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motivation
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Why jets?

Large Hadron Collider:
Quark and gluon (  jet) factory→

Use jets for measurements:
Understand backgrounds,

test reconstruction 
and performance with early data

Use jets for searches:
Abundant probes for new physics

...but first of all: 
How do we identify 
and measure jets?
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The Anatomy of a jet
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Parton level
Quarks and gluons 

from the hard scattering

Particle level
Particles from the hadronization of 

quarks and gluons

Calorimeter level
Energy deposited in the calorimeters
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Experimental jets, Part 1: 

jet finding and calorimeters
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Outline

Recap of jet algorithms

- The need for a jet algorithm
- Recap of jet algorithms
- Algorithms used at the LHC 

Detectors for jets

- Basics of hadronic interactions
- Calorimeter basics
- ATLAS and CMS in brief
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Experimental jets, Part 2: 

jet calibration and performance

Outline

Jet calibration and performance
in ATLAS and CMS

- Pile-up subtraction
- JES calibrations
- Jet performance and uncertainty

Concepts of jet cal ibration 
and performance 

- Jet response and resolution
- Missing transverse momentum
- Jet performance tools
- Jet identification
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Experimental jets, Part 3: 

jet measurements and searches

Jet searches

- Dijet resonance search
- Dark matter searches
- TTBar resonances

Measurements of jets

- Inclusive jet / dijet jet cross section
- Three jet cross section
- Top mass measurement

Outline

?

?
(note: this did not happen yet)



1 – jet algorithms 

and Calorimeters
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Experimental jets, Part 1: 

jet finding and calorimeters
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Outline

Recap of jet algorithms

- The need for a jet algorithm
- Recap of jet algorithms
- Algorithms used at the LHC
- Fat jets

Detectors for jets

- Basics of hadronic interactions
- Calorimeter basics
- ATLAS and CMS in brief



1.1 - reminder

of jet algorithms

AND JET SUBSTRUCTURE
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Think about a lhc collision 
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Collision of two protons  two highly energetic objects are produced→
high-pT jets
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Chaos from order, order from chaos?
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Chaos from order, order from chaos?
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Chaos from order, order from chaos?
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Chaos from order, order from chaos?
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Jet algorithms for lhc experimentalists
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Jet algorithms for lhc experimentalists
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Jet algorithms: wishlist
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Safety warnings

C. Doglioni – Experimental aspects of jets – HASCO, 22/07/14



      

19

Implementation of jet algorithms
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Popular jet algorithms for experimentalists
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Does the jet algo make a difference? Yes.
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http://arxiv.org/abs/0802.1189

http://arxiv.org/abs/0802.1189
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Sequential recombination algorithm: kt
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Sequential recombination algorithm: c/a
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Sequential recombination algorithm: anti-kt
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The practical demonstration
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I will need 10 volunteers...

...some tall, some short
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More advanced: choices, choices
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Short Introduction to fat jets
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A famous grooming algorithm: Bdrs
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What is It useful for?
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Jet mass
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5' for questions up to here
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1.2 - The atlas 

and cms calorimeters
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How does a Calor-imeter work?
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Particle interaction   energy loss  energy released in calorimeters → →
                                               → energy measured through active material

EM-force:  e.g. ionization and radiation
Strong and weak force:  interactions with nuclei of calorimeter material

E.g.:  excitation of material  de-excitation photons  → →
collection and amplification of photons   electrical impulses→
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Calorimeter basics: particle showers
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Hadronic showersElectromagnetic showers

   Processes involved (high E):
- Pair production
- Photon radiation by electrons

Particles involved:
- Electrons
- Photons

   Processes involved:
- Nuclear interactions, de-excitations...

Particles involved:
- Baryons and mesons (mostly pions)
- Photons and electrons (EM-component)
- Muons and Neutrinos 
(~ invisible to calorimeters!)

   Processes involved (high E):
- Pair production
- Photon radiation by electrons

Particles involved:
- Electrons
- Photons
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Calorimeter basics: particle showers
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Hadronic showersElectromagnetic showers

   Narrower, shorter shape    Longer, wider shape
More fluctuations in energy and shape
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Calorimeter basics: particle showers
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Hadronic showersElectromagnetic showers

   Narrower, shorter shape    Longer, wider shape
More fluctuations in energy and shape

How would you design a calorimeter?
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Calorimeter design
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Electromagnetic calorimeter Hadronic calorimeter

Shorter shower  more compact→

Can afford to be homogeneous
- measure all energy in active material 
(e.g. scintillating crystal)

                     energy measured
Response = ----------------------------
                    original particle energy

All part icles have ~ the same 
response (they all interact through 
EM force, no invisible particles)

Longer showers  bigger calorimeter→

Usually: sampling calorimeters
-  absorb energy in passive material 
   (e.g. iron)
- measure part of it in active material

In principle, not al l  part ic les have 
the same response: hadronic showers 
containing muons/neutrinos/slow neutrons 
will deposit less energy 

 → need to cal ibrate hadronic showers 
differently (alternative: compensating 
calorimeters, see further reading)
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Too many energy deposits: pile-up
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The LHC del ivers many simultaneous col l is ions 
at a t ime (78 in this picture)!  



      

40

Too many energy deposits: pile-up
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The calorimeters wi l l  receive energy from al l  
of them  how to avoid mixing up the jets?→

(we'll see more in the jet calibration lecture)
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What is jet grooming also useful for: pile-up
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(extra energy proportional to number of additional interactions)
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More Pile-up  obese jets? →
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Too much energy: leakage (punch-through)
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If shower longer than calorimeter  leakage→

Collection of energy from hadronic showers: stat ist ical process, this may happen 
(or calorimeter might just be too short to contain all shower  design considerations!)→

Hint:  hits in the muon chambers Consequences:
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The atlas detector
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Outline

Blah blah blah
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The atlas inner detector
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The atlas calorimeters (1)
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The CMS detector
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The CMS inner detector
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Inner detector

Only silicon detectors: pixels (close to interaction points) and strips
200 m2 of silicon within 4T magnetic field from solenoid

This iconic background
is the CMS tracker
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The CMS calorimeters
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Electromagnetic calorimeter (ECAL)

Homogeneous crystal calorimeter
Pre-shower calorimeter to distinguish 
electrons from photons
~ 78000 read-out channels 

Hadronic calorimeter (HCAL)

Sampling calorimeter
Active material: plastic scintillator
Absorber: steel or brass (Russian navy!)
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Main Inputs to jet algorithms at the lhc
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ATLAS: Topological clusters CMS: A combination of charged
particle tracks and energy deposits

ATLAS and CMS: 
Simulated stable particles (truth jets)

Only tracks from charged particles (track jets)

3-dimensional groups
of cells containing energy deposits
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How to catch a jet: Atlas jet triggers
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5' for questions up to here + 10' break
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2 – jet calibration

and performance

22/07/2014 – HASCO Goettingen
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Experimental jets, Part 2: 

jet calibration and performance

Outline

Jet calibration and performance
in ATLAS and CMS

- Pile-up subtraction
- JES calibrations
- Jet performance and uncertainty

Concepts of jet cal ibration 
and performance 

- Jet response and resolution
- Missing transverse momentum
- Jet performance tools
- Jet identification



2.1 – SOME NOTIONS

OF jet calibration

and JET performance

22/07/2014 – HASCO Goettingen
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Response and resolution
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How will a calorimeter react to a particle?

Thought (blackboard) experiment (1):
shoot 10000 pions of E=100 GeV in our calorimeter

Draw the energy distribution of the jets
(assuming one pion per jet)
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Response and resolution
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How will a calorimeter react to a particle?

Thought (blackboard) experiment (2):
Our calorimeter is non-compensating

there is inactive material (a tracker!) in front of it
Not all the shower is captured by the jet
There is extra energy due to pile-up (...)

What happens to our energy distribution?
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Response and resolution
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How will a calorimeter react to a particle?

Thought (blackboard) experiment (3):
There are fluctuations in the shower properties

 fluctuations in the collected energy→
There is leakage (punch-through)

What happens to our energy distribution?
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Related: Missing transverse momentum
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Missing transverse momentum: particles escaping 
undetected...but also mismeasured jets!

Jet energy response and resolution need to be well
performing and well understood to discover e.g. SUSY
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Response and resolution
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How will a calorimeter react to a particle?

Divide original jet energy by measured jet energy:
average  jet response→
width   jet resolution→

average

width



Parameterisation of Jet energy resolution
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http://www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe10/
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Jet performance
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Reference object: true jet, track jet, better calibrated object

http://www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe10/
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Checking jet performance in-situ 

using well-calibrated objects
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Z+jet method
Check pT of jets with

respect to the pT of the 
recoiling Z boson, measured

using its decay products 
(leptons)

Exploit better cal ibrated objects  recoi l ing against  jet
to test jet energy scale and resolution
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Checking jet performance in-situ 

using well-calibrated objects
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photon+jet method
(direct balance)
Check pT of jets with

respect to the pT of the 
recoiling photon

Exploit better cal ibrated objects  recoi l ing against  jet
to test jet energy scale and resolution

Alternative: missing transverse 
momentum projection fraction (MPF)
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Checking jet performance in-situ 

using well-calibrated objects

C. Doglioni – Experimental aspects of jets – HASCO, 22/07/14

Multi-jet balance
Check pT of jet with high 
transverse momentum vs 
group of jets with lower pT

Exploit better cal ibrated objects  recoi l ing against  jet
to test jet energy scale and resolution



      

66

Checking jet performance in-situ 

using well-calibrated objects
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track-jet method
Check pT ratio of calorimeter 

jet vs track jet

Exploit better cal ibrated jets  of the same origin as our jet
to test jet energy scale and resolution
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Checking jet performance in-situ 

using well-calibrated objects
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η-intercalibration
Check pT of forward jets with

respect to central jets

Exploit better cal ibrated objects  recoi l ing against  jet
to test jet energy scale and resolution
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in-situ resolution
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Assuming p
T

2 ~ p
T

1 

pT-balance
Width of pT asymmetry 
distribution is connected

to width of pT distribution

Exploit better cal ibrated objects  recoi l ing against  jet
to test jet energy scale and resolution

Alternative: bisector method
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Jet identification
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Energy deposits in calorimeters  jet→
But: energy deposits in calorimeters != always real jets

 → experiments need criteria to remove fake jets
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Jet identification
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Characteristics of fake jets include:

All energy deposited 
in a single calorimeter

No tracks from 
charged particles 

behind the jet 

Traversing the calorimeter 
from top to bottom

Out of sync with the collision
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Jet identification: performance
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Cuts with various 'tightness': ineff ic iency (= cutting good jets) 
                                           vs puri ty (= cutting all bad jets)

Most analyses use looser/loose working points



2.2 - Jet calibration

and performance,

in lhc data

22/07/2014 – HASCO Goettingen
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Recap: Formation of jets in atlas and cms
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CMS: particle flow jets
using both tracking and calorimeter info

ATLAS: calorimeter jets
using topological clusters as input



      

74

Jet calibration in a nutshell
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Jet calibration for atlas and cms
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(not explained today)
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Pile-up subtraction
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Two kinds of pi le-up:
in-t ime (extra interactions within same LHC bunch crossing) 

 add “diffuse radiation” to jet→
out-of-t ime (different bunch crossings)

 may affect calorimeter signal and energy reconstruction→

Out-of-t ime pi le-up
ATLAS: calorimeters designed to cancel 

in-time and out-of-time components 
(bunch crossings every 25 ns)

Negative
component

 to ADC counts
  →

subtracting
energy

In-t ime pi le-up

CMS and ATLAS: event-by-event subtraction
of in-time pile-up component based on jet area

Additional/alternative “offset” correction for 
residual effects, based on simulation or 

on uncorrelated area (outside jet) in same event 

Cross-checks using track jets
(can select only tracks from primary vertex)
Also: methods to reject spurious pi le-up

jets by checking tracks from PV exist (JVF method)
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Jes correction for atlas and cms
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Main correction:  from EM scale to hadronic scale

Generally based on MC simulation: 
derive calibration constants from response of reconstructed jet after 

full detector simulation wrt truth jet

Can be ref ined using other properties of jets

Correction

EM-scale response

The correction increases with 
energy as there are more neutral 
pions in the shower at high-pT  →
EM component enhanced
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Calibration of topocluster: local calibration
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Topoclusters  are designed to fol low shower development
 they contain information on EM/HAD content, can be exploited in calibration→

This is going to be a mostly EM cluster  →
most of its energy is visible,
no need for large correction

This cluster needs 
an energy boost

because of neutrino

http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html#Lect_11
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Calibration of topocluster: local calibration
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Calibrate clusters to had scale  based on energy density and shape, 
apply correction factor to cluster before jet formation

Local calibration also accounts for energy losses 
due to dead material and out-of-cluster

JES calibration (smaller) accounts for remaining effects:

http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html#Lect_11

http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html#Lect_11
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Particle flow details
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Aim: reconstruct all particles in the collisions (!), feed them to jet algorithm
 exploit all information from all subdetectors→

Make a l ist  of  “elements”:
tracks, energy deposits, muons

Associate elements together, 
each element is a part ic le:

e.g. extrapolate tracks to calorimeter, find 
corresponding cluster 

 charged hadron→

For each part ic le,  opt imally 
combine information from various 

subdetectors:
e.g. charged hadrons: use more precise 

tracker when possible

Improvements  in reconstruction efficiency, resolution wrt using calorimeter alone

http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html#Lect_11
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in-situ calibration
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Use well-measured objects  to check the scale  of the cal ibrated jets
Compare balance in data and MC  combine, correct for differences→

Alternative: absolute calibration, but e.g. theoretical uncertainties are a problem
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in-situ calibration
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Use well-measured objects  to check the scale  of the cal ibrated jets
Compare balance in data and MC  combine, correct for differences→

Alternative: absolute calibration, but e.g. theoretical uncertainties are a problem
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Jet energy scale uncertainty
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How well do we know the energy of a jet?
 → systematic uncertainty  on the jet energy scale

Milestone of 1% “basel ine” JES uncertainty
reached by ATLAS and CMS after 1 year of data
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Jet energy resolution and its uncertainty
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How well do we calibrate jets  → jet energy resolution

Calorimeter jets Particle flow jets
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QUARK/GLUON/heavy flavor DISCRIMINATION
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Different properties of quark initiating the jet
 different properties/performance of jets→
Can we dist inguish them? Yes

1. light quark vs gluon jets 
2.  light vs heavy flavor jets

Useful for physics analysis (signal vs background)

b-tagging:  
Exploit long lifetime of b-hadrons:
- reconstruct secondary vertex
- use track impact parameters

quarks and g luon tagging:  
Exploit different fragmentation:
- gluon jets wider than quark jets
- more charged particles for gluon jets

J. Gallicchio
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5' for questions up to here
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3 – searches and

measurements

with jets

22/07/2014 – HASCO Goettingen
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Experimental jets, Part 3: 

jet measurements and searches

Jet searches

- Dijet resonance search
- Dark matter searches:
   - mono-jet
   - mono-W

Measurements of jets

- Inclusive jet/dijet cross section
- Three jet cross section
- Top mass measurement

Outline

?

?
(note: this did not happen yet)

Only a tiny fraction shown today



3.1 - MeASUREMENTS

WITH JETS

22/07/2014 – HASCO Goettingen
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The inclusive jet/dijet cross section
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Measure cross sect ion of jet events as a function of jet pT and rapidity
Measure cross sect ion of di jet events as a function of invariant mass and separation

JES/JER uncertainty:  
main experimental systematics

Inclusive jet Dijet
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The inclusive jet/dijet cross section
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Measure cross sect ion of jet events as a function of jet pT and rapidity
Measure cross sect ion of di jet events as a function of invariant mass and separation

Measurements can constrain theory:
help determination of s trong coupling constant  and parton distr ibut ion functions
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Three jet cross section
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Measure cross section of three-jet events as a function of 
invariant mass of three leading jets and their separation

JES/JER uncertainty:  
main experimental systematics

Measure cross section of three-jet events as a function of 
invariant mass of three leading jets and their separation

Measurement will be useful to check and improve parton distribution function fits
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Top quark mass
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http://arxiv.org/abs/1403.4427

 LHC: top factory  surpass Tevatron statistics→
 Top quark crucial to understand consistency of SM 

parameters (link between H, W and top mass)
Implications on New Physics constraints

Mtop = 173.3±0.3(stat)±0.7(syst) GeV

Mtop = 172.2±0.1(stat)±0.7(syst) GeV

Mtop = 175.0±0.6(stat)±0.5(syst) GeV

http://arxiv.org/abs/1405.1756

CMS TOPSummaryPlots

JES uncertainty:  one of the main experimental unc.
knowing the JES well  knowing the top mass well!→



3.2 - SEARCHES

WITH JETS

22/07/2014 – HASCO Goettingen

http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1405.1756
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryPlots
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Dijet “bump search”
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New particles  new resonances→

If resonance decays hadronically:
Bump in the invariant mass 

spectrum of two central, leading jets

Background estimation: smooth f i t  to data
Crucial to have jet performance

under control to discover new particles!

No evidence of signal  →
constraining TeV-scale masses for many new particles

Jets: most copiously produced high-pT 
objects at the LHC
 new physics could →

show up early in jet signatures Image by Dag Gillberg

arXiv:1407.1376
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Search for monojets/mono-w
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Mono-jet : look for excess of jets with high pT,
high missing transverse momentum 

(after careful jet identification!)

No evidence of signal  →
constraining DM parameter space

http://arxiv.org/abs/1407.1376
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Search for monojets/mono-w
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Mono-W: use fat. groomed jets (C/A BDRS)
to reconstruct the entire W decay into a jet

No evidence of signal  →
constraining DM parameter space
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5' for questions up to here
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4. Let's recap 

everything for today

22/07/2014 – HASCO Goettingen
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Jet algorithms and calorimeters
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Jet algorithms

Most used jet algorithm at the LHC: Anti-kT 
No perfect jet algorithm/perfect set of parameters, as long as theoretically safe
Use fat jets when objects are boosted and their decay products are collimated

Calorimeters
Basic principles: 

- exploit interactions of particle with matter. Try to stop particle: 
  energy release  detection and measurement→
- hadronic and electromagnetic showers: differences
- hadronic and electromagnetic calorimeters: differences

ATLAS and CMS calorimeters: design  inputs to jet algorithms→
The influence of pile-up: extra energy (not always), corrected for offline
Calorimeter leakage (punch-through): influence on response (mean) and resolution (width
of the distribution E

reco
/E

true
)
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Jet calibration and performance
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Concepts of jet calibration and performance

In-situ techniques: test JES and JER using well-calibrated objects balancing jet
Missing transverse momentum, affected by deterioration in JER
Jet identification: check timing, EM energy fraction, number of tracks of jet...to be sure!

Jet calibration in action: ATLAS and CMS

Formation of jets in ATLAS and CMS: topocluster jets vs particle flow jets
Pile-up subtraction: first step event-based, then overall correction
JES calibration: compensate the calorimeter with software
Details on JES calibration:
   - Topocluster calibration
   - Particle-flow formation
Jet performance and Jet Energy Scale
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Measurements and searches with jets
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Measurements with jets

Inclusive jet / dijet cross section, three-jet cross section ↔ Importance of understanding
experimental performance to compare with theory (and improve it)
Top mass measurement ↔ JES uncertainty main experimental uncertainty, 

need to reduce / take care of correlations in combination
 

Searches with jets

Dijet resonance search ↔ ”smooth” JES assumption in background estimation
Mono-jet search ↔ jet identification and removal of fakes crucial
Mono-W search ↔ use substructure technique to select jets containing W boson
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Thanks for your attention! + resources
For any questions: find me around or via e-mail

caterina DOT doglioni AT cern DOT ch
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Simple overview of calorimeters
http://dorigo.wordpress.com/2008/04/06/calorimeters-for-high-energy-physics-experiments-part-1/
Lectures on detectors and calorimeters
http://www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe10/
http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html
LHC detector papers
http://jinst.sissa.it/LHC/
CMS JES paper
http://iopscience.iop.org/1748-0221/6/11/P11002/
ATLAS JES paper
http://arxiv.org/abs/1406.0076
CMS public jet/MET results
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME
ATLAS public jet/MET results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissPublicResults
CMS Standard Model results on jets
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP#Jet_Production
ATLAS Standard Model results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics
CMS Exotica results
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
ATLAS Exotics results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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