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ThisThis talk talk willwill be an be an overviewoverview ofof thethe tracktrack
reconstructionreconstruction strategiesstrategies and and algorithmsalgorithms in in 
thethe fourfour LHC LHC experimentsexperiments

willwill not be not be ableable to cover all relevant material in 30 to cover all relevant material in 30 
minutesminutes

e.ge.g. . effectseffects ofof misalignmentmisalignment treatedtreated in in otherother talkstalks
have have thereforetherefore chosenchosen to to emphasizeemphasize

algorithmsalgorithms ratherrather thanthan software software technicalitiestechnicalities
mainmain//innerinner trackingtracking systems and systems and tracktrack reconstructionreconstruction
starting from starting from preparedprepared rawraw datadata
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OutlineOutline

IntroductionIntroduction
Overall Overall comparisoncomparison ofof trackingtracking strategiesstrategies

similaritiessimilarities
differencesdifferences

SpecificSpecific strategiesstrategies for for eacheach experimentexperiment
ExamplesExamples ofof ((relativelyrelatively) ) recentrecent
developmentsdevelopments
ConclusionsConclusions
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IntroductionIntroduction
Track reconstruction is traditionally divided into two separate Track reconstruction is traditionally divided into two separate subtasks:subtasks:

track findingtrack finding
track fittingtrack fitting

Track finding:Track finding:
division of set of measurements in a tracking detector into subsdivision of set of measurements in a tracking detector into subsetsets
each subset contains measurements believed to originate from theeach subset contains measurements believed to originate from the same same 
particleparticle

Track fitting:Track fitting:
starts out with the measurements inside one subset as provided bstarts out with the measurements inside one subset as provided by the y the 
track findertrack finder
aims to optimally estimate a set of track parameters from the inaims to optimally estimate a set of track parameters from the information formation 
from the measurements from the measurements 
evaluates the quality and final acceptance of the track candidatevaluates the quality and final acceptance of the track candidatee
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IntroductionIntroduction
Tracking detector

with cylindrical layers

Input to track finding
is all or parts of

the measurements
in the detector at a

given instance 
A successful track finder

identifies a set of potential
tracks as indicated in 

the figure

Measurements along these 
tracks are given to the track 

fitter for parameter estimation 
and final validation of track

candidate
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IntroductionIntroduction

After the track fit one 
usually forgets about

the measurements and 
only cares about a 

compact representation 
of the tracks
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Overall Overall strategiesstrategies

All All experimentsexperiments have have implementedimplemented severalseveral
trackingtracking strategiesstrategies

seemsseems to be consensus to be consensus thatthat therethere is is nono single single 
algorithmalgorithm optimal for all optimal for all useuse casescases
typicallytypically oneone defaultdefault approachapproach as as wellwell as as variousvarious
alternative alternative approachesapproaches, e. g., e. g.

secondsecond--passpass tracktrack findingfinding
tracktrack fitting in fitting in densedense jetsjets
specialspecial treatmenttreatment ofof electronselectrons
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Overall Overall strategiesstrategies

Overall Overall decompositiondecomposition in all in all experimentsexperiments::
Seed Seed generationgeneration
LocalLocal tracktrack findingfinding ((trajectorytrajectory buildingbuilding) starting from ) starting from 
seedseed
TrackTrack fittingfitting
PostPost--processingprocessing

refittingrefitting, , ambiguityambiguity resolutionresolution etc.etc.
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Overall Overall strategiesstrategies
Seed Seed generationgeneration

seed: seed: typicallytypically a a fewfew measurementsmeasurements (and (and sometimessometimes a a vertexvertex
constraintconstraint) ) plusplus initial initial tracktrack parametersparameters
ALICE: ALICE: outerouter part part ofof TPCTPC

alternative starting in ITS (alternative starting in ITS (closeclose to beam)to beam)
ATLAS: ATLAS: innerinner part part ofof InnerInner DetectorDetector

alternative starting in TRTalternative starting in TRT
CMS: CMS: innerinner part part ofof TrackerTracker

recentrecent alternative alternative usingusing measurementsmeasurements alsoalso at at thethe outsideoutside
LHCbLHCb: : seedsseeds in VELO (in VELO (closeclose to beam)to beam)

alternative starting in T alternative starting in T stationsstations furtherfurther outout
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Overall Overall strategiesstrategies
LocalLocal tracktrack findingfinding starting from seedstarting from seed

global global approachesapproaches more or less absent, more or less absent, exceptexcept e. g.e. g.
ALICE: ALICE: 

HoughHough transformtransform in in slicesslices ofof TPCTPC
HopfieldHopfield neural neural networknetwork in in standstand--alonealone tracktrack findingfinding in ITSin ITS

ATLAS: ATLAS: 
HoughHough transformtransform in TRTin TRT

CMS: CMS: 
HopfieldHopfield netnet triedtried outout and and abandonedabandoned severalseveral yearsyears agoago

none none ofof thethe aboveabove areare defaultdefault
commoncommon denominatordenominator: : combinatorialcombinatorial KalmanKalman filter (CKF)filter (CKF)

all all experimentsexperiments exceptexcept LHCbLHCb for for defaultdefault tracktrack findingfinding
LHCbLHCb: histogram : histogram ofof distancesdistances from from measurementsmeasurements to to parameterizedparameterized
trajectorytrajectory
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Overall Overall strategiesstrategies
KalmanKalman filter:filter:

recursiverecursive leastleast--squaressquares estimatorestimator, , 
mathematicallymathematically equivalentequivalent to to 
global global leastleast--squaressquares fitfit
alternating alternating betweenbetween propagationpropagation
and and updateupdate stepssteps
severalseveral advantagesadvantages as as comparedcompared to to 
global global leastleast--squaressquares approachapproach
introducedintroduced by P. by P. BilloirBilloir in 1984 in 1984 
((withoutwithout realizingrealizing it it waswas a a KalmanKalman
filter) and R. Frfilter) and R. Früühwirthhwirth in 1987 in 1987 
(realizing it was a (realizing it was a KalmanKalman filter , filter , 
introducing the introducing the KalmanKalman smoother)smoother)
first implementation in DELPHI first implementation in DELPHI 
experiment at LEP at CERNexperiment at LEP at CERN
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Overall Overall strategiesstrategies
Due to Due to recursiverecursive nature nature 
KalmanKalman filter filter wellwell suitedsuited for for 
combinedcombined tracktrack findingfinding and and 
fittingfitting
CKF most CKF most popularpopular approachapproach
(due to (due to RainerRainer MankelMankel, NIM , NIM 
A 395 (1997)):A 395 (1997)):

buildbuild upup treetree ofof tracktrack
candidatescandidates starting from seedstarting from seed
variousvarious qualityquality criteriacriteria used to used to 
cutcut branchesbranches during during recursiverecursive
procedureprocedure
keepkeep best best candidatecandidate in in thethe endend
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Overall Overall strategiesstrategies
TrackTrack fittingfitting

KalmanKalman filter most filter most commoncommon tracktrack fitting fitting algorithmalgorithm in all in all 
LHC LHC experimentsexperiments
global global fitfit still used as alternative in ATLAS still used as alternative in ATLAS InnerInner DetectorDetector
and as and as defaultdefault in ATLAS in ATLAS muonmuon systemsystem
generalizationsgeneralizations ofof KalmanKalman filter filter alsoalso used in ATLAS and used in ATLAS and 
CMSCMS

DeterministicDeterministic AnnealingAnnealing Filter (DAF)Filter (DAF)
highhigh--luminosityluminosity TRT TRT tracktrack fitting in ATLASfitting in ATLAS
tracktrack fitting in fitting in densedense jets in CMSjets in CMS

GaussianGaussian--sumsum filter (GSF)filter (GSF)
electronelectron tracktrack fitting in fitting in bothboth experimentsexperiments
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Overall Overall strategiesstrategies

PostPost--processingprocessing::
CMS: CMS: removingremoving tracktrack candidatescandidates whichwhich have have tootoo
manymany measurementsmeasurements in in commoncommon

trajectorytrajectory cleaningcleaning

ATLAS: ATLAS: outlieroutlier rejectionrejection at at variousvarious stagesstages
ALICE+LHCbALICE+LHCb: : secondsecond--passpass tracktrack findingfinding
refittingrefitting
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MuonMuon trackingtracking
In general more material, less In general more material, less wellwell--behavedbehaved magneticmagnetic
fieldsfields and longer and longer propagationpropagation distancesdistances thanthan in in mainmain
trackingtracking systemssystems

needneed ofof dedicateddedicated propagatorspropagators
potentialpotential codecode rere--useuse ifif propagatorpropagator implementationsimplementations areare
hiddenhidden behindbehind abstractabstract interfaceinterface

ALICE+CMS: ALICE+CMS: combinatorialcombinatorial KalmanKalman filterfilter
ATLAS: ATLAS: locallocal tracktrack findingfinding in regions in regions ofof interestinterest, , 
matching matching tracktrack segments, global segments, global tracktrack fitfit
LHCbLHCb: : locallocal tracktrack findingfinding, , momentummomentum estimatedestimated by by 
vertexvertex constraintconstraint and and measuredmeasured kink kink throughthrough magneticmagnetic
fieldfield
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SoftwareSoftware
Main Main programmingprogramming languagelanguage: C++: C++

somesome ((veryvery fewfew) pieces ) pieces ofof residualresidual F77F77
importantimportant part part ofof ATLAS ATLAS muonmuon reconstructionreconstruction in F90in F90

Trend: Trend: decompositiondecomposition ofof codecode intointo componentscomponents withwith
implementationimplementation detailsdetails hiddenhidden behindbehind abstractabstract
interfacesinterfaces

differentdifferent reconstructionreconstruction algorithmsalgorithms putput basicbasic componentscomponents
togethertogether in in differentdifferent waysways
ATLAS+CMS: ATLAS+CMS: codecode sharingsharing muonmuon//innerinner trackingtracking systemssystems
in general in general thethe experimentsexperiments areare movingmoving awayaway from from monolithicmonolithic
packagespackages
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ALICE ALICE 
detectorsdetectors

Solenoid magnet B<0.5 T TPC (the largest ever…):
88 m3 , 510 cm length, 250 cm radius 
Ne (90%) + CO2 (10%)
88 μs drift time
160 pad rows
570312 pads - channels
main tracking device, dE/dx

22 π π * 1.8 units of pseudo* 1.8 units of pseudo--rapidityrapidity

ITS
6 Layers, 3 technologies

Material budget < 1% of X0  per layer! 
Silicon Pixels → vertices resolution in xy 
(0.2 m2, 9.8 Mchannels)
Silicon Drift → resolution in z

(1.3 m2, 133 kchannels) 
Double-sided Strip → connection w/TPC

(4.9 m2, 2.6 Mchannels)

Central tracking system:
• Inner Tracking System 
• Time Projection Chamber
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ALICE ALICE 
detectorsdetectors

Central tracking system:
•Transition Radiation Detector
• Time Of Flight

22 π π * 1.8 units of pseudo* 1.8 units of pseudo--rapidityrapidity

TRD
6 layers for:
• electron/pion separation at pt>1 
GeV
•tracking complement
•high pt trigger

MultigapMultigap Resistive Plate ChambersResistive Plate Chambers  
5 years R&D, and5 years R&D, and
σσ < 100 < 100 psps
pions, kaons, protons separation 
electrons/pions at low pt
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Tracking strategy Tracking strategy –– Primary Primary 
trackstracks

Iterative processIterative process
Forward propagation Forward propagation 
towards to the vertex towards to the vertex ––
TPCTPC--ITSITS
Back propagation Back propagation ––ITSITS--
TPCTPC--TRDTRD--TOFTOF
Refit inward TOFRefit inward TOF--
TRDTRD--TPCTPC--ITSITS

Continuous seeding Continuous seeding ––
track segment finding track segment finding 
in all detectorsin all detectors

TRD

TPC

ITS

TOF

MarianMarian IvanovIvanov
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Tracking efficiencyTracking efficiency

TPC

all detectors

For realistic particle densities
dN/dy = 2000 – 4000

combined efficiency well above 90%
and fake track probability below 5%

Challenge in high-particle density environment
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The ATLAS DetectorThe ATLAS Detector
Weight: 7000 t

44 m
22

m
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ATLAS ATLAS InnerInner DetectorDetector
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WolfgangWolfgang LiebigLiebig
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Thomas Thomas SpeerSpeer
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LHCbLHCb
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Matt Matt NeedhamNeedham
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TrackingTracking beyondbeyond thethe
KalmanKalman filterfilter

DeterministicDeterministic AnnealingAnnealing FilterFilter
GaussianGaussian--sumsum filterfilter

ATLAS + CMSATLAS + CMS
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Sebastian Sebastian FleischmannFleischmann
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ATLAS: ATLAS: resolutionresolution as as functionfunction ofof noisenoise

fast fast simulationsimulation
preliminarypreliminary
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CMS: CMS: trackstracks in in highhigh--ptpt bb--jetsjets

MatthiasMatthias WinklerWinkler
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ElectronsElectrons
Electrons lose energy mostly by Bremsstrahlung

z = final Energy
initial Energy

 
t = X

X
0

=  amount of material 

f(z) =
−ln z( ){ }t

ln(2)
−1

Γ t
ln(2)

⎛
⎝⎜

⎞
⎠⎟

Bethe-Heitler Distribution PDF

Tom Tom AtkinsonAtkinson
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GaussianGaussian--Sum FilterSum Filter
GSF GSF resemblesresembles severalseveral
KalmanKalman filters filters runningrunning in in 
parallelparallel
DifferentDifferent componentscomponents
correspondcorrespond to to variousvarious
degreesdegrees ofof hardnesshardness ofof
bremsstrahlungbremsstrahlung radiationradiation
MeasurementsMeasurements used to a used to a 
posteriori posteriori determinedetermine
whichwhich componentcomponent is is 
correctcorrect
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MomentumMomentum residualsresiduals

ATLASATLAS CMSCMS
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Effective 1σ
resolution 
vs. true 

momentum

Effective 2σ
resolution 
vs. true 

momentum

ATLASATLAS

CMSCMS

Effective 1σ and 2σ
resolution vs. true 

momentum
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J/J/ψψ reconstructionreconstruction

mJ/Ψ = 3096.9GeV

Full width  Γ = 91.0KeV

Invariant mass from GSF
Invariant mass from KF

Reconstructed invariant mass e+e-

m
0
2=E2-

r
p

2
Invariant mass:

ATLASATLAS
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ConclusionsConclusions
I have given an I have given an overviewoverview ofof currentcurrent trackingtracking
strategiesstrategies in in thethe LHC LHC experimentsexperiments

transversetransverse viewview
longitudinal longitudinal viewview

ManyMany commonalitiescommonalities butbut alsoalso differencesdifferences
detectorsdetectors areare differentdifferent
manpowermanpower situationsituation is is differentdifferent

SignificantSignificant changeschanges sincesince beginningbeginning ofof LEP LEP eraera::
earlyearly LEP: LEP: dominateddominated by global by global leastleast--squaressquares
techniquestechniques, , KalmanKalman filter filter waswas newnew and and exoticexotic
earlyearly LHC: LHC: dominateddominated by by KalmanKalman filter, filter, somesome newnew
developmentsdevelopments areare starting to starting to appearappear in ATLAS and CMSin ATLAS and CMS
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