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Introduction
‣ Boosted top reconstruction becoming 

more prevalent in CMS analyses 
‣ Several different algorithms in use 
‣ Sensitive to wide range of physics 

processes 
‣ Large dataset for commissioning 

object reconstruction and analysis 
methods 

‣ Today I will give a summary of some 
recent CMS results relying on boosted 
top tagging 
‣ tt resonances (Z’) 
‣ tb resonances (W’) 
‣ SUSY partners (stop) 

‣ For analyses utilizing boosted W/Z/H 
signatures, see talk by J. Dolen 

‣ Also important in dark matter searches 
‣ See talk by K. Hahn 

‣ Critical to improve, optimize, and re-
commission algorithms for LHC Run 2 
‣ See talk by G. Kasieczka on 13 TeV 

performance
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Motivation
‣ Higgs discovery gives missing piece of 

the Standard Model 

‣ Precision measurements trying to 
answer further questions 
‣ What is the solution to the hierarchy 

problem? 
‣ Top quark gives large contribution to 

Higgs mass quantum correction 

‣ Natural to probe connection to new 
physics through the top quark 
‣ Many physics models predict 

particles in the 1-3 TeV range 
‣ Perfect for utilizing boosted top 

reconstruction
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Object Reconstruction
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Boosted Top Tagging
‣ Two algorithms in use at CMS 

‣ For lower boosts, use R = 1.5 jets with 
the HEPTopTagger algorithm 
‣ Good for pT above ~200 GeV 

‣ For high boosts, use R = 0.8 jets with the 
CMSTopTagger algorithm 
‣ Better efficiency for pT above ~400 

GeV 

‣ Currently re-optimizing algorithm choices 
for Run 2 analysis
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CMS Top Tagger
‣ Decomposition of jet into up to 4 subjets 

based on adjacency, pT criteria 

‣ Top tagging requirements: 
‣ Jet mass in [140, 250] GeV window 
‣ 3 or more subjets 
‣ Minimum di-subjet mass above 50 GeV 
‣ N-subjettiness τ32 < 0.7 

‣ Efficiencies measured in lepton+jets 
sample 
‣ Agreement with simulation within  

5% for central jets, 30% in forward 
region
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HEP Top Tagger
‣ Larger R = 1.5 jets used for 

reconstruction 
‣ Use jets with pT > 200 GeV 
‣ Decompose jet into 3 subjets 
‣ Subjet combinations used to identify 

W boson decay products 
‣ Jet mass in [140, 250] GeV window 

‣ Mismodeling of substructure leads to 
efficiency scale factors of ~10-20% 
depending on pT, η
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24 6 Algorithm Performance Comparison in Collider Data

Cumulative data-simulation scale factor - HEP Top Tagger, HEP Combined Tagger
|h| < 1.0

Tagger pT bin ( GeV/c) MADGRAPH POWHEG MC@NLO

HEP Combined WP2
200 < pT < 250 0.91 ± 0.04 0.92 ± 0.04 0.88 ± 0.04
250 < pT < 400 0.93 ± 0.03 0.95 ± 0.03 0.93 ± 0.03
pT > 400 1.15 ± 0.07 1.36 ± 0.07 1.19 ± 0.07

HEP Combined WP3
200 < pT < 250 0.86 ± 0.05 0.86 ± 0.05 0.86 ± 0.05
250 < pT < 400 0.91 ± 0.04 0.93 ± 0.04 0.93 ± 0.04
pT > 400 0.98 ± 0.09 1.10 ± 0.12 1.10 ± 0.12

1.0 < |h| < 2.4
Tagger pT bin ( GeV/c) MADGRAPH POWHEG MC@NLO

HEP Combined WP2
200 < pT < 250 0.95 ± 0.05 0.93 ± 0.06 0.93 ± 0.05
250 < pT < 400 0.91 ± 0.04 0.95 ± 0.05 0.95 ± 0.04
pT > 400 0.85 ± 0.11 0.95 ± 0.15 0.99 ± 0.13

HEP Combined WP3
200 < pT < 250 1.02 ± 0.07 1.00 ± 0.08 0.96 ± 0.07
250 < pT < 400 0.90 ± 0.05 0.97 ± 0.06 0.93 ± 0.05
pT > 400 0.85 ± 0.16 1.00 ± 0.22 0.99 ± 0.19

Table 8: Data-simulation scale factors after requiring all selections of the HEP Combined Tagger
WP2 and after requiring all selections of the HEP Combined Tagger WP3. The scale factor is
measured for three tt Monte Carlo generators in three pT regions and in two h regions. The
scale factor is measured with the semileptonic selection with subjet b-tagging.

The top tagging scale factor is defined as the efficiency for tagging top jets in data divided by
the efficiency for simulated events. The efficiency denominator is defined by the number of
top candidate jets in the semileptonic selection with subjet b-tagging. The scale factor in three
different pT bins and two h bins is shown in Table 8. The dependence of the scale factor on
jet h observed with the CMS Top Tagger is not observed with the HEP Top Tagger, although
some mis-modeling is also observed in the pairwise mass of the two lowest pT subjets m23.
The variable used by the CMS Top Tagger to make W mass selections, the minimum pairwise
mass of subjets mmin, is more susceptible to mis-modeling than the HEP Top Tagger W mass
selection.

6.0.3 Type 2 top tag validation

The semileptonic event selection is also used to validate the ‘type 2’ tagging prescription de-
scribed in Section 3.5. The leading pT jet in the hadronic hemisphere is the W jet candidate.
Figure 13a shows the jet mass distribution of the W jet candidate. The distribution is domi-
nated by merged W jets and therefore the jet mass peaks at the W boson mass. The mass drop
distribution of the W jet candidate is shown in Figure 13b. Figure 13c shows the pairwise mass
of the W jet candidate and the closest jet in DR. This pairwise mass reconstructs the top quark
candidate, and the distribution is seen to peak near the top quark mass.

Additionally, this sample can be used to derive the subjet-energy scale and its uncertainty. This
is done by comparing the position of the W mass peak in data and simulation after a fit to each
mass distribution. We find good agreement in the W mass peak position, shown in Figure 13a.
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Subjet b-Tagging
‣ Subjet b-tagging added to many search 

analyses using boosted objects 
‣ Usually divide events into categories 

of differing purity 

‣ Increases QCD rejection dramatically for 
same tagging efficiency
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Non-Isolated Leptons
‣ For lepton+jets modes, need to 

efficiently identify non-isolated leptons 

‣ Standard isolation requirements will 
remove large fraction of signal 
acceptance 

‣ Use component of pT transverse to 
jet axis (pT,rel) 

‣ Efficiencies measured  
and validated in data/simulation 
comparisons
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tt Resonances
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tt Resonances
‣ Search for new heavy resonances 

decaying to top quark pairs 

‣ Use invariant mass of top quark pair for 
signal discrimination 
‣ Narrow (1%) Z’ 
‣ Wide (10%) Z’ 
‣ Randall-Sundrum KK gluon (16% 

width) 

‣ CMS recently submitted legacy 
combination of several analyses 
‣ http://arxiv.org/abs/1506.03062
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Channels
‣ Many final state topologies utilized
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Dilepton Channel
‣ Select 2 non-isolated leptons, 2 jets, and 

missing ET 
‣ ∆R distribution used to extract ttbar 

normalization 

‣ Events divided into categories based on 
b-tagging 
‣ 1 tight b-tagged jet 
‣ 2 loose b-tagged jets 

‣ Mass is computed from two leptons, two 
jets, and missing ET from neutrinos
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Lepton+Jets Channel (Boosted)
‣ Maintains sensitivity to resonances 

above 1 TeV 

‣ 1 electron or muon 
‣ At least two jets, pT > 150, 50 GeV 
‣ Missing ET 

‣ Objects assigned to leptonic or hadronic 
hemisphere 
‣ Chi-squared score used to find best 

top mass reconstruction 
‣ Can use both W and top jets 

‣ Cascading selection with all-hadronic 
channel 
‣ 1 top-tag + 1 b-tag 
‣ 1 top-tag 
‣ 0 top-tag + 0 b-tag
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Lepton+Jets Channel (Boosted)
‣ Mistag rate determined from  

W+jets control region 
‣ Used for normalization of non-top 

background 

‣ Scale factor for top pair background 
determined in-situ during limit setting 

‣ Measure SF value of 0.83 ± 0.21 in  
W+jets sample
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Lepton+Jets Channel (Boosted)
‣ Invariant mass distributions for the event categories
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All-Hadronic Channel
‣ Two selections for optimization across mass range: 
‣ Low mass — two R = 1.5 jets, pT > 200 GeV, HEP top-tagged 
‣ High mass — two R = 0.8 jets, pT > 400 GeV, CMS top-tagged 

‣ N-subjettiness τ32, subjet b-tagging added for latest analysis 

‣ Divide events based on number of subjet b-tags,  
rapidity difference between top candidate jets, event HT
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All-Hadronic Channel
‣ Main background is QCD multijet 

production 
‣ Estimated using data-driven method 

‣ Mistag rate extracted from a sample of 
QCD events selected by anti-top-tagging 
‣ Parameterized as a function of  

jet pT, τ32, subjet b-tag score
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All-Hadronic Channel
‣ Main background is QCD multijet 

production 
‣ Estimated using data-driven method 

‣ Mistag rate extracted from a sample of 
QCD events selected by anti-top-tagging 
‣ Parameterized as a function of  

jet pT, τ32, subjet b-tag score 

‣ Background in signal region determined 
by applying rates to jets in a single-top-
tagged sample 
‣ Closure test validates method using 

simulated events

19

500 1000 1500 2000 2500

Ev
en

ts
 / 

bi
n

1−10

1

10

210

310

410

510
8 TeV

CMS
Simulation

 > 800 GeV
T

0+1+2 b-tags, H
Selected QCD multijet
Predicted QCD multijet

Dijet invariant mass [GeV]
500 1000 1500 2000 2500

Se
l./

Pr
ed

.

0.5

1

1.5

Ev
en

ts
 / 

bi
n

3−10

2−10

1−10
1

10

210

310

410

510
8 TeV

CMS
Simulation

y| < 1.0∆0+1+2 b-tags, |
Selected QCD multijet
Predicted QCD multijet

Dijet invariant mass [GeV]
1000 2000 3000 4000

Se
l./

Pr
ed

.

0.5

1

1.5

arXiv:1506.3062 /  
CMS-B2G-13-008



All-Hadronic Channel
‣ Event categories show good agreement with  SM expectation
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Sensitivity
‣ Boosted analysis selections critical for 

high-mass regime!
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Results
‣ We observe no significant deviations 

from the expected SM and set limits on 
three physics models: 
‣ Generic Z’ resonance  

(1%, 10% width) 
‣ Randall-Sundrum KK gluon  

(~16% width) 

‣ Observed limits exclude masses  
up to 2.9 TeV!
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tb Resonances
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tb Resonances
‣ Search for heavy resonance decaying to 

top + bottom quarks 

‣ Lepton + jets channel can use non-
isolated leptons 

‣ Hadronic channel relies on boosted 
top tagging 

‣ Again search for a signal peak using  
the t+b invariant mass 
‣ Left and right-handed W’ models  

explored
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Hadronic Channel
‣ Top jet selection 
‣ pT > 450 GeV 
‣ CMS top-tagged 
‣ Subjet b-tagged 

‣ b jet selection 
‣ pT > 370 GeV 
‣ b-tagged 
‣ Jet mass < 70 GeV 

‣ Jet separation 
‣ ∆φ < π/2 
‣ ∆y < 1.6 

‣ Main background is QCD multijet 
‣ SM tt normalization determined from 

sideband region
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Background Methodology
‣ b-tagging rate for QCD estimation 

measured in control region 
‣ 2 or fewer subjets in top jet 

candidate 

‣ Mistag rate is measured as a  
function of pT 

‣ Parameterized with bifurcated 
polynomial in bins of η 

‣ Closure test performed in  
control regions
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Leptonic Channel
‣ Run 1 analysis used isolated lepton 

triggers 
‣ Vector sum of 2 leading jets  

pT > 140 GeV 
‣ 1 b-tagged jet 

‣ Top quark reconstructed using mass of 
lepton, neutrino, “best” associated jet 
‣ Mass required to be in [130, 210] 

GeV window 
‣ Top pT > 85 GeV 

‣ W’ mass reconstructed from top 
candidate and next-leading jet 

‣ Top pair normalization determined  
from control region 
‣ Low Mtb, > 1 b-jet
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Leptonic Channel
‣ Reconstructed t+b invariant mass used 

for signal discrimination
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W’ Results
‣ Combination of semileptonic and all-

hadronic decay modes 
‣ Set limits on left- and right-handed 

W’ models 
‣ Exclude masses up to 2.15 TeV 

(right-handed) 

‣ Also scan over coupling phase space 
‣ Exclusion limits in plane of left, right-

handed couplings aL, aR
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Supersymmetry Searches
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Stop decays
‣ Decays of stop quarks can produce 

highly boosted top quarks 

‣ Third-generation stop, sbottom searches 
covered by several analyses 
‣ Monojet 
‣ Dijet b-tagged 
‣ Multijet  

top-tagged
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Multijet Top-Tagged Analysis
‣ Use HEPTopTagger selection to identify 

top candidates from 3 jets 
‣ Reduced selections for partial 

reconstruction of second top 
candidate 

‣ Missing pT, MT2 used for signal 
discrimination 
‣ Missing pT > 200 GeV 
‣ MT2 > 300 GeV
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Multijet Top-Tagged Analysis
‣ Use HEPTopTagger selection to identify 

top candidates from 3 jets 
‣ Reduced selections for partial 

reconstruction of second top 
candidate 

‣ Missing pT, MT2 used for signal 
discrimination 
‣ Missing pT > 200 GeV 
‣ MT2 > 300 GeV 

‣ Bins of missing pT, number of  
b-tagged jets used 

‣ Provides sensitivity for high stop 
masses, low LSP masses
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Conclusions

34



Conclusions
‣ Many analyses in CMS now use boosted 

top quark identification 
‣ Critical tool to maintain sensitivity in 

Run 2 searches 

‣ Work underway to enhance current 
algorithms with latest jet substructure 
developments 
‣ See talks later this week 

‣ Search results exclude new particles 
with masses up to the 1-3 TeV range 
‣ With about 3 fb-1 of Run 2 data, we 

can eclipse current sensitivities 
‣ Hope for discoveries around the 

corner!
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13 TeV Boosted Top Pair Candiate!
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Backup Material
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CMS Top Tagger
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Example: CMS Top Tagger decomposition

Example CMS Top Tagger primary decomposition

Decluster

ΔR(A,B) > 
adjacency 
criterion

Cluster B
Cluster A

B is too soft. 
Remove it.

⇒ continue

Cluster B
Cluster A

Cluster A
Cluster B

Decluster 
againCluster A

Cluster B

A and B pass 
adjacency and  

momentum
 fraction criteria

Primary 
decomposition 

succeeds

Primary decomposition

Cluster A
Cluster B

Secondary decomposition

À

À`

B`

B̀`

À

À`

B

Individually 
decluster A 

and B

A  ̀and A`̀  pass
criteria

B  ̀and B`̀  are 
too close

3 final subjets
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HEP Top Tagger details

12

James Dolen

Mass drop 
decomposition

Step 1:

James Dolen 18

Repeat reclustering and filtering procedure for all combinations of 3 
mass drop subjets

Step 5:

James Dolen

Loop over all 
combinations of 

3 mass drop 
subjets

Step 2:

James Dolen 16

ΔRmin

Recluster with 
Rfilt=min(0.3,ΔRmin/2) 

Step 3:

James Dolen 17

Filtering: keep only 
the 5 leading 

subjets

Step 4:

James Dolen 19

Pick the combination 
with filtered mass 

closest to the top mass. 
Recluster to force 3 

subjets

Step 6:

James Dolen JetMET Algorithms and Reconstruction Meeting - Jan 17, 2013 1

Save output 
subjet

yes

Input 
cluster

Is input 
mass < 30?

no

Save output 
subjet

no
Does input 

have 2 
parent 

clusters?

yes

Split 
input into 
2 parent 
clusters

Subjet 1 Subjet 2

no

m1 < 0.8 minput  ?

yesm1>m2

Remove 
subjet 2

HEP Top Tagger 
Mass drop decomposition
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N-Subjettiness
‣ A measure of the consistency of jet 

constituents with N number of subjets

41

4 3 Reconstruction of top jets

successfully decomposed then the jet has four subjets. If the secondary decomposition succeeds
on one subcluster and fails on the other, than this jet has three subjets.

The following variables, defined for each jet passing the algorithm, can be used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise,

and the invariant mass of each pair is calculated via
mij =

q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is the mass of the pair with the lowest invariant

mass (mmin = min[m12, m13, m23]). This variable is not defined for jets with less than
three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Only jets with a transverse momentum greater
than 350 GeV/c are considered, as at lower momenta the decay products of the hadronically
decaying top are not expected to be merged in one single jet with a distance parameter of
R = 0.8.

3.2 N-subjettiness

N-subjettiness is a jet shape variable designed to measure how consistent a jet is with a hypoth-
esis of having N subjets [4][5]. The N-subjettiness jet shape variable is defined by:

tN =
Ânconstituents

i=1 pT,i min{DR1,i, DR2,i, ..., DRN,i}
Ânconstituents

i=1 pT,iR
(3)

Here N represents the number of subjets in the hypothesis being tested. The summation runs
over all particle flow jet constituents (”i”). pT,i is the transverse momentum of constituent i. The
quantity min{DR1,i, ..., DRN,i} is the minimum of the DR distances between the ith constituent
and each subjet axis in the hypothesis. R is the jet distance parameter. The denominator is a
normalization factor to ensure 0 < tN < 1.

The tN variable is therefore the pT weighted sum of the angular separation between each jet
constituent and the closest subjet axis. Small values of tN represent jets which are consistent
with having N or fewer subjets. In this case the jet constituents are closely aligned with the
subjet axes. Subjet axes are determined by a one-pass optimization procedure which minimizes
tN[5].

N-subjettiness becomes a more effective discriminator by taking the ratio of jet shapes: tN/tN�1.
A top jet is expected to have 3 subjets and thus t3/t2 provides powerful top jet discrimination.

Selecting jets based on their N-subjettiness value (tN) is infrared (IR) safe [25], however select-
ing jets based on the ratio tN/tN�1 is not IR safe [25] but is calculable[26]. The t3/t2 selection
can be made IR safe by also making a cut on t2/t1 [25]. We find after tagging a top jet with the
requirement t3/t2 < 0.55, additionally requiring t2/t1 > 0.1 is close to 100% efficient for both
signal and background jets and provides IR safety.

3.3 HEP top-tagging algorithm

The HEP Top Tagger uses a collection of Cambridge/Aachen jets with a distance parameter
R = 1.5 (‘fat jets’). To identify top jets with the HEP Top Tagger algorithm [3], the following

J. Thaler, K Van Tilburg 
arXiv:1011.2268

arXiv:1011.2268



Mistag Rates - CMSTT
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Mistag Rates - HEPTT
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Other Models Results
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Systematics
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Likelihood Fit Results
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Cross Section Limits
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b-tagging Rates
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Hadronic W’ Closure
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W’ Limits
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SUSY Search Regions
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