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Collisions at 13 TeV: very energetic jets!

• The two central high-pT jets with invariant mass of 6.5 TeV

     Jet1 pT = 2.9 TeV,  Jet2 pT = 2.8 TeV

Event recorded last June
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Why care about jets?
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Why care about jets?

• Energetic jets in LHC pp collisions are produced abundantly 
✦ Signal, QCD prediction 
✦ Significant background to other analyses 
✦ Jets are present in almost all LHC analyses
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What are jets?

hard scattering

parton shower 
evolution

hadronization

hadron decays

• Jets are the outputs of 
clustering algorithms that 
group inputs 
✦ Truth particles (stable particles) 
✦ Particle-flow objects (CMS), or 

calorimeter energy clusters 
(ATLAS) 

• The challenge of jets comes 
from QCD physics: parton 
shower and hadronization 
✦ The particles we measure -π, Κ, 

p, n, etc- are not the particles 
from the hard scattering 

• Jets are proxy to the hard 
scattered parton (quark or 
gluon)



6

Jet algorithms
• Naively, jet algorithms are the inverse of the parton shower
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Jet algorithms
• Naively, jet algorithms are the inverse of the parton shower

• But the parton shower is actually not invertible! 

• There is no correct jet algorithm. Choice depends on the physics case
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IRC Safety
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IRC Safety

• Anti-kT family of jet algorithms: the standard at LHC experiments 

✦ Regular shape objects, easy to calibrate and more resilient to pile-up 
✦ Typical jet size for resolved objets R=0.4 or 0.5 , where 

R=√(Δη2+Δφ2) 
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R choice (jet size)

R=0.4 jets 
fully resolved

R=0.4 jets 
fully merged

⇒  Use the appropriate R based on 
the energy scale of the given signal

Top pT =100 GeV Top pT =800 GeV 

• Decay products of a boosted object are highly 
collimated and can even overlap 

• On the example of the hadronic top decay 
✦ Decay products most likely within DR~1 for 

pTtop>350 GeV,
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Jet energy calibration 
or 

Jet energy scale  
or 

Jet energy correction

Focusing on ATLAS from now on…
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Why calibrate jets?
measured energy scale

• Calorimeter jet energy different than 
the particle jet energy  
✦ Sampling calorimeter: cannot measure 

energy deposited in the absorber 
✦ Calorimeter non compensating: hadrons 

energy deposits are only partially 
measured 

✦ Energy deposits missed because of dead 
material 

✦ Inefficiencies due to noise and pile-up 

➡Need a calibration to reach the 
particle jet energy level

• All detector capabilities have to be exploited 
✦ Combine information from sub-detectors (tracker + calorimeter + muon system)

targeted energy
scale
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• Origin correction: to 
account for the hard 
scattering primary vertex. 
Changes the jet direction

- Start from calorimeter jets

Jet calibration chain
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• Origin correction: to 
account for the hard 
scattering primary vertex. 
Changes the jet direction 

• Jet area and residual 
pileup corrections to 
decrease pile-up 
contamination

Jet calibration chain

- Start from calorimeter jets
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• Origin correction: to 
account for the hard 
scattering primary vertex. 
Changes the jet direction 

• Jet area and residual 
pileup corrections to 
decrease pile-up 
contamination

pT
corr = pT − ρAT −α(NPV −1)−β µ

ATLAS-PHYS-PUB-2015-015

Jet calibration chain

- Start from calorimeter jets

Event-by-event pile-up activity (pile-up density)

Jet-by-jet pile-up sensitivity

constructed with 

pT  threshold
no minimum

Pile-up paper submitted to EPJC

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-015/
http://arxiv.org/pdf/1510.03823v1.pdf


16

• Origin correction: to 
account for the hard 
scattering primary vertex. 
Changes the jet direction 

• Jet area and residual 
pileup corrections to 
decrease pile-up 
contamination 

• MC JES: Calibrates the jet 
energy and pseudo rapidity 
to the reference scale

Jet calibration chain

- Start from calorimeter jets

ATL-PHYS-PUB-2015-015

Eresponse =
Ejet
calorimeter

E jet
particle

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-015/
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• Global sequential calibration (GSC):  
reduce fluctuation effects 
✦ Use jet-by-jet information to correct the 

response of each jet individually 

✦ Improves jet energy resolution 

• GSC variables
- Longitudinal structure of the energy depositions within the calorimeters 

- Track information associated to the jet 

- Information related to the activity in the muon chamber behind an energetic jet 
(muon segments)

ATLAS-CONF-2015-002

Jet calibration chain

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-002/


η relative in-situ corrections

• MC simulation typically describes 
the data to within about 10% 

• More adequate calibration for 
forward region is performed: η 
inter-calibration in data dijet 
events to correct η dependence of 
jet response
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JETM-2016-002

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2016-002/


• In-situ measurement using a jet recoiling against well-calibrated object as a reference 

• Combination of 3 in-situ measurements 

19

jet

reference

jetResponse = pTjet / pTref

Absolute in-situ corrections

JETM-2016-002

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2016-002/
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Jet calibration performance in Run-2

• Many checks with Run-2 data  
✦ Jet response in events of high pT jet balancing against lower pT jets 
✦ Jet response in events of photon - jet balance 

• Remarkable agreement between Data and MC
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JES uncertainties
JETM-2016-002

• Final JES uncertainties components O(80), a combination of in-situ 
and estimated upstream in calibration chain  

• Dedicated statistical tools to reduce the number of components 
maintaining the relevant correlations 

• Performance in Run-2 almost comparable to the Run-1 one

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2016-002/
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Jet energy resolution



• Measure jet resolution combining Run-1 
in-situ γ+jet, Z+jet and dijet for the first 
time, by performing a pT global fit 

• Constraint fit at low pT via an in-situ 
noise study 
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σ pT

pT
=
N
pT
⊕

S
pT

⊕C

noise term
stochastic term

constant

Run-1

Uncertainties evaluated via the in-situ 
measurements taking into account the 
correlations

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
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Jet perfromance in physics analyses
• Jets are extremely complicated objects 

• Their energy calibration relays on every single part of the 
detector 
✦ Accurate sub-detector calibration is needed 

• They are very sensitive to pile-up 

• Several QCD physics effects are present that are hard to model 

➡ Jet related uncertainties are often the dominant detector 
related uncertainties in physics analyses 
✦ A few examples in the following slides
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Jets and tops
• tt branching ratios 

✦ All hadronic: ~44% 
✦ Lepton+jets: ~45% 
✦ Dilepton: ~11%

ttH

tt fiducial cross section 

top mass
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Jets and tops
• tt branching rations 

✦ All hadronic: ~44% 
✦ Lepton+jets (semileptonic): ~45% 
✦ Dilepton: ~11%

ttH

tt fiducial cross section 

top mass
- Jet related uncertainties are one of the 
dominant detector uncertainties in the 
majority of top measurements 

- Profound understanding of the jet energy 
calibration/correction and the related 
uncertainties will result in more precise top 
measurements
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Dijet resonance searches
ATLAS-CONF-2016-069

• Search for non-SM features in di-jet final 
✦ New resonances in mjj spectrum 

• Select events with leading (subleading) jet pT > 440(60) GeV 

• Search for a bump in invariant mass mjj 

• ~16 fb-1 analysed, preliminary result shown in ICHEP

JES uncertainty being the 
dominant one
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-069/


SUSY searches with jets and ET
miss

ATLAS-CONF-2016-078
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• ~13 fb-1 analysed, preliminary 
result shown in ICHEP

• Search for squarks and gluinos in 
final states with jets and ET

miss 

• Effective mass (scalar sum of jets 
pT and ET

miss) the discriminating 
variable

Jet/MET the 
only relevant 
detector -
related 
uncertainty

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-078/


Day in 2016
18/04 16/05 13/06 11/07 08/08 05/09 03/10 31/10

]
-1

To
ta

l I
nt

eg
ra

te
d 

Lu
m

in
os

ity
 [f

b

0

10

20

30

40

50  = 13 TeVs     ATLAS Online Luminosity
LHC Delivered
ATLAS Recorded

-1Total Delivered: 38.9 fb
-1Total Recorded: 36.0 fb

7/16 calibration

29

Conclusions
• Jets in LHC: challenging but extremely interesting objects 

✦ Huge amount of work optimising their energy calibration and 
performance and minimise the related uncertainties 

✦ Key ingredient for many analyses 

• Jet Run-2 performance in ATLAS, already comparable to the one 
of Run-1 
✦ We should (and will) do better in the years to come 

➡ ATLAS Run-2 jets are ready 
for an ambitious physics 
programme 
➡ Stay tuned for the full 

2015+2016 datasets results
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Back-up



• 3-dimensional topological clustering of calorimeter read-out channels (cells) 
✦ Optimise to follow the shower development in the calorimeter 
✦ Noise suppression  
✦ Ideal for jet substructure (constituent level calibration)
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Jet inputs in ATLAS: calorimeter clusters
⇒Exploit high resolution of calorimeters and fine longitudinal segmentation

 : |E|>4σnoise"

 : |E|>2σnoise"

 : |E|>0σnoise"

:  Calorimeter cell 

3D topological cluster



• Two energy scale calibrations for topological clusters 
✦ Electromagnetic (EM) 
✦ Local cluster weighting (LCW): Distinguish EM/HAD depositions
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Jet inputs: calorimeter clusters

EM
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Jet algorithms

• Anti-kT family of jet algorithms: the standard at LHC experiments 

✦ Regular shape objects (easy to calibrate, more resilient to pile-up) 
✦ Typical jet size for resolved objets R=0.4 or 0.5 , where R=√(Δη2+Δφ2) 
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• Origin correction: to 
account for the hard 
scattering primary vertex. 
Changes the jet direction 

• Jet area and residual 
pileup corrections to 
decrease pile-up 
contamination

pT
corr = pT − ρAT −α(NPV −1)−β µ

ATLAS-PHYS-PUB-2015-015

Jet calibration chain

- Start from calorimeter jets

Event-by-event pile-up activity (pile-up density)

Jet-by-jet pile-up sensitivity

constructed with 

pT  threshold
no minimum

Pile-up paper submitted to EPJC

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-015/
http://arxiv.org/pdf/1510.03823v1.pdf
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• Global sequential calibration (GSC): to reduce fluctuation effects 
✦ Use jet-by-jet information to correct the response of each jet individually 

• MC JES (one step before) corrects jets to particle level reference on average

• GSC variables
- Longitudinal structure of the energy depositions within the calorimeters 

- Track information associated to the jet 

- Information related to the activity in the muon chamber behind a jet (muon segments)

ATLAS-CONF-2015-002

Jet calibration chain

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-002/
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Global Sequential Calibration

average distance between tracks associated to jets and jet axis

• Derived using MC, parametrised in pT and η
ATLAS-CONF-2015-002

ATL-PHYS-PUB-2015-015

✦ Improves flavour uncertainties

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-002/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-015/
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ATL-PHYS-PUB-2015-015

JER uncertainties in Run 2

• Current 2015 JER measurement, based on a 2012 JER measurement extrapolation 
(pre-recommendations) 

• In-situ 2015 measurement ongoing, target to have it done in 1-2 months 
timescale. It will be the base of the 2016 JER recommendations 

• JER uncertainties correlations are now taken into account coherently  
✦ We provide an implementation with 9NPs, smearing the MC and Data. See here for details 
✦ This will be supported in 2016 recommendations

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-015/
https://indico.cern.ch/event/368266/contribution/3/attachments/732229/1004628/JERppWeek28Jan.pdf
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JES ATLAS and CMS
• Understand the source of the uncertainty 
• Correlations are driven by the methods to derive them

• Detector related —-> non correlated 
• Theory related (use simulation) —-> correlated 
• Others in between

• Gluon flavour uncertainty 
• ATLAS and CMS derive an uncertainty from the 

difference between Pythia and Herwig++,  
• same generator difference is used, and then 

evaluated in a given topology (for a given gluon 
fraction), they are expected to be strongly 
correlated.  

• This, combined with the nearly identical resulting 
uncertainty between experiments fully correlated. 
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JES ATLAS and CMS



The price of high Luminosity: Pile-up

40

Z—>μμ candidate event with 25 
reconstructed vertices

Mean Number of Interactions per Crossing
0 5 10 15 20 25 30 35 40 45 50

/0
.1

]
-1

De
liv

er
ed

 L
um

in
os

ity
 [p

b

0

10

20

30

40

50

60

70

80
=13 TeVsOnline Luminosity 2015, ATLAS

> = 19.6µ50ns: <
> = 13.5µ25ns: <



41

Tracks and vertexing against pile-up

• Robust and efficient tracking performance is of paramount importance to 
mitigate the pile-up fluctuations affecting hard scattered jets

Jets JVF
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Pile-up at HL-LHC
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• Coping with 140-200 expected pile-up interactions, a tremendous challenge in HL-LHC

• Choose relevant detector capabilities 

• Develop sophisticated pile-up mitigation 
techniques

Solution
- Important component of ongoing  R&D
- ITk ỷ coverage will play a crucial role
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Jet performance at HL-LHC

• Lower jet pT thresholds are 
important for several physics 
processes, e.g. jet veto in 
VBF Higgs processes, single 
top, t-tbar, etc 

• The size of pile-up fluctuations 
become of the same order as the 
hard scatter jets at low pT 

• Jet pT measurement is only 
meaningful when it is significantly 
above the pile-up noise 
✦ Key for jet calibration at high 

luminosity: reduce pile-up 
fluctuations!


