• ∝ → is Gaussian distributed,
not

If N equally spaced detectors:
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Uncertainty: multiple scattering

47

Measured change of direction:

∆ 0.3

Change due to multiple scattering (MS) – assume
homogeneous amount of material over distance x:

∆

Momentum resolution due to MS:

∆ ∆
∆ 0.3	 ∙

Momentum resolution due to detector resolution:

∆
∙

Total momentum resolution:

∆
∙ ∙

•p1

•p2
•θ0

Small angle approximation
(R>>L): θ ~sinθ ~ tgθ

•θ

•θ/2

Using p=pT/cosα

•Ex(CMS tracker): ∆ 1.5% dominates up to pt~100 GeV
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Uncertainty: other factors

• Energy loss by ionization is usually small and easily
predictable
 Negligible effect
 Only in rare cases, emission of energetic δ-rays biases the

measurement• Energy loss by bremsstrahlung has large effects
 Use calorimeter rather than tracker

• collects brem e- too at the same position – collinear emission
 More sophisticated methods: evolution of Kalman Filter (will see

later): Gaussian Sum Filter
• Try to take it into account the energy loss probability.• Contribution of measurement uncertainty in z-coordinate

on full momentum measurement (not just its transverse
component)

 → ∆ ∆ ~ . 	 0.001	
• Negligible with respect to contribution of uncertainty in transverse

momentum
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TRACK RECONSTRUCTION
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• Track reconstruction classical tasks
 Track finding

• Determines all the subsets of detector position
measurements believed to originate from the same
particle: the track candidates

• Methods classified as either “local” or “global”

 Track fitting
• Applies to a track candidate and aims to estimate as

accurately as possible the set of parameters describing
the kinematical state of the particle at some point in
space, often at a reference surface close to the beam
crossing point
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TRACK FINDING
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Track finding global method: 
conformal mapping

• Maps circles through origin to straight lines

• High energy tracks almost go through origin
• Build a histogram of line azimuth-angles
• Find peaks in the histogram
• Hits in the peak are track candidates
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Hough and Legendre transforms

• Conformal doesn’t work when tracks
are not all circles through a single
point. Similar, more complex,
approaches can be used to for such
situations:
 Hough Transform maps straight lines to

straight lines (2d point straight line)

• Points lying on a straight line in xy plane
tend to form lines in the cd plane that cross
at the point providing the line parameters in
xy

• Peak search in a binned 2d parameter
space yield

 Legendre Transform maps circles to
sinusoidal curves
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Track finding: local methods

• Track road
 Initiated by a set of measurements that

could have been originated by the same
track (“seeds”)

 The expected shape of the trajectory is
used to extrapolate a “road” in the tracking
volume

 Measurements within the road boundaries
represent the track candidates

• There can be more than one candidate per
road• Track following

 Same first step as before
 Extrapolates to next layer and picks the

statistically most compatible position
measurement.

 Iterate until last layer is reached or too
many detection layers with no compatible
hits were checked
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TRACK FITTING
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Relevant concepts
• Track parameters

 5 parameters fully specify the track state at a given surfac
• Ex: 2 coordinates on the surface + momentum (3 parameters)
• 3rd spatial coordinate known by placement of surface

 Why fixing a surface ? Because detector measurements are on a surface (the one identified
by the detector itself – known)• Track covariance matrix

 5x5 matrix describing the uncertainties in the track parameters and their correlations
• Diagonal elements are parameter variances σi

2

• Off-diagonal elements are covariance terms ρσiσj , where ρ is correlation coefficient• Track model
 Describes how the track parameter or state vector at a given surface k depends on the state

vector on a different surface I
 Allows “propagation” of track parameters and their covariance matrix• Detector measurements
 Characterised by different parameters than track

• Typically 2d points (and 2x2 cov matrix) or 2d segments (4 par)

56

•Ex: tracking in 2d with no field
•Parameters , y

•Track model

•
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Naïve track fitting
• Examples

 Tracking in 2d with no magnetic field
• Fit the 1d measurements with a straight line in a 2d plane - χ2 minimization
• Best-fit values correspond to track parameters on first detection surface

 Tracking in transverse plane with magnetic field
• Fit 1d measurements with a circle (R, x0, y0 ) in the plane - χ2 minimization
• Best-fit values provide momentum at any point along trajectory (from R), and

position at any surface (from intersection with circle)• This approach is basically what has been assumed in the
treatment of momentum measurement earlier in this course
and in some simple track finding algorithms
 Results are biased and non-optimal for having neglected material

effects

57
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Material effects and Kalman Filter

• Material effects
 Energy loss by ionization

• If there is B-field the particle trajectory will be bent more according to the energy lost.
• Often modeled as a deterministic effect in the track model- neglect fluctuations

 Multiple scattering
• MS deflects the trajectory in a random fashion.
• Effect results in inflated covariance matrix of after track propagation.

 Bremsstrahlung energy loss
• Large non-Gaussian fluctuations. Affects both track parameters and covariance matrix.
• Cannot be treated optimally by the simplest and most common track fitting approach: the

linear global least-squares method• Linear global least-squares method
 Least-squares fit to detector measurements
 Takes into account detector effects (ionization and MS) in the track model.
 Optimal method if true track model is linear, i.e. if propagation can be

performed with a matrix operation.• Kalman Filter algorithm
 Iterative, equivalent, version of the global, least-squares method
 Computationally less demanding: requires inversion of smaller matrices
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Kalman Filter (KF) technique in a 
nutshell 

1. KF starts when track hits have already been identified
 Result of “pattern finding” step2. KF also needs a “seed”
 The “seed” is the track state (i.e. estimated track 3-momentum, position

and associated cov matrix)at some starting surface3. KF propagates the track state to the next surface containing a
measurements
 The track model is used to compute the extrapolated track state4. KF “updates” the track state at the reached surface with the information

from the measured hit
 Weighted (by the uncertainties) mean of two measurements.5. Iterate 3 to 4 until last detector surface with a measured hit is reached6. KF “smooths” the state at previous surfaces
 Adds information from following measurements
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Kalman Filter technique (I)
• “Propagation” step

 Propagate track state (including its uncertainty) from one
surface to the next detection surface

 pk
k-1 = Fk-1pk-1

• Fk-1 propagation matrix (5x5) from surface k-1 to next surface
– Depends on average energy loss, magnetic field, detector layout
– Describes the deterministic part of the propagation

• Pk-1 track parameters at surface k-1
• Pk

k-1 propagated track parameters from surface k-1 to surface k
Note that this is a linear transformation

 Ck
k-1 = Fk-1 Ck-1 FT

k-1 + Qk-1
• Ck-1 covariance matrix at surface k-1
• Qk-1 contribution to covariance matrix from random part of

propagation (Multiple Scattering and energy loss)
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Kalman Filter technique (II)
• “Update” step

 Use measurement on reached detection surface to correct
extrapolated track state (weighted average of two independent
measurements of the same quantity)

 Updated state
• pk = Ck[(Ck

k-1)-1 pk
k-1 + Hk

T Vk
-1 mk ]

• Ck = [(Ck
k-1)-1 + Hk

T Vk
-1 Hk ]-1

• Hk matrix (2x5 if 2-d detector measurements)
– It transforms the 5 track parameter at surface k into the 2 position-

related parameters that are measured by the detector. Needed
because, in general, a detector doesn’t measure directly all 5 track
parameters.

• Vk “covariance” or error matrix of detector measurement
– Elements of matrix V are determined on the basis of the knowledge of the

used detectors (space resolution…)
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Kalman Filter (III)
• “Smoothing” step

 Full information (measured track hits) is used only at the last
surface

 How can we use all available information to obtain the best
estimate of the the track state on intermediate surfaces?

• Once reached the last surface, perform Kalman Filter in opposite
direction (“backward” as opposed to “forward”) and compute on each
surface a weighted sum of the backward extrapolated state and the
forward updated state• Removal of outliers

 From noise, other tracks… (mistakes of track finding)
 Monitor measurement contribution to track χ2

• doesn’t work in presence of more than one outlier
• Robust adaptive methods address this issue• Resolution of ambiguities

 Track finding can be such that two or more measurements are
shared by tracks. Must resolve these cases

• One method is Combinatorial Kalman Filter
– Track finding and fitting steps are merged
– Branch tracks If more than one compatible measurement is found
– Eventually keep the best track based on quality and χ2
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VERTEX RECONSTRUCTION
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Vertex reconstruction

• Vertex finding
 Identify subsets of tracks originated from the same

point in space
• Colliding beams primary vertices
• Decay of unstable particles secondary decay vertices
• Interaction with matter secondary interaction vertices• Vertex fitting

 Estimate the vertex position and the track states at
some surface near the vertex• Benefits of vertex reco

 Use vertex constraint to improve track parameters
 Reconstruct momentum of unstable particles decaying

to charged ones
 Measure decay lengths of unstable particles
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Vertex finding

• One simple method for primary vertices
 Take longitudinal impact parameter of all reco

tracks (coordinate along beam direction of the
point of closest approach to the beam line in
trasverse plane) Build triplets of hits and project in
the longitudinal plane (no bending) the straight line

 Histogram them and search for maxima
• Other methods

 Radon transform (similar to approach seen in
track finding)

 Neural network based
 … details in reference
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Vertex fitting

• Problem is very similar to track fitting
 Track states at some refence surface are the

measurements
 The vertex position and the track momenta at the

vertex are the quantities to be estimated
• Classical method: KF vertex fitter

– Final result does not depend on order of tracks
– Smoother updates the track momenta with ultimate vertex

position
– Track states of participating tracks can be updated with

additional vertex point. Tracks are no longer independent

• More recent efforts have gone into robust
vertex fitters
 Reduce impact of outliers.
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ALIGNMENT
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Alignment

• The alignment problem
 Estimate 3 shifts + 3 rotation angles per detector module
 Vector ak of alignment parameters for N modules (at the LHC N~104)• Precision to achieve
 Better than detector resolution

• Which is much better than assembly precision plus “survey” measurements (laser
based systems)

• Need track based alignment• Track based alignment methods
 Residual methods
 Least squares methods
 Slides taken from (web link on last slide on references):
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Toy experimental setup
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Residual methods
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Results after 30 iterations
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Discussion
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Improved results
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Linear least-squares method
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Results after one attempt
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Added value: fit detector parameters 
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