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What is jet: the number of high-pT

particles in the narrow cone?

High pT process: at Leading Order 

2 partons in the production vertex

Shower

evolution

and hadronization The final picture

of events

What we want to find:

clusters of particles in

η-φ space that reflect

properties of the initial

partonic event… 2



Characteristics of the jet finding 

algorithm from theoretical point of view

…. general properties ….

be infrared and collinear safe = ICR-safe (should not be changed

if soft or collinear particles are added), 

be invariant under longitudinal boosts,

be fully specified and straightforward to implement, describe the 

parton, hadron and detector levels in the same way, 

.... from a theoretical point-of-view ....

have boundary stability,

ensure factorisation (universal parton densities), 

.
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Jet algorithms history

Sliding window

Cone

Successive recombination

algorithms

Jet

Sliding 
window

Fixed cone algorithms:

Iterative Cone (CMS) / JetClu (ATLAS)

Midpoint algorithm (CDF/D0)

Seedless Infrared Safe Cone (SISCone)

Seed

Identify seed by some criteria

Draw cone around the seed

Find jet axis with some criteria

if(dij < diB) add i to j

and recalculate pj

P=1, kT-algorithm

P=0, CA-algorithm

P=-1, 

antikT-algorithm

Main algorithm at

LHC

JHEP 1009 (2010) 0914



Jet recombination schema and jet 

splitting

Independly on the type of algorithm there are two questions:

❖ How to combine the identified cells/particles that participate in the jet

Sum up E of participants or ET of participants

❖ What to do with 2 close partons, i.e. when jets are at the distance <2R (jet radius)

How to split or merge jets
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Jets in CMS detector
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Characteristics of the jet finding 

algorithm from the detector

❖ be independent of detector detailed geometry and 

granularity, 

❖ have minimal sensitivity to non-perturbative processes and 

pile-up events at high luminosity,

❖ minimize energy and position resolution smearing,

provide reliable calibration,

❖ maximize reconstruction efficiency (find all jets), 

❖ minimize CPU time
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Jet algorithms in real experimental life
Separated via detectors that participate in jet finding/reconstruction

Calorimeter jets: Jet clustered from 

Calorimeter Towers

Subdetectors: ECAL, HCAL

CaloMET

Tracker jets:

Jet clustered from Tracks

Subdetectors: Tracker

ParticleFlow jets (PFJets):

Jet clustered from Particle Flow objects which 

are reconstructed basing on cluster separation.

Subdetectors: ECAL,HCAL, Tracker, Muon

PFMET

JetPlusTrack jets (JPTJets):

Starting from calorimeter jets

tracking information is added via

subtracting average response and

replacing with tracker

measurements.

Subdetectors:

ECAL,HCAL,Tracker, 

Muon

TcMET
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Particle Flow algorithm: create PF 

candidates
Find seed in ECAL and HCAL

above threshold 0.23 GeV

in ECAL and 0.8 GeV in HCAL

Create cluster from adjacent

Cells

Link clusters accross detector

○ Track -- ECAL links

○ Track -- HCAL links

○ Track -- Muon links

○ ECAL -- HCAL links

○ ECAL -- Muon links

○ HCAL -- Muon links
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Particle Flow algorithm: particle 

hypothesis
❖ Possible Particles at the first glance:

○ Muon: Muon chamber hit w/ track

○ Isolated Electron: ECAL only cluster w/ track

○ Isolated Photon: ECAL only cluster w/o track

○ Neutral Hadron: 

■ HCAL only cluster w/o track

■ HCAL + ECAL linked clusters w/o track

○ Charged Hadrons:

■ HCAL clusters w/ tracks

■ HCAL + ECAL linked clusters w/ track

■ Lone tracks

It can be more then 1 track connected with

ECAL+HCAL cluster 

or 1 track connected with a few clusters

Note: due to track inefficiency ~5-10% of

tracks are lost:

these cases are considered as neutral 

Particles: photons or neutral hadrons
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Particle Flow algorithm: particle 
hypothesis further study

ECAL+HCAL clusters (excluding those 

connected with muons and electrons)

are calibrated basing on MC: 

mean energy of cluster = energy of track

Ecalib =a +b(E, η)EECAL +c(E, η)EHCAL

Ecalib is compared with Etrack

|Ecalib-Etrack| < 3 σ: 

charged hadron

|Ecalib-Etrack| > 3 σ:

The residual energy in ECAL may be accounted

as photon and in HCAL as neutral hadron

Combination of tracker and Calorimetry 

Improves jet energy scale and resolution
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JetPlusTrack algorithm: general idea
Another technique for combination tracker and calorimeter: NO CLUSTER SEPARATION!!!

❖ Start from calorimeter jet (in the last modification trackjet is 

added as seed) 

❖ Propagate jet area to primary vertex: tracks that are with η-φ area 

at vertex are considered as belonging to jet

❖ Propagate tracks from primary vertex to calorimeter surface:

in-in tracks: within jet area at calorimeter surface

in-out tracks: outside jet area at calorimeter surface

out-in tracks: within jet area at calorimeter surface but do not

belong to jet

Create the libraries

❖ Mean track responses in 

calorimeter without thresholds 

on calorimeter energy

❖ Track reconstruction efficiency Muons and electrons are treated separately.
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JetPlusTrack algorithm

Energy of jet:

- corrections for tracking inefficiency

JPT and PF jets

have similar 

improvement for

jet energy scale

Jet energy resolution

Is similar down to 

50-60 GeV

can be improved adding trackjets as seed for low-pT jets
13



JetPlusTrack algorithm:Update
However, Calojets are not efficient at low pT.

Extension of JPT algorithms includes the additional seeding with TrackJets:

➢ Compare collections Calojets and Trackjets; 

➢ Find a set of trackjets that do not have close Calojets

➢ Collect callorimeter energy in cone R around trackjet axis. 
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JetPlusTrack algorithm vs PF

JPT advantages:

(1) Expected response in JPT vs clusters in calorimeters in PF

Can be used in highly occupied calorimer with coarse 

granularity, i.e. less dependent on absorber and 

sampling.

can be measured in data and MC separately

(2) JPT has energy additivity in calorimeter via construction

zero-suppression corrections for calorimeter thresholds

both for Calojets and single particle response.

can be measured in data and MC separately

(3) Tracking inefficiency corrections can be easiliy 

implemeted.

can be measured in data and MC separately

PF advantages:

(1) Better cluster resolving at low 

multiplicity jets – better resolution for

Low-pT jets

(2) PF algorithm is applied to whole event. So, 

no need to specify algorithms for tau and MET

For JPT there are separately designed algos

tcTau and tcMET
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Pileup mitigation
What we discuss till now – basic algorithms ideas and implementation. 

Let’s go to the real event.

Multiple interactions during a bunch crossing 

Beam spot

Beam axis

Additional events detiorate measurements:

charged and neutral particles in jet area

PF algorithm

PFCHS algorithm only

Tracks from primary vertex

For JPT it is already included in basic 

implementation 16



Pileup mitigation

What to do with neutral particles???

For PFCHS one can do the additional step – implement weight for partcile flow candidates 

(scale 4-momentum before clustering)…

PU
Weight

Weight
17



Jet calibration: zero-suppression 
correction for JPT jets as part of offset

If no thresholds on calorimeter energy is appiled:

Whether cell participates in jet energy or not depends on hardness of interaction, PU, noise level
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Jet calibration: zero-suppression 
correction for JPT jets as part of offset

Applied to calorimter jet that is the seed for

JPT jet.
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Jet calibration: PU correction for PF, 
Calo and JPT jets

For PFCHS, JPT, Calorimeter jets one has to derive the 

offset corrections to mitigate the neutral component in jet 

area.

❖ Use simulation to derive the offset vs number of pileup 

events comparing the same jet with and without pileup

❖ Residual corrections derive with random cone in data

For JPT jet it is applied

after ZS corrections
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Jet calibration: Response correction 
with MCTruth After MCTruth Offset correction is applied (PU 

corrections for Calojets and PFJets, ZSP+PU corrections 

for JPT.Jet response for PF

JPT jets

JPT
17-20 GeVPartially accounts

for detector effect
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Jet calibration: Response correction 
with MCTruth: Validation

2018

22



Jet calibration: residual correction
Detector description is not perfect in MC.

Detector is living system and may change in time.
Need residual corrections vs time

MCTruth Offset correction

MCTruth Response correction

are applied

Residual corrections are done in two steps:

❖ η-dependent with dijet events

❖ Absolute scale residuals with Z/γ+jet events
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Jet calibration: η-dependent
Multijet events: we need to select events with 2 jets and with minimal other jets activity to use the 

balance between jet in central region |η|<1 and jet outside this region

Select three highest jets and create ratio:  α=pT3
PF/pT12AVE

PF

|φtagjet – φprobejet| > 2.7

|ηtagjet| < 1

Inclusive bins in alfa: 0.,0.1,0.2,0.3,0.4,0.5,0.6,0.7

1) Calculate assymetry A in α bins for

each probe jet η-bin (data and MC)

2) Anorm(α[κ],iη)=A(α[κ],iη)/A(α[1],iη) 

as a function of α for each iη-bin for

Data and MC 

3) Anorm
DATA(α[κ],iη)/ Anorm

MC(α[κ],iη) 

as a function of α for each iη-bin

4) extrapolate to α=0 in each iη-bin 

PF

JPT

24



Jet calibration:absolute scale
We equalize jet response along eta. Now we need to set the accordance in absolute scale

between data and MC.

Events with well measured particles are used: Z->μμ+jet, Z->ee+jet, γ+jet, W->qq 

MCTruth Offset correction is applied

MCTruth Response correction is applied

η-dependent residuals is applied

Example for Z+jet process

Select two highest jets and create ratio:   α=pT2
PF/pTZ

PF

All processes may be combined

In Global fit

Difference in balance for data and MC is absolute scale residual
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Jet calibration: resolution
There are a lot of processes that can be used to estimate jet energy resolution and the

difference in resolution between data and MC

The most simple is to use imbalance in dijet events

Selections are the same as for -dependent residuals

Jets (tag and probe) belongs the same |η|-bin.
Note: for L2Residuals tag jet is in barrel, probe jet 
in forward.

Select three highest jets and create ratio:   α=pT3
PF/pT12AVE

PF
σJER = √2 · σA (αmax → 0)   

σ = √(σJER
2 - σGEN

2)

26



Massive jets: new techniques using 
mashine learning

CMS-PAS-JME-18-002

Use antiKT8 or CA15 to select jets from W or t

Several methods have been developed to remove soft or 

uncorrelated radiation from jets ->  “grooming”. 

Method based on jet mass and energy distribution within jet, i.e. 

jet shape.

Main feature: these methods are based

on the supposition that we know exactly 

what we try to find…
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Jet finders in AA Collisions
Iterative pileup subtraction algorithm:

Main in CMS for AA Run 1 and half of Run 2

N.Kruglov, I. Vardanyan, O.Kodolova, 

A.Nikitenko. Development started in 1994.

Pile-up subtraction using Jet area

Matteo Cacciari and Gavin P. Salam

Publication as for 2007 year

Phys.Lett.B 659 (2008) 119 [arXiv:0707.1378]
Calculate <Et

tower(η)> and Dtower(η)

for each η ring of towers event by event

Sliding window algorithm applied

with steps of one tower in η and φ

Et
candidate=ET

window-ET
pile-up

Et
pileup=sum(<Et

tower(η)>+Dtower(η)

Non-overlaping windows of ET
window > Et

cut are considered 

as jet candidates

Recalculate pile up with towers outside of the jet cones and 

calculate jet energy again as Et
jet=Et

cone -Et
pile-upnew

Easily applied to the real detector. Is combined

with JPT algorithm. CMS development.

Eur. Phys.J. C50(2007) 117
doi:10.1140/epjc/s10052-007-0223-9 28

http://www-spires.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+j+phlta%2Cb659%2C119&FORMAT=www&SEQUENCE=
http://arxiv.org/abs/0707.1378


The end?
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Massive jets example: soft drop 
algorithm 

Find jet candidate with large cone CA15

Recluster objects within jet reversing CA15 history

Using smaller cone R0

Zcut and  are pre-defined parameters of algorithm

2 identified subjets are used to calculate jet mass

Top

W,Z

Higgs

The number of subjets can be > 2 (fot top). The additional

variable τN is designed to mitigate N subjets events

min(𝑝𝑇1,𝑝𝑇2)

𝑝𝑇1+𝑝𝑇2
> 𝑍𝑐𝑢𝑡

Δ𝑅12

𝑅0

𝛽
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Massive jets: ImageTop example

Machine learning methods are applied directly to jet constituents.

Jet energy is pixelizing. Channels are split in neutral pT, charged pT, muons,…

Neural network is applied.
Comparison of top-identification

algorithms
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