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The Large Hadron Collider (LHC)The Large The Large HadronHadron Collider (LHC)Collider (LHC)
MachineMachine

Occupies old LEP tunnel at CERN, Occupies old LEP tunnel at CERN, 
Geneva, Switzerland & FranceGeneva, Switzerland & France
About 27 km longAbout 27 km long
5050--100m underground100m underground
1232 bending magnets1232 bending magnets
392 focusing magnets392 focusing magnets
All superconductingAll superconducting

~96 tons of He for ~1600 magnets~96 tons of He for ~1600 magnets

Beams (design)Beams (design)
pp collider pp collider 

7 7 TeVTeV on 7 on 7 TeVTeV (14 (14 TeVTeV collision collision 
energy)energy)
Luminosity 10Luminosity 103434 cmcm--22ss--11

2808 x 2808 bunches2808 x 2808 bunches
Bunch crossing time 25 ns (40 MHz)Bunch crossing time 25 ns (40 MHz)
~23 pp collisions/bunch crossing~23 pp collisions/bunch crossing

Heavy ion collider (Heavy ion collider (PbPb))
Collision energy 1150 Collision energy 1150 TeVTeV (2.76 (2.76 
TeVTeV/nucleon)/nucleon)

LINAC2 PSB
PS SPS LHC

LINAC3 LEIR

50 MeV 1.4 GeV

26 GeV 450 GeV 7 TeV

2.76 TeV 
per nucleon

Proton acceleration chain: 
LINAC→Proton Synchrotron Booster (PSB)→Proton Synchrotron (PS)→Super Proton Synchrotron (SPS)→LHC
Pb ion acceleration chain: 
LINAC→Low Energy Ion Injector Ring (LEIR)→Proton Synchrotron (PS)→Super Proton Synchrotron (SPS)→LHC
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OverviewOverviewOverview
Lecture 1 (Saturday, October 4Lecture 1 (Saturday, October 4thth, 2008, 12:30, 2008, 12:30--

13:30): Signals from particle jets 13:30): Signals from particle jets 
ExperimentalistExperimentalist’’s view on jetss view on jets
Jet response of a nonJet response of a non--compensating calorimetercompensating calorimeter
Brief view at the ATLAS & CMS detectorsBrief view at the ATLAS & CMS detectors
Calorimeter signal reconstruction: cells, towers, clustersCalorimeter signal reconstruction: cells, towers, clusters

Lecture 2 (Sunday, October 5Lecture 2 (Sunday, October 5thth, 2008, 12:30, 2008, 12:30--13:30): 13:30): 
Jet algorithms and reconstructionJet algorithms and reconstruction

Physics environment for jet reconstruction at LHCPhysics environment for jet reconstruction at LHC
Jet algorithms and reconstruction guidelinesJet algorithms and reconstruction guidelines
Jet calibration strategiesJet calibration strategies
Jet Reconstruction PerformanceJet Reconstruction Performance

Lecture 3 (Sunday, October 5Lecture 3 (Sunday, October 5thth, 2008, 17:00, 2008, 17:00--18:00): 18:00): 
Refinement of jet reconstruction at LHCRefinement of jet reconstruction at LHC

Refined calibration using other detectorsRefined calibration using other detectors
Tagging jets from pileTagging jets from pile--upup
The origin of jets: masses and shapesThe origin of jets: masses and shapes
AOBAOB
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Experimentalist’s View On JetsExperimentalistExperimentalist’’s View On Jetss View On Jets
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“Jetology 101”““JetologyJetology 101101””
What are jets for experimentalists?What are jets for experimentalists?

A bunch of particles generated by A bunch of particles generated by 
hadronizationhadronization of a common sourceof a common source

Quark, gluon Quark, gluon fragmenationfragmenation
As a consequence, the particles in this bunch As a consequence, the particles in this bunch 
have correlated kinematic propertieshave correlated kinematic properties
The The interactinginteracting particles in this bunch generated an observable particles in this bunch generated an observable 
signal in a detectorsignal in a detector

Protons, neutrons, Protons, neutrons, pionspions, photons, electrons, , photons, electrons, muonsmuons, other particles with , other particles with 
laboratory lifetimes >~10ps, and the corresponding antilaboratory lifetimes >~10ps, and the corresponding anti--particlesparticles

The The nonnon--interactinginteracting particles do not generate a directly observable particles do not generate a directly observable 
signalsignal

Neutrinos, mostlyNeutrinos, mostly
The real answer was of course given in Michael The real answer was of course given in Michael PeskinPeskin’’ss lecture, of lecture, of 
course!course!

What is jet reconstruction, then?What is jet reconstruction, then?
Model: attempt to collect the final state particles described abModel: attempt to collect the final state particles described above into ove into 
objects (jets) representing the original objects (jets) representing the original partonparton kinematickinematic

ReRe--establishing the correlationsestablishing the correlations
Experiment: attempt to collect the detector signals from these Experiment: attempt to collect the detector signals from these 
particles to measure their original kinematicsparticles to measure their original kinematics

Usually not the Usually not the partonparton!!

Lecture 1: Experimentalist’s view on jets 
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Lecture 1: Experimentalist’s view on jets 

Experiment (“Nature”)Experiment (“Nature”)



Slide Slide 77 of of 5858
Peter LochPeter Loch

September 17, 2008September 17, 2008

Lecture 1: Experimentalist’s view on jets 

Experiment (“Nature”)Experiment (“Nature”)

Particles

2 2( , )pdf Q xΜ ⊗

UE
MB

MB MB

Multiple InteractionsMultiple Interactions

Modeling Particle JetsModeling Particle Jets

Stable Particles

Decays

Jet Finding

Particle 
Jets

Particle 
Jets

Generated
Particles

Generated
Particles
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Lecture 1: Experimentalist’s view on jets 

Experiment (“Nature”)Experiment (“Nature”) Modeling Calorimeter JetsModeling Calorimeter Jets

Stable Particles

Raw Calorimeter Signals

Detector Simulation

Reconstructed Calorimeter Signals

Signal Reconstruction

Jet Finding

Reconstructed 
Jets

Reconstructed 
JetsIdentified 

Particles
Identified 
Particles
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Lecture 1: Experimentalist’s view on jets 

Experiment (“Nature”)Experiment (“Nature”) Measuring Calorimeter JetsMeasuring Calorimeter Jets

Observable Particles

Raw Calorimeter Signals

Measurement

Reconstructed Calorimeter Signals

Signal Reconstruction

Jet Finding

Reconstructed 
Jets

Reconstructed 
JetsIdentified 

Particles
Identified 
Particles
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Lecture 1: Experimentalist’s view on jets 

Experiment (“Nature”)Experiment (“Nature”) Jet Reconstruction ChallengesJet Reconstruction Challenges

physics reaction of interest (interaction or parton level)physics reaction of interest (interaction or parton level)

added tracks from underlying event
added tracks from in-time (same trigger) pile-up event

jet reconstruction algorithm efficiency

added tracks from underlying event
added tracks from in-time (same trigger) pile-up event

jet reconstruction algorithm efficiency

longitudinal energy leakage
detector signal inefficiencies (dead channels, HV…)

pile-up noise from (off- and in-time) bunch crossings
electronic noise

calo signal definition (clustering, noise suppression…)
dead material losses (front, cracks, transitions…)

detector response characteristics (e/h ≠ 1)
jet reconstruction algorithm efficiency

lost soft tracks due to magnetic field

longitudinal energy leakage
detector signal inefficiencies (dead channels, HV…)

pile-up noise from (off- and in-time) bunch crossings
electronic noise

calo signal definition (clustering, noise suppression…)
dead material losses (front, cracks, transitions…)

detector response characteristics (e/h ≠ 1)
jet reconstruction algorithm efficiency

lost soft tracks due to magnetic field
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Jet ReconstructionJet ReconstructionJet Reconstruction
Experimental goalExperimental goal

Find the best Find the best ““picturepicture”” of the final state representing the collision dynamics of the final state representing the collision dynamics 
behind a given eventbehind a given event

Best reconstruction of fragmented hard scattered Best reconstruction of fragmented hard scattered partonparton and general event energy flowand general event energy flow
““ResolutionResolution”” requirements for this picture depend on physics question asked requirements for this picture depend on physics question asked 
Reconstruct source of jetReconstruct source of jet

Sequential processSequential process
Input signal selectionInput signal selection

Get the best signals out of your detector on a given scaleGet the best signals out of your detector on a given scale
Preparation for jet findingPreparation for jet finding

Suppression/cancellation of Suppression/cancellation of ““unphysicalunphysical”” signal objects with E<0 (due to noise)signal objects with E<0 (due to noise)
Possibly event ambiguity resolution (remove reconstructed electrPossibly event ambiguity resolution (remove reconstructed electrons, photons, ons, photons, taustaus,,……
from detector signal)from detector signal)
PrePre--clustering to speed up reconstruction (not needed as much anymorclustering to speed up reconstruction (not needed as much anymore)e)

Jet findingJet finding
Apply your jet finder of choiceApply your jet finder of choice

Jet calibrationJet calibration
Depending on detector, jet finder choices, referencesDepending on detector, jet finder choices, references……

Jet selectionJet selection
Apply cuts on kinematics etc. to select jets of interest or signApply cuts on kinematics etc. to select jets of interest or significanceificance

ObjectiveObjective
Reconstruct particle level featuresReconstruct particle level features

Test models and extract physicsTest models and extract physics

Lecture 1: Experimentalist’s view on jets 
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Jet Signal DetectionJet Signal DetectionJet Signal Detection
Calorimeters are the detectors of choiceCalorimeters are the detectors of choice

Generate signals from charged and neutral particles in jetsGenerate signals from charged and neutral particles in jets
Tracking devices only sensitive to charged particlesTracking devices only sensitive to charged particles

Full absorption detectorsFull absorption detectors
All energy of the original particle deposited within calorimeterAll energy of the original particle deposited within calorimeter
Generate signals proportional to energy depositGenerate signals proportional to energy deposit

Segmented readoutSegmented readout
Collection energy in (small) volumes allows reconstruction of thCollection energy in (small) volumes allows reconstruction of the particle e particle 
directiondirection
Spatial energy distribution hints at incoming particle nature Spatial energy distribution hints at incoming particle nature 

Overall detector contributes to detection efficiencyOverall detector contributes to detection efficiency
Magnetic field Magnetic field 

Often solenoid field in inner detector cavity in front of caloriOften solenoid field in inner detector cavity in front of calorimetersmeters
Leads to jet energy losses due to bending of charged particles aLeads to jet energy losses due to bending of charged particles away from way from 
the calorimeter (low the calorimeter (low pTpT, no calorimeter signal at all) or away from the jet, no calorimeter signal at all) or away from the jet

Inactive materials Inactive materials 
Energy losses in inner detector and its services and support (frEnergy losses in inner detector and its services and support (from point of om point of 
calorimetrycalorimetry) ) 
Energy losses in mechanical structures insides (support beams, iEnergy losses in mechanical structures insides (support beams, internal nternal 
transition regions etc.) and outside the calorimeter (cryostat wtransition regions etc.) and outside the calorimeter (cryostat walls etc.)alls etc.)

Lecture 1: Experimentalist’s view on jets 
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Jet Response Of Non-compensating 
Calorimeters

Jet Response Of NonJet Response Of Non--compensating compensating 
CalorimetersCalorimeters
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Calorimeter Basics (1)Calorimeter Basics (1)Calorimeter Basics (1)
Full absorption detectorFull absorption detector

Idea is to convert incoming particle energy into detectable Idea is to convert incoming particle energy into detectable 
signalssignals

Light or electric currentLight or electric current
Should work for charged and neutral particlesShould work for charged and neutral particles

Exploits the fact that particles entering matter deposit their Exploits the fact that particles entering matter deposit their 
energy in particle cascadesenergy in particle cascades

Electrons/photons in electromagnetic showersElectrons/photons in electromagnetic showers
Charged Charged pionspions, protons, neutrons in , protons, neutrons in hadronichadronic showersshowers
MuonsMuons do not shower at all in generaldo not shower at all in general

Principal design challengesPrincipal design challenges
Need dense matter to absorb particles within a small detector Need dense matter to absorb particles within a small detector 
volumevolume

Lead for electrons and photons, copper or iron for hadronsLead for electrons and photons, copper or iron for hadrons
Need Need ““lightlight”” material to collect signals with least lossesmaterial to collect signals with least losses

ScintillatorScintillator plastic, plastic, nobelnobel gases and liquidsgases and liquids
Solution I: combination of both features Solution I: combination of both features 

Crystal Crystal calorimetrycalorimetry, BGO, BGO
Solution II: sampling Solution II: sampling calorimetrycalorimetry

Lecture 1: Jet response of non-compensating calorimeters   
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Calorimeter Basics (2)Calorimeter Basics (2)Calorimeter Basics (2)
Sampling calorimetersSampling calorimeters

Use dense material for absorption powerUse dense material for absorption power……
No direct signal No direct signal 

……in combination with highly efficient active material in combination with highly efficient active material 
Generates signalGenerates signal

Consequence: only a certain fraction of the incoming Consequence: only a certain fraction of the incoming 
energy is directly converted into a signalenergy is directly converted into a signal

Typically 1Typically 1--10%10%

Signal is therefore subjected to sampling statisticsSignal is therefore subjected to sampling statistics
The same energy loss by a given particle type may The same energy loss by a given particle type may 
generate different signalsgenerate different signals
Limit of precision in measurementsLimit of precision in measurements

Need to understand particle responseNeed to understand particle response
Electromagnetic and Electromagnetic and hadronichadronic showersshowers

Lecture 1: Jet response of non-compensating calorimeters   
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Electromagnetic Calorimeter SignalsElectromagnetic Calorimeter SignalsElectromagnetic Calorimeter Signals
Electromagnetic showersElectromagnetic showers

Particle cascade generated by Particle cascade generated by 
electrons/positrons and electrons/positrons and 
photons in matterphotons in matter
Developed by Developed by bremsbrems--
strahlungstrahlung & pair& pair--productionproduction

Compact signalCompact signal
Regular shower shapesRegular shower shapes

Small showerSmall shower--toto--shower shower 
fluctuationsfluctuations

Strong correlation between Strong correlation between 
longitudinal and lateral longitudinal and lateral 
shower spreadshower spread

Well measured in sampling Well measured in sampling 
calorimeterscalorimeters

Signal directly proportional to Signal directly proportional to 
deposited energydeposited energy
Signal resolution nearly Signal resolution nearly 
completely due to sampling completely due to sampling 
fluctuationsfluctuations

Lecture 1: Jet response of non-compensating calorimeters   
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Grupen, 

Particle Detectors

Cambridge University Press (1996)

Hadronic ShowersHadronicHadronic ShowersShowers
HadronicHadronic cascadescascades

Particle cascade Particle cascade 
generated in matter generated in matter 
by by hadronhadron--nucleon nucleon 
collisions in nucleuscollisions in nucleus
Driving force for Driving force for 
shower development shower development 
is  strong interactionis  strong interaction

~200 possible ~200 possible 
processes with processes with 
<1% probability <1% probability 
each!each!

Intrinsic Intrinsic 
electromagnetic electromagnetic 
showers from showers from ππ00

production in production in 
inelastic inelastic hadronichadronic
interactioninteraction

Lecture 1: Jet response of non-compensating calorimeters   

Hadron-nucleus interaction:
(1) Fast component from internal hadron-

nucleon cascades produce more hadrons 
continues shower development

(2) Energy in slow nuclear phase with nuclear 
fission or break-up, and evaporation (de-
exitation) lost for shower developement
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Hadronic Shower CharacteristicsHadronicHadronic Shower CharacteristicsShower Characteristics
HadronicHadronic signalssignals

Signal only from ionization by charged particles and Signal only from ionization by charged particles and 
intrinsic electromagnetic showersintrinsic electromagnetic showers
Large energy losses without Large energy losses without signal generation signal generation 

Binding energy lossesBinding energy losses
Escaping energy/slow particles (neutrinos/neutrons)Escaping energy/slow particles (neutrinos/neutrons)

Signal depends on size of electromagnetic componentSignal depends on size of electromagnetic component
Energy invested in neutral Energy invested in neutral pionspions lost for further lost for further hadronichadronic
shower shower developementdevelopement
Fluctuating significantly showerFluctuating significantly shower--byby--showershower
Weakly depending on incoming Weakly depending on incoming hadronhadron energyenergy

Consequence: nonConsequence: non--compensationcompensation
Hadrons generate less signal than electrons depositing Hadrons generate less signal than electrons depositing 
the same energythe same energy

Lecture 1: Jet response of non-compensating calorimeters   



Slide Slide 1919 of of 5858
Peter LochPeter Loch

September 17, 2008September 17, 2008

Shower ParametersShower ParametersShower Parameters
ElectromagneticElectromagnetic

CompactCompact
Growths in depth ~Growths in depth ~log(Elog(E))

Longitudinal extension scale Longitudinal extension scale 
is radiation length is radiation length XX00

Distance in matter in which Distance in matter in which 
~50% of electron energy is ~50% of electron energy is 
radiated offradiated off
Photons Photons 9/7 X9/7 X00

Strong correlation between Strong correlation between 
lateral and longitudinal lateral and longitudinal 
shower developmentshower development
Small showerSmall shower--toto--shower shower 
fluctuationsfluctuations

Very regular developmentVery regular development

Can be simulated with high Can be simulated with high 
precisionprecision

1% or better, depending on 1% or better, depending on 
featuresfeatures

HadronicHadronic
Scattered, significantly biggerScattered, significantly bigger

Growths in depth ~Growths in depth ~log(Elog(E))

Longitudinal extension scale Longitudinal extension scale 
is interaction length is interaction length λλ

Average distance between Average distance between 
two inelastic interactions in two inelastic interactions in 
mattermatter
Varies significantly for Varies significantly for pionspions, , 
protons, neutronsprotons, neutrons

Weak correlation between Weak correlation between 
longitudinal and lateral longitudinal and lateral 
shower developmentshower development
Large showerLarge shower--toto--shower shower 
fluctuationsfluctuations

Very irregular developmentVery irregular development

Can be simulated with Can be simulated with 
reasonable precisionreasonable precision

~2~2--5% depending on 5% depending on 
featurefeature

Lecture 1: Jet response of non-compensating calorimeters   
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Single hadron response:

with intrinsic electromagnetic energy 
fraction in hadronic showers 
parametrized as*:

Single Single hadronhadron response:response:

with intrinsic electromagnetic energy with intrinsic electromagnetic energy 
fraction in fraction in hadronichadronic showers showers 
parametrizedparametrized as*:as*:

Hadronic Signal Composition (1)HadronicHadronic Signal Composition (1)Signal Composition (1)

( )

( )

( ) 1 ( ) ( )

1 ( )

em em

em em

eh

h e
e

E f E f E

f E f
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⎛ ⎞= − + ⋅⎜ ⎟
⎝ ⎠
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( ) 1 ( ) ( )

1 ( )

em em

em em
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h e
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E f E f E

f E f
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**D.GroomD.Groom et al., NIM A338, 336et al., NIM A338, 336--347 (1994)347 (1994)

Lecture 1: Jet response of non-compensating calorimeters   
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Hadron Signal Composition (2)HadronHadron Signal Composition (2)Signal Composition (2)
ObservableObservable

provides experimental access to provides experimental access to 
characteristic calorimeter variables in characteristic calorimeter variables in pionpion
testbeamstestbeams, like , like e/he/h, by fitting the energy , by fitting the energy 
dependence of the dependence of the pionpion signal in signal in 
testbeamstestbeams:   :   

e/he/h is often constant, example: in both H1 is often constant, example: in both H1 
and ATLAS about 50% of the energy in the and ATLAS about 50% of the energy in the 
hadronichadronic branch generates a signal branch generates a signal 
independent of the energy itselfindependent of the energy itself

( ) ( )( ) ( )
1 1 1

0 0 0

1

1 1 1
m m m

ee
E E h E E e h

e
E E

π
− − −

≈ =
⎛ ⎞+ − − −⎜ ⎟
⎝ ⎠

( ) ( )( ) ( )
1 1 1

0 0 0

1

1 1 1
m m m

ee
E E h E E e h

e
E E

π
− − −

≈ =
⎛ ⎞+ − − −⎜ ⎟
⎝ ⎠

, with rec depe E E e h constπ = =, with rec depe E E e h constπ = =

2.6e h =

Lecture 1: Jet response of non-compensating calorimeters   
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Jet Signal Composition Jet Signal Composition Jet Signal Composition 
Jet response with perfect acceptance (all particles detected):

Jet energy fractions from 
fragmentation functions: 

Fragmentation well 
measured at LEP –
extrapolation to much 
higher energy jets not 
obvious

Jet response with perfect acceptance (all particles detected):Jet response with perfect acceptance (all particles detected):

Jet energy fractions from Jet energy fractions from 
fragmentation functions: fragmentation functions: 

Fragmentation well Fragmentation well 
measured at LEP measured at LEP ––
extrapolation to much extrapolation to much 
higher energy jets not higher energy jets not 
obviousobvious

1

1 N
jet
em i

i

f E
E

γ
γ

=

= ∑
1

1 N
jet
em i

i

f E
E

γ
γ

=

= ∑

jet transverse energyjet transverse energy

jet energyjet energy

jet rapidityjet rapidity

jet
emf

jet
emf

jet
emf

hardest parton
pT>280 GeV

( ) ( ) ( )( ) 1 1 1jet jet jet jet
em em em em em emj E f f f f f fe

e
h eπ ⎛ ⎞⎛ ⎞= ⋅ + − ⋅ = + − ⋅ + − ⋅⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

( ) ( ) ( )( ) 1 1 1jet jet jet jet
em em em em em emj E f f f f f fe

e
h eπ ⎛ ⎞⎛ ⎞= ⋅ + − ⋅ = + − ⋅ + − ⋅⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

Lecture 1: Jet response of non-compensating calorimeters   
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Ideal Jet ResponseIdeal Jet ResponseIdeal Jet Response
Assume all Assume all 
particles in jet particles in jet 
contribute to contribute to 
signalsignal

Not really true, Not really true, 
see latersee later
Expect primary Expect primary 
photon content to photon content to 
increase jet signalincrease jet signal
compared to compared to pionpion
signalsignal

Expectation too naExpectation too naïïveve
low energetic particles may not reach calorimeter at alllow energetic particles may not reach calorimeter at all
Realistic response evaluation needs acceptance folded in! Realistic response evaluation needs acceptance folded in! 

Energy (GeV)

R
es

p
o
n
se

 R
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io

Lecture 1: Jet response of non-compensating calorimeters   
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Calorimeter AcceptanceCalorimeter AcceptanceCalorimeter Acceptance
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Not all incoming energy deposited in 
calorimeter due to upstream material 
losses (depend on the particle type 
and material)

Basic energy scale signal depends on 
particle type, deposited energy and 
signal characteristics of calorimeter 
(noise etc.);

Basic energy scale signal depends on 
particle type, deposited energy and 
signal characteristics of calorimeter 
(noise etc.);

Detection thresholds on incoming 
particle energy – no precision 
measurement possible below this! 

Detection thresholds on incoming 
particle energy – no precision 
measurement possible below this! 
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Jet Response To Jet Energy ReconstructionJet Response To Jet Energy ReconstructionJet Response To Jet Energy Reconstruction
Jets are bundles of Jets are bundles of 
particlesparticles

~25% initial photons~25% initial photons
HadronicHadronic particles include particles include 
mostly mostly pionspions, , kaonskaons, protons , protons 
and their antiand their anti--particlesparticles

Different response!Different response!

Jet response in nonJet response in non--
compensating calorimeterscompensating calorimeters

Jet signal depends on Jet signal depends on 
fragmentation/particle fragmentation/particle 
contentcontent

Significant jetSignificant jet--toto--jet jet 
response variations due to response variations due to 
more or less photonsmore or less photons
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Lecture 1: Jet response of non-compensating calorimeters   
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Limitations Of Simple ModelsLimitations Of Simple ModelsLimitations Of Simple Models
Jet response is complexJet response is complex

Need to understand electron/photon and Need to understand electron/photon and hadronhadron response of response of 
calorimetercalorimeter
Also need to understand acceptance for each particle typeAlso need to understand acceptance for each particle type

Signal thresholdsSignal thresholds
Overlapping showers in jets may enhance acceptance for low Overlapping showers in jets may enhance acceptance for low 
energetic particles if compared to isolated particlesenergetic particles if compared to isolated particles

Jet particle content/fragmentation not easily accessible in Jet particle content/fragmentation not easily accessible in 
hadronhadron colliderscolliders

Cannot analytically fold single particle response with Cannot analytically fold single particle response with 
fragmentation to understand experimental signalsfragmentation to understand experimental signals
Large fluctuations in particle compositionLarge fluctuations in particle composition

Large shower signal fluctuations for hadronsLarge shower signal fluctuations for hadrons
Net effect on jets depends on fragmentation!Net effect on jets depends on fragmentation!

Need physics and detector simulation to understand Need physics and detector simulation to understand 
jet response!!jet response!!

Lecture 1: Jet response of non-compensating calorimeters   
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ATLAS & CMS DetectorsATLAS & CMS DetectorsATLAS & CMS Detectors
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ATLAS: A General Purpose Detector For LHCATLAS: A General Purpose Detector For LHCATLAS: A General Purpose Detector For LHC

Total weight   :  7000 t
Overall length:  46 m
Overall diameter:  23 m
Magnetic field:  2T solenoid

+ toroid

Lecture 1: ATLAS & CMS Detectors  
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CMS: A General Purpose Detector For LHCCMS: A General Purpose Detector For LHCCMS: A General Purpose Detector For LHC

Total weight:  12500 t
Overall length:  22 m
Overall diameter:  15 m
Magnetic field:  4T solenoid

Lecture 1: ATLAS & CMS Detectors  
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Typical Detector FeaturesTypical Detector FeaturesTypical Detector Features
Hermetic coverage over a wide angular rangeHermetic coverage over a wide angular range

Efficient missing transverse energy reconstruction due to large Efficient missing transverse energy reconstruction due to large 
coverage in pseudocoverage in pseudo--rapidityrapidity

Very forward detection of particles and jets produced in pp Very forward detection of particles and jets produced in pp 
collisionscollisions

High particle reconstruction High particle reconstruction 
efficiencyefficiency

Important for final stateImportant for final state
reconstruction and reconstruction and 
classificationclassification

Relative energy resolution Relative energy resolution 
for electrons, photons and for electrons, photons and 
muonsmuons is 2is 2--4%4%

1 ln ln tan 5
2 2

z

z

p p
p p

θη
⎛ ⎞+ ⎛ ⎞= = ≤⎜ ⎟ ⎜ ⎟− ⎝ ⎠⎝ ⎠

1 ln ln tan 5
2 2

z

z

p p
p p

θη
⎛ ⎞+ ⎛ ⎞= = ≤⎜ ⎟ ⎜ ⎟− ⎝ ⎠⎝ ⎠

100100~50%~50%tautau

100100~60%~60%bb--jetjet

101033~80%~80%photonphoton

101055~80%~80%ee±±

101055~90%~90%muonmuon

Jet RejectionEfficiencyParticles

Lecture 1: ATLAS & CMS Detectors  
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EM Endcap 
EMEC

EM Barrel 
EMB

Hadronic Endcap

ForwardTile Barrel

Tile Extended 
Barrel

The ATLAS CalorimetersThe ATLAS CalorimetersThe ATLAS Calorimeters

Electromagnetic BarrelElectromagnetic Barrel
||ηη| < 1.4| < 1.4

Electromagnetic Electromagnetic EndCapEndCap
1.375 < |1.375 < |ηη| < 3.2| < 3.2

HadronicHadronic TileTile
||ηη| < 1.7| < 1.7

HadronicHadronic EndCapEndCap
1.5 < |1.5 < |ηη| < 3.2| < 3.2

Forward CalorimeterForward Calorimeter
3.2 < |3.2 < |ηη| < 4.9| < 4.9

Varied granularity       
Varied technologies               
Overlap/crack regions

~200,000 readout cells

Varied granularity       Varied granularity       
Varied technologies               Varied technologies               
Overlap/crack regionsOverlap/crack regions

~200,000 readout cells~200,000 readout cells

Lecture 1: ATLAS & CMS Detectors  
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Electromagnetic CalorimetryElectromagnetic Electromagnetic CalorimetryCalorimetry

Highly segmented Highly segmented 
lead/liquid argon accordionlead/liquid argon accordion

No No azimuthalazimuthal crackscracks
3 depth segments3 depth segments

+ pre+ pre--sampler (limited sampler (limited 
coverage)coverage)

Strip cells in 1Strip cells in 1stst layerlayer
Very high granularity in pseudoVery high granularity in pseudo--
rapidity rapidity 

Deep cells in 2Deep cells in 2ndnd layerlayer
High granularity in both High granularity in both 
directionsdirections

Shallow cells in 3Shallow cells in 3rdrd layerlayer

0.003 0.1η ϕΔ ×Δ ≈ ×

0.025 0.025η ϕΔ ×Δ ≈ ×

0.05 0.025η ϕΔ ×Δ ≈ ×

Electromagnetic BarrelElectromagnetic BarrelElectromagnetic Barrel

Lecture 1: ATLAS & CMS Detectors  
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Tile calorimeterTile calorimeter
Iron/Iron/scintillatorscintillator tiled readouttiled readout
3 depth segments3 depth segments

QuasiQuasi--projective readout cellsprojective readout cells
First two layers:First two layers:

Third layerThird layer

Very fast light Very fast light 
collectioncollection

~50 ns~50 ns
Dual fiber Dual fiber 
readout for each readout for each 
channelchannel

0.1 0.1η ϕΔ ×Δ ≈ ×0.1 0.1η ϕΔ ×Δ ≈ ×

0.2 0.1η ϕΔ ×Δ ≈ ×0.2 0.1η ϕΔ ×Δ ≈ ×

Hadronic CalorimetryHadronicHadronic CalorimetryCalorimetry
Lecture 1: ATLAS & CMS Detectors  
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EndCap CalorimetersEndCapEndCap CalorimetersCalorimeters

0.025 0.025 2.5,  middle layer
         

0.1 0.1 2.5 3.2
η

η ϕ
η

⎧ × <
Δ ×Δ ≈ ⎨ × < <⎩

0.025 0.025 2.5,  middle layer
         

0.1 0.1 2.5 3.2
η

η ϕ
η

⎧ × <
Δ ×Δ ≈ ⎨ × < <⎩

0.1 0.1 2.5
0.2 0.2 2.5 3.2

η
η ϕ

η
⎧ × <

Δ ×Δ ≈ ⎨ × < <⎩

0.1 0.1 2.5
0.2 0.2 2.5 3.2

η
η ϕ

η
⎧ × <

Δ ×Δ ≈ ⎨ × < <⎩

Electromagnetic Electromagnetic ““Spanish Spanish 
FanFan”” accordionaccordion

Highly segmented with up to Highly segmented with up to 
three longitudinal segmentsthree longitudinal segments

HadronicHadronic liquid liquid 
argon/copper argon/copper 
calorimetercalorimeter

Parallel plate Parallel plate 
designdesign
Four longitudinal Four longitudinal 
segmentssegments
QuasiQuasi--projective projective 
cellscells

Lecture 1: ATLAS & CMS Detectors  
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FCal1FCal1

FCal2FCal2

FCal3FCal3Forward CalorimetersForward CalorimetersForward Calorimeters
Design featuresDesign features

Compact absorbersCompact absorbers
Small showersSmall showers

Tubular thin gap electrodesTubular thin gap electrodes
Suppress positive charge buildSuppress positive charge build--up up 
((ArAr+) in high ionization rate +) in high ionization rate 
environmentenvironment
Stable calibrationStable calibration

Rectangular nonRectangular non--projective readout projective readout 
cellscells

Electromagnetic FCal1Electromagnetic FCal1
Liquid argon/copperLiquid argon/copper

Gap ~260 Gap ~260 μμmm
HadronicHadronic FCal2FCal2

Liquid argon/tungstenLiquid argon/tungsten
Gap ~375 Gap ~375 μμmm

HadronicHadronic FCal3FCal3
Liquid argon/tungstenLiquid argon/tungsten

Gap ~500 Gap ~500 μμmm

0.2 0.2η ϕΔ ×Δ ≈ ×0.2 0.2η ϕΔ ×Δ ≈ ×

Lecture 1: ATLAS & CMS Detectors  
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ATLAS Calorimeter SummaryATLAS Calorimeter SummaryATLAS Calorimeter Summary
NonNon--compensating calorimeterscompensating calorimeters

Electrons generate larger signal than Electrons generate larger signal than pionspions depositing the depositing the 
same energysame energy

Typically Typically e/e/ππ ≈≈ 1.31.3

High particle stoppingHigh particle stopping
power over wholepower over whole
detector acceptance detector acceptance ||ηη|<4.9|<4.9

~26~26--35 X35 X00 electromagnetic electromagnetic 
calorimetrycalorimetry
~ 10 ~ 10 λλ total for hadronstotal for hadrons

Hermetic coverageHermetic coverage
No significant cracks in No significant cracks in 
azimuthazimuth
NonNon--pointing transition between barrel, pointing transition between barrel, endcapendcap and forwardand forward

Small performance penalty for hadrons/jetsSmall performance penalty for hadrons/jets

Lecture 1: ATLAS & CMS Detectors  
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Calorimeter Signal ReconstructionCalorimeter Signal ReconstructionCalorimeter Signal Reconstruction
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Signal CollectionSignal CollectionSignal Collection
Lecture 1: Calorimeter Signal Reconstruction 
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Signal Formation in ATLAS (Example)Signal Formation in ATLAS (Example)Signal Formation in ATLAS (Example)
Slow signal formationSlow signal formation

~450 ns drift time @ ~450 ns drift time @ 
1 kV/mm electric field1 kV/mm electric field
High bunch crossing High bunch crossing 
(collision)(collision)
frequency at LHCfrequency at LHC

40 MHz/every 25 ns40 MHz/every 25 ns

Shape signal Shape signal 
electronicallyelectronically

Make time integrated Make time integrated 
average of all signals 0average of all signals 0

Suppresses signal history, Suppresses signal history, 
no signal pileno signal pile--upup

BiBi--polar shaping with fast polar shaping with fast 
rising edgerising edge

Peak of shaped pulse is Peak of shaped pulse is 
measure of initial currentmeasure of initial current

reading out (digitize) reading out (digitize) 
5 samples sufficient!5 samples sufficient!

Lecture 1: Calorimeter Signal Reconstruction 
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Online Signal Channel ProcessingOnline Signal Channel ProcessingOnline Signal Channel Processing
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Correction & calibration 
sequence is example only! 
Order and applicable factors 
depend on calorimeter sub-
system (electrode structure, 
readout organization…)

Lecture 1: Calorimeter Signal Reconstruction 
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Calorimeter CellsCalorimeter CellsCalorimeter Cells
Smallest signal collection volumeSmallest signal collection volume

Defines resolution of spatial structuresDefines resolution of spatial structures
Each is read out independentlyEach is read out independently

Individual cell signalsIndividual cell signals
Sensitive to noiseSensitive to noise

Fluctuations in electronics gain and shapingFluctuations in electronics gain and shaping
Time jittersTime jitters
Physics sources like multiple interactionsPhysics sources like multiple interactions

Hard to calibrateHard to calibrate
No measure to determine if electromagnetic or No measure to determine if electromagnetic or hadronichadronic, i.e. no , i.e. no 
handle to estimate handle to estimate e/he/h from single cell alonefrom single cell alone
Need signal Need signal neighbourhoodneighbourhood to calibrateto calibrate

Basic energy scaleBasic energy scale
Use electron calibration to establish basic energy scale for celUse electron calibration to establish basic energy scale for cell l 
signalssignals

Cell geometryCell geometry
Often pointing to the nominal collision vertexOften pointing to the nominal collision vertex

Lateral sizes scale with pseudoLateral sizes scale with pseudo--rapidity and rapidity and azimuthalazimuthal angular angular 
openingopening

Lecture 1: Calorimeter Signal Reconstruction 
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wcell

1.0

1.0

0.25 0.25

0.25 0.25

Collecting Cells: TowersCollecting Cells: TowersCollecting Cells: Towers

Imposes regular grid view on Imposes regular grid view on 
event (                     )event (                     )

Motivated by event ET flowMotivated by event ET flow
Natural for trigger!Natural for trigger!

Calorimeter cell signals are Calorimeter cell signals are 
summed up in tower binssummed up in tower bins

Default: no cell selection, all cells Default: no cell selection, all cells 
are includedare included

IndiscriminatoryIndiscriminatory signal sum includes signal sum includes 
cells without any true signal at allcells without any true signal at all

Sum typically includes geometrical Sum typically includes geometrical 
weightweight

Towers have fixed directionTowers have fixed direction
MasslessMassless fourfour--momentum momentum 
representation on electrorepresentation on electro--
magnetic energy scalemagnetic energy scale

( ) ( )  with 2 2 2, , , , ,6 x y z x y zE E p p p p E p p pηϕ ηϕ ηϕη ϕ = = + +( ) ( )  with 2 2 2, , , , ,6 x y z x y zE E p p p p E p p pηϕ ηϕ ηϕη ϕ = = + +

projective cellsprojective cells

nonnon--projectiveprojective
cellscells

( )
0,

0

1     if   
 

1  if  

cell

cell cell
A A

cell
cell

cell

E w E

A
w

A

ηϕ
ηϕ

ηϕ
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ηϕ

η ϕ

η ϕ

≠

=

⎧ ≤ Δ ×Δ⎪= ⎨
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. .0 1 0 1η ϕΔ ×Δ = ×. .0 1 0 1η ϕΔ ×Δ = ×

Lecture 1: Calorimeter Signal Reconstruction 
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Topological Cell ClustersTopological Cell ClustersTopological Cell Clusters
Motivation Motivation 

Attempt reconstruction of individual particle showersAttempt reconstruction of individual particle showers
Reconstruct 3Reconstruct 3--dim clusters of cells with correlated signals dim clusters of cells with correlated signals 

Use shape of these clusters to locally calibrate themUse shape of these clusters to locally calibrate them
Explore differences between electromagnetic and Explore differences between electromagnetic and hadronichadronic shower shower 
development and select best suited calibrationdevelopment and select best suited calibration

SupressSupress noise with least bias on physics signalsnoise with least bias on physics signals
Often less than 50% of all cells in an event with Often less than 50% of all cells in an event with ““realreal”” signalsignal

ImplementationImplementation
Find seed with significant signal above primary seed threshold Find seed with significant signal above primary seed threshold SS

Signal significance is signalSignal significance is signal--overover--noise (absolute)noise (absolute)

Collect all Collect all neighbouringneighbouring cells (in 3cells (in 3--d) with signals with significance d) with signals with significance 
above basic threshold above basic threshold PP
If If neighbouringneighbouring cells have signal above secondary seed cells have signal above secondary seed NN, collect , collect 
neighboursneighbours of of neighboursneighbours if they have significance above if they have significance above PP
Analyze clusters for local signal maxima and split if more than Analyze clusters for local signal maxima and split if more than one one 
foundfound

In 3In 3--d, againd, again
Note that very low signal cells can survive Note that very low signal cells can survive ““effectiveeffective”” cell signal cell signal 
significance selection with this algorithm if larger signal in vsignificance selection with this algorithm if larger signal in vicinityicinity

0 noiseE σ0 noiseE σ

Lecture 1: Calorimeter Signal Reconstruction 
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Topological Cell 
Clusterscont’d
Topological Cell Topological Cell 
ClustersClusterscontcont’’dd

cluste
r ca

ndidate
 #1

cluste
r ca

ndidate
 #2

#3?

Lecture 1: Calorimeter Signal Reconstruction 
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Calorimeter Jet Signals: It’s All In The Pictures…Calorimeter Jet Signals: ItCalorimeter Jet Signals: It’’s All In The Picturess All In The Pictures……

Lecture 1: Calorimeter Signal Reconstruction 
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Hadronic Cluster CalibrationHadronicHadronic Cluster CalibrationCluster Calibration
Local approach (cluster context)Local approach (cluster context)

Calibrate calorimeter signal firstCalibrate calorimeter signal first
Provides calibration for all signals without need for jet contexProvides calibration for all signals without need for jet contextt

Separate electromagnetic from Separate electromagnetic from hadronichadronic
signalssignals

Topological clustering/energy blob reconTopological clustering/energy blob recon--
structionstruction
Cluster shape analysis explores differences Cluster shape analysis explores differences 
between electromagnetic and between electromagnetic and hadronichadronic
shower developmentshower development

Compactness of electromagnetic shower

Attempt to only calibrate Attempt to only calibrate hadronichadronic clustersclusters
NonNon--compensation only issue for compensation only issue for hadronichadronic showersshowers

Absorb particle or jet signal variations due to algorithms, sizeAbsorb particle or jet signal variations due to algorithms, size, physics , physics 
environment into correctionsenvironment into corrections

Factorization possibleFactorization possible
Jet context corrections not applied to other Jet context corrections not applied to other hadronichadronic objectsobjects

Cannot completely factorize calibration and correctionsCannot completely factorize calibration and corrections
Correlation between inactive material energy losses and effectivCorrelation between inactive material energy losses and effective e e/he/h
in calorimeters, for examplein calorimeters, for example

RD3 note 41, 28 Jan 1993

Lecture 1: Calorimeter Signal Reconstruction 
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Local Hadronic CalibrationLocal Local HadronicHadronic CalibrationCalibration
CaloCluster

(em scale)

Cluster Classification

Hadronic Calibration

Dead Material 
Corrections

Out-of-cluster 
Corrections

CaloCluster
(calibrated)

Dead Material 
Corrections

electromagnetic hadronic

Out-of-cluster 
Corrections

Lecture 1: Calorimeter Signal Reconstruction 
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Cell Signal Weighting In ATLASCell Signal Weighting In ATLASCell Signal Weighting In ATLAS
Weights are extracted from simulationsWeights are extracted from simulations

Signals and deposited energies from single charged Signals and deposited energies from single charged pionpion MCMC

Weights are calculated as function of cluster & cell Weights are calculated as function of cluster & cell 
variablesvariables

Signal environment used as additional indicator of Signal environment used as additional indicator of hadronichadronic charactercharacter

( )iv nvisis nonEm
cell

E escm
cel

nonEm
cell

aped
c ll lell ceE EEEw E= + + +

Escaped energy (no signal contribution)

Invisible energy (no signal contribution)

Ionization energy (charged hadron & muon signal contribution)

Electromagnetic energy (electron,positron,photon signal contribution)

Purely hadronic shower branch

Electromagnetic shower branch

( ), , ,...visnonEmem Em
cell cell active

c A E E t ε⎡ ⎤⋅ ⊕⎣ ⎦
G

Reconstructed em scale signal

Lecture 1: Calorimeter Signal Reconstruction 
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Local Hadronic Calibration SummaryLocal Local HadronicHadronic Calibration SummaryCalibration Summary
Attempt to calibrate Attempt to calibrate hadronichadronic calorimeter signals in calorimeter signals in 
smallest possible signal contextsmallest possible signal context

Topological clustering implements noise suppression with least Topological clustering implements noise suppression with least 
bias signal feature extractionbias signal feature extraction
No bias towards a certain physics analysisNo bias towards a certain physics analysis
Good common signal base for all Good common signal base for all hadronichadronic final state objectsfinal state objects

Jets, missing Et, Jets, missing Et, taustaus

Factorization of cluster calibrationFactorization of cluster calibration
Cluster classification largely avoids application of Cluster classification largely avoids application of hadronichadronic
calibration to electromagnetic signal objectscalibration to electromagnetic signal objects

Low energy regime challengingLow energy regime challenging

Signal weights for Signal weights for hadronichadronic calibration are functions of cluster calibration are functions of cluster 
and cell parameters and variablesand cell parameters and variables

Cluster energy and directionCluster energy and direction
Cell signal density and location (sampling layer)Cell signal density and location (sampling layer)

Dead material and out of cluster corrections are independently Dead material and out of cluster corrections are independently 
appliedapplied

Lecture 1: Calorimeter Signal Reconstruction 
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From This Lecture:From This Lecture:From This Lecture:
Calorimeters are signal processors for incoming Calorimeters are signal processors for incoming 
particlesparticles

They generate an image of particles they are sensitive to in They generate an image of particles they are sensitive to in 
the collision eventthe collision event
The image is distorted due to environment (physics and The image is distorted due to environment (physics and 
detector)detector)

Calorimeter signal reconstruction is the attempt to Calorimeter signal reconstruction is the attempt to 
improve the resolution of this imageimprove the resolution of this image

Attempt to unfold the distortions by signal definition, possiblyAttempt to unfold the distortions by signal definition, possibly
including identification of significant objectsincluding identification of significant objects
Best choice for unfolding strategy may depend on physics Best choice for unfolding strategy may depend on physics 
questionquestion
Two signal definitions (e.g., towers and clusters) allow Two signal definitions (e.g., towers and clusters) allow 
evaluation of systematic uncertaintiesevaluation of systematic uncertainties

We will explore this further in the 2We will explore this further in the 2ndnd lecture on lecture on 
Sunday!  Sunday!  

Lecture 1: Calorimeter Signal Reconstruction 
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Digital (Optimal) FilteringDigital (Optimal) FilteringDigital (Optimal) Filtering
Determines signal Determines signal 
amplitude and timingamplitude and timing

Minimizes noise contributionsMinimizes noise contributions
Note: noise depends on the Note: noise depends on the 
luminosity luminosity 

Requires explicit knowledge of Requires explicit knowledge of 
pulse shape pulse shape 

Folds triangular pulse with Folds triangular pulse with 
transmission line transmission line 
characteristics and active characteristics and active 
electronic signal shapingelectronic signal shaping
Characterized by signal Characterized by signal 
transfer functions depending transfer functions depending 
on on RR, , LL, , CC of readout of readout 
electronics, transmission electronics, transmission 
lineslines

Filter coefficients from Filter coefficients from 
calibration systemcalibration system

Pulse Pulse ““rampsramps”” for responsefor response
Noise for autoNoise for auto--correlationcorrelation

PilePile--up dependenceup dependence

( )
1

sN

peak i i
i

A a S P
=

= −∑ ( )
1

sN

peak i i
i

A a S P
=

= −∑
Signal Amplitude (~Energy):Signal Amplitude (~Energy):

( )
1

sN

peak peak i i
i

A t b S P
=

= −∑ ( )
1

sN

peak peak i i
i

A t b S P
=

= −∑
Signal Peak Time:Signal Peak Time:

Lecture 1: Calorimeter Signal Reconstruction 
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of time jitter!

Filter CoefficientsFilter CoefficientsFilter Coefficients
Determined by:
• Known pulse shape
• Minimizing noise

Determined by:
• Known pulse shape
• Minimizing noise

Lagrange MultipliersLagrange Multipliers

Lecture 1: Calorimeter Signal Reconstruction 
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Dead Material Energy LossesDead Material Energy LossesDead Material Energy Losses
Tracking device in front of Tracking device in front of 
a calorimetera calorimeter

And maybe even a cryostat And maybe even a cryostat 
wallwall

Try to use the cluster  Try to use the cluster  
signal to correct for the signal to correct for the 
losseslosses

In frontIn front
InbetweenInbetween

Central ATLAS!Central ATLAS!
Between Between 

EndcapEndcap and forward cracksand forward cracks
Approach:Approach:

Correlate cluster signal with Correlate cluster signal with 
nearby dead material energy nearby dead material energy 
loss in simulationsloss in simulations
Do this for each dead Do this for each dead 
material region separatelymaterial region separately

Lecture 1: Calorimeter Signal Reconstruction 
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Dead Material Energy Losses in ATLASDead Material Energy Losses in ATLASDead Material Energy Losses in ATLAS

GeV

Lecture 1: Calorimeter Signal Reconstruction 
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Dead Material CorrectionsDead Material CorrectionsDead Material Corrections

Example: central Example: central 
regionregion

Dead material Dead material 
between prebetween pre--
sampler and first sampler and first 
sampling in central sampling in central 
ATLAS calorimeterATLAS calorimeter
Use geometrical Use geometrical 
mean of mean of presamplerpresampler
energy and first energy and first 
sampling energy as sampling energy as 
variablevariable

Lecture 1: Calorimeter Signal Reconstruction 
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Out-of-cluster CorrectionsOutOut--ofof--cluster Correctionscluster Corrections
Consider a cluster produced by a Consider a cluster produced by a 
single single pionpion

Some energy deposited Some energy deposited 
outside of clusteroutside of cluster

Clustering algorithm inefficiencyClustering algorithm inefficiency
Signal way below all thresholdsSignal way below all thresholds

Integrated effect can be largeIntegrated effect can be large
Especially in forward calorimeter Especially in forward calorimeter 

E.gE.g, large noise, large noise

Corrections have been developed Corrections have been developed 
for single for single pionspions

Again using detailed shower Again using detailed shower 
simulationssimulations

Need to avoid over correcting for jetsNeed to avoid over correcting for jets
outout--ofof--cluster energy for one cluster could actually be deposited in cluster energy for one cluster could actually be deposited in 
another cluster in jetsanother cluster in jets

Isolation momentIsolation moment
The fraction of calorimeter cells neighbouring a given cluster bThe fraction of calorimeter cells neighbouring a given cluster but are ut are 
not part of any other clusters is determined and used as a scalenot part of any other clusters is determined and used as a scale for for 
isolationisolation

single π±

Lecture 1: Calorimeter Signal Reconstruction 
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Out-of-cluster Corrections: IsolationOutOut--ofof--cluster Corrections: Isolationcluster Corrections: Isolation
OutOut--ofof--cluster correction cluster correction 
estimate is the product ofestimate is the product of

outout--ofof--cluster correction from cluster correction from 
single single pionspions
isolation momentisolation moment

This correction is applied This correction is applied 
as a multiplicative factor as a multiplicative factor 
to all the cells in the to all the cells in the 
clustercluster

Lost energy is equally shared Lost energy is equally shared 
Mostly because we donMostly because we don’’t t 
know better!know better!

Clear dependence on Clear dependence on 
signal contextsignal context

single single pionspions
most clusters isolatedmost clusters isolated

didi--jetsjets
less isolationless isolation

Lecture 1: Calorimeter Signal Reconstruction 


