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1

1

In
tro

d
u

ctio
n

Moderngeneral-purposedetectorsathigh-energycollidersarebasedontheconceptofcylin-

dricaldetectionlayers,nestedaroundthebeam
axis.Startingfrom

thebeam
interactionregion,

particlesfirstenteratracker,inwhichcharged-particletrajectories(tracks)andorigins(vertices)

arereconstructedfrom
signals(hits)inthesensitivelayers.Thetrackerisimmersedinamag-

neticfieldthatbendsthetrajectoriesandallowstheelectricchargesandmomentaofcharged

particlestobemeasured.Electronsandphotonsarethenabsorbedinanelectromagneticcalor-

imeter(ECAL).Thecorrespondingelectromagneticshowersaredetectedasclustersofenergy

recordedinneighbouringcells,from
whichtheenergyanddirectionoftheparticlescanbede-

termined.ChargedandneutralhadronsmayinitiateahadronicshowerintheECALaswell,

whichissubsequentlyfullyabsorbedinthehadroncalorimeter(HCAL).Thecorresponding

clustersareusedtoestimatetheirenergiesanddirections.Muonsandneutrinostraversethe

calorimeterswithlittleornointeractions.Whileneutrinosescapeundetected,muonsproduce

hitsinadditionaltrackinglayerscalledmuondetectors,locatedoutsidethecalorimeters.This

simplifiedview
isgraphicallysummarizedinFig.1,whichdisplaysasketchofatransverse

sliceoftheCMSdetector[1].
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Figure1:AsketchofthespecificparticleinteractionsinatransversesliceoftheCMSdetector,

from
thebeam

interactionregiontothemuondetector.Themuonandthechargedpionare

positivelycharged,andtheelectronisnegativelycharged.
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• Sum of cluster energies E 
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• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
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If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 
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• otherwise 
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(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 �+,��,�0,K0

L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π−
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π−
,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π− γ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π−
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π−
,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p

, , ,π− K0
L,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

, , ,



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 �+,��,�0,K0

L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,π−
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,π−
,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,π− γ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,π−
,γ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{ γ γ γ

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

ECAL

HCAL-p

, , ,π− K0
L,γ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

γ γ γ, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,π−
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,π−
,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,π− γ,
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Identify cha
rged hadrons

 only 

• one per trac
k

If p and E
 are compa

tible

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,π− γ,
Always give precedence to photons in ECAL
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL

• Fit pi and E
 according t

o  

• uncertainty 
weighted ave

rage
σ(E, pi)

If p and E
 are compa

tible
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL

• Fit pi and E
 according t

o  

• uncertainty 
weighted ave

rage
σ(E, pi)

If p and E
 are compa

tible

14.08.2012
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University of Illinois

at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012
Slide:
Date:

of 50

LPC
LHC Physics Center

18

Using the Detailed Full Detector

$A<;? �920@><;?

σ(
E)

/E

pT

π+



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 �+,��,�0,K0

L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL

• Fit pi and E
 according t

o  

• uncertainty 
weighted ave

rage
σ(E, pi)

If p and E
 are compa

tible
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL

• Fit pi and E
 according t

o  

• uncertainty 
weighted ave

rage
σ(E, pi)

If p and E
 are compa

tible
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

(blocks are usually very small)

Find charged hadrons & merged photons / neutral hadrons

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Simplified block (2nd step)

• Sum of track momenta p 
• Sum of cluster energies E 
• linked to the tracks in ECAL & 

in HCAL "hadron calibrated" (see later)

For each HCAL Cluster 
compare:

• Something odd going on...needs 
attention (doesn't happen often)

If E << p

• If E is just ECAL or just HCAL 

• ECAL: photon (E-p) 

• HCAL: neutral hadron (E-p) 

• If E from both ECAL and HCAL 

• if (E-p) > ECAL then 
photon (ECAL) +  
neutral hadron (HCAL - p) 

• otherwise 
photon (E-p)/b

If E > p + σ(E)

p

E-p
b

γ γ γ, , ,
Always give precedence to photons in ECAL

• Fit pi and E
 according t

o  

• uncertainty 
weighted ave

rage
σ(E, pi)

If p and E
 are compa

tible
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Using the Detailed Full Detector
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

�+,��,�0,K0
L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

�+,��,�0,K0
L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p

• Note: the precedence given to photon ID in ECAL
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Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p

• Note: the precedence given to photon ID in ECAL

• Could underestimate ECAL deposits of neutral hadrons
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• two oppositely charged hadrons (  and )π+ π−
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• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p

• Note: the precedence given to photon ID in ECAL

• Could underestimate ECAL deposits of neutral hadrons

• But neutral hadron energy deposited in ECAL is

�+,��,�0,K0
L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
, }



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p

• Note: the precedence given to photon ID in ECAL

• Could underestimate ECAL deposits of neutral hadrons

• But neutral hadron energy deposited in ECAL is

• (10% neutral hadron energy) x (30% ECAL fraction)   
= 3% of event energy
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• Five particles reconstructed

• two oppositely charged hadrons (  and )π+ π−

• three photons

• two from  decay and one from  energy depositπ0 K0
L

• no neutral hadron

• because for both tracks, E compatible with p

• Note: the precedence given to photon ID in ECAL

• Could underestimate ECAL deposits of neutral hadrons

• But neutral hadron energy deposited in ECAL is

• (10% neutral hadron energy) x (30% ECAL fraction)   
= 3% of event energy

• might loose < 0.5% of event energy due to this 
choice 

�+,��,�0,K0
L

Four true particles:

HCAL HCAL

ECAL

Track Track

List of reconstructed (candidate) particles

{

p

E =  
 ECAL +  
 HCAL

p

E =  
 HCAL

Conclusion from this simple Example

γ γ γ, , ,π+ π−
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Analysis of the leading jet from simulated  
event of all-hadronic top-quark pairs:

...The Particle Flow algorithm scales  
to large particle multiplicities!

That was a simple example, nevertheless...
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#0  PDG code:130,       p/pt/eta/phi: 20.3845  16.7688  -0.645422  1.49343 
#1  PDG code:211,       p/pt/eta/phi: 17.2954  15.0452  -0.540329  1.45624 
#2  PDG code:211,       p/pt/eta/phi: 11.453    9.82512 -0.567975  1.4245 
#3  PDG code:22,        p/pt/eta/phi: 7.75683   6.52999 -0.603777  1.46632 
#4  PDG code:22,        p/pt/eta/phi: 7.26097   6.17551 -0.584549  1.42736 
#5  PDG code:22,        p/pt/eta/phi: 6.56173   5.52903 -0.602059  1.39252 
#6  PDG code:2212,      p/pt/eta/phi: 5.69095   5.14257 -0.457804  1.12381 
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Important details (again!)  Tracker Material Budget
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Important details (again!)  Tracker Material Budget6 2 The CMS detector
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Important details (again!)  Tracker Material Budget6 2 The CMS detector

η
-4 -3 -2 -1 0 1 2 3 4

Iλt/

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

η
-4 -3 -2 -1 0 1 2 3 4

0
t/X

0

0.5

1

1.5

2

2.5 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Important details (again!)  Tracker Material Budget6 2 The CMS detector

η
-4 -3 -2 -1 0 1 2 3 4

Iλt/

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

η
-4 -3 -2 -1 0 1 2 3 4

0
t/X

0

0.5

1

1.5

2

2.5 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].
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2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
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A few subtleties : the devil is in the details (17)
 Electrons : Tracking

 Because they radiate, many electrons would have failed the Nhits > 8 cut
 The Kalman filter pattern recognition quickly gives up

 The iterative tracking was initially meant at solving this issue for PF 
 Tracks with at least 3 hits are used as seed
 Use a Gaussian-Sum filter to follow the electron track all the way to ECAL

 Issue : GSF tracking is slow
 Use it only for pre-identified tracks

Small number of hits
Or : Poor quality fit
Or : p/EECAL not far from unity
Linked to pre-shower hits

 Concerns only 5% of the tracks
With 95% efficiency on electrons

5-Feb-2011
Particle Flow Event Reconstruction
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The bremsstra
hlung energy

loss distrib
ution

of elect
rons propagati

ng in matter
is highly non Gaussian

. Because

the Kalman filter relies
solely

on Gaussian
probability

density function
s, it might not be an optimal recon

struc-

tion
algor

ithm for elect
ron track

s. A Gaussian
-sum filter (GSF) algor

ithm for elect
ron track

recon
struction

in

the CMS track
er has therefo

re been develo
ped. The basic

idea is to model the bremsstra
hlung energy

loss dis-

tribution
by a Gaussian

mixture rather than a single Gaussian
. It is shown that the GSF is able to improve

the

momentum resol
ution

of elect
rons compared

to the standard Kalman filter.
The momentum resol

ution
and the

quality
of the estim

ated
error

are studied with vario
us types of mixture models of the energy

loss distrib
ution.

1. Intr
oduct

ion

Modern track
detect

ors based
on semiconductor

technologi
es contain

large
r amounts of materia

l than

gaseo
us detect

or types, partia
lly due to the detect

or

elements themselves
and partia

lly due to additional

materia
l required

for on-sensor electr
onics, power,

cooling, and mechanical support.
A precise

mod-

elling of materia
l effects

in track
recon

struction
is

therefo
re necess

ary to obtain
the best estim

ates
of

the track
param

eters.
Such materia

l effects
are par-

ticularly
releva

nt for the recon
struction

of electr
ons

which, in addition
to ionizatio

n energy
loss and multi-

ple Coulomb scatt
ering, suffer from

large
energy

losses

due to bremsstra
hlung.

A well-known model of the bremsstra
hlung energy

loss is due to Bethe and Heitler
[1].

In this model,

the probability
density function

(PDF), f(z), of the

energy
loss of an electr

on is

f(z) =
[− ln z]

c−1

Γ(c)
,

(1)

where c = t/ ln 2, t is the thickness of materia
l tra-

verse
d by the electr

on (in units of radiation
length),

and z is the fracti
on of energy

remaining after
the

materia
l layer

is trave
rsed. The probability of a given

fracti
onal energy

loss is assumed to be independent

of the energy
of the incoming particl

e. This PDF is

shown in Fig. 1 for different thickness values.

The baselin
e for track

recon
struction

in the CMS

track
er is the Kalman filter [2]. Throughout the filter

track
s are describ

ed by a five-dimensional state
vec-

tor, containing the information
about the momentum,

the directi
on and the positio

n at some refere
nce sur-

face.
The materia

l effects
are currently assumed to

be concentrate
d in the activ

e elements of the detect
or

layer
s. In this context the optimal treat

ment of ra-

diative
energy

loss is to corre
ct the momentum with
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Figure 1: Probability
density function

f(z) for different

thickness values.

the mean value of energy
loss and to increas

e the vari-

ance of the momentum by adding the varia
nce of the

energy
loss distrib

ution. This procedure should en-

sure unbiased
estim

ates
of the track

param
eters

and

of the associated
uncerta

inties [3]. The Kalman filter

is a linear least-
squares estim

ator,
and is proved

to be

optimal only when all probability
densities

encoun-

tered
during the track

recon
struction

procedure are

Gaussian
. The implicit assumption

of approximating

the Bethe-Heitler
distrib

ution with a single Gaussian

is quite crude. It is therefo
re plausible that a non-

linear estim
ator

which takes
the actual shape of the

distrib
ution into accou

nt can do better.

A non-linear generaliz
ation

of the Kalman filter

(KF), the Gaussi
an-sum

filter (GSF) [4, 5], has there-

fore been implemented in the recon
struction

softw
are

of the CMS track
er [6]. In the GSF the distrib

utions of

all state
vecto

rs are Gaussian
mixtures, i.e. weighted

sums of Gaussian
s instead

of single Gaussian
s. The

algor
ithm is therefo

re appropriate
if the probability

densities
involve

d in track
recon

struction
can be ad-

equately
describ

ed by Gaussian
mixtures.

The basic

TULT009
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The bremsstra
hlung energy

loss distrib
ution

of elect
rons propagati

ng in matter
is highly non Gaussian

. Because

the Kalman filter relies
solely

on Gaussian
probability

density function
s, it might not be an optimal recon

struc-

tion
algor

ithm for elect
ron track

s. A Gaussian
-sum filter (GSF) algor

ithm for elect
ron track

recon
struction

in

the CMS track
er has therefo

re been develo
ped. The basic

idea is to model the bremsstra
hlung energy

loss dis-

tribution
by a Gaussian

mixture rather than a single Gaussian
. It is shown that the GSF is able to improve

the

momentum resol
ution

of elect
rons compared

to the standard Kalman filter.
The momentum resol

ution
and the

quality
of the estim

ated
error

are studied with vario
us types of mixture models of the energy

loss distrib
ution.

1. Intr
oduct

ion

Modern track
detect

ors based
on semiconductor

technologi
es contain

large
r amounts of materia

l than

gaseo
us detect

or types, partia
lly due to the detect

or

elements themselves
and partia

lly due to additional

materia
l required

for on-sensor electr
onics, power,

cooling, and mechanical support.
A precise

mod-

elling of materia
l effects

in track
recon

struction
is

therefo
re necess

ary to obtain
the best estim

ates
of

the track
param

eters.
Such materia

l effects
are par-

ticularly
releva

nt for the recon
struction

of electr
ons

which, in addition
to ionizatio

n energy
loss and multi-

ple Coulomb scatt
ering, suffer from

large
energy

losses

due to bremsstra
hlung.

A well-known model of the bremsstra
hlung energy

loss is due to Bethe and Heitler
[1].

In this model,

the probability
density function

(PDF), f(z), of the

energy
loss of an electr

on is

f(z) =
[− ln z]

c−1

Γ(c)
,

(1)

where c = t/ ln 2, t is the thickness of materia
l tra-

verse
d by the electr

on (in units of radiation
length),

and z is the fracti
on of energy

remaining after
the

materia
l layer

is trave
rsed. The probability of a given

fracti
onal energy

loss is assumed to be independent

of the energy
of the incoming particl

e. This PDF is

shown in Fig. 1 for different thickness values.

The baselin
e for track

recon
struction

in the CMS

track
er is the Kalman filter [2]. Throughout the filter

track
s are describ

ed by a five-dimensional state
vec-

tor, containing the information
about the momentum,

the directi
on and the positio

n at some refere
nce sur-

face.
The materia

l effects
are currently assumed to

be concentrate
d in the activ

e elements of the detect
or

layer
s. In this context the optimal treat

ment of ra-

diative
energy

loss is to corre
ct the momentum with
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Figure 1: Probability
density function

f(z) for different

thickness values.

the mean value of energy
loss and to increas

e the vari-

ance of the momentum by adding the varia
nce of the

energy
loss distrib

ution. This procedure should en-

sure unbiased
estim

ates
of the track

param
eters

and

of the associated
uncerta

inties [3]. The Kalman filter

is a linear least-
squares estim

ator,
and is proved

to be

optimal only when all probability
densities

encoun-

tered
during the track

recon
struction

procedure are

Gaussian
. The implicit assumption

of approximating

the Bethe-Heitler
distrib

ution with a single Gaussian

is quite crude. It is therefo
re plausible that a non-

linear estim
ator

which takes
the actual shape of the

distrib
ution into accou

nt can do better.

A non-linear generaliz
ation

of the Kalman filter

(KF), the Gaussi
an-sum

filter (GSF) [4, 5], has there-

fore been implemented in the recon
struction

softw
are

of the CMS track
er [6]. In the GSF the distrib

utions of

all state
vecto

rs are Gaussian
mixtures, i.e. weighted

sums of Gaussian
s instead

of single Gaussian
s. The

algor
ithm is therefo

re appropriate
if the probability

densities
involve

d in track
recon

struction
can be ad-

equately
describ

ed by Gaussian
mixtures.

The basic
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A few subtleties : the devil is in the details (17)
 Electrons : Tracking

 Because they radiate, many electrons would have failed the Nhits > 8 cut
 The Kalman filter pattern recognition quickly gives up

 The iterative tracking was initially meant at solving this issue for PF 
 Tracks with at least 3 hits are used as seed
 Use a Gaussian-Sum filter to follow the electron track all the way to ECAL

 Issue : GSF tracking is slow
 Use it only for pre-identified tracks

Small number of hits
Or : Poor quality fit
Or : p/EECAL not far from unity
Linked to pre-shower hits

 Concerns only 5% of the tracks
With 95% efficiency on electrons
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. It is shown that the GSF is able to improve

the

momentum resol
ution
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of
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loss and multi-
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ering, suffer from
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energy
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the probability
density function
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on is
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remaining after
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s are describ
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tor, containing the information
about the momentum,
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the mean value of energy
loss and to increas

e the vari-

ance of the momentum by adding the varia
nce of the

energy
loss distrib

ution. This procedure should en-

sure unbiased
estim

ates
of the track

param
eters

and

of the associated
uncerta

inties [3]. The Kalman filter

is a linear least-
squares estim

ator,
and is proved

to be

optimal only when all probability
densities

encoun-

tered
during the track

recon
struction

procedure are

Gaussian
. The implicit assumption

of approximating

the Bethe-Heitler
distrib

ution with a single Gaussian

is quite crude. It is therefo
re plausible that a non-

linear estim
ator

which takes
the actual shape of the

distrib
ution into accou

nt can do better.

A non-linear generaliz
ation

of the Kalman filter

(KF), the Gaussi
an-sum

filter (GSF) [4, 5], has there-

fore been implemented in the recon
struction

softw
are

of the CMS track
er [6]. In the GSF the distrib

utions of

all state
vecto

rs are Gaussian
mixtures, i.e. weighted

sums of Gaussian
s instead

of single Gaussian
s. The

algor
ithm is therefo

re appropriate
if the probability

densities
involve

d in track
recon

struction
can be ad-

equately
describ

ed by Gaussian
mixtures.
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• Violet lines are tangents to the GSF 
track 

• starting from each tracker layer 

If tangent points to a ECAL cluster 

• link cluster to track 

Another possible handle 

• test compatibility between ECAL 
cluster and Δp along GSF track

New type of link: “by tangent”Electron ID
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• Electrons radiate on average ≈ 70% 

of their energy in the track by 

bremsstrahlung • photons have > 50% probability to 

convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!
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A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !
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of their energy in the track by 

bremsstrahlung • photons have > 50% probability to 

convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Electron ID

Patrick Janot

A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !

5-Feb-2011
Particle Flow Event Reconstruction

92

Electron  
GSF track

• Electrons radiate on average ≈ 70% 

of their energy in the track by 

bremsstrahlung • photons have > 50% probability to 

convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!
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convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Electron ID

Patrick Janot

A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !

5-Feb-2011
Particle Flow Event Reconstruction

92

Electron  
cluster

conv-brem 
cluster

conv-brem 
cluster

conv-brem 
tracksElectron  

GSF track

conv-brem 
tracks

• Electrons radiate on average ≈ 70% 
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bremsstrahlung • photons have > 50% probability to 

convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!
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• Electrons radiate on average ≈ 70% 

of their energy in the track by 

bremsstrahlung • photons have > 50% probability to 

convert to e+e- pair • energy spreads in φ due to B-field

Huge Effect!

• If nothing is done, radiated 

photon energy counted twice 

• once from electron initial 

track momentum pin 
• once from the energy 

corresponding to the ECAL 

cluster(s), Ebrem

Recovering the 
Bremsstrahlung photons
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How to distinguish/calibrate  
between e's & π's ?

Question from Yesterday!
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• Use the following to discriminate • Number of hits of the KF tracks • Energy loss along GSF track: 
Δp = pin - pout • Number of Brem γ’s associated with 
track 

• Compare Ebrem and Δp = pin - pout • Compare Eelectron + Ebrem and pin • etc

e's radiate; π's don’t!

 

How to distinguish/calibrate  
between e's & π's ?

Question from Yesterday!
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• single prong: 49%
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Historically:  the first highly boosted  
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• Seed with R=0.4 anti-kt j
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• Start with highest pT γ o
r e± in 

jet 

• Cluster all γ’s or e’s in
to 
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• ΔηxΔφ = 0.05x0.2 

• to capture all conversion
s 

• Combine with π±’s to form
 tau 

candidates

Basic Idea
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5.6 Hadronic decays of taus 41

Table 4: Correlation between the reconstructed and generated decay modes, for th produced
in simulated Z/g⇤ ! tt events. Reconstructed th candidates are required to be matched to a
generated th, to be reconstructed with pT > 20 GeV and |h| < 2.3 under one of the HPS decay
modes, and to satisfy the loose isolation working point.

Generated
Reconstructed t� ! h�nt t� ! h� � 1p0 nt t� ! h�h+h�nt

t� ! h�nt 0.89 0.16 0.01
t� ! h� � 1p0 nt 0.11 0.83 0.02
t� ! h�h+h�nt 0.00 0.01 0.97

The th is then reconstructed in a different decay mode and with a reduced momentum. When
all reconstructed particles in the jet matching the th are considered, the distribution is more
symmetric but the resolution degrades, as some of the jet particles do not come from the t de-
cay. In these events, simulated without pileup interactions, the additional particles come from
the underlying event and contribute less than 1 GeV on average to the jet energy. As a conse-
quence, the mean response is slightly shifted above unity for a generated th pT below 100 GeV.
For larger pT, the absolute contribution from the underlying event becomes negligible and no
shift can be observed. As the generated pT increases, the energy resolution of the HPS (PF)
algorithm converges to that of the Calo algorithm because the calorimeters start to dominate
the measurement of the momentum of charged hadrons. This effect occurs at a lower pT for th
than for jets because, for typical th and jets at a given pT, the jet pT is shared among many more
charged hadrons at a lower pT than in the th case.

The right side of Fig. 19 shows the distributions obtained for quark or gluon jets misidentified
as th. In this case, the th candidate is reconstructed with a fraction of the jet pT as only a
few jet particles can be selected by the HPS (PF) algorithm. For this reason, while genuine th
are reconstructed at the right momentum scale, misidentified th candidates tend to be pushed
to lower pT. Therefore, the HPS (PF) algorithm reduces the probability for jets to pass the pT
thresholds applied at analysis level, which leads to a lower multijet background level than with
the calorimeter-based th reconstruction.

The th identification efficiency is defined as the probability to reconstruct and identify a th
matching a generated th within DR = 0.3. As a baseline, both the reconstructed and generated
th are required to have pT > 20 GeV and |h| < 2.3. With the same selection, the jet misidenti-
fication rate is defined as the probability to reconstruct and identify a quark or gluon jet from
the multijet sample as a th. Figure 20 shows the th efficiency as a function of the jet misiden-
tification probability, for a varying threshold on the absolute isolation. With respect to Calo th
identification, the HPS (PF) algorithm achieves a reduction of the jet misidentification proba-
bility by a factor of 2–3 for a given th identification efficiency. For a given jet misidentification
probability, the gain in efficiency ranges from 4 to 10%. The improvement in identification
performance is due to three reasons. First, the decay-mode selection reduces the momentum
of jets misidentified as th. Second, with the PF reconstruction of the t decay products, mass
and collimation criteria can be used in addition to isolation criteria. Third, all the particles
remaining after th reconstruction are used to evaluate the particle-based isolation, while the
detector-based isolation is computed without the tracks and the calorimeter energy deposits in
the signal cone. Finally, the pT dependence of the th identification efficiency and jet misidentifi-
cation probability is shown in Fig. 21. As pT rises above 30 GeV, the HPS (PF) algorithm ensures
a constant efficiency together with a sharp decrease of the jet misidentification probability.

In summary, the PF reconstruction of the t decay products and of the neighbouring particles
has led to a sizeable improvement of the th reconstruction and identification performance.

Typical Reconstruction Efficiencies
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25

Figure 14: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the
analysis selection, an additional b tagging requirement is made on the candidate b jet in the
“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type
1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”
hemisphere jets. The height of the line is the energy measured by the particle flow algorithm
for the various particles. The lines are charged and neutral particles. The electromagnetic
calorimeter information is shown in red, and the hadronic calorimieter information is shown
in blue.
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 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)
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∑
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∑
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Iterative Cone Algorithm
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges
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• calc centroid over all particles in cone 
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• Start with trial seed axis 
• calc centroid over all particles in cone 
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• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

Diagram from Gavin Salam

R2 = �2 + ⇥2

one jet



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Scenario 1:

Scenario 2:

Jet Reconstruction

• Historic
ally use

d (befor
e LHC) a

t 

hadron c
olliders

 

• But also
 tried a

t lepton
 collide

rs

Iterati
ve Cone

 Algori
thms

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

jet 1

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

jet 1

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

iterative cone issue

21

100

200

300

400

500

p T 
(G

eV
/c

)

rapidity

10ï1
0

cone
cone axiscone iteration

• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 
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• Throw new trial cone about centroid • iterate until centroid converges
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

Diagram from Gavin Salam

R2 = �2 + ⇥2

one jet
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

Diagram from Gavin Salam

R2 = �2 + ⇥2
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

jet 2

Diagram from Gavin Salam

R2 = �2 + ⇥2

one jet
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

jet 2

Diagram from Gavin Salam

R2 = �2 + ⇥2

one jet
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
∑

i pT,iϕi

∑
i pT,i

Iterative Cone Algorithm

jet 2

Diagram from Gavin Salam

R2 = �2 + ⇥2

one jet
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• Associate particles to jet if within a cone of radius R in  space 
• Start with trial seed axis 
• calc centroid over all particles in cone 

 ;  

• Throw new trial cone about centroid • iterate until centroid converges

(η, ϕ)

ηC =
∑

i pT,iηi

∑
i pT,i

ϕC =
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∑
i pT,i

Iterative Cone Algorithm

jet 2
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• For small emission angles, 
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
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E + p

E � p
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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0
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10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p
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k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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50
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0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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0
0 1 2 3 4 y
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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dij = min(k2ti , k
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tj )
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591
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dij = min(k2ti , k
2
tj )

∆R2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593
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dij = min(k2ti , k
2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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kt in action[Sequential recombination]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]
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dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10
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dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592
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[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
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tj )
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591
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dij = min(k2ti , k
2
tj )
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0
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Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592
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dij = min(k2ti , k
2
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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Example clustering with kt algo-
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2
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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φ assumed 0 for all towers
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dij = min(k2ti , k
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
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φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4
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[kt for hadron colliders]
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dij = min(k2ti , k
2
tj )
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam
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• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB
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<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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0
0 1 2 3 4 y
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50
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0
0 1 2 3 4 y

30
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]

60
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0
0 1 2 3 4 y

30
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]
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0
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]
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dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]
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dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]
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dij = min(k2ti , k
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0
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kt in action[Sequential recombination]
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0
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dij = min(k2ti , k
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tj )
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]
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dij = min(k2ti , k
2
tj )
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]
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dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
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R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 229.802 kt alg.: Find smallest of
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! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )
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ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35107

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50
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20

0
0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20
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0 1 2 3 4 y

30
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35107

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35108

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20
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0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV
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50

40

20

0
0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV
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50

40

20

0
0 1 2 3 4

dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35107

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35108

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

pt/GeV
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40
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0
0 1 2 3 4 y

dmin is diB = 1776.02 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35109

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20
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0 1 2 3 4

dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3595

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50
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0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50
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0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50

40

20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV
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50
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20

0
0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30
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pt/GeV
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0 1 2 3 4

dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35107

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

pt/GeV
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0 1 2 3 4 y

dmin is diB = 1776.02 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35109

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

pt/GeV

30

10

40

20

0
0 1 2 3 4 y

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35110

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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0
0 1 2 3 4 y

30

10

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3592

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30
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pt/GeV
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0 1 2 3 4

dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3593

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3594

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3596

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50
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20

0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3597

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3598

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV

60

50
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20

0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3599

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35100

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV
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20

0
0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35101

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35102

kt in action[Sequential recombination]

[kt for hadron colliders]

y

30

10

pt/GeV
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20

0
0 1 2 3 4

dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35103

kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35104

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35105

kt in action[Sequential recombination]

[kt for hadron colliders]

60

40

20

0
0 1 2 3 4 y

30
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50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35106

kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35107

kt in action[Sequential recombination]

[kt for hadron colliders]

60
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30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35108

kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is diB = 1776.02 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35109

kt in action[Sequential recombination]

[kt for hadron colliders]

60
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pt/GeV
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35110

kt in action[Sequential recombination]

[kt for hadron colliders]

50

y
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pt/GeV
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dmin is diB = 2155.61 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35111

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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kt in action[Sequential recombination]

[kt for hadron colliders]

pt/GeV
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0
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kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 3591

kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y

30
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pt/GeV
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dmin is dij = 0.166597 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60
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0
0 1 2 3 4 y

30
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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dmin is dij = 2.66556 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y

30
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pt/GeV
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0
0 1 2 3 4

dmin is dij = 4.16493 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y
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10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y

30
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pt/GeV
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0
0 1 2 3 4

dmin is dij = 8.75775 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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0 1 2 3 4 y
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10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 12.7551 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60

50

40

20

0
0 1 2 3 4 y
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pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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dmin is dij = 15.3298 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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0
0 1 2 3 4 y

30

10

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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0 1 2 3 4

dmin is dij = 229.802 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60
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20

0
0 1 2 3 4 y

30

10

50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

y
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pt/GeV
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dmin is dij = 285.007 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

60
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0
0 1 2 3 4 y
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50

pt/GeV kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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dmin is diB = 1776.02 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]
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pt/GeV
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0 1 2 3 4 y

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

50

y
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0 1 2 3 4

dmin is diB = 2155.61 kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers
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kt in action[Sequential recombination]

[kt for hadron colliders]

50

y
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pt/GeV
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0
0 1 2 3 4

kt alg.: Find smallest of

dij = min(k2ti , k
2
tj )

∆R2
ij

R2
, diB = k2ti

! If dij recombine

! if diB , i is a jet

Example clustering with kt algo-
rithm, R = 1.0

φ assumed 0 for all towers

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 26 / 35112

• List of particles with 

• For each particle, define the distance 
from the beam

• For each pair (i,j) of different 
particles, define 
 
       

• Determine  over all i and jmin(dij, diB)

• if  ➞ cluster objects  and , form 
new object jet 

dij i j
k

• if  ➞ add object to list of jetsdiB

• Stop clustering only diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagram from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Diagrams from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 55

Linearity: kt v. anti-kt
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kt clustering, R=1

Diagrams from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
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diB

Jet Reconstruction kT Algorithm
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
k2

T = p2
x + p2

y, y =
1
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ln
E + p

E � p

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 55

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 56

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 57

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 58

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 59

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 60

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 61

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 62

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

Diagrams from Gavin Salam

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction kT Algorithm
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T = p2
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• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm
Diagrams from Gavin Salam
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm
Diagrams from Gavin Salam
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1

Diagrams from Gavin Salam
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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Linearity: kt v. anti-kt
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y, y =

1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 62

Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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Linearity: kt v. anti-kt
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Linearity: kt v. anti-kt
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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Linearity: kt v. anti-kt
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Linearity: kt v. anti-kt
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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Linearity: kt v. anti-kt
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kt alg.

jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 63

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 64

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 65

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 66

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 67

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 68

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 69

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 70

Linearity: kt v. anti-kt

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

kt alg.

jet pt  v.  pt,2

1

2 3

pt/GeV
40

20

0
0 1 2 3

30

10

y

anti−kt clustering, R=1

 30

 35

 40

 45

 50

 0  5  10  15

p t
,je

t [
G

eV
]

pt,2 [GeV]

 

anti-kt alg.

jet pt  v.  pt,2

Diagrams from Gavin Salam

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}

k2
T = p2

x + p2
y, y =

1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY 62
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jet pt  v.  pt,2

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction anti-kT Algorithm

p = �1
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2
T,j)

(yi � yj)2 + (�i � �j)2

R2

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}

k2
T = p2

x + p2
y, y =

1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2
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4 anti-kT Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction

p = �1

k2
T = p2

x + p2
y, y =

1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2
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4 anti-kT Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2
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4 anti-kT Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="EeQpsCAt6H1RjJi0/RrXr+5ibtk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdJ9cuf1yxa26c5C/xMtJBXI0+uXP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWts6pXq9buziv16zyOIhzBMZyCBxdQh1toQBMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDzdWNgA==</latexit>

p = 0

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2
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4

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>

diB = k2T,i

<latexit sha1_base64="EeQpsCAt6H1RjJi0/RrXr+5ibtk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdJ9cuf1yxa26c5C/xMtJBXI0+uXP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWts6pXq9buziv16zyOIhzBMZyCBxdQh1toQBMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDzdWNgA==</latexit>

p = 0

Typica
l valu

es: 

R = {0.4, 0.8, 1.0}
<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="kZMChwmVpBCZpBULfSoksr7DH0A="></latexit>

dij = min(k2T,i, k
2
T,j)

(yi � yj)2 + (�i � �j)2

R2

<latexit sha1_base64="jf1usD/gBijlBf49RbHo3HY9QDk="></latexit>

dij = min(k2pT,i, k
2p
T,j)

(yi � yj)2 + (�i � �j)2

R2
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4 Cambridge-Aachen Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p

<latexit sha1_base64="+3x700L4APWKkM9qiyRUvcEGsqY=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgCKMdMr0IQy8eJ+wLtlrSLN3CkrYkqVjKDl78K148KOLVH+HNf2PW9aCbD4Q8eZ735c37eBGjUlnWt1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9yfXM794TIWkYtFQSEYejUUB9ipHSkmuWJ3c1Nx0IDltTeAkj/XqAp9mduGbFqloZ4DKxc1IBOZqu+TUYhjjmJFCYISn7thUpJ0VCUczItDSIJYkQnqAR6WsaIE6kk2ZLTOGxVobQD4U+gYKZ+rsjRVzKhHu6kiM1loveTPzP68fKv3BSGkSxIgGeD/JjBlUIZ4nAIRUEK5ZogrCg+q8Qj5FAWOncSjoEe3HlZdKpVe16tX57Vmlc5XEUQRkcgRNgg3PQADegCdoAg0fwDF7Bm/FkvBjvxse8tGDkPYfgD4zPH+l1llw=</latexit>

k2T = p2x + p2y

<latexit sha1_base64="MyN1AbZCzBmFZsZP1TeRnez2wB8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJilQ3QqkblxX6gjaGyWTSDp1MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57vJhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+Gbqdx+IkDTiLTWJiROiIacBxUhpyTWPfDeljQxew/F91U3TgQhhKzunmWuWrYo1A1wmdk7KIEfTNb8GfoSTkHCFGZKyb1uxclIkFMWMZKVBIkmM8BgNSV9TjkIinXT2QQZPteLDIBK6uIIz9fdEikIpJ6GnO0OkRnLRm4r/ef1EBVdOSnmcKMLxfFGQMKgiOI0D+lQQrNhEE4QF1bdCPEICYaVDK+kQ7MWXl0mnWrFrldrdRbneyOMogmNwAs6ADS5BHdyCJmgDDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwArQ5YX</latexit>
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4 Cambridge-Aachen Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
k2

T = p2
x + p2

y, y =
1
2

ln
E + p

E � p
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CA Algorithm: 
Often used in jet sub-structure
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4 Cambridge-Aachen Algorithm

• List of particles with  

• For each particle, define the distance 
from the beam 

• For each pair (i,j) of different 
particles, define 
 
        

• Determine  over all i and j 

• if  ➞ cluster objects  and , form 
new object jet  

• if  ➞ add object to list of jets 

• Stop clustering only 

min(dij, diB)

dij i j
k

diB

diB

Jet Reconstruction
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T = p2
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y, y =
1
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ln
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Figure 46: PF jet composition in data and simulation versus pT at |h| < 1.3 (left), and versus h
at 56 < pT < 74 GeV (right).

ing in the PF algorithm, we can write

R(hpTi, h) =
hÂi R f (hpi

Ti, hi)pi
T, ptcli

pT, ptcl
, pT, ptcl = Â

i
pi

T, ptcl, (47)

where the sum runs over all stable (ct >1 cm) particles i of different particle species f , exclud-
ing neutrinos. Figure 47 illustrates the average particle jet composition in QCD dijet sample
versus pT at |h| < 1.3, which is about 60% charged hadrons (red hues), 15% neutral hadrons
(green hues) and 25% photons (blue hues). About 65% of the jet energy is carried by pions (p+,
p�, p0 ! gg). The nucleons (p, p, n, n) and kaons (K+, K�, K0

L, K0
S) carry about 15% each, with

the remaining 5% in fragmentation photons (g), lambda (L0), and sigma (S0) baryons, leptons
(e, µ) and other particles. The composition does not significantly depend on h.

The PF algorithm [10, 11] uses tracking to measure charged particles pT down to pT ⇡ 0.3 GeV,
which effectively results in response Rch(pT) ⇡ 1 for all charged particles (charged hadrons,
electron, muons) within the tracking coverage at |h| < 2.4, when neglecting tracking inefficien-
cies and the low pT acceptance. The finely segmented ECAL has a linear response to photons
down to its acceptance of about 0.1 GeV, which also results in response Rg ⇡ 1.

Neutral hadrons (predominantly n, K0
L, L0), hadrons outside the tracking coverage, and hadrons

with failed tracking (e.g., K0
S decaying in the outer layers of tracking, or unreconstructed nu-

clear interactions within the tracker) are reconstructed with a nonlinear calorimeter response
Rcalo(pT) ⇡ 1 � apm�1

T [53] separately in the ECAL (as PF photons) and the HCAL (as PF neu-
tral hadrons). For particles with |h| > 2.5, overlapping ECAL and HCAL energy deposits are
linked to build neutral hadrons. The combination of the HCAL reconstruction threshold of
pT > 0.8 GeV, the low response of Rcalo ⇡ 0.3 for soft hadrons, and many neutral hadrons

Actual particle composition of jets
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4 Done finding jets...

Calibrating the resulting jets

MC JES: ATLAS, EM jets

A large fraction of the jet energy is not
visible in the calorimeter

Inactive material, noise thresholds, etc

The MC JES is the main step that

corrects for this missed energy

Calorimeter structure is clearly visible

More inactive material in transition

regions =) more lost energy

Also shows clearly increased sensitivity
(higher response) for high energy jets

The more energy there is, the better

the calorimeter can measure it
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CHS improves the performances compared to PUPPI.
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Figure 3.3: E�ciency and purity as a function of the number of interactions for PUPPI, CHS and CHS+PU
jet ID at di�erent working points [3].

4. Jet energy calibration

For jet energy calibration, CMS uses a factorised approach. The first step consists of PU
subtraction. It is a simulation-based correction that aims to remove the average energy o�set
coming from PU, monitored for each type of PF candidate (see Fig. 4.1). The calibration procedure
heavily relies on the second step, which corresponds to the calibration of the jet energy response
(see Fig. 4.1). Here, the primary goal is to account for detector e�ects that introduce a discrepancy
in the measured energy between the particle-level jets and the reconstructed ones.
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Figure 4.1: Left: Data-to-simulation comparison for average o�set in ?T per pileup interaction, calculated
for each type of PF candidate. Right: Jet response corrections derived as a function of |[ | and ?T. Changes
in performance at high |[ | and low ?T are caused by detector acceptance. Taken from [5].

4

...must now calibrate !
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4 Jet Momentum Corrections

ATLAS

CMS

4 2 The CMS detector and event reconstruction

constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.

Reconstructed
Jets

MC + RC

MC

Pileup

MC

Response (pT , ⌘)

dijets

Residuals(⌘)

�/Z+jet, MJB

Residuals(pT )

MC

Flavor

Calibrated
Jets

Applied to simulation

Applied to data

Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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pile-up by exploiting event 
pT-density followed by a 
residual correction.

Calibrates jet E and η to the 
truth-particle-jet scale. 
Derived from MC.

Changes the jet direction to 
point to the hard-scatter 
vertex. Does not affect the 
energy.
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.
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Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.
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Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.
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Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.
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Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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constrained with multijet events. Detailed studies are performed to correct for biases in the
data-based methods due to differences with respect to the MC simulation in ISR+FSR as well
as in jet pT resolution.

The optional jet-flavor corrections derived from MC simulation are discussed in Section 7 to-
gether with the JEC flavor uncertainty estimates based on comparing PYTHIA 6.4 and HER-
WIG++2.3 predictions. These uncertainties are applicable to data vs. simulation comparisons
regardless of whether or not the jet-flavor corrections are applied. The flavor corrections and
their uncertainties for b-quark jets are checked in data with Z+b events. The consecutive steps
of the JEC are illustrated in Fig. 2.
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Figure 2: Consecutive stages of JEC, for data and MC simulation. All corrections marked with
MC are derived from simulation studies, RC stands for random cone, and MJB refers to the
analysis of multijet events.

The jet pT resolutions are determined with both dijet and photon+jet events, as discussed in
Section 8. The reference resolutions obtained from simulation are parameterized as a function
of particle-level jet pT, ptcl (defined in Section 2) and average number µ of pileup interactions
in bins of jet h. Corrections for differences between data and MC simulation are applied as
h-binned scale factors.

The JES uncertainties, discussed in Section 9, are provided in the form of a limited set of sources
that allow a detailed statistical analysis of uncertainty correlations. The final uncertainties are
below 1% across much of the phase space covered by these corrections at pT > 10 GeV and
|h| < 5.2. This sets a new benchmark for jet energy scale at hadron colliders.

In Section 10 we describe additional studies made by investigating the particle composition of
reconstructed PF jets. These support the overall conclusions drawn from the determination of
residual jet energy corrections to be applied on data.

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calori-
meter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The muon system is
installed outside the solenoid and embedded in the steel flux-return yoke. CMS uses a right-
handed coordinate system, with the origin at the nominal interaction point, the z axis pointing
along the direction of the counterclockwise beam, the y axis pointing up (perpendicular to the
plane of the LHC ring), and the x axis chosen to make a right-handed coordinate system. The
polar angle q is measured from the positive z axis, and the azimuthal angle f is measured in
the x-y plane in radians.

The CMS tracker consists of 1 440 silicon pixel and 15 148 silicon strip detector modules, with
full azimuthal coverage within |h| < 2.5. The ECAL consists of 75 848 lead tungstate crys-
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Figure 1: Overview of the ATLAS jet calibration described in this paper. All steps are derived and applied separately for jets built from EM-scale and LCW
calibrated calorimeter clusters, except for the global sequential calibration, which is only partially applied to LCW-jets (Section 5). The notations EM+JES
and LCW+JES typically refer to the fully calibrated jet energy scale; however, in the sections of this paper that detail the derivations of the GS and the in situ
corrections, these notations refer to jets calibrated by all steps up to the correction that is being described.
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5.2 Dependence on the jet size 23
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within 1% for pT & 30 GeV. During Run 1 of the LHC, the supported jet size parameters in
pp collisions were R = 0.5 and R = 0.7. The full jet energy corrections and uncertainties were
derived and provided centrally only for these two jet size parameters.
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within 1% for pT & 30 GeV. During Run 1 of the LHC, the supported jet size parameters in
pp collisions were R = 0.5 and R = 0.7. The full jet energy corrections and uncertainties were
derived and provided centrally only for these two jet size parameters.
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Step 1:  Correct gross response using MC Simulation

Straight forward corrections from MC 
Simulation

Nothing Fancy
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E = pT cosh h = 4000 GeV (corresponding to h ⇡ 2.8 for a jet with pT = 480 GeV) so as
to show only the correction factors for reasonable pT in the considered data-taking period.
The statistical uncertainty associated with a constant fit versus pT is shown for pT = 120 GeV
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some residual dependence of the measured value of the pT-balance or MPF response, Rrel, on
additional jet activity a. We evaluate this dependence in bins of h, for the linearly extrapolated
a ! 0 and a < 0.2 respectively, and compute the following data/simulation double ratio:

kFSR(a = 0.2) =

 
Rdata

rel (a ! 0)
RMC

rel (a ! 0)

!, 
Rdata

rel (a < 0.2)
RMC

rel (a < 0.2)

!
. (14)

The correction factor kFSR (we use the subscript FSR instead of ISR+FSR for brevity) is deter-
mined separately for the MPF and pT-balance methods and for PYTHIA 6.4 and HERWIG++ 2.3,
as shown in Fig. 16, and is then parameterized versus |h| with the same functional form as in
Ref. [13]. The differences between PYTHIA 6.4 and HERWIG++ 2.3 for the pT-balance method
are up to 6% at |h| < 5.2 prior to the application of ISR+FSR corrections, as seen in Fig. 16 (left).
Both agree well after the ISR+FSR correction, as shown in Fig. 16 (right), but the MPF method
is much less sensitive to ISR and FSR biases than the pT-balance method, because the entire
hadronic recoil is used for the MPF balance.

Resolution correction

The MPF and pT-balance methods are both sensitive to the relative differences in JER between
the jets. This bias is expected to cancel out for the data/MC ratio of Rrel when the jets in the
simulation are smeared to match the measured resolution in data using the relation:

pT,smeared = pTGaussian(µ = 1, s =
p

k2 � 1 sMC), (15)

where k is the data/MC scale factor for JER determined in Section 8 and sMC is the JER in
the MC simulation. The factor k varies between 1.05 and 1.40 depending on h. The jet pT

Dijet Balancing (is one way)



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 Step 3:  Absolute  Residual-Correction using datapT



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Photon or Z against 1 Jet

Step 3:  Absolute  Residual-Correction using datapT



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Photon or Z against 1 Jet

Step 3:  Absolute  Residual-Correction using datapT

Correcting data vs simulation di↵erences
Jet energy scale: combining methodsThe di↵erent in situ global o↵set corrections are then combined

Z``+jet, �+jet, and MJB are consistent where overlapping and are complementary vs pT

Dijet ⌘-intercalibration corrects the forward region with respect to this global o↵set
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as
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j

=
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j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.
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i = log
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j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as
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j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 2: The distribution of weights from Eq. (2.8), over many events, for neutral particles

i with pT > 1 GeV from the leading vertex (gray) and particles from pileup (blue) in a

dijet sample. The weights are calculated using ↵F
i (left) and ↵C

i (right). In this sample, for

weights from ↵F
i , 30% (5%) of neutral PU (LV) particles have wi < 0.02 while 10% (60%)

have wi > 0.98. For weights from ↵C
i , 50% (5%) of neutral PU (LV) particles have wi < 0.02

while 5% (55%) have wi > 0.98.

Let us summarize the parameters of the algorithm. First, we have the cone size R0 which

specifies which particles are considered local. Neighboring particles inside a cone are the

ones used to calculate ↵. We also have an Rmin cuto↵, such that neighboring particles with

�R < Rmin are not included in the computation of ↵. In our studies we use R0 = 0.3 and

Rmin = 0.02. The choice of Rmin is related to typical detector resolutions, as is discussed in

Sec. 3. Then we have a weight cut, wcut, below which particles are deemed pileup and a pT
cut, pT,cut. The precise choice of wcut and pT,cut depends mildly both on the expected amount

of pileup that will be encountered and detector parameters, such as calorimeter granularity.

They can also, in general, be di↵erent for the central and forward regions. In our studies we

use wcut = 0.1, pT,cut ' 0.1� 1.0 GeV (the exact value will be described in Sec. 4). We have

checked that the performance of PUPPI algorithm depends weakly on the exact choice of these

parameters, with a more significant degradation for much larger values of R0.

One may note that information from the distribution of particles from the leading vertex

is primarily ignored. This is in contrast to matrix-element-like methods like shower decon-

struction [27–29] which aim to optimize discrimination power by using as much signal and

background information as possible. The specifics of the distributions for leading vertex par-

ticles depends on the sample, so we choose not to use the information from the distribution.

In this way, the algorithm is not optimized for any specific signal, but rather looks for general

features like a parton shower-like structure, and we expect it to behave consistently across a

range of signal topologies.
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 2: The distribution of weights from Eq. (2.8), over many events, for neutral particles

i with pT > 1 GeV from the leading vertex (gray) and particles from pileup (blue) in a

dijet sample. The weights are calculated using ↵F
i (left) and ↵C

i (right). In this sample, for

weights from ↵F
i , 30% (5%) of neutral PU (LV) particles have wi < 0.02 while 10% (60%)

have wi > 0.98. For weights from ↵C
i , 50% (5%) of neutral PU (LV) particles have wi < 0.02

while 5% (55%) have wi > 0.98.

Let us summarize the parameters of the algorithm. First, we have the cone size R0 which

specifies which particles are considered local. Neighboring particles inside a cone are the

ones used to calculate ↵. We also have an Rmin cuto↵, such that neighboring particles with

�R < Rmin are not included in the computation of ↵. In our studies we use R0 = 0.3 and

Rmin = 0.02. The choice of Rmin is related to typical detector resolutions, as is discussed in

Sec. 3. Then we have a weight cut, wcut, below which particles are deemed pileup and a pT
cut, pT,cut. The precise choice of wcut and pT,cut depends mildly both on the expected amount

of pileup that will be encountered and detector parameters, such as calorimeter granularity.

They can also, in general, be di↵erent for the central and forward regions. In our studies we

use wcut = 0.1, pT,cut ' 0.1� 1.0 GeV (the exact value will be described in Sec. 4). We have

checked that the performance of PUPPI algorithm depends weakly on the exact choice of these

parameters, with a more significant degradation for much larger values of R0.

One may note that information from the distribution of particles from the leading vertex

is primarily ignored. This is in contrast to matrix-element-like methods like shower decon-

struction [27–29] which aim to optimize discrimination power by using as much signal and

background information as possible. The specifics of the distributions for leading vertex par-

ticles depends on the sample, so we choose not to use the information from the distribution.

In this way, the algorithm is not optimized for any specific signal, but rather looks for general

features like a parton shower-like structure, and we expect it to behave consistently across a

range of signal topologies.
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 2: The distribution of weights from Eq. (2.8), over many events, for neutral particles

i with pT > 1 GeV from the leading vertex (gray) and particles from pileup (blue) in a

dijet sample. The weights are calculated using ↵F
i (left) and ↵C

i (right). In this sample, for

weights from ↵F
i , 30% (5%) of neutral PU (LV) particles have wi < 0.02 while 10% (60%)

have wi > 0.98. For weights from ↵C
i , 50% (5%) of neutral PU (LV) particles have wi < 0.02

while 5% (55%) have wi > 0.98.

Let us summarize the parameters of the algorithm. First, we have the cone size R0 which

specifies which particles are considered local. Neighboring particles inside a cone are the

ones used to calculate ↵. We also have an Rmin cuto↵, such that neighboring particles with

�R < Rmin are not included in the computation of ↵. In our studies we use R0 = 0.3 and

Rmin = 0.02. The choice of Rmin is related to typical detector resolutions, as is discussed in

Sec. 3. Then we have a weight cut, wcut, below which particles are deemed pileup and a pT
cut, pT,cut. The precise choice of wcut and pT,cut depends mildly both on the expected amount

of pileup that will be encountered and detector parameters, such as calorimeter granularity.

They can also, in general, be di↵erent for the central and forward regions. In our studies we

use wcut = 0.1, pT,cut ' 0.1� 1.0 GeV (the exact value will be described in Sec. 4). We have

checked that the performance of PUPPI algorithm depends weakly on the exact choice of these

parameters, with a more significant degradation for much larger values of R0.

One may note that information from the distribution of particles from the leading vertex

is primarily ignored. This is in contrast to matrix-element-like methods like shower decon-

struction [27–29] which aim to optimize discrimination power by using as much signal and

background information as possible. The specifics of the distributions for leading vertex par-

ticles depends on the sample, so we choose not to use the information from the distribution.

In this way, the algorithm is not optimized for any specific signal, but rather looks for general

features like a parton shower-like structure, and we expect it to behave consistently across a

range of signal topologies.
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Figure 1: The distribution of ↵i, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F
i (left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C
i (right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

pT > 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵C
i = log

X

j2Ch,LV

⇠ij ⇥(Rmin  �Rij  R0), (2.3)

↵F
i = log

X

j2event
⇠ij ⇥(Rmin  �Rij  R0). (2.4)

Notice that ↵F
i ⌘ ↵i in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵i in the forward region of the detector, as opposed to ↵C
i which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the pTj in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵i ! �1. In these cases the particle is assumed
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.

– 12 –

Pile Up Per Particle Identification

Just the Le
ading Verte

x



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ
0

2

4

6

pT
 (G

eV
)

-110

1

10

210

Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.

– 12 –

Pile Up Per Particle Identification

Just the Le
ading Verte

x ⟨NPU⟩ = 80

Add Pileup



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ
0

2

4

6

pT
 (G

eV
)

-110

1

10

210

Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.

– 12 –

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ

0

2

4

6

pT
 (G

eV
)

-110

1

10

210

η
-4 -2 0 2 4

φ
0

2

4

6

pT
 (G

eV
)

-110

1

10

210

Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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Figure 4: Event display for sample dijet event with 80 pileup interactions added. The

particle collections shown are LV (top left), PFlow (top right), PFlowCHS (bottom left), and

PUPPI (bottom right). Particles from the leading vertex are colored according to their pT ,

while particles from pileup are uncolored and their size is logarithmically proportional to their

pT . The unfilled colored circles show anti-kT R = 0.7 jets where the colors denote the pT bin.

The bins 25� 50 GeV, 50� 200 GeV, and > 200 GeV correspond to colors of magenta, cyan,

and blue respectively. In the PFlow and PFlowCHS events, the average value of pT among the

pileup cells is ⇠ 0.7 GeV and ⇠ 0.4 GeV, respectively.

The LV plot (top left) shows the original uncontaminated event. The PFlow plot (top

right) shows the e↵ect of all pileup particles being added to the event. The PFlowCHS plot

(bottom left) shows a reduced pileup density in central region where charged pileup has been

removed. The PUPPI plot (bottom right) is an event display that reproduces not only the

hard jets from the LV collection, but also manages to capture features outside of the jets and

remove a large portion of the pileup completely. The pT of the jets from PFlow and PFlowCHS

are area subtracted.
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