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Preliminaries

  ScopeScope
  Focus on explanation of features, algorithms and methodsFocus on explanation of features, algorithms and methods

  Including some pointers to underlying principles, motivations, Including some pointers to underlying principles, motivations, 
and expectationsand expectations

  Some reference to physicsSome reference to physics
  Everything is based on simulationsEverything is based on simulations

  Experiments may tell a (very?) different story in some casesExperiments may tell a (very?) different story in some cases
  Restricted to published material (mixed CMS/ATLAS Restricted to published material (mixed CMS/ATLAS 

audience)audience)
 i.e., we think we know more!!

  To the audienceTo the audience
  Clearly introductory characterClearly introductory character

  Please Please –– ask questions!ask questions!
  And please, do not try to compare ATLAS and CMS And please, do not try to compare ATLAS and CMS 

performances in detail from the plots shown here!performances in detail from the plots shown here!
  Hopefully useful even for people already working on the Hopefully useful even for people already working on the 

topicstopics
  If you are bored If you are bored –– thatthat’’s what you get when you ask a s what you get when you ask a 

research scientist to do this!research scientist to do this!
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Roadmap

1.1. Jets and Missing Et at LHCJets and Missing Et at LHC
a.a. Where do they come from?Where do they come from?

  Selected Selected hadronichadronic final statesfinal states

b.b. Physics collision environmentPhysics collision environment
  Underlying event and pileUnderlying event and pile--upup

2.2. Jet reconstruction in generalJet reconstruction in general
a.a. Jet algorithms at LHCJet algorithms at LHC

  GuidelinesGuidelines
  Fixed coneFixed cone
  Recursive recombinationRecursive recombination
  Jet definitionJet definition

b.b. ExperimentalistExperimentalist’’s view on jetss view on jets
  Understanding of the objectUnderstanding of the object
  Jet reconstruction task overviewJet reconstruction task overview

3.3. Jet measurementJet measurement
a.a. General signal featuresGeneral signal features

  Response issues in nonResponse issues in non--
compensating calorimeterscompensating calorimeters

b.b. Detector signalsDetector signals
  Towers (ATLAS & CMS)Towers (ATLAS & CMS)
  Energy flow (CMS)Energy flow (CMS)
  Topological clusters (ATLAS)Topological clusters (ATLAS)

c.c. Jet calibrationJet calibration
  Simulation based approachSimulation based approach
  Data drivenData driven

4.4. Jet reconstruction performanceJet reconstruction performance
a.a. QCD QCD didi--jetsjets

  Performance evaluationPerformance evaluation

b.b. Photon/z + Photon/z + jet(sjet(s))
c.c. W mass spectroscopyW mass spectroscopy

5.5. Missing transverse energyMissing transverse energy
a.a. Event variables compositionEvent variables composition

  Understanding the variableUnderstanding the variable
  CMS & ATLAS approachCMS & ATLAS approach

b.b. Scale and resolutionScale and resolution
  Instrumental effectsInstrumental effects
  Validation or calibration?Validation or calibration?

c.c. Performance evaluationPerformance evaluation
  Simulation basedSimulation based
  Data drivenData driven

6.6. ConclusionsConclusions
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1. Jets & Missing Et at LHC 1. Jets & Missing Et at LHC 

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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Where do Jets come from at LHC?

t bW jjj
t bW l jjν
→ →
→ →

t bW jjj
t bW l jjν
→ →
→ →

1.8 TeVs =

14 TeVs =

(TeV)Tp

inclusive jet cross-section

qq q q WW Hjj′ ′→ →� �qq q q WW Hjj′ ′→ →� �

2

0

nb
TeVT

d
d dp

η

σ
η

=

⎛ ⎞
⎜ ⎟
⎝ ⎠

  Fragmentation of gluons and Fragmentation of gluons and 
(light) quarks in QCD (light) quarks in QCD 
scatteringscattering
  Most often observed interaction at Most often observed interaction at 

LHCLHC

  Decay of heavy Standard Decay of heavy Standard 
Model (SM) particles Model (SM) particles 
  Prominent example:Prominent example:

  Associated with particle Associated with particle 
production in Vector Boson production in Vector Boson 
Fusion (VBF)Fusion (VBF)
  E.g., HiggsE.g., Higgs

  Decay of Beyond Standard Decay of Beyond Standard 
Model (BSM) particlesModel (BSM) particles
  E.g., SUSYE.g., SUSY

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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t bW jjj
t bW l jjν
→ →
→ →

t bW jjj
t bW l jjν
→ →
→ →

qq q q WW Hjj′ ′→ →� �qq q q WW Hjj′ ′→ →� �

top mass 
reconstruction

  Fragmentation of gluons and Fragmentation of gluons and 
(light) quarks in QCD (light) quarks in QCD 
scatteringscattering
  Most often observed interaction at Most often observed interaction at 

LHCLHC

  Decay of heavy Standard Decay of heavy Standard 
Model (SM) particles Model (SM) particles 
  Prominent example:Prominent example:

  Associated with particle Associated with particle 
production in Vector Boson production in Vector Boson 
Fusion (VBF)Fusion (VBF)
  E.g., HiggsE.g., Higgs

  Decay of Beyond Standard Decay of Beyond Standard 
Model (BSM) particlesModel (BSM) particles
  E.g., SUSYE.g., SUSY

Where do Jets come from at LHC?

1.a
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4.a
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4.c
5.a
5.b
5.c
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  Fragmentation of gluons and Fragmentation of gluons and 
(light) quarks in QCD (light) quarks in QCD 
scatteringscattering
  Most often observed interaction at Most often observed interaction at 

LHCLHC

  Decay of heavy Standard Decay of heavy Standard 
Model (SM) particles Model (SM) particles 
  Prominent example:Prominent example:

  Associated with particle Associated with particle 
production in Vector Boson production in Vector Boson 
Fusion (VBF)Fusion (VBF)
  E.g., HiggsE.g., Higgs

  Decay of Beyond Standard Decay of Beyond Standard 
Model (BSM) particlesModel (BSM) particles
  E.g., SUSYE.g., SUSY

t bW jjj
t bW l jjν
→ →
→ →

t bW jjj
t bW l jjν
→ →
→ →

qq q q WW Hjj′ ′→ →� �qq q q WW Hjj′ ′→ →� �

η

Where do Jets come from at LHC?
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  Fragmentation of gluons and Fragmentation of gluons and 
(light) quarks in QCD (light) quarks in QCD 
scatteringscattering
  Most often observed interaction at Most often observed interaction at 

LHCLHC

  Decay of heavy Standard Decay of heavy Standard 
Model (SM) particles Model (SM) particles 
  Prominent example:Prominent example:

  Associated with particle Associated with particle 
production in Vector Boson production in Vector Boson 
Fusion (VBF)Fusion (VBF)
  E.g., HiggsE.g., Higgs

  Decay of Beyond Standard Decay of Beyond Standard 
Model (BSM) particlesModel (BSM) particles
  E.g., SUSYE.g., SUSY

t bW jjj
t bW l jjν
→ →
→ →

t bW jjj
t bW l jjν
→ →
→ →

qq q q WW Hjj′ ′→ →� �qq q q WW Hjj′ ′→ →� �

electrons or muons

jets

missing 
transverse 

energy

,
jets

,
leptons

Te f Tjf T ppM p= + +∑ ∑ A

Where do Jets come from at LHC?
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Final States with Missing ET

  Important signature for Important signature for 
many standard model many standard model 
channelschannels
  Neutrino carry missing Neutrino carry missing 

transverse energytransverse energy
  W mass measurement in W mass measurement in 

leptonicleptonic final statefinal state
  Z decays to tau pairsZ decays to tau pairs
  Higgs decays to tau or W Higgs decays to tau or W 

pairspairs

  New physics signaturesNew physics signatures
  Final states with neutrinosFinal states with neutrinos

  MSSM Higgs (A) decays into MSSM Higgs (A) decays into 
tau pairstau pairs

  Associated with W or invisible Associated with W or invisible 
Z decays Z decays 

  New nonNew non--interacting particlesinteracting particles
  NeutralinosNeutralinos, , gluinosgluinos

  Long lived particlesLong lived particles
  Decay outside detector trigger Decay outside detector trigger 

windowwindow

2 (1 cos )T T Tm p E νϕ= − Δ A2 (1 cos )T T Tm p E νϕ= − Δ A

1.a
1.b
2.a
2.b
3.a
3.b
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4.a
4.b
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5.b
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Final States with Missing ET

  Important signature for Important signature for 
many standard model many standard model 
channelschannels
  Neutrino carry missing Neutrino carry missing 

transverse energytransverse energy
  W mass measurement in W mass measurement in 

leptonicleptonic final statefinal state
  Z decays to tau Z decays to tau parisparis
  Higgs decays to tau or W Higgs decays to tau or W 

pairspairs

  New physics signaturesNew physics signatures
  Final states with neutrinosFinal states with neutrinos

  MSSM Higgs (A) decays into MSSM Higgs (A) decays into 
tau pairstau pairs

  Associated with W or invisible Associated with W or invisible 
Z decays Z decays 

  New nonNew non--interacting particlesinteracting particles
  NeutralinosNeutralinos, , gluinosgluinos

  Long lived particlesLong lived particles
  Decay outside detector trigger Decay outside detector trigger 

windowwindow
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  Collisions of other Collisions of other partonspartons in in 
the protons generating the the protons generating the 
signal interactionsignal interaction
  Unavoidable in Unavoidable in hadronhadron--hadronhadron

collisionscollisions
  Independent soft to hard multiIndependent soft to hard multi--

partonparton interactions interactions 
  No real first principle No real first principle 
  calculationscalculations

  Contains low Contains low pTpT (non(non--
pertubativepertubative) QCD) QCD

  Tuning rather than calculationsTuning rather than calculations
  Activity shows some correlation Activity shows some correlation 

with hard scattering (radiation)with hard scattering (radiation)
  pTminpTmin, , pTmaxpTmax differencesdifferences

  Typically tuned from data in Typically tuned from data in 
physics generatorsphysics generators

  Carefully measured at Carefully measured at 
TevatronTevatron
  Phase space factor applied to Phase space factor applied to 

LHC tune in absence of dataLHC tune in absence of data
  One of the first things to be One of the first things to be 

measured at LHCmeasured at LHC

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Underlying Event
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Rick FieldRick Field’’s (CDF) view on s (CDF) view on didi--
jet eventsjet events

  Collisions of other Collisions of other partonspartons in in 
the protons generating the the protons generating the 
signal interactionsignal interaction
  Unavoidable in Unavoidable in hadronhadron--hadronhadron

collisionscollisions
  Independent soft to hard multiIndependent soft to hard multi--

partonparton interactions interactions 
  No real first principle No real first principle 
  calculationscalculations

  Contains low Contains low pTpT (non(non--
pertubativepertubative) QCD) QCD

  Tuning rather than calculationsTuning rather than calculations
  Activity shows some correlation Activity shows some correlation 

with hard scattering (radiation)with hard scattering (radiation)
  pTminpTmin, , pTmaxpTmax differencesdifferences

  Typically tuned from data in Typically tuned from data in 
physics generatorsphysics generators

  Carefully measured at Carefully measured at 
TevatronTevatron
  Phase space factor applied to Phase space factor applied to 

LHC tune in absence of dataLHC tune in absence of data
  One of the first things to be One of the first things to be 

measured at LHCmeasured at LHC
Look at activity (Look at activity (pTpT, # charged , # charged 
tracks) as function of leading jet tracks) as function of leading jet 

pTpT in transverse regionin transverse region

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Underlying Event
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CDF data  (CDF data  (√√s=1.8 s=1.8 TeVTeV))

LHC prediction: x2.5 the 
activity measured at 
Tevatron!

pT leading jet (GeV)
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CDF data: Phys.Rev, D, 65 (2002)

2ln

ln

s

s∼

∼ PYTHIA
Model depending extrapolation to LHC:

for  

for  
but both agree Tevatron/SppS 

PHOJET
data!

  Collisions of other Collisions of other partonspartons in in 
the protons generating the the protons generating the 
signal interactionsignal interaction
  Unavoidable in Unavoidable in hadronhadron--hadronhadron

collisionscollisions
  Independent soft to hard multiIndependent soft to hard multi--

partonparton interactions interactions 
  No real first principle No real first principle 
  calculationscalculations

  Contains low Contains low pTpT (non(non--
pertubativepertubative) QCD) QCD

  Tuning rather than calculationsTuning rather than calculations
  Activity shows some correlation Activity shows some correlation 

with hard scattering (radiation)with hard scattering (radiation)
  pTminpTmin, , pTmaxpTmax differencesdifferences

  Typically tuned from data in Typically tuned from data in 
physics generatorsphysics generators

  Carefully measured at Carefully measured at 
TevatronTevatron
  Phase space factor applied to Phase space factor applied to 

LHC tune in absence of dataLHC tune in absence of data
  One of the first things to be One of the first things to be 

measured at LHCmeasured at LHC

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Underlying Event
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  Multiple interactions Multiple interactions 
between between partonspartons in other in other 
protons in the same protons in the same 
bunch crossingbunch crossing
  Consequence of high rate Consequence of high rate 

(luminosity) and high (luminosity) and high 
protonproton--proton total crossproton total cross--
section (~75 section (~75 mbmb))

  Statistically independent Statistically independent 
of hard scatteringof hard scattering
  Similar models used for soft Similar models used for soft 

physics as in underlying physics as in underlying 
eventevent

  Signal history in Signal history in 
calorimeter increases calorimeter increases 
noisenoise
  Signal 10Signal 10--20 times slower 20 times slower 

(ATLAS) than bunch (ATLAS) than bunch 
crossing rate (25 ns)crossing rate (25 ns)

  Noise has coherent Noise has coherent 
charactercharacter
  Cell signals linked through Cell signals linked through 

past shower developmentspast shower developments

Et ~ 58 GeV

Et ~ 81 GeV
without pile-up

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Pile-Up

Prog.Part.Nucl.Phys.
60:484-551,2008
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  Multiple interactions Multiple interactions 
between between partonspartons in other in other 
protons in the same protons in the same 
bunch crossingbunch crossing
  Consequence of high rate Consequence of high rate 

(luminosity) and high (luminosity) and high 
protonproton--proton total crossproton total cross--
section (~75 section (~75 mbmb))

  Statistically independent Statistically independent 
of hard scatteringof hard scattering
  Similar models used for soft Similar models used for soft 

physics as in underlying physics as in underlying 
eventevent

  Signal history in Signal history in 
calorimeter increases calorimeter increases 
noisenoise
  Signal 10Signal 10--20 times slower  20 times slower  

(ATLAS) than bunch (ATLAS) than bunch 
crossing rate (25 ns)crossing rate (25 ns)

  Noise has coherent Noise has coherent 
charactercharacter
  Cell signals linked through Cell signals linked through 

past shower developmentspast shower developments

Et ~ 58 GeV

Et ~ 81 GeV
with design luminosity 
pile-up

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Pile-Up

Prog.Part.Nucl.Phys.
60:484-551,2008
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  Multiple interactions Multiple interactions 
between between partonspartons in other in other 
protons in the same protons in the same 
bunch crossingbunch crossing
  Consequence of high rate Consequence of high rate 

(luminosity) and high (luminosity) and high 
protonproton--proton total crossproton total cross--
section (~75 section (~75 mbmb))

  Statistically independent Statistically independent 
of hard scatteringof hard scattering
  Similar models used for soft Similar models used for soft 

physics as in underlying physics as in underlying 
eventevent

  Signal history in Signal history in 
calorimeter increases calorimeter increases 
noisenoise
  Signal 10Signal 10--20 times slower 20 times slower 

(ATLAS) than bunch (ATLAS) than bunch 
crossing rate (25 ns)crossing rate (25 ns)

  Noise has coherent Noise has coherent 
charactercharacter
  Cell signals linked through Cell signals linked through 

past shower developmentspast shower developments

34 2 110 cm sL − −= 34 2 110 cm sL − −=

8 GeV≈

0.4R ≈

0.7R ≈

18 GeV≈

( )0.1 0.1 Rπ × ⋅

( ) (GeV)TRMS p

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Pile-Up

Prog.Part.Nucl.Phys.
60:484-551,2008
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Why Is That Important?

  Jet calibration requirements very stringentJet calibration requirements very stringent
  Systematic jet energy scale Systematic jet energy scale 
  uncertainties to be extremely uncertainties to be extremely 
  well controlledwell controlled

  Top mass reconstructionTop mass reconstruction

  Relative jet energy resolution Relative jet energy resolution 
  requirement requirement 

  Inclusive jet crossInclusive jet cross--sectionsection
  DiDi--quark mass spectra cutquark mass spectra cut--off in SUSYoff in SUSY

  Event topology plays a role at 1% level of Event topology plays a role at 1% level of 
precisionprecision
  Extra particle production due to event color flowExtra particle production due to event color flow

  Color singlet (e.g., Color singlet (e.g., WW) ) vsvs color octet (e.g., gluon/quark) jet color octet (e.g., gluon/quark) jet 
sourcesource

  Small and large angle gluon radiationSmall and large angle gluon radiation
  Quark/gluon jet differencesQuark/gluon jet differences

1 GeV  1%jetT

T jet

Em
m E

ΔΔ
< ⇒ <1 GeV  1%jetT

T jet

Em
m E

ΔΔ
< ⇒ <

50% 3% 3
(GeV)

100% 5% 3
(GeV)

E
E

E

η
σ

η

⎧ ⊕ <⎪
⎪= ⎨
⎪ ⊕ >
⎪⎩

50% 3% 3
(GeV)

100% 5% 3
(GeV)

E
E

E

η
σ

η

⎧ ⊕ <⎪
⎪= ⎨
⎪ ⊕ >
⎪⎩

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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2. Jet Reconstruction in General2. Jet Reconstruction in General

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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Jet Algorithm Guidelines (1)

  Very important at LHCVery important at LHC
  Often LO (or even NLO) not sufficient to Often LO (or even NLO) not sufficient to 

understand final statesunderstand final states
  Potentially significant KPotentially significant K--factors can only factors can only 

be applied to jet driven spectra if jet be applied to jet driven spectra if jet 
finding follows theoretical rulesfinding follows theoretical rules
 E.g., jet cross-section shapes

  Need to be able to compare Need to be able to compare 
  experiments and theoryexperiments and theory

  Comparison at the level of distributionsComparison at the level of distributions
 ATLAS and CMS will unfold experimental 

effects and limitations independently –
different detector systems

  Theoretical guidelines Theoretical guidelines 
  Infrared safetyInfrared safety

  Adding or removing soft particles should Adding or removing soft particles should 
not change the result of jet clusteringnot change the result of jet clustering

  Collinear safetyCollinear safety
  Splitting of large Splitting of large pTpT particle into two particle into two 

collinear particles should not affect the jet collinear particles should not affect the jet 
findingfinding

infrared sensitivity
(soft gluon radiation merges jets)

collinear sensitivity (2)
(signal split into two towers below threshold)

collinear sensitivity (1)
(sensitive to Et ordering of seeds)

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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Jet Algorithm Guidelines

  Detector technology independenceDetector technology independence
  Jet efficiency should not depend on detector technologyJet efficiency should not depend on detector technology

  Final jet calibration and corrections ideally unfolds all detectFinal jet calibration and corrections ideally unfolds all detector effectsor effects
  Minimal contribution from spatial and energy resolution Minimal contribution from spatial and energy resolution 

to reconstructed jet kinematicsto reconstructed jet kinematics
  Unavoidable intrinsic detector limitations set limitsUnavoidable intrinsic detector limitations set limits

  Stability within environmentStability within environment
  (Electronic) detector noise should not affect jet reconstruction(Electronic) detector noise should not affect jet reconstruction

within reasonable limits within reasonable limits 
  Energy resolution limitationEnergy resolution limitation
  Avoid energy scale shift due to noiseAvoid energy scale shift due to noise

  Stability with changing (instantaneous) luminosity at LHCStability with changing (instantaneous) luminosity at LHC
  Control of underlying event and pileControl of underlying event and pile--up signal contributionup signal contribution

  ““EasyEasy”” to calibrateto calibrate
  Small algorithm bias for jet signalSmall algorithm bias for jet signal

  Probably means high signal stabilityProbably means high signal stability
  High reconstruction efficiencyHigh reconstruction efficiency

  Identify all physically interesting jets from energetic Identify all physically interesting jets from energetic partonspartons in in 
perturbativeperturbative QCDQCD

  Jet reconstruction in resonance decaysJet reconstruction in resonance decays
  High efficiency to separate closeHigh efficiency to separate close--by jets from same particle decayby jets from same particle decay
  Least sensitivity to boost of particleLeast sensitivity to boost of particle

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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Iterative Cone Algorithms

  Seeded fixed conesSeeded fixed cones
  Geometrically motivated jet Geometrically motivated jet 

findersfinders
  Collect particles or detector Collect particles or detector 

signals into fixed sized cone of signals into fixed sized cone of 
chosen radius Rchosen radius R

  Basic parameters are seed Basic parameters are seed pTpT
threshold and cone sizethreshold and cone size

  Theoretical concernsTheoretical concerns
  Seed introduces collinear Seed introduces collinear 

instability instability 
One particle above seed splits into 
two collinear particles below seed

  Infrared safetyInfrared safety
Cone formation sensitive to low 
energetic particles
Can ignore large signal due to 
change of direction at each 
iteration (e.g., “dark towers” @ 
CDF)

  Addressed by split and mergeAddressed by split and merge
One more parameter – see later

  Seedless fixed conesSeedless fixed cones
  No seedsNo seeds

  Collect particles around any Collect particles around any 
other particle into a fixed cone other particle into a fixed cone 
of chosen radiusof chosen radius

  Otherwise similar to seeded Otherwise similar to seeded 
conecone

  Theoretical issuesTheoretical issues
  Collinear stability Collinear stability –– no issueno issue
  Infrared safetyInfrared safety

 Higher stabilty but still needs split 
and merge

  Often considered Often considered ““simplesimple””
  Implementation obviousImplementation obvious

  Especially seeded coneEspecially seeded cone
  Computational limitations on Computational limitations on 

seedless coneseedless cone
 LHC O(1000) particles possible

  Provide an areaProvide an area
  Careful Careful –– split and merge split and merge 

makes shape less regularmakes shape less regular

2 2R η ϕ= Δ + Δ

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c
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Recursive Recombination

  Attempt to undo Attempt to undo partonparton fragmentation fragmentation 
  QCD branching happens all the timeQCD branching happens all the time

  Pair with strongest Pair with strongest divergencydivergency between them likely belongs between them likely belongs 
togethertogether
  kTkT/Durham first used in /Durham first used in ee++ee--

  Longitudinal invariant version for Longitudinal invariant version for hadronhadron colliderscolliders
  Catani, Catani, DokshitzerDokshitzer, Seymour & Webber , Seymour & Webber ’’9393
  S.D. Ellis & D. S.D. Ellis & D. SoperSoper ’’9393

  Modern implementationsModern implementations
  kTkT with clustering sequence using with clustering sequence using pTpT and distance parameterand distance parameter

 Ordered in kT, sequence follows jet structure

  Durham/Aachen clustering sequence using angular distanceDurham/Aachen clustering sequence using angular distance
 Ordered in angular distance, sequence follows jet structure

  AntiAnti--kTkT using using pTpT and distance parameter with inverted sequenceand distance parameter with inverted sequence
 No particular ordering, sequence not meaning full

  Valid at all orders!Valid at all orders!
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Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Recursive Recombination Algortihms
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Recursive Recombination Algortihms

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c



27
P. LochP. Loch

U of ArizonaU of Arizona
June 30, 2009June 30, 2009

Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Recursive Recombination Algorithms
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Seeded Cone Algorithm

  Algorithm flowAlgorithm flow
  Find seed with Et > Find seed with Et > EtminEtmin
  Collect all particles within R of Collect all particles within R of 

seed seed 
  Typical R = 0.4, R = 0.7Typical R = 0.4, R = 0.7

  Recalculate new cone directionRecalculate new cone direction
  Collect particles in new cone Collect particles in new cone 

and find new directionand find new direction
  Stop if cone is stableStop if cone is stable

  There may not be a stable There may not be a stable 
solution!solution!

  InterativeInterative cone with removal cone with removal 
(CMS)(CMS)
  Remove particles assigned to Remove particles assigned to 

the cone from list and find the cone from list and find 
next seednext seed

  Find next surviving seed and Find next surviving seed and 
new conenew cone

  Stop if no more seeds or Stop if no more seeds or 
stable cones stable cones 

  Overlapping cones (ATLAS)Overlapping cones (ATLAS)
  Find next seed and new cone Find next seed and new cone 

until all seeds are exhausteduntil all seeds are exhausted
  Apply split and merge Apply split and merge 

procedureprocedure

  Split and mergeSplit and merge
  Merge jetsMerge jets

  Use Use pTpT of overlapping of overlapping 
constituents above fraction f of constituents above fraction f of 
pTpT of lower of lower pTpT jetjet

 f = 50% in ATLAS

  Otherwise split lower Otherwise split lower pTpT jet jet 
  Assign split constituents to Assign split constituents to 

higher higher pTpT jetjet

  Theoretical concernsTheoretical concerns
  Collinear safetyCollinear safety

  ““Tower signalTower signal”” can split seedscan split seeds

  Infrared safetyInfrared safety
  Additional soft particles affect Additional soft particles affect 

cone formation and cone formation and stabilitiystabilitiy
  Stable solution may leave Stable solution may leave 

significant energy significant energy unclusteredunclustered

  Addressed by variationsAddressed by variations
  E.g., MidE.g., Mid--point cone at point cone at 

TevatronTevatron places seeds places seeds 
between particlesbetween particles
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Limitations of Cone Algorithms

  Limitations for physics final state calculationsLimitations for physics final state calculations

G. Salam, 2008
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Seedless Cone Algorithm

  Infrared safe seedless coneInfrared safe seedless cone
  SISConeSISCone (Salam, (Salam, SoyezSoyez 2007)2007)

  No collinear issue in the absence of seed thresholdsNo collinear issue in the absence of seed thresholds
  Available for use in ATLAS & CMS Available for use in ATLAS & CMS 

  Finds Finds allall stable cones in all particlesstable cones in all particles
  Avoid infrared safety issues  Avoid infrared safety issues  

  Apply split and merge to thoseApply split and merge to those
  Recommended high split & merge fraction f = 75% Recommended high split & merge fraction f = 75% 

suppresses mergingsuppresses merging

  Uses geometry principles for faster executionUses geometry principles for faster execution
  Time ~Time ~NN22loglogNN not as fast as latest not as fast as latest kTkT but at least but at least 

manageable manageable 
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  We need to be able to talk to each We need to be able to talk to each 
otherother
  CMS CMS ↔↔ ATLAS, ATLAS, TevatronTevatron ↔↔ LHC LHC 

experiments, experiments experiments, experiments ↔↔ theorytheory
  Need to agree on a jet definitionNeed to agree on a jet definition

  Simple proposal out since Les Simple proposal out since Les HouchesHouches
20072007
  Specify algorithm, all parameters, signal Specify algorithm, all parameters, signal 

choice, cuts, and recombination strategychoice, cuts, and recombination strategy
  Obvious but rarely done at required level Obvious but rarely done at required level 

of completeness and precisionof completeness and precision
  Requires common software Requires common software 

implementationsimplementations
  Cannot allow misunderstandings in Cannot allow misunderstandings in 

private implementations private implementations –– no way to no way to 
compare!!compare!!

  ATLAS & CMS use same code for ATLAS & CMS use same code for 
most algorithmsmost algorithms
  FastJetFastJet libraries (Salam et al.)libraries (Salam et al.)

  Provides Provides kTkT flavoursflavours, , SISConeSISCone and legacy and legacy 
conescones

  Includes CMS and ATLAS specific Includes CMS and ATLAS specific 
implementations of cone algorithms implementations of cone algorithms 
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  Interesting recent papers on jet issues at LHCInteresting recent papers on jet issues at LHC
  Towards Towards JetographyJetography

  G.P. Salam, G.P. Salam, arXivarXiv--0906.1833v10906.1833v1 [[hephep--ph] 10 June 2009ph] 10 June 2009

  Quantifying the Performance of Jet Definitions for Kinematic Quantifying the Performance of Jet Definitions for Kinematic 
Reconstruction at LHCReconstruction at LHC
  M. M. CacciariCacciari, J. , J. RojoRojo, G.P. Salam, G. , G.P. Salam, G. SoyezSoyez, , JHEP 0812:032,2008JHEP 0812:032,2008

  Standard Model Handles and Candles Working Group: Tools and Standard Model Handles and Candles Working Group: Tools and 
Jets Summary ReportJets Summary Report
  C. C. ButtarButtar et al.et al., , arXiv:0803.0678arXiv:0803.0678 [[hephep--ph] March 2008ph] March 2008

  The AntiThe Anti--k(tk(t) Jet Clustering Algorithm) Jet Clustering Algorithm
  M. M. CacciariCacciari, , G.P. SalamG.P. Salam, , G. G. SoyezSoyez, , JHEP 0804:063,2008JHEP 0804:063,2008
  (original idea by P.A. (original idea by P.A. DelsartDelsart, ATLAS), ATLAS)

  NonNon--perturbativeperturbative QCD effects in jets at QCD effects in jets at hadronhadron colliderscolliders
  M. M. DasguptaDasgupta, , L. L. MagneaMagnea, , G.P. SalamG.P. Salam, , JHEP 0802:055,2008JHEP 0802:055,2008

  Pileup subtraction using jet areasPileup subtraction using jet areas
  M. M. CacciariCacciari, , G.P. SalamG.P. Salam, , Phys.Lett.B659:119Phys.Lett.B659:119--126,2008126,2008

  A Practical Seedless InfraredA Practical Seedless Infrared--Safe Cone jet algorithmSafe Cone jet algorithm
  G.P. SalamG.P. Salam, , G. G. SoyezSoyez, , JHEP 0705:086,2007JHEP 0705:086,2007. . 
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Experimental Jetology 101

  What are jets for What are jets for 
  experimentalists?experimentalists?

  A bunch of particles generated A bunch of particles generated 
  by by hadronizationhadronization of a common of a common 
  sourcesource

  Quark, gluon Quark, gluon fragmenationfragmenation
  As a consequence, the particlesAs a consequence, the particles
  in this bunch have correlated in this bunch have correlated 
  kinematic propertieskinematic properties

  Reflecting the source by sum Reflecting the source by sum 
  rules/conservationsrules/conservations

  The The interactinginteracting particles in this particles in this 
  bunch generated an observable bunch generated an observable 
  signal in a detectorsignal in a detector

  Protons, neutrons, Protons, neutrons, pionspions, photons, , photons, 
  electrons, electrons, muonsmuons, other particles with laboratory lifetimes >~10ps, and the corr, other particles with laboratory lifetimes >~10ps, and the corresponding esponding 

antianti--particlesparticles
  The The nonnon--interactinginteracting particles do not generate a directly observable signalparticles do not generate a directly observable signal

  Neutrinos, mostlyNeutrinos, mostly

  What is jet reconstruction, then?What is jet reconstruction, then?
  Model/simulation: particle jetModel/simulation: particle jet

  Attempt to collect the final state particles described above intAttempt to collect the final state particles described above into objects (jets) representing o objects (jets) representing 
the original the original partonparton kinematickinematic

  ReRe--establishing the correlationsestablishing the correlations
  Experiment: detector jetExperiment: detector jet

  Attempt to collect the detector signals from these particles to Attempt to collect the detector signals from these particles to measure their original measure their original 
kinematicskinematics

  Usually not the Usually not the partonparton!!
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  Change of compositionChange of composition
  Radiation and decay inside Radiation and decay inside 

detector volumedetector volume
  ““RandomizationRandomization”” of original of original 

particle contentparticle content

  Defocusing changes shape in Defocusing changes shape in 
lab framelab frame
  Charged particles bend in Charged particles bend in 

solenoid fieldsolenoid field

  Attenuation changes energyAttenuation changes energy
  Total loss of soft charged Total loss of soft charged 

particles in magnetic fieldparticles in magnetic field
  Partial and total energy loss of Partial and total energy loss of 

charged and neutral particles in charged and neutral particles in 
inactive upstream materialinactive upstream material

  HadronicHadronic and electromagnetic and electromagnetic 
cacadescacades in calorimetersin calorimeters
  Distribute energy spatiallyDistribute energy spatially
  Lateral particle shower overlapLateral particle shower overlap

—

+

—

+

+—

+

100 100 MeVMeV

10 10 GeVGeV

1 1 GeVGeV

Image of Jet in the Detector
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particles in magnetic fieldparticles in magnetic field
  Partial and total energy loss of Partial and total energy loss of 
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Experiment (“Nature”)

Jet Reconstruction Tasks
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Experiment (“Nature”)
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Jet Reconstruction Task Overview

Modeling Calorimeter JetsModeling Calorimeter JetsExperiment (“Nature”)

Reconstructed 
Jets

Reconstructed 
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Stable Particles

Raw Calorimeter Signals
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Jet Reconstruction Task Overview

Measuring Calorimeter JetsMeasuring Calorimeter JetsExperiment (“Nature”)

Reconstructed 
Jets

Reconstructed 
Jets

Observable Particles

Raw Calorimeter Signals

Measurement

Reconstructed Calorimeter Signals

Signal Reconstruction

Jet Finding
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Jet Reconstruction Task Overview

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

Experiment (“Nature”)
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3. Jet Measurements3. Jet Measurements
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Total weight   :  7000 t
Overall length:  46 m
Overall diameter:  23 m
Magnetic field:  2T solenoid

+ toroid
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The CMS Detector

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

from “Jets & Heavy Flavour at LHC”, A.-M. Magnan, Photon09, May 2009
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  More complex than EM showersMore complex than EM showers
  Visible EM O(50%)Visible EM O(50%)

  ee±±, , γγ, , ππoo→γγ→γγ
  Visible nonVisible non--EM O(25%)EM O(25%)

  Ionization of Ionization of ππ±±, , pp, , μμ±±

  Invisible O(25%)Invisible O(25%)
  Nuclear breakNuclear break--upup
  Nuclear excitationNuclear excitation

  Escaped O(2%)Escaped O(2%)
  Neutrinos produced in showerNeutrinos produced in shower

  Only part of the visible energy is Only part of the visible energy is 
sampled into the signalsampled into the signal
  No intrinsic compensation for losses No intrinsic compensation for losses 

in ATLAS or CMSin ATLAS or CMS
  Both are nonBoth are non--compensating compensating 

calorimeterscalorimeters
  Electron signal on average larger than Electron signal on average larger than 

pionpion signal at same deposited energy signal at same deposited energy 
((e/he/h > 1)> 1)

  Introduces complex jet responseIntroduces complex jet response
  Mixture of Mixture of electromgneticelectromgnetic and and 

hadronichadronic signals in a priori unknown signals in a priori unknown 
fluctuations fluctuations 

EM shower

RD3 note 41, 28 Jan 1993

Grupen, Particle Detectors

Quick Look at Hadronic Showers
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  ElectromagneticElectromagnetic
  CompactCompact

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

  Longitudinal extension scale is Longitudinal extension scale is 
radiation length 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 shower lateral and longitudinal shower 
developmentdevelopment

  Small intrinsic showerSmall intrinsic shower--toto--
shower fluctuationsshower fluctuations
  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 is Longitudinal extension scale is 
interaction length interaction length λλ
  Average distance between two Average distance between two 

inelastic interactions in matterinelastic interactions in matter
  Varies significantly for Varies significantly for pionspions, , 

protons, neutronsprotons, neutrons

  Weak correlation between Weak correlation between 
longitudinal and lateral shower longitudinal and lateral shower 
developmentdevelopment

  Large intrinsic showerLarge intrinsic shower--toto--
shower fluctuationsshower fluctuations
  Very irregular developmentVery irregular development

  Can be simulated with Can be simulated with 
reasonable precisionreasonable precision
  ~2~2--5% depending on feature5% depending on feature

Showers Side-by-Side
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Signals from Hadronic Showers

  Signal componentsSignal components
  HadronicHadronic signal contributions change with signal contributions change with 

energyenergy
  Visible nonVisible non--EM fraction decreases with EM fraction decreases with EE
  Shower look more electromagnetic at high Shower look more electromagnetic at high 

energies energies 
  HadronHadron response not linear with response not linear with EE

  Invisible energy is the main source of Invisible energy is the main source of e/he/h > 1> 1
  Different signals from intrinsic Different signals from intrinsic emem showers showers 

and ionizations by charged hadrons and ionizations by charged hadrons 
  Large fluctuations of each component Large fluctuations of each component 

fraction lead to large signal fluctuationsfraction lead to large signal fluctuations
  Intrinsic fluctuations bigger than sampling Intrinsic fluctuations bigger than sampling 

fluctuationsfluctuations

  Electromagnetic energy scale Electromagnetic energy scale 
calibration does not recover losscalibration does not recover loss
  Basic signal scale in calorimeters is defined Basic signal scale in calorimeters is defined 

by electron responseby electron response
  Linear response to whole showerLinear response to whole shower
  All processes leave observable signal All processes leave observable signal –– in in 

principleprinciple
  Need additional corrections to measure Need additional corrections to measure 

hadronhadron or jet energyor jet energy
  Typically nonTypically non--linear response corrections to linear response corrections to 

restore scalerestore scale
  Additional attempt to reduce fluctuationsAdditional attempt to reduce fluctuations

  Increased complexity due to Increased complexity due to 
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Calorimeter Cells

  Smallest signal collection volumeSmallest signal collection volume
  Defines resolution of spatial structuresDefines resolution of spatial structures

  Finest granularity depends on direction and sampling layer in ATFinest granularity depends on direction and sampling layer in ATLASLAS
  Each is read out independentlyEach is read out independently

  Can generate more than one signal (e.g., ATLAS Tile cells featurCan generate more than one signal (e.g., ATLAS Tile cells feature two e two 
readouts)readouts)

  Individual cell signalsIndividual cell signals
  Sensitive to noise (different for CMS and ATLAS)Sensitive to noise (different for CMS and ATLAS)

  Fluctuations in electronics gain and shapingFluctuations in electronics gain and shaping
  Time jittersTime jitters
  Physics sources like multiple proton interaction history in pilePhysics sources like multiple proton interaction history in pile--upup

  Hard to calibrate for hadronsHard to calibrate for hadrons
  No measure to determine if electromagnetic or No measure to determine if electromagnetic or hadronichadronic in cell signal in cell signal 

alone, i.e. no handle to estimate alone, i.e. no handle to estimate e/he/h
  Need signal Need signal neighbourhoodneighbourhood and/or other detectors to calibrateand/or other detectors to 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 signalsl signals

  Cell geometryCell geometry
  QuasiQuasi--projective by pointing to the nominal collision vertex in projective by pointing to the nominal collision vertex in 

ATLAS and CMSATLAS and CMS
  Lateral sizes scale with pseudoLateral sizes scale with pseudo--rapidity and rapidity and azimuthalazimuthal angular angular 

openingopening
  NonNon--projective in ATLAS Forward Calorimeterprojective in ATLAS Forward Calorimeter
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  Impose a regular grid view on Impose a regular grid view on 
eventevent
  ΔΔηη××ΔφΔφ = 0.1= 0.1××0.10.1 gridgrid
  Motivated by particle Et flow in Motivated by particle Et flow in 

hadronhadron--hadronhadron collisionscollisions
  Well suited for trigger purposesWell suited for trigger purposes

  Collect cells into tower gridCollect cells into tower grid
  Cells EM scale signals are summed Cells EM scale signals are summed 

with geometrical weightswith geometrical weights
  Depend on cell area containment ratio Depend on cell area containment ratio 
  Weight = 1 for projective cells of Weight = 1 for projective cells of 

equal or smaller than tower sizeequal or smaller than tower size
  Summing can be selectiveSumming can be selective

  See jet input signal discussionSee jet input signal discussion

  Towers have Towers have masslessmassless fourfour--
momentum representationmomentum representation
  Fixed direction given by geometrical Fixed direction given by geometrical 

grid centergrid center
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  Signal extraction tool Signal extraction tool 
  Attempt reconstruction of Attempt reconstruction of 
  individual particle showersindividual particle showers

  Reconstruct 3Reconstruct 3--dim clusters of dim clusters of 
  cells with correlated signals cells with correlated signals 

  Use shape of these clusters to Use shape of these clusters to 
  locally calibrate themlocally calibrate them

  Explore differences between Explore differences between 
  electromagnetic and electromagnetic and hadronichadronic
  shower development and select shower development and select 
  best suited calibrationbest 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

  Some implications of jet environmentSome implications of jet environment
  Shower overlap cannot always be resolvedShower overlap cannot always be resolved

  Clusters represent merged particle showers in dense jetsClusters represent merged particle showers in dense jets

  Clusters have varying sizes Clusters have varying sizes 
  No simple jet area as in case of towersNo simple jet area as in case of towers

  Clusters are massClusters are mass--less 4less 4--vectors (as towers)vectors (as towers)
  No No ““artificialartificial”” mass contribution due to showeringmass contribution due to showering

  Issues with IR safety at very small scale insignificantIssues with IR safety at very small scale insignificant
  PilePile--Up environment triggers split as well as mergeUp environment triggers split as well as merge
  Note that calorimeters themselves are not completely IR safeNote that calorimeters themselves are not completely IR safe
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  Cluster seedingCluster seeding
  Cluster seed is cell with significant signal above a primary thrCluster seed is cell with significant signal above a primary thresholdeshold

  Cluster growth: direct Cluster growth: direct neighboursneighbours
  NeighbouringNeighbouring cells (in 3cells (in 3--d) with cell signal significance above some basic d) with cell signal significance above some basic 

threshold are collectedthreshold are collected
  Cluster growth: control of expansionCluster growth: control of expansion

  Collect Collect neighboursneighbours of of neighboursneighbours for cells above secondary signal for cells above secondary signal 
significance threshold significance threshold 
  Secondary threshold lower than primary (seed) threshold Secondary threshold lower than primary (seed) threshold 

  Cluster splittingCluster splitting
  Analyze clusters for local signal maxima and split if more than Analyze clusters for local signal maxima and split if more than one foundone found

  Signal hill & valley analysis in 3Signal hill & valley analysis in 3--dd

  Final Final ““energy blobenergy blob”” can contain low signal cells can contain low signal cells 
  Cells survive due to significant Cells survive due to significant neighbouringneighbouring signalsignal
  Cells inside blob can have negative signalsCells inside blob can have negative signals

  ATLAS also studies ATLAS also studies ““TopoTowersTopoTowers””
  Use topological clustering as noise suppression tool onlyUse topological clustering as noise suppression tool only
  Distribute only energy of clustered cells onto tower gridDistribute only energy of clustered cells onto tower grid
  Motivated by Motivated by DZeroDZero approachapproach

ATLAS Topological Cell Clusters (2)
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ATLAS Topological Cell Clusters (3)
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ATLAS Local Hadronic Calibration

  Local Local hadronichadronic energy scale energy scale restauraionrestauraion depends on depends on 
origin of calorimeter signalorigin of calorimeter signal
  Attempt to classify energy deposit as electromagnetic or Attempt to classify energy deposit as electromagnetic or hadronichadronic

from the cluster signal and shapefrom the cluster signal and shape
  Allows to apply specific corrections and calibrationsAllows to apply specific corrections and calibrations

  Local calibration approachLocal calibration approach
  Use topological cell clusters as signal base for a Use topological cell clusters as signal base for a hadronichadronic energy energy 

scalescale
  Recall cell signals need context for Recall cell signals need context for hadronichadronic calibrationcalibration

  Basic concept is to reconstruct the locally deposited energy froBasic concept is to reconstruct the locally deposited energy from m 
the cluster signal firstthe cluster signal first
  This is not the particle energyThis is not the particle energy

  Additional corrections for energy losses with some correlation tAdditional corrections for energy losses with some correlation to o 
the cluster signals and shapes extend the local scopethe cluster signals and shapes extend the local scope
  True signal loss due to the noise suppression in the cluster algTrue signal loss due to the noise suppression in the cluster algorithm orithm 

(still local)(still local)
  Dead material losses in front of, or between sensitive calorimetDead material losses in front of, or between sensitive calorimeter er 

volumes (larger scope than local deposit)volumes (larger scope than local deposit)
  After all corrections, the reconstructed energy is on After all corrections, the reconstructed energy is on 

average the isolated particle energyaverage the isolated particle energy
  E.g., in a E.g., in a testbeamtestbeam

  But not the jet energy (see later)  But not the jet energy (see later)  
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ATLAS Local Scale Sequence 

Electronic and readout effects Electronic and readout effects 
unfolded (nAunfolded (nA-->GeV calibration)>GeV calibration)

33--d topological cell clustering d topological cell clustering 
includes noise suppression and includes noise suppression and 
establishes basic calorimeter establishes basic calorimeter 
signal for further processingsignal for further processing

Cluster shape analysis provides Cluster shape analysis provides 
appropriate classification for appropriate classification for 
calibration and correctionscalibration and corrections

Cluster character depending Cluster character depending 
calibration (cell signal weighting for calibration (cell signal weighting for 
HAD, to be developed for EM?)HAD, to be developed for EM?)

Apply dead material corrections Apply dead material corrections 
specific for specific for hadronichadronic and and 
electromagnetic clusters, resp.electromagnetic clusters, resp.

Apply specific outApply specific out--ofof--cluster cluster 
corrections for corrections for hadronichadronic and and 
electromagnetic clusters, resp.electromagnetic clusters, resp.
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CMS Energy Flow Signal

  Attempt to reconstruct each Attempt to reconstruct each 
  particle separatelyparticle separately

  Start with topological calorimeter Start with topological calorimeter 
  signal clusterssignal clusters

  Clusters formed in similar way as in Clusters formed in similar way as in 
  ATLASATLAS
  HadronicHadronic cluster calibration depends cluster calibration depends 
  on energy sharing between sectionson energy sharing between sections

  Use energyUse energy
  flow flow 
  approachapproach

  Replace Replace 
  cluster cluster 
  signal signal 
  with with 
  better better 
  measured measured 
  tracks for charged hadrons and identified tracks for charged hadrons and identified muonsmuons

C
M

S
 P

A
S
 

PF
T
-0

9
/0

0
1

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c



64
P. LochP. Loch

U of ArizonaU of Arizona
June 30, 2009June 30, 2009

CMS Link Algorithm

  Links between detector signalsLinks between detector signals
  Based on pseudoBased on pseudo--rapidity and azimuth difference between rapidity and azimuth difference between 

clusters and tracksclusters and tracks
  Between clusters and tracksBetween clusters and tracks
  Between clusters in ECAL and in HCAL Between clusters in ECAL and in HCAL 

  Establish all linksEstablish all links
  Direction overlap criteria applyDirection overlap criteria apply

  ParticleParticle--flow charged hadronsflow charged hadrons
  Cluster(sCluster(s) linked to tracks have less signal than track ) linked to tracks have less signal than track pTpT suggestssuggests

  Charged Charged hadronhadron hypothesis: momentum and energy from trackhypothesis: momentum and energy from track
 Pion mass assumption

  Cluster(sCluster(s) and tracks have comparable signal) and tracks have comparable signal
  Total charged Total charged hadronhadron energy from errorenergy from error--weighted mean of track and weighted mean of track and 

calorimeter signalscalorimeter signals

  Particle flow photons and neutral hadronsParticle flow photons and neutral hadrons
  Cluster(sCluster(s) have significant energy excess with respect to ) have significant energy excess with respect to closestsclosests

tracktrack
  If excess larger than ECAL energy, photon is created from ECAL If excess larger than ECAL energy, photon is created from ECAL 

energy and neutral energy and neutral hadronhadron is created from HCAL is created from HCAL 
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Jet Input Signals (1)

  Electromagnetic energy scale signals in calorimetersElectromagnetic energy scale signals in calorimeters
  ATLAS basic towersATLAS basic towers

  No noise suppression, all cells (~190,000) usedNo noise suppression, all cells (~190,000) used
  Noise cancellation by reNoise cancellation by re--summation of negative tower signals with summation of negative tower signals with 

nearnear--by positive signalsby positive signals
  Et(towerEt(tower) > 0 threshold) > 0 threshold

  ATLAS topological clusters & towersATLAS topological clusters & towers
  Noise suppressed by topological cell cluster formationNoise suppressed by topological cell cluster formation
  Different signal geometryDifferent signal geometry
  Et(towerEt(tower) > 0 threshold) > 0 threshold

  CMS towersCMS towers
  No cell noise suppressionNo cell noise suppression
  Et(towerEt(tower) > 500 MeV(1 ) > 500 MeV(1 GeVGeV?) threshold?) threshold

  Particle or Particle or hadronichadronic scale signalsscale signals
  CMS particle flowCMS particle flow

  Fully reconstructed particle flow with charged and neutral hadroFully reconstructed particle flow with charged and neutral hadrons, ns, 
electrons and photons (isolated/nonelectrons and photons (isolated/non--isolated), photons, isolated), photons, muonsmuons

  Follow event particle flow as much as possibleFollow event particle flow as much as possible
  ATLAS local ATLAS local hadronichadronic scalescale

  Locally calibrated topological cell clustersLocally calibrated topological cell clusters
  Correlated with event particle flow but no Correlated with event particle flow but no expliciteexplicite particle particle 

reconstructionreconstruction
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Jet Input Signals (2)

  ATLASATLAS
  Basic 0.1 x 0.1 towersBasic 0.1 x 0.1 towers

  All cells (~190,000) projected All cells (~190,000) projected 
into towersinto towers

  Electromagnetic energy scale Electromagnetic energy scale 
signalsignal

  No noise suppression but noise No noise suppression but noise 
cancellation attemptcancellation attempt

  Topological 0.1 x 0.1 towersTopological 0.1 x 0.1 towers
  Cells from topological clusters Cells from topological clusters 

onlyonly
  Electromagnetic energy scale Electromagnetic energy scale 

signalsignal
  Noise suppression like for Noise suppression like for 

topological clusterstopological clusters

  Topological cell clustersTopological cell clusters
  Electromagnetic and local Electromagnetic and local 

hadronichadronic scale signalsscale signals
  Noise suppressedNoise suppressed

  Tower and clusters create Tower and clusters create 
different jetsdifferent jets
  Cluster sequences differentCluster sequences different
  Shapes differentShapes different

  CMSCMS
  Basic towers 0.1 x 0.1 Basic towers 0.1 x 0.1 

  Electromagnetic scale signalElectromagnetic scale signal
  Et > 1 Et > 1 GeVGeV (500 (500 MeVMeV) noise ) noise 

suppression for each towersuppression for each tower

  Energy flow objects provide Energy flow objects provide 
particle level signal particle level signal 
representationrepresentation
  Charged hadronsCharged hadrons
  Neutral hadronsNeutral hadrons
  MuonsMuons
  Electrons (isolated and nonElectrons (isolated and non--

isolated)isolated)
  PhotonsPhotons

  Both:Both:
  Reconstructed tracksReconstructed tracks

  Track jetsTrack jets

  Stable truth particles in Stable truth particles in 
simulationssimulations
  Truth jetsTruth jets

  Fast simulation pseudoFast simulation pseudo--cells, cells, --
towers, towers, --clustersclusters
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Jet Input Signals (3) 
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Jets in the ATLAS Calorimeters
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  Sequential processSequential process
  Input signal selectionInput signal selection

  Get the best signals out of your detector on a given signal scalGet the best signals out of your detector on a given signal scalee

  Preparation for jet findingPreparation for jet finding
  Suppression/cancellation of Suppression/cancellation of ““unphysicalunphysical”” signal objects with E<0 signal objects with E<0 

(due to noise)(due to noise)
  Possibly event ambiguity resolution (remove reconstructed Possibly event ambiguity resolution (remove reconstructed 

electrons, photons, electrons, photons, taustaus,,…… from detector signal)from detector signal)
 Not done in ATLAS before jet reconstruction!

  PrePre--clustering to speed up reconstruction (not needed anymore)clustering to speed up reconstruction (not needed anymore)

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

  Jet calibrationJet calibration
  Depending on detector input signal definition, jet finder choiceDepending on detector input signal definition, jet finder choices, s, 

referencesreferences……

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

significancesignificance

  ObjectiveObjective
  Reconstruct particle level featuresReconstruct particle level features

  Test models and extract physicsTest models and extract physics

“How-to” of Jet Reconstruction
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Monte Carlo Jet Calibration

  Typical Monte Carlo based normalizationTypical Monte Carlo based normalization
  Match particle level jets with detector jets in simple topologieMatch particle level jets with detector jets in simple topologies s 

(fully simulated QCD (fully simulated QCD didi--jets)jets)
  Use same specific jet definition for bothUse same specific jet definition for both
  Match defined by maximum angular distanceMatch defined by maximum angular distance

 Can include isolation requirements

  Determine calibration function parameters using truth particle jDetermine calibration function parameters using truth particle jet et 
energy constraintenergy constraint
  Fit calibration parameters such that relative energy resolution Fit calibration parameters such that relative energy resolution is bestis best

 Include whole phase space into fit (flat in energy)

  Correct residual nonCorrect residual non--linearitieslinearities by jet energy scale correction by jet energy scale correction 
functionfunction
  Numerical inversion technique applied hereNumerical inversion technique applied here

  Little factorization hereLittle factorization here
  Magnitudes of calibrations and corrections depend on Magnitudes of calibrations and corrections depend on 

signal choicessignal choices
  Electromagnetic energy scale signals require large corrections Electromagnetic energy scale signals require large corrections 

while particle level or local while particle level or local hadronichadronic signal have much less signal have much less 
correctionscorrections
  Effect on systematic errorsEffect on systematic errors
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Numerical Inversion

( )trueR E

( )recR E

( )true trueR E E

trueE

Transfer of response function 
from dependence on true 
variable to dependence on 
measured variable

( )rec true truex E R E E= � ( )rec true truex E R E E= �
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ATLAS Cell Weights

  Cell signal weightingCell signal weighting
  Statistically determined cell signal Statistically determined cell signal 
  weights try to compensate for weights try to compensate for 
  e/he/h>1 in jet context>1 in jet context

  Motivated by H1 cell weightingMotivated by H1 cell weighting
  High cell signal density indicatesHigh cell signal density indicates
  on average electromagnetic on average electromagnetic 
  signal originsignal origin

 Ideally weight = 1

  Low cell signal indicates Low cell signal indicates hadronichadronic depositdeposit
 Weight > 1 

  Cell weights are determined as function of cell signal densityCell weights are determined as function of cell signal density
  Use truth jet matching in fully simulated QCD Use truth jet matching in fully simulated QCD didi--jet events jet events 
  Crack regions not included in fitCrack regions not included in fit

  Residual jet energy scale corrections Residual jet energy scale corrections –– see next slidessee next slides
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Cell Weight Calibration For Jets

  Cell signal weighting Cell signal weighting 
functions do not restore functions do not restore 
jet energy scale for all jet energy scale for all 
jetsjets
  Crack regions not included Crack regions not included 

in fitsin fits
  Only on jet context used for Only on jet context used for 

fitting weightsfitting weights
  Cone jets with R=0.7Cone jets with R=0.7

  Only one calorimeter signal Only one calorimeter signal 
definition used for weight definition used for weight 
fitsfits
  CaloTowersCaloTowers

  Additional response Additional response 
corrections applied to corrections applied to 
restore linearityrestore linearity
  NonNon--optimal resolution for optimal resolution for 

other than reference jet other than reference jet 
samples can be expectedsamples can be expected

  Changing physics Changing physics 
environment not environment not 
explicitly corrected explicitly corrected 
  Absolute precision limitationAbsolute precision limitation
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ATLAS Cell Weight Calibration For Jets

  Cell signal weighting Cell signal weighting 
functions do not restore functions do not restore 
jet energy scale for all jet energy scale for all 
jetsjets
  Crack regions not included Crack regions not included 

in fitsin fits
  Only on jet context used for Only on jet context used for 

fitting weightsfitting weights
  Cone jets with R=0.7Cone jets with R=0.7

  Only one calorimeter signal Only one calorimeter signal 
definition used for weight definition used for weight 
fitsfits
  CaloTowersCaloTowers

  Additional response Additional response 
corrections applied to corrections applied to 
restore linearityrestore linearity
  NonNon--optimal resolution for optimal resolution for 

other than reference jet other than reference jet 
samples can be expectedsamples can be expected

  Changing physics Changing physics 
environment not environment not 
explicitly corrected explicitly corrected 
  Absolute precision limitationAbsolute precision limitation
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final final final final
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=
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ATLAS Cell Weight Calibration For Jets

  Cell signal weighting Cell signal weighting 
functions do not restore functions do not restore 
jet energy scale for all jet energy scale for all 
jetsjets
  Crack regions not included Crack regions not included 

in fitsin fits
  Only one jet context used Only one jet context used 

for fitting weightsfor fitting weights
  Cone jets with R=0.7Cone jets with R=0.7

  Only one calorimeter signal Only one calorimeter signal 
definition used for weight definition used for weight 
fitsfits
  CaloTowersCaloTowers

  Additional response Additional response 
corrections applied to corrections applied to 
restore linearityrestore linearity
  NonNon--optimal resolution for optimal resolution for 

other than reference jet other than reference jet 
samples can be expectedsamples can be expected

  Changing physics Changing physics 
environment not environment not 
explicitly corrected explicitly corrected 
  Absolute precision limitationAbsolute precision limitation

Response for jets in ttbar
(same jet finder as used for
determination of calibration
functions with QCD events)
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Final Jet Energy Scale Calibration

  Jet energy scale (JES) for first dataJet energy scale (JES) for first data
  Fully Monte Carlo based calibrations hard to validate quickly Fully Monte Carlo based calibrations hard to validate quickly 

with initial datawith initial data
  Too many things have to be right, including underlying event Too many things have to be right, including underlying event 

tunes, piletunes, pile--up activity, etc.up activity, etc.
  Mostly a generator issue in the beginningMostly a generator issue in the beginning

  Need flat response and decent energy resolution for jets as Need flat response and decent energy resolution for jets as 
soon as possiblesoon as possible
  Data driven scenario a la Data driven scenario a la DZeroDZero implemented both for ATLAS implemented both for ATLAS 

and CMSand CMS

  Additional jet by jet correctionsAdditional jet by jet corrections
  Interesting ideas to use all observable signal features for Interesting ideas to use all observable signal features for 

jets to calibratejets to calibrate
  Geometrical momentsGeometrical moments
  Energy sharing in calorimetersEnergy sharing in calorimeters

  Concerns about stability and MC dependence to be Concerns about stability and MC dependence to be 
understoodunderstood
  Can consider e.g. truncated moments using only prominent Can consider e.g. truncated moments using only prominent 

constituents for stable signalconstituents for stable signal
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CMS Factorized Jet Calibration

  Factorized calibration allows use of collision dataFactorized calibration allows use of collision data
  CMS sequence applies factorized scheme with required and CMS sequence applies factorized scheme with required and 

optional correctionsoptional corrections
  Required corrections can initially be extracted from collision dRequired corrections can initially be extracted from collision dataata

  Average signal offset from pileAverage signal offset from pile--up and UE can be extracted from up and UE can be extracted from 
minimum bias triggersminimum bias triggers

  Relative direction dependence of response can be corrected from Relative direction dependence of response can be corrected from didi--
jet jet pTpT balancebalance

  The absolute The absolute pTpT scale correction can be derived from prompt photon scale correction can be derived from prompt photon 
productionproduction

  Optional corrections refine jet calibrationOptional corrections refine jet calibration
  Use jet by jet calorimeter or track observables to reduce fluctuUse jet by jet calorimeter or track observables to reduce fluctuations ations 
  Includes energy fractions in EMC, track Includes energy fractions in EMC, track pTpT fractions, underlying event fractions, underlying event 

corrections using jet areas, flavor dependencies and otherscorrections using jet areas, flavor dependencies and others……
  May need very good simulations!May need very good simulations!
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ATLAS JES Correction Model for First Data

optional

data driven

MC
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Data Driven JES Corrections (1)

  PileUpPileUp subtractionsubtraction
  Goal:Goal:

  Correct inCorrect in--time and residual outtime and residual out--ofof--time time 
pilepile--up contribution to a jet on averageup contribution to a jet on average

  Tools:Tools:
  Zero bias (random) events, minimum bias Zero bias (random) events, minimum bias 

eventsevents

  Measurement:Measurement:
  Et density in Et density in ΔΔηη××ΔφΔφ bins as function of bins as function of 
  # vertices# vertices
  TopoClusterTopoCluster feature (size, average feature (size, average 
  energy as function of depth) changesenergy as function of depth) changes
  as function of # vertices as function of # vertices 

  Remarks:Remarks:
  Uses expectations from the average Et flow Uses expectations from the average Et flow 

for a given instantaneous luminosityfor a given instantaneous luminosity
  Instantaneous luminosity is measured by Instantaneous luminosity is measured by 

the # vertices in the eventthe # vertices in the event
  Requires measure of jet size (Requires measure of jet size (AntiKtAntiKt

advantage)advantage)

  Concerns:Concerns:
  Stable and safe determination of averageStable and safe determination of average

( )UE
UE TEρ η ϕ= Δ ×Δ( )UE
UE TEρ η ϕ= Δ ×Δ

( )coshUE
offset UE jet jetE Aρ η=( )coshUE
offset UE jet jetE Aρ η=
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DD

DD

Determination of the Absolute Jet Energy 
Scale in the D0 Calorimeters. NIM A424, 
352 (1999)

Note that magnitude of 
correction depends on 

calorimeter signal processing!

Note that magnitude of 
correction depends on 

calorimeter signal processing!
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Data Driven JES Corrections (2)

  Absolute responseAbsolute response
  Goal:Goal:

  Correct for energy (Correct for energy (pTpT) dependent jet response) dependent jet response

  Tools: Tools: 
  Direct photons, Direct photons, Z+jet(sZ+jet(s),),……

  Measurement:Measurement:
  pTpT balance of well calibrated system (photon, Z)  balance of well calibrated system (photon, Z)  
  against jet in central regionagainst jet in central region

  Remarks:Remarks:
  Usually uses central reference and central jets (region of flat Usually uses central reference and central jets (region of flat 

reponsereponse))

  Concerns:Concerns:
  Limit in precision and estimates for Limit in precision and estimates for systematicssystematics w/o well understood w/o well understood 

simulations not clearsimulations not clear
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Data Driven JES Corrections (3)

  Direction response correctionsDirection response corrections
  Goal:Goal:

  Equalize response as function of jet Equalize response as function of jet 
  ((pseudo)rapiditypseudo)rapidity

  Tools:Tools:
  QCD QCD didi--jetsjets
  Direct photonsDirect photons

  Measurement:Measurement:
  DiDi--jet jet pTpT balance uses balance uses 
  reference jet in well calibratedreference jet in well calibrated
  (central) region to correct (central) region to correct 
  second jet further awaysecond jet further away
  Measure Measure hadronichadronic response response 
  variations as function of the jet variations as function of the jet 
  direction with the missing Et direction with the missing Et 
  projection fraction (MPF) method projection fraction (MPF) method 

  Remarks:Remarks:
  MPF only needs jet for direction MPF only needs jet for direction 

referencereference
  BiBi--sector in sector in didi--jet balance explores jet balance explores 

different sensitivitiesdifferent sensitivities
  Concerns:Concerns:

  MC quality for systematic MC quality for systematic uncertauntyuncertaunty
evaluationevaluation

  Very different (jet) energy scales Very different (jet) energy scales 
between reference and probed jetbetween reference and probed jet
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4. Jet Reconstruction Performance4. Jet Reconstruction Performance
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Jet Performance Evaluations (1)

  Jet performance evaluationJet performance evaluation
  Proof of success for each methodProof of success for each method

  Closure tests applied to calibration data sourceClosure tests applied to calibration data source

  Strong indications that one jet reconstruction approach is Strong indications that one jet reconstruction approach is 
not sufficientnot sufficient
  Evaluation needs to be extended to different final statesEvaluation needs to be extended to different final states
  Systematic errors and corrections for alternative jet finders Systematic errors and corrections for alternative jet finders 

and configurations need to be evaluatedand configurations need to be evaluated
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G. Salam, talk at ATLAS Hadronic Calibration Workshop, Tucson, Arizona, 
USA, March 2009 
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Jet Performance Evaluations (2)

  Jet signal linearity and Jet signal linearity and 
resolutionresolution
  Closure tests for calibration Closure tests for calibration 

determinationdetermination
  Ultimate precision and Ultimate precision and 

resolution for given method resolution for given method 
applied to calibration sampleapplied to calibration sample

  Response comparisons for Response comparisons for 
different signal definitionsdifferent signal definitions
  Need to reduce exploration Need to reduce exploration 

phase spacephase space
  Real data needed for final Real data needed for final 

decisiondecision

  Effect of calibration on Effect of calibration on 
inclusive jet crossinclusive jet cross--sectionsection
  One the first physics results One the first physics results 

expected from ATLAS & CMSexpected from ATLAS & CMS
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Jet Performance Evaluations (3)

  Jet signal linearity and Jet signal linearity and 
resolutionresolution
  Closure tests for calibration Closure tests for calibration 

determinationdetermination
  Ultimate precision and Ultimate precision and 

resolution for given method resolution for given method 
applied to calibration sampleapplied to calibration sample

  Response comparisons for Response comparisons for 
different signal definitionsdifferent signal definitions
  Need to reduce exploration Need to reduce exploration 

phase spacephase space
  Real data needed for final Real data needed for final 

decisiondecision

  Effect of calibration on Effect of calibration on 
inclusive jet crossinclusive jet cross--sectionsection
  One the first physics results One the first physics results 

expected from ATLAS & CMSexpected from ATLAS & CMS
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Data Driven Evaluation

  Photon+jet(sPhoton+jet(s))
  Well measured electromagnetic Well measured electromagnetic 

system balances jet responsesystem balances jet response
  Central value theoretical Central value theoretical 

uncertainty ~2% limits precisionuncertainty ~2% limits precision
 Due to photon isolation 

requirements

  But very good final state for But very good final state for 
evaluating calibrationsevaluating calibrations

  Can test different correction levels Can test different correction levels 
in factorized calibrationsin factorized calibrations
  E.g., local E.g., local hadronichadronic calibration in calibration in 

ATLASATLAS

  Limited Limited pTpT reach for 1reach for 1--2% 2% 
precisionprecision
  2525-->300 >300 GeVGeV within 100 pbwithin 100 pb--11

  Z+jet(sZ+jet(s))
  Similar idea, but less initial Similar idea, but less initial 

statisticsstatistics
  Smaller reach but less backgroundSmaller reach but less background
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Data Driven Evaluation

  Photon+jet(sPhoton+jet(s))
  Well measured electromagnetic Well measured electromagnetic 

system balances jet responsesystem balances jet response
  Central value theoretical Central value theoretical 

uncertainty ~2% limits precisionuncertainty ~2% limits precision
 Due to photon isolation 

requirements

  But very good final state for But very good final state for 
evaluating calibrationsevaluating calibrations

  Can test different correction levels Can test different correction levels 
in factorized calibrationsin factorized calibrations
  E.g., local E.g., local hadronichadronic calibration in calibration in 

ATLASATLAS

  Limited Limited pTpT reach for 1reach for 1--2% 2% 
precisionprecision
  2525-->300 >300 GeVGeV within 100 pbwithin 100 pb--11

  Z+jet(sZ+jet(s))
  Similar idea, but less initial Similar idea, but less initial 

statisticsstatistics
  Smaller reach but less backgroundSmaller reach but less background
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W Mass Spectroscopy

  InIn--situ calibration situ calibration 
validation handlevalidation handle
  Precise reference in Precise reference in ttbarttbar

eventsevents
  HadronicallyHadronically decaying Wdecaying W--

bosonsbosons

  Jet calibrations should Jet calibrations should 
reproduce Wreproduce W--massmass
  Note color singlet sourceNote color singlet source
  No color connection to rest of No color connection to rest of 

collision collision –– different underlying different underlying 
event as QCDevent as QCD

  Also only light quark jet Also only light quark jet 
referencereference

  Expected to be sensitive to jet Expected to be sensitive to jet 
algorithmsalgorithms
  Narrow jets perform better Narrow jets perform better ––

as expectedas expected
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Jets Not From Hard Scatter

  Dangerous background for Dangerous background for W+nW+n jets crossjets cross--
sections etc.sections etc.

  Lowest Lowest pTpT jet of final state can be faked or jet of final state can be faked or 
misinterpreted as coming from underlying event misinterpreted as coming from underlying event 
or multiple interactionsor multiple interactions

  Extra jets from UE are hard to handleExtra jets from UE are hard to handle
  No real experimental indication of jet sourceNo real experimental indication of jet source

  Some correlation with hard scattering?Some correlation with hard scattering?
  Jet area?Jet area?
  No separate vertexNo separate vertex

  JetJet--byby--jet handle for multiple proton jet handle for multiple proton 
interactionsinteractions

  Classic indicator for multiple interactions is Classic indicator for multiple interactions is 
number of reconstructed vertices in eventnumber of reconstructed vertices in event

  TevatronTevatron with with RMS(z_vertexRMS(z_vertex) ~ 30 cm) ~ 30 cm
  LHC LHC RMS(z_vertexRMS(z_vertex) ~ 8 cm) ~ 8 cm

  If we can attach vertices to reconstructed jets, we If we can attach vertices to reconstructed jets, we 
can in principle identify jets not from hard can in principle identify jets not from hard 
scatteringscattering

  Limited to Limited to pseudorapiditiespseudorapidities within 2.5!within 2.5!

  Track jetsTrack jets
  Find jets in reconFind jets in recon--
  structedstructed trackstracks

  ~60% of jet ~60% of jet pTpT, , 
  with RMS ~0.3 with RMS ~0.3 ––
  not a good not a good 
  kinematic estimatorkinematic estimator

  Dedicated algorithmDedicated algorithm
  Cluster track jets in Cluster track jets in 
  pseudopseudo--rapidity, azimuth, rapidity, azimuth, 
  and and delta(Zdelta(ZVertexVertex))

  Match track and Match track and 
  calorimeter jetcalorimeter jet

  Also helps response!Also helps response!
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5. Missing Transverse Energy5. Missing Transverse Energy
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  Hard signal in calorimetersHard signal in calorimeters
  Fully reconstructed & calibrated particles and jetsFully reconstructed & calibrated particles and jets

  Not always from hard interaction!Not always from hard interaction!

  Hard signal in Hard signal in muonmuon spectrometerspectrometer
  Fully reconstructed & calibrated Fully reconstructed & calibrated muonsmuons

  May generate isolated or embedded soft calorimeter signalsMay generate isolated or embedded soft calorimeter signals
  Care needed to avoid double countingCare needed to avoid double counting

  Soft signals in calorimetersSoft signals in calorimeters
  Signals not used in reconstructed physics objectsSignals not used in reconstructed physics objects

  I.e., below reconstruction I.e., below reconstruction threshold(sthreshold(s))

  Needs to be included in MET to reduce scale biases and improve Needs to be included in MET to reduce scale biases and improve 
resolutionresolution

  Need to avoid double countingNeed to avoid double counting
  Common object use strategy in ATLASCommon object use strategy in ATLAS

  Find smallest available calorimeter signal base for physics objeFind smallest available calorimeter signal base for physics objects (cells or cts (cells or 
cell clusters)cell clusters)

  Check for exclusive basesCheck for exclusive bases
  Same signal can only be used in one physics objectSame signal can only be used in one physics object

  Veto MET contribution from already used signalsVeto MET contribution from already used signals
  Track with selected baseTrack with selected base

  Priority of association is defined by reconstruction uncertaintiPriority of association is defined by reconstruction uncertaintieses
  Electrons (highest quality) Electrons (highest quality) →→ photons photons →→ muonsmuons* * →→ taustaus →→ jets (lowest jets (lowest 

quality)quality)

Detector Signal Contribution to MET
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  MET is determined by hard signals in eventMET is determined by hard signals in event
  Reconstructed particles and jets above thresholdReconstructed particles and jets above threshold

  All objects on well defined energy scale, e.g. best reconstructiAll objects on well defined energy scale, e.g. best reconstruction for on for 
individual object typeindividual object type

  Really no freedom to change scales for any of these objectsReally no freedom to change scales for any of these objects
  Little calibration to be done for METLittle calibration to be done for MET
  Note that detector inefficiencies are corrected for physics objeNote that detector inefficiencies are corrected for physics objectscts

  Some freedom for soft MET contributionSome freedom for soft MET contribution……
  Signals not used in physics objects often lack corresponding Signals not used in physics objects often lack corresponding 

context to constrain calibrationcontext to constrain calibration
  ATLAS has developed a low bias ATLAS has developed a low bias ““locallocal”” calibration for the calibration for the 

calorimeters based on signal shapes inside calorimeterscalorimeters based on signal shapes inside calorimeters
  Some degree of freedom hereSome degree of freedom here

  But contribution is small and mostly balanced in Et anywayBut contribution is small and mostly balanced in Et anyway
 Source here often UE/pile-up!

  ……and overall acceptance limitationsand overall acceptance limitations
  Detector Detector ““losesloses”” particles in nonparticles in non--instrumented areas or due to instrumented areas or due to 

magnetic field in inner cavitymagnetic field in inner cavity
  Same remarks as above, very small and likely balanced signalsSame remarks as above, very small and likely balanced signals

  Event topology dependent adjustments to MET are imaginable to Event topology dependent adjustments to MET are imaginable to 
recover these lossesrecover these losses

  I prefer I prefer ““validationvalidation”” rather than rather than ““calibrationcalibration””
  Discrepancies in MET need to be isolated for systematic controlDiscrepancies in MET need to be isolated for systematic control

1.a
1.b
2.a
2.b
3.a
3.b
3.c
4.a
4.b
4.c
5.a
5.b
5.c

Remarks to MET Calibration



93
P. LochP. Loch

U of ArizonaU of Arizona
June 30, 2009June 30, 2009

  MET scale can be checked MET scale can be checked 
with physicswith physics
  Look for one Look for one hadronichadronic and and 

one one leptonicleptonic tau from Z tau from Z 
decaysdecays
  Can be triggered nicely Can be triggered nicely 

with lepton + MET with lepton + MET 
requirementrequirement

  Use collinear approximation Use collinear approximation 
to reconstruct invariant to reconstruct invariant 
massmass
  MasslessMassless taustaus
  Neutrinos assumed to be Neutrinos assumed to be 

collinear to observable tau collinear to observable tau 
decay productsdecay products

  Check dependence of Check dependence of 
invariant mass on MET invariant mass on MET 
scale variationsscale variations
  Expect correlation!Expect correlation!

1 2
2( )( )(1 cos )Ahad vm E E E Eττ ν θ= + + −

1 2
2( )( )(1 cos )Ahad vm E E E Eττ ν θ= + + −

Determined from two reconstructed MET 
components and directions of detectable decay 
products

Determined from two reconstructed MET 
components and directions of detectable decay 
products

CERN-OPEN-2008-020

3σ±

8%±

100 pb-1
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  What is that?What is that?
  MET contribution from response MET contribution from response 

variationsvariations
  Cracks, Cracks, azimuthalazimuthal response response 

variationsvariations……
  Never/slowly changingNever/slowly changing
  Particle dependentParticle dependent

  MET contribution from MET contribution from mismis--
calibrationcalibration
  E.g., QCD E.g., QCD didi--jet with one jet jet with one jet 

underunder--calibratedcalibrated
  Relative effect generates MET Relative effect generates MET 

pointing to this jetpointing to this jet

  Dangerous source of METDangerous source of MET
  Disturbs many final states in a Disturbs many final states in a 

different waydifferent way
  Can fake new physicsCan fake new physics

  Suppression strategiesSuppression strategies
  Track jetsTrack jets
  Energy sharing between Energy sharing between 

calorimeterscalorimeters
  Event topology analysisEvent topology analysis
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MET Resolution From MC

  MET resolutionMET resolution
  Driven by calorimeterDriven by calorimeter

  Expect Expect sqrt(Esqrt(E) ) 
  dependencedependence

  Studied as function of Studied as function of 
  scalar Etscalar Et

  Systematically Systematically 
  evaluated with MCevaluated with MC

  No direct experimental No direct experimental 
  accessaccess

  Minimum bias with limited reach/precision?Minimum bias with limited reach/precision?
  Concern is pileConcern is pile--up effect on scalar Et up effect on scalar Et 

  Will discuss experimental access on next Will discuss experimental access on next 
slide(sslide(s))
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Data Driven MET Scale & Resolution (1)

  Experimental  accessExperimental  access
  Use biUse bi--sector signal sector signal 

projections in Z decaysprojections in Z decays
  Longitudinal projection Longitudinal projection 

sensitive to scalesensitive to scale
  Calibration of Calibration of hadronichadronic recoilrecoil

  Perpendicular projection Perpendicular projection 
sensitive to angular resolutionsensitive to angular resolution

  NeutrinoficationNeutrinofication
  Assumed to be very similar in Assumed to be very similar in 

Z and WZ and W
  One lepton in Z decay can be One lepton in Z decay can be 

““neutrinofiedneutrinofied””

  Access to MET resolution and Access to MET resolution and 
scalescale
  HadronicHadronic recoil contributionrecoil contribution

A+

A−

tE
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  MET scaleMET scale
  Folds Folds hadronichadronic scale with scale with 

acceptanceacceptance
  Note: no jets needed!Note: no jets needed!

  Experimental tool to validate Experimental tool to validate 
calibration of calibration of ““unusedunused””
calorimeter signalcalorimeter signal
  Hard objects can be removed Hard objects can be removed 

from recoilfrom recoil
  One possible degree of freedom One possible degree of freedom 

in MET in MET ““calibrationcalibration””

  Relevance for other final states to Relevance for other final states to 
be evaluatedbe evaluated
  Otherwise purely experimental Otherwise purely experimental 

handle!handle!

  MET resolutionMET resolution
  Can be measured along Can be measured along 

perpendicular and longitudinal perpendicular and longitudinal 
axisaxis
  Resolution scale is scalar Et sum Resolution scale is scalar Et sum 

of of hadronichadronic calorimeter signalcalorimeter signal
  Biased by UE and pileBiased by UE and pile--up (MC up (MC 

needed here)needed here)

  Qualitatively follows calorimeter Qualitatively follows calorimeter 
energy resolutionenergy resolution
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  Missing ET is a complex experimental quantityMissing ET is a complex experimental quantity
  Sensitive to precision and resolution of hard object reconstructSensitive to precision and resolution of hard object reconstructionion

  MET is calibrated by everythingMET is calibrated by everything
  Easily affected by detector problems and inefficienciesEasily affected by detector problems and inefficiencies

  Careful analysis of full event topologyCareful analysis of full event topology
  Signal shapes in physics and detectorSignal shapes in physics and detector

  Known unknown (1): effect of underlying event Known unknown (1): effect of underlying event 
  Some correlation with hard scatteringSome correlation with hard scattering
  Insignificant contribution??Insignificant contribution??

  To be confirmed early with To be confirmed early with didi--jetsjets

  Known unknown (2): effect of pileKnown unknown (2): effect of pile--upup
  Level of activity not so clearLevel of activity not so clear

  Minimum bias first and urgent experimental taskMinimum bias first and urgent experimental task
  Expectation is cancellation on average (at least)Expectation is cancellation on average (at least)

  Detector signal thresholds/acceptance potentially introduce asymDetector signal thresholds/acceptance potentially introduce asymmetriesmetries
  Need to know the Need to know the ““realreal”” detector detector 

  Considerable contribution to MET fluctuations Considerable contribution to MET fluctuations 
  Severe limitation in sensitivity for discoverySevere limitation in sensitivity for discovery
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Final Remarks on MET
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6. Conclusions6. Conclusions
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Conclusions

  This was a mere snapshotThis was a mere snapshot
  Jet reconstruction at LHC deserves a bookJet reconstruction at LHC deserves a book

  Complex environment, complex signals, lots of information Complex environment, complex signals, lots of information 
content both in ATLAS and CMS eventscontent both in ATLAS and CMS events

  Both experiments are on their wayBoth experiments are on their way
  Expected performance could be confirmed or exceeded Expected performance could be confirmed or exceeded 

with full simulations in large LHC phase spacewith full simulations in large LHC phase space
  No real problems expected, but data can always bring a few No real problems expected, but data can always bring a few 

surprisessurprises

  Missing Et performance expectations well Missing Et performance expectations well 
developeddeveloped
  Complex quantity likely needs most time to be understoodComplex quantity likely needs most time to be understood

  Collects all Collects all systematicssystematics from all other physics object from all other physics object 
reconstruction!reconstruction!

  We are waiting for data!We are waiting for data!
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The Other StuffThe Other Stuff
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  We expected clusters to represent We expected clusters to represent 
individual particlesindividual particles
  Cannot be perfect in busy jet Cannot be perfect in busy jet 

environment!environment!
  Shower overlap in finite calorimeter Shower overlap in finite calorimeter 

granularitygranularity

  Some resolution power, thoughSome resolution power, though
  Much better than for tower jets!Much better than for tower jets!

  ~1.6:1 ~1.6:1 particles:clustersparticles:clusters in central in central 
regionregion
  This is an average estimator subject to This is an average estimator subject to 

large fluctuationslarge fluctuations

  ~1:1 in ~1:1 in endcapendcap regionregion
  Best match of readout granularity, Best match of readout granularity, 

shower size and jet particle energy flowshower size and jet particle energy flow
  Happy coincidence, not a design feature Happy coincidence, not a design feature 

of the ATLAS calorimeter!of the ATLAS calorimeter!
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Jet Shapes

(from G. Salam’s talk at the ATLAS Hadronic Calibration Workshop Tucson 2008)



104
P. LochP. Loch

U of ArizonaU of Arizona
June 30, 2009June 30, 2009

Calibration Flow

Electromagnetic 
Scale Jet

Electromagnetic 
Scale Cells

Apply Weights Dead Material 
Correction

Recombine

Final Energy Scale 
Jet

Apply Final Correction

cells in 
EMB3/Tile0all cells

Retreive Cells

Local Hadronic 
Scale Jet

Final Energy Scale 
Jet

Apply Final Correction

Lots of work in 
calorimeter domain!



105
P. LochP. Loch

U of ArizonaU of Arizona
June 30, 2009June 30, 2009

Tower Building
(Δη×Δφ=0.1×0.1, non-discriminant)

CaloCells
(em scale)

CaloTowers
(em scale)

Calorimeter Jets
(em scale)

 Jet Finding
(cone R=0.7,0.4; kt)

Jet Based Hadronic Calibration
(“H1-style” cell weighting in jets etc.)

Calorimeter Jets
(fully calibrated had scale)

Physics Jets
(calibrated to particle level)

Jet Energy Scale Corrections
(noise, pile-up, algorithm effects, etc.)

Refined Physics Jet
(calibrated to interaction level)

In-situ Calibration
(underlying event, physics environment, etc.)

ProtoJets
(E>0,em scale)

Tower Noise Suppression
(cancel E<0 towers by re-summation)

  Sum up electromagnetic scale calorimeter cell signals Sum up electromagnetic scale calorimeter cell signals 
into towersinto towers
  Fixed grid of Fixed grid of ΔΔηη x x ΔΔφφ = 0.1 x 0.1= 0.1 x 0.1
  NonNon--discriminatory, no cell suppressiondiscriminatory, no cell suppression
  Works well with pointing readout geometriesWorks well with pointing readout geometries

  Larger cells split their signal between towers according to the Larger cells split their signal between towers according to the 
overlap area fractionoverlap area fraction

  Tower noise suppressionTower noise suppression
  Some towers have net negative signalsSome towers have net negative signals
  Apply Apply ““nearest nearest neighbourneighbour tower recombinationtower recombination””

  Combine negative signal Combine negative signal tower(stower(s) with nearby positive signal towers ) with nearby positive signal towers 
until sum of signals > 0until sum of signals > 0

  Remove towers with no nearby Remove towers with no nearby neighboursneighbours

  Towers are Towers are ““masslessmassless”” pseudopseudo--particlesparticles

  Find jetsFind jets
  Note: towers have signal on electromagnetic energy scaleNote: towers have signal on electromagnetic energy scale

  Calibrate jetsCalibrate jets
  Retrieve calorimeter cell signals in jetRetrieve calorimeter cell signals in jet
  Apply signal weighting functions to these signalsApply signal weighting functions to these signals
  Recalculate jet kinematics using these cell signalsRecalculate jet kinematics using these cell signals

  Note: there are cells with negative signals!Note: there are cells with negative signals!

  Apply final correctionsApply final corrections

CaloTower Jets
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Topological Clustering
(includes noise suppression)

CaloCells
(em scale)

Calorimeter Jets
(em scale)

 Cluster Classification
(identify em type clusters)

 Jet Finding
(cone R=0.7,0.4; kt)

 Out Of Cluster Corrections
(hadronic & electromagnetic)Jet Based Hadronic Calibration

(“H1-style” cell weighting in jets etc.)

 Jet Finding
(cone R=0.7,0.4; kt)

Jet Energy Scale Corrections
(noise, pile-up, algorithm effects, etc.)

Refined Physics Jet
(calibrated to interaction level)

In-situ Calibration
(underlying event, 

physics environment, etc.)

 Hadronic Cluster Calibration
(apply cell signal weighting)

 Dead Material Correction
(hadronic & eleectromagentic)

CaloClusters
(em scale, classified)

CaloClusters
(locally calibrated had scale)

CaloClusters
(hadronic scale)

CaloClusters
(had scale+DM)

Calorimeter Jets
(partly calibrated/corrected)

 Jet Finding
(cone R=0.7,0.4; kt)

CaloClusters
(em scale)

Calorimeter Jets
(fully calibrated had scale)

Physics Jets
(calibrated to particle level)

TopoCluster Jets
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Tower Building
(Δη×Δφ=0.1×0.1, non-discriminant)

CaloCells
(em scale, selected)

CaloTowers
(em scale)

Calorimeter Jets
(em scale)

 Jet Finding
(cone R=0.7,0.4; kt)

Jet Based Hadronic Calibration
(“H1-style” cell weighting in jets etc.)

Calorimeter Jets
(fully calibrated had scale)

Physics Jets
(calibrated to particle level)

Jet Energy Scale Corrections
(noise, pile-up, algorithm effects, etc.)

Refined Physics Jet
(calibrated to interaction level)

In-situ Calibration
(underlying event, 

physics environment, etc.)

Topological Clustering
(includes noise suppression)

CaloCells
(em scale)

CaloClusters
(em scale)

Extract Cells In Clusters
(excludes noisy cells)

  Apply noise Apply noise 
suppression to tower suppression to tower 
jetsjets
  Topological clustering is Topological clustering is 

used as a noise used as a noise 
suppression tool onlysuppression tool only

  Similar to Similar to DZeroDZero
approachapproach

  New implementationNew implementation
  Only in ESD context so Only in ESD context so 

farfar
  Working on schema to Working on schema to 

bring these jets into the bring these jets into the 
AODAOD
  Including constituentsIncluding constituents

  Allows comparisons Allows comparisons 
for tower and cluster for tower and cluster 
jets with similar jets with similar 
noise contributionnoise contribution
  Should produce rather Should produce rather 

similar jets than tower similar jets than tower 
jets at better jets at better 
resolutionresolution

  Less towers per jetLess towers per jet

TopoTower Jets

CERN-OPEN-2008-020
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MET Calorimeter Issues

  Calorimeter issuesCalorimeter issues
  About 70About 70--90% of all cells have no 90% of all cells have no 
  true or significant signaltrue or significant signal

  Depending on final state, of courseDepending on final state, of course

  Applying symmetric or asymmetricApplying symmetric or asymmetric
  noise cuts to cell signals  noise cuts to cell signals  

  Reduces fluctuations significantlyReduces fluctuations significantly
  But introduces a bias (shift in But introduces a bias (shift in 
  average missing Et)average missing Et)

  Topological clustering applies more reasonable noise cutTopological clustering applies more reasonable noise cut
  Cells with very small signals can survive based on the signals Cells with very small signals can survive based on the signals 

in neighboring cellsin neighboring cells
  Still small bias possible but closeStill small bias possible but close--toto--ideal suppression of ideal suppression of 

noisenoise
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““EMEM””
TopoClusterTopoCluster

Sliding Window  Sliding Window  
ClusterCluster

2 2R η φΔ = Δ + Δ

HadronicHadronic
TopoClusterTopoCluster

Cluster Overlap
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Variables For Cluster Overlap Resolution

  TopoClustersTopoClusters and Sliding Window clusters and Sliding Window clusters 
representing the same representing the same emem shower are differentshower are different
  Different shapesDifferent shapes

  TopoClusterTopoCluster size determined by cell signal topologysize determined by cell signal topology
  SW cluster size fixed by clientSW cluster size fixed by client
  Both clusters will have different cell content!Both clusters will have different cell content!

  Different signal fluctuationsDifferent signal fluctuations
  No noise suppression in SW clustersNo noise suppression in SW clusters

 But less direct contributions from small signal “marginal” cells
  Noise suppression in Noise suppression in TopoClustersTopoClusters

 Potentially more small signal cells with relatively large fluctuations

  Possible variables to measure overlap (under study)Possible variables to measure overlap (under study)
  Total raw signalTotal raw signal

  Affected by different noise characteristicsAffected by different noise characteristics
  Relative signal distribution in sampling layersRelative signal distribution in sampling layers

  Could be better as some noise is unfolded in the ratiosCould be better as some noise is unfolded in the ratios
  Geometrical distance (Geometrical distance (barycenterbarycenter--toto--barycenterbarycenter in 3in 3--d)d)

  Not available for SW (could easily be implemented!)Not available for SW (could easily be implemented!)
  Subject to detector granularity changes (?)Subject to detector granularity changes (?)

  Measure common cell contentMeasure common cell content
  Similar motivation as for ESDSimilar motivation as for ESD
  Adds several other (more stable) measures to overlap resolution,Adds several other (more stable) measures to overlap resolution,

see next slidessee next slides
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  TopoClustersTopoClusters have 3have 3--d geometryd geometry
  BarycenterBarycenter ((x,y,zx,y,z))

  In AOD, from In AOD, from ((R,R,ηη,,φφ))
  Extension along and perpendicular to Extension along and perpendicular to 

““direction of flightdirection of flight””
  Measured by 2Measured by 2ndnd geometrical momentsgeometrical moments
  Vertex assumption (0,0,0) for Vertex assumption (0,0,0) for 
  right nowright now

Principal axis available for large 
enough clusters

  Can calculate envelop around Can calculate envelop around 
barycenterbarycenter
  Presently ellipsoidalPresently ellipsoidal

 Could include apparent 
 “longitudinal asymmetry”
 of em showers

  Use simple model of Use simple model of 
  longitudinal profilelongitudinal profile

x

y

z
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Geometrical Features Of Clusters
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  AOD AOD TopoClustersTopoClusters have have 
no cellsno cells
  Need to come up with some Need to come up with some 

geometrical measuregeometrical measure
  Use the envelop!Use the envelop!

  Can calculate likelihood Can calculate likelihood 
that cell is within envelopthat cell is within envelop
  Introduces two parameters Introduces two parameters 

with typical values:with typical values:

  May need some tuning!May need some tuning!

  Define cell i is inside Define cell i is inside topotopo
cluster c whencluster c when……
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Cell Content Variables

  Shared cells between SW and Shared cells between SW and TopoClusterTopoCluster provide:provide:
  Fractional number of cells sharedFractional number of cells shared

  Can be calculated for both clustersCan be calculated for both clusters
 Likely more useful for TopoCluster

  Energy density measureEnergy density measure
  Fraction of cluster signal in shared cellsFraction of cluster signal in shared cells

 Raw signal reference

  Relative profilesRelative profiles
  ReRe--summation of raw sampling energies allows to calculate fractionssummation of raw sampling energies allows to calculate fractions

by sampling for both types of clustersby sampling for both types of clusters

  ……

  When used with When used with muonsmuons::
  Fraction of cells associated with a Fraction of cells associated with a muonmuon inside a inside a TopoClusterTopoCluster

  Discard Discard TopoClusterTopoCluster signal in MET calculation if signal in MET calculation if muonmuon corrected for corrected for 
calocalo energy lossenergy loss


