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•  Jet substructure reconstruction performance in CMS 
(Nice ATLAS review by David this morning) 

•  Review of CMS detector and particle flow algorithm 

•  Performance improvements for Run II – high pT 

•  Jet substructure measurements at ATLAS+CMS 

•  Methods 

•  What has been measured so far 

•  Representative measurements 



Particle flow reconstruction and jets 
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•  Find topological clusters (ECAL, HCAL) 
•  Iteratively find final clusters with energy 

sharing assuming Gaussian shower 
profile with fixed σ (ECAL, HCAL) 

•  Correct cluster position for depth (ECAL) 

PF cluster reconstruction 
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•  Link topologically connected 
HCAL+ECAL clusters and tracks 

•  Reconstruct muons, electrons 
and photons 
 

•  For hadron candidates calibrate 
energy: 

 

•  If compatible with charged 
hadrons (ΣEcalo~Σptrack): 
•  Fit track and calorimeter energy 

taking their resolution into account 

•  If neutral energy excess (ΣEcalo>Σptrack) after subtracting charged hadrons: 
•  Create photons if no significant EHCAL or neutral hadrons otherwise 

PF candidate algorithm 
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•  Jet pT < 0.6 TeV 
•  Jet mass well calibrated due to use of tracks 

and ECAL in PF 
•  Mainly rely on tracking for spatial energy 

distribution inside jet 

•  Jet 0.6 < pT < 1.2 TeV 
•  Due to tracking resolution, cannot maintain 

measurement of charged hadron energy 
fraction (CHF) 

•  Mainly rely on ECAL for spatial energy 
distribution 

•  Jet mass well calibrated due to PF hadron 
energy calibration 

•  Jet pT > 1.2 TeV 
•  Jet mass resolution degrades, but CAN be 

recovered by better usage of ECAL granularity 

PF performance in Run I 
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•  Tracking for jet substructure reconstruction can be extended beyond  
jet pT > 1 TeV (most importantly for b-tagging) 
•  additional tracking iteration in jet core 
•  pixel cluster splitting 

Tracking improvements for Run II 
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•  Tracking for jet substructure reconstruction can be extended beyond 
jet pT > 1 TeV (most importantly for b-tagging) 
•  additional tracking iteration in jet core 
•  pixel cluster splitting 

•  Effect on jet substructure reconstruction is small, since ECAL-driven 
substructure reconstruction performs similar to tracking-driven 
reconstruction 
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Tracking improvements for Run II 
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•  To reconstruct high pT jet substructure make full use of ECAL granularity 
•  Rather than assigning ΣEcalo-Σptrack excess to single photon or neutral 

hadron (“merged PF neutrals”) with HCAL granularity 
•  Split photon excess according to ECAL clusters (“split PF photons”) 
•  Split hadron excess energy in ECAL+HCAL according to direction and 

energy distribution of ECAL clusters (“split PF neutrals”) 
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PF improvements for Run II 

9 19 Aug 2014 Andreas Hinzmann 

JME-14-002 

W pT = 2 TeV 



•  Pruned jet mass scale stable up to 3.5 TeV 
•  Resolution still better than 10% at 3.5 TeV for mW=80 GeV 
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Substructure performance for Run II – 1 
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•  Can maintain current jet substructure reconstruction performance at 
boosted W pT = 300 GeV up to pT = 3000 GeV with our ECAL granularity 

Substructure performance for Run II – 2 
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•  Important to understand: 
•  description of quark/gluon jets to 

build quark/gluon-taggers 
•  background of searches/measurements 

using W/Z/H/top-tagging 

 

•  Jet substructure measurements test: 
•  pQCD calculations, 

approximate analytical calculations 
•  parton showering 
•  underlying event contributions 
•  hadronization effects 
 

Jet substructure measurements – 1 
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•  Measurements based on: 

•  For the charged hadron properties in jets: tracks in CMS+ATLAS 
•  For jet substructure: PF particles in CMS, topological calorimeter 

clusters in ATLAS 

•  Data samples at 7 TeV with <10 pileup interactions: 
•  g-jets(>50%): 20<pT<300 in inclusive jets / dijets 
•  q-jets(>50%): 300<pT<1500 in inclusive jets / dijets 
•  q-jets(70%): 125<pT<450 in W/Z+jets 
•  q-jets(70%): 30<pT<150 in semi-leptonic ttbar 
•  b-jets(99%): 30<pT<150 in di-leptonic ttbar 

•  Systematic uncertainties: 
•  MC model used for unfolding. Consider different generators and tunes 

to quantify the uncertainty. Sometimes leading uncertainty. 
•  Jet energy calibration and resolution 
•  Particle/track/cluster reconstruction efficiency and calibration 
 

Jet substructure measurements – 2 
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What is available 
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Reference Final state Jets, pT (GeV) Jet substructure observables 

1101.0070 
ATLAS 3/pb 

incl. jets q/g-jets (AK6), 30<pT<600 integral jet shape, differential jet shape 

1204.3170  
CMS 36/pb 

incl. jets q/g-jets (AK7), 20<pT<1000 
q/g-jets (AK5), 50<pT<1000 

integral jet shape, differential jet shape 
charged hadron multiplicity and width 

1307.5749 
ATLAS 1.8/fb 

ttbar q-jets (AK4), 30<pT<150 
b-jets (AK4), 30<pT<150 

integral jet shape, differential jet shape 

1109.5816 
ATLAS 36/pb 

incl. jets q/g-jets (AK6), 25<pT<500 charged hadron fragmentation function, pT
rel and 

radial density 
QCD-10-041 
CMS 36/pb 

dijets q/g-jets (KT6), 97<pT<1032 subjet multiplicities and pT
rel 

1302.1415 
ATLAS 36/pb 

W+jets q-jets (KT6), no pT cut kT splitting scales 

1203.4606 
ATLAS 35/pb 

incl. jets q/g-jets (AK10, CA12), 
200<pT<600 

jet mass, split/filtered jet mass, 
kT splitting scales, N-subjettiness ratios 

1303.4811 
CMS 5/fb 

dijets 
W/Z+jets 

q/g-jets (AK7), 220<pT<1500 
q-jets (AK7, CA8, CA12), 
125<pT<450 

jet mass, pruned jet mass, trimmed jet mass, 
filtered jet mass 

1206.5369 
ATLAS 35/pb 

incl. jets q/g-jets (AK6, AK10), pT>300 jet mass, jet width, eccentricity, planar flow, 
angularity 



•  19 different observables have been measured by ATLAS+CMS 
•  Covering a representative subset 

 
•  Jet shapes 

•  differential jet shape 
•  integral jet shape 
•  jet width 
•  eccentricity 
•  planar flow 
•  angularity 

 
•  Subjet distributions 

•  subjet multiplicity 
•  subjet pT

rel 
•  kT splitting scale 
•  N-subjettiness 

Jet substructure observables 
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•  Charged hadron distributions 

•  jet charged width 
•  jet charged multiplicity 
•  jet charged pT

rel 
•  jet charged fragmentation function 
•  jet charged radial density 

 
•  Jet mass 

•  jet mass 
•  pruned mass 
•  trimmed mass 
•  (split/)filtered mass 
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•  Radial energy density in jet 

•  Measured for q-, b- and g-enriched jets 
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g-jets-enriched 

inclusive jets ttbar 

1204.3170 1307.5749 
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•  Discriminate isotropic against elongated energy deposition 

Eccentricity 
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inclusive jets 
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•  Longitudinal momentum fraction carried by charged hadron 

•  Closely related to fragmentation function of partons 

Jet charged fragmentation function 
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•  Comparison of q-jet-enriched (high |η|) and g-jet-enriched (low |η|) shows 
discrimination power 

Jet charged multiplicity 
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•  Squared splitting scale at kT-algorithm step: 
•  Look at last (hardest) clustering steps 

•  Probability for QCD emission with hardness              given previous 
emission of scale          is 

kT splitting scale 
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W+jets W+jets 
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•  N-subjettiness  

•  Ratio            discriminates compatibility with 2 subjet axes rather than 1 

N-subjettiness 
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inclusive jets inclusive jets 
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•  Raw jet mass difficult to model, generators disagree 

•  Groomed jet masses (here split/filtered) agree better between generators 
and with data 
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•  W+jets measurement allows comparison of q-jet-enriched and g-jet 
enriched masses 

•  Other groomers improve data/MC agreement as well: 
pruning, trimming, filtering 

 (GeV)J m
0 50 100 150

 fr
ac

tio
n

0

0.01

0.02

0.03

0.04

0.05

 < 450 GeVT300 < p di-jets
W+jet

 (GeV)AVG
J m

0 50 100 150

 fr
ac

tio
n

0

0.01

0.02

0.03

0.04

0.05

 < 450 GeVAVG
T

300 < p

 = 7 TeV, Pruned AK7s at  -1CMS, L = 5fb

 (GeV)Jm

0 50 100 150

G
eV1

J
dm
σd

σ1

-310

-110

10

310

510

710

810

)0 10× = 125-150 GeV (
j

pT

)2 10× = 150-220 GeV (
j

pT

)4 10× = 220-300 GeV (
j

pT

)6 10× = 300-450 GeV (
j

pT

Pythia6, Tune Z2

Herwig++, Tune 23

Stat. Uncertainty

Total Uncertainty
M

C
/D

at
a

0
0.5

1
1.5

2
 = 125 - 150 GeV

j
pT

0
0.5

1
1.5

2
 = 150 - 220 GeV

j
pT

0
0.5

1
1.5

2
 = 220 - 300 GeV

j
pT

 (GeV)Jm
0 50 100 1500

0.5
1

1.5
2

 = 300 - 450 GeV
j

pT

 = 7 TeV, Pruned AK7 W+jets at  -1CMS, L = 5fb

Jet mass – 2 

23 19 Aug 2014 Andreas Hinzmann 

W+jets 

q-jet-enriched 

g-jet-enriched 

pruned 

1303.4811 



•  CMS PF algorithm well optimized for jet substructure reconstruction in 
Run II well beyond pT=1 TeV 
•  Tracking can be extended to up to 1.5 TeV 
•  ECAL granularity is the key element for jet substructure beyond 1.5 TeV 

•  Large variety of jet substructure measurements from ATLAS+CMS 
•  19 different observables in various bins 
•  Samples with different q-, g- and b-jet content covered 

•  Can we disentangle effects from pQCD calculations, ME+PS matching, 
parton showering, underlying event and hadronization simultaneously from 
all of these measurements? 
•  Topic for BOOST proceedings? 

•  Do these measurements cover all the aspects of jet formation contained in 
new jet substructure variables or do we need more measurements? 
•  Andrew: Double differential xsecs? 

Conclusions + Discussion 
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Backup 
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Substructure performance in Run II 
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•  W-tagging efficiency at same fake rate degrades by <10% between 1 and 
2 TeV 

•  CMS performance within <10% efficiency at same fake rate compared to 
generator-level performance 

Substructure performance for Run II 
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