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2Jets at the LHC
• QCD physics is an essential part of the 

ATLAS physics program but is difficult 
• Parton shower and hadronization 

turn simple hard-scatter into a mess 
of π, K, p, n, γ, etc. 

• Latest jet calibration techniques: 
• Quick review of jet reconstruction 
• Details of jet calibration procedure 

from new 2015 summary paper 
• The latest 27 fb-1 2016 calibration 
• A few new techniques highlighted at 

jet-focused BOOST 2017  

https://arxiv.org/abs/1703.09665
https://indico.cern.ch/event/579660/


• ATLAS has fantastic EM and hadronic calorimeters, giving precise 
measurement of deposited energy 

• ATLAS calorimeters are sampling & non-compensating 
• Absorber materials induce showering but cannot measure energy 
• Lower response for hadrons due to nuclear interactions 

• Calibrations return jet energy to particle scale in MC simulation 
 
 

• Focus today on R=0.4 jets at EM-scale, but same calibrations used for 
• Local cluster weighted jets: correct hadronic-like topo-clusters for 

expected missing energy 
• Particle-flow jets: Use tracks to measure charged particle contribution

3Jet Calibration 13 TeV Calibration

https://arxiv.org/abs/1703.09665


4Jet reconstruction
1) 2)

3)

pΚ-

π+• Jet finding on topo-clusters -  
3D clusters of cell energies 

• Anti-kt algorithm is infrared and 
collinear safe, while fairly pileup 
insensitive

• R=0.4 jets perfect for many 
analyses - captures bulk of parton 
shower while minimizing pileup 
contamination

infrared safety collinear safety

Hadronic

EM

Topo-clustering
Jet finding

https://arxiv.org/abs/1603.02934
https://arxiv.org/abs/0802.1189


5Jet area pileup subtractionThe E↵ects of Pileup
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• Pileup alters the measured energy of each jet 

• Subtract ambient pT density  
on a per-event basis  

• Derived using pileup-sensitive kt jets
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13 TeV Calibration

Area subtraction

https://arxiv.org/abs/1510.03823
https://arxiv.org/abs/1703.09665
https://arxiv.org/abs/0707.1378


• Pileup alters the measured energy of each jet 

• Subtract ambient pT density  
on a per-event basis  

• Derived using pileup-sensitive kt jets
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The E↵ects of Pileup
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Jet area pileup subtraction 8 TeV Pileup
13 TeV Calibration

Area subtraction

https://arxiv.org/abs/1510.03823
https://arxiv.org/abs/1703.09665
https://arxiv.org/abs/0707.1378
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|η|
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Residual pileup
• Correction leaves some dependence on NPV and μ, 

particularly in forward region 
• Residual correction for observed dependence in MC 
 

Negative!
inherent PU  
suppression  

of LAr

Area subtraction
8 TeV Pileup
13 TeV Calibration

https://arxiv.org/abs/0707.1378
https://arxiv.org/abs/1510.03823
https://arxiv.org/abs/1703.09665


η
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

φ

3−

2−

1−

0

1

2

3

ATLAS Simulation Preliminary
 = 200µ= 14 TeV, sPythia Dijet 

No Subtraction Truth jets, R=0.4

Topoclusters

|/G
eV

T
|P

) T
sg

n(
P

-2

0

2

4

6

8

10

12

η

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

φ

0

1

2

3

4

5

6

Simulation PreliminaryATLAS

8Constituent-level pileup mitigation

• Pileup will get worse at HLLHC 
• Exploring new techniques including 

• Cluster Vertex Fraction 
associates clusters to tracks, 
rejecting pileup vertices 

• Constituent Subtraction assigns 
cluster area according to ghost 
association 

• Voronoi Subtraction assigns 
cluster area according to nearest-
neighbor boundaries 

• SoftKiller implements a per-event 
pT cut such that half the detector 
is empty

Voronoi  
area 

SoftKiller+Voronoiμ=200

ATLAS-CONF-2017-065
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-065/


9Origin correction
• Corrects jet axis to primary vertex, with small corrections to η and 

pT resolution 
• In 2017 individual topo-cluster 4-momenta are now corrected, 

making origin correction obsolete 

13 TeV Calibration

https://arxiv.org/abs/1703.09665


10

det
η

4− 3− 2− 1− 0 1 2 3 4

En
er

gy
 R

es
po

ns
e

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

 = 30 GeVtruth E
 = 60 GeVtruth E
 = 110 GeVtruth E
 = 400 GeVtruth E
 = 1200 GeVtruth E

Simulation ATLAS
 = 13 TeV, Pythia Dijets

 = 0.4, EM scaleR tkanti-

|
det
η|

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

)
tru

th
η

 - 
re

co
η(×)

re
co

η
sg

n(

0.1−
0.08−
0.06−
0.04−
0.02−

0
0.02
0.04
0.06
0.08

0.1
 = 30 GeVtruth E
 = 60 GeVtruth E
 = 110 GeVtruth E
 = 400 GeVtruth E
 = 1200 GeVtruth E

Simulation ATLAS
 = 13 TeV, Pythia Dijets

 = 0.4, EM scaleR tkanti-

MCJES correction

• Calibrate jet energy to particle-scale - sum of particles in 
MC minus minimally ionizing muons & neutrinos 

• Residual η correction for jets in calorimeter transition regions

13 TeV Calibration

https://arxiv.org/abs/1703.09665
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11Global sequential calibration
• Four pT corrections using shower shape and track 

information 
• Reduces JES dependence on flavor - quark/gluon 
• No effect on absolute JES, large improvement to JER 

• Fifth correction for energy escaping calorimeters into 
muon spectrometer

E in first Tile layer E in last EM layer pT-weighted track width track multiplicity

number of  
muon segments

13 TeV Calibration
GSC

https://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2001682
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12Data-driven in situ calibrations

Statistically significant in 
low, medium, and high pT regions

Correct for data-MC differences in jet response ratios

Combination reduces uncertainty 
while showing minimal tension

• η-intercalibration: 
Corrects forward jets in dijet system  
b/c coarser calorimeters & inactive material 

• Z/γ+jet balance: 
Independent, well-measured references 
Missing-pT projection fraction balances 
hadronic recoil, not the jet 

• Multijet balance:  
High-pT jets against recoil system

13 TeV Calibration
Dijet & Multijet

Z/γ+jet

https://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2008678
https://cds.cern.ch/record/2059846
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13in situ combination

• Run 2 correction larger than Run 1 due 
to simulation changes 

• 2016 correction agrees with 2015, with 
reduced uncertainties 

• Same methods successfully used for 
R=1.0 trimmed jets  

• Working towards recommendations 
for various radii

Large-R Calibration
13 TeV Calibration

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-063/
https://arxiv.org/abs/1703.09665
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14Uncertainties

Unknown composition: 50/50 quark/gluon, 100% uncertainty

• 80 sources of uncertainty, mostly in situ (event topology, MC simulation, statistics, 
etc.) 

• Flavor generally dominant when assuming unknown composition  
- reducible on a per-analysis basis 

• Pileup larger at low pT - a target for reduction  
• High-pT from single particle studies - 13 TeV update will join the in situ combination
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13 TeV Calibration
2016 Figures

https://arxiv.org/abs/1703.09665
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-003/
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15Uncertainties

Pythia8 dijet composition

• 80 sources of uncertainty, mostly in situ (event topology, MC simulation, statistics, 
etc.) 

• Flavor generally dominant when assuming unknown composition  
- reducible on a per-analysis basis 

• Pileup larger at low pT - a target for reduction  
• High-pT from single particle studies - 13 TeV update will join the in situ combination

13 TeV Calibration
2016 Figures

https://arxiv.org/abs/1703.09665
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-003/
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16Reduction of uncertainties
• Full set of 80 uncertainties often unnecessary → reduce 

number while preserving main correlations in pT and η 
• Eigenvector decomposition of in situ terms (67→6) w/ 

minimal correlation losses 
• Strong reduction (19→4) preserves largest correlations in 

low, medium, and high pT regions 
• Non-negligible correlation loss overall → 4 sets produced 

to bracket losses, allowing analyses to probe sensitivity

Loss from eigenvector decomposition Loss from strong reduction

C
o
rr

e
la

tio
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 [GeV]jet

T
p

20 30 210 210×2 310 310×2

 [
G

e
V

]
je

t

T
p

210

310

ATLAS in situ = 0.4, EM+JES + R tkanti-

) = (0.0,0.0)jet2
η,jet1

η( = 13 TeVsData 2015, 

jet-jet pT correlation map

C
o

rr
e

la
tio

n
 d

iff
e

re
n

ce

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

 [GeV]jet

T
p

20 30 210 210×2 310 310×2

 [
G

e
V

]
je

t

T
p

210

310

ATLAS in situ = 0.4, EM+JES + R tkanti-

) = (0.0,0.0)jet2
η,jet1

η( = 13 TeVsData 2015, 

Mean value -0.13, max -0.39 at (209,2036) GeV

13 TeV Calibration
Strong Reduction

https://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2037436


17Conclusion
• Robust jet calibration procedure for bread-and-butter R=0.4 jets 

• Techniques directly applicable to EM, LC, pflow, and various radius jets 
• Several uncertainty sets for quick searches or detailed measurements 

• Continually improving JES to reduce uncertainties and prepare for pileup-heavy HLLHC 
• Quark-gluon discrimination w/ tracking & imaging - See earlier talks by Francesco Rubbo & 

Ben Nachman 
• Huge effort to bring substructure techniques to mainstream 

• Browse the latest at the JetETMiss public website or  BOOST 2017!

https://indico.fnal.gov/contributionDisplay.py?contribId=137&confId=11999
https://indico.fnal.gov/contributionDisplay.py?contribId=126&confId=11999
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissPublicResults?redirectedfrom=AtlasPublic.JetEtMissPublicCollisionResults
https://indico.cern.ch/event/579660/
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19Jet energy resolution
• Resolution → accuracy of measurement for all jets 

• Noise term from zero-bias data via random noise cones & average 
energy density 

• Stochastic and constant terms fit to dijet & Z/γ+jet balance

� Resolution of the jet energy measurement quantifies accuracy
� Noise terms estimated from zero-bias data using random noise 

coins and average energy density
� Stochastic and constant terms derived from dijet and V-jet balancing

CHAPTER 127

THE STANDARD MODEL28

1.1 Quantum Chromodynamics29

1.1.1 Hard Scatter30

1.1.2 Parton Shower31

1.1.3 Hadronization32

1.2 Underlying Event33
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https://cds.cern.ch/record/2037613
https://cds.cern.ch/record/2044941
https://cds.cern.ch/record/2059846


20Pileup ρ calculation
• Coarser granularity at forward η suppresses pileup kt 

reconstruction 
• Use ρ from |η| < 2.0, & derive a residual pileup correction

Calorimeter granularity & topoclusters ρ vs η

8 TeV Pileup

https://arxiv.org/abs/1510.03823
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EM scale

det
ηJet 

-4 -3 -2 -1 0 1 2 3 4

En
er

gy
 R

es
po

ns
e 

at
 L

C
W

 S
ca

le

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

E = 30 GeV
E = 60 GeV
E = 110 GeV
E = 400 GeV
E = 1200 GeV

Simulation Preliminary ATLAS
2012 JES: Anti-kT, R=0.4

LCW scale

MCJES correction

Clear difference between EM and LC jets (8 TeV)

• Calibrate jet energy to particle-scale - sum of particles in 
MC minus minimally ionizing muons & neutrinos 

• Residual η correction for jets in calorimeter transition regions

8 TeV Calibration

https://cds.cern.ch/record/2044941


• Balance Z/γ against entire calorimeter recoil 
 
 

• Balance is less sensitive to jet definition, 
radius, out-of-cone radiation, and pileup 

• Correction does not directly reflect energy 
within the jet (showering & topology)

22Missing-ET projection fraction
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• Bracket correlation loss 
through 4 reduced NP 
sets with focus on 

• low, medium, high pT 

• low vs medium pT & η 
• medium vs high pT 
• very high pT 

• Measure coverage with:  

23Strong reduction coverage 13 TeV Calibration
Strong Reduction

https://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2037436

