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Top Quark Production at LHC

Important Feautures Of Top Quark

ä The heaviest particle in SM with mass 172.5 GeV

ä With the strongest Yukawa coupling, it is the single most important
parameter to determine the shape of the SM effective potential.

ä Study of top quarks are important to measure its own properties as well as to
understand the SM background in new physics search.
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Boosted Top Quarks
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At current LHC energies we have significant production cross-section of top
quark pairs.

Many new physics models predict heavy particles ∼ 1 TeV scale.
ä Those particles can decay into boosted top quarks.
ä Boosted tops are natural probes to BSM physics.
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Boosted Top Reconstruction : Fat Jets

ä If a top quark has a boost γ(E/m): its decay products are collimated within an angle
∼ 2/γ.

ä We need a fat-jet of size parameter R > 2/γ to capture all the decay products.

ä Two popular choices of fat jets: Anti-kT (R = 1.0) and Cambridge-Aachen (R = 1.5).

ä Given a fat jet, we need to figure out whether its originating from a top quark.
→ Use fat jet properties to construct several Top-Taggers.

ä In general, the following jet substructure variables are used to design Top taggers :

trimmed jet mass (mjet)

Kt splitting scales (
√

dij)
N subjettiness (τN)
shower deconstruction (χSD)
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Jet substructure variables for top-tagger

ä Trimming: Remove the low pT constituent → reduces the impact of pileup (large-R jets
are more likely to be contaminated by PU).

ä kt splitting scales : scale of the last recombination steps in the kt algorithm.
Large R jet constituents are reclustered using kt algorithm.√

dij = min(pTi , pTj )×∆Rij .

4 Sensitive to whether the last recombination steps correspond to the merging of the
decay products of massive particles.

4 For hadronic top case :
√
d12 ∼ mt/2 and

√
d23 ∼ mW /2
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Jet substructure variables for top-tagger

ä N-subjettiness: τN quantify how well jets can be described as containing N or fewer
subjets.

τN =
1

d0

∑
k

pTk ×∆Rmin
k ,

with d0 ≡
∑

k pTk × R.

4 τij = τi/τj .
4 τ32 discriminates 3-prong subjet structures with 2 or 1-prong fat jets.
4 τ21 is used to separate a 2-prong fat jet from 1-prong fat jet.

ä Shower Deconstruction: ratio of likelihoods that measure the compatibility of the shower
with a top quark decay over the same for a background process.

χ({pki }) =

∑
perm P({pki }|signal)∑

perm P({pki }|background)
.

4 Computation of SD is CPU intensive.
4 If χ is larger than a certain cut value, the large-R jet is tagged as a top jet.

ä HEPTopTagger: identifies the hard jet substructure and tests it for compatibility with the
3-prong pattern of hadronic top-quark decays.
This tagger was developed to find top quarks with pT > 200 GeV and to achieve a high
rejection of background, which is largest for low-pT large-R jets.
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Atlas Top-Taggers in Run-1

The substructure variables are used to define the top-taggers as following :

The large-R jets and their selection criteria as used by different taggers :
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Distribution Of Jet-Substructure Variables
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Distribution Of Jet-Mass From Substructure Taggers
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Distribution Of Shower Deconstruction Weight
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HepTopTagger Description

James Dolen Boston Jet Workshop,  Jan 22, 2013

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
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Input 
cluster

Is input 
mass < 30?
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Save output 
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Does input 

have 2 
parent 

clusters?
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Split 
input into 
2 parent 
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Subjet 1 Subjet 2
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m1 < 0.8 minput  ?

yesm1>m2

Remove 
subjet 2

HEP Top Tagger 
Mass drop decomposition

HepTopTagger Description.
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HepTopTagger Specification

ä C/A R = 1.5 jets are analysed with the HEPTopTagger algorithm.

ä It identifies the hard jet substructure and tests it for compatibility with the 3-prong
pattern of hadronic top-quark decays.

HepTopTagger Parameters HepTopTagger04 Parameters.

The large-R jet is considered to be tagged if :

ä The top-quark-candidate mass is between 140 and 210 GeV.

ä The top-quark-candidate pT is larger than 200 GeV.
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Distribution Of Variables From HepTopTagger
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Distribution Of Variables From HepTopTagger04
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The background rejection vs the tagging efficiency
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Uncertainties In Top-Tagger Efficiencies
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N-subjettiness at 13 TeV

The early 13 TeV data is showing good consistency with expected values.
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N-subjettiness at 13 TeV

The early 13 TeV data is showing good consistency with expected values.
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CMS Top-Tagger Algorithm

The CMS top-taggers are based on following variables :

ä Jet mass mjet

ä Number of Subjets Nsubjets : The number of subjets found by the top-tagging algorithm.

ä Minimum pairwise mass mmin : mmin = Min[m12,m23,m12].

ä Jets are selected with pT > 350 GeV and mmin close to W mass.

James Dolen Boston Jet Workshop,  Jan 22, 2013 51

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

James Dolen Boston Jet Workshop,  Jan 22, 2013

• Based on JHU Top Tagger (Kaplan et al., 
Phys.Rev.Lett. 101 (2008) 142001)

• Cluster a jet using a sequential recombination 
algorithm (CA R=0.8)

• Decluster in two stages in order to find up to 4 
subjets

• Subjets must satisfy two requirements

- Momentum fraction criterion:  pT
subjet > 0.05×pT

jet 

- Adjacency criterion:  ΔR(C1, C2) > 0.4 - 0.0004×pT(C) 

• Iterative process - throw out subjets that fail 
momentum fraction cut and try to decluster again

• Tag top jets with selections on the CA8 jet mass, 
number of subjets, and minimum pairwise subjet 
mass (   mmin = min[m12,m13,m23]  )

10

CMS Top Tagger

A

B

A`
À `

B`
B`̀

Jet

CMS Top Tagger decomposition

Decluster temp 
into A and B 
(pTA > pTB)

true

Decomposition 
fails

truepTA  < 0.05 × pTjet 

and 

pTB  < 0.05 × pTjet

Remove B. Try to 
decluster A.

ΔR(A,B) > Dcut Decomposition 
fails

false

false

Decomposition 
succeeds

pTA  > 0.05 × pTjet 

and 

pTB  > 0.05 × pTjet

true

false

Define
Dcut = 0.4 - 0.004 × pTinput

Input 
cluster

Define 
temp = inputRedefine 

temp = A
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CMS Combined Top-Taggers
8 5 Algorithm Performance Results

Working mjet mmin subjet t3/t2
point selection selection b-tag WP selection

CMS Tagger WP0 140-250 ( GeV/c2) > 50 ( GeV/c2) none none
CMS Combined WP1 140-250 ( GeV/c2) > 50 ( GeV/c2) CSV-loose < 0.7
CMS Combined WP2 140-250 ( GeV/c2) > 50 ( GeV/c2) CSV-loose < 0.6
CMS Combined WP3 140-250 ( GeV/c2) > 50 ( GeV/c2) CSV-medium < 0.55
CMS Combined WP4 140-250 ( GeV/c2) > 65 ( GeV/c2) CSV-medium < 0.4

Table 1: Working points for the CMS Top Tagger and CMS Combined Tagger (CMS + N-
subjettiness + subjet b-tag)

ilarly, the mistag rate denominator is defined as the number of jets matched to a simulated
quark or gluon from the hard scatter wich passes the pT selection. The numerator for both
the efficiency and mistag rate is defined by the number of jets from the denominator which
pass the top tagging selection. The tagging rate denominators are defined with respect to the
matched generator level particle in order to compare algorithms using different jet collections.
The mistag rate is dependent on the jet flavor and the results presented here are applicable only
to event topologies with a quark/gluon mixture similar to the selection defined in Section 5.

Using these definitions, the minimum mistag rate for a given signal efficiency is shown in Fig-
ures 3 and 4. The algorithm tagging selections are varied as follows. The CMS Top Tagger
curve is determined by fixing the mjet and Nsubjets selections (140 GeV/c2 < mjet < 250 GeV/c2,
Nsubjets � 3), and varying the mmin selection. The N-subjettiness algorithm curve is determined
by varying the t3/t2 selection with no jet mass selection. The subjet b-tagging curve is de-
termined by varying the selection on the maximum subjet CSV discriminant with no jet mass
selection. The HEP Top Tagger curve is determined by fixing the m123 selection (140 GeV/c2 <
m123 < 250 GeV/c2) and varying the width of the W mass selection ( fW). The remainder of
the curves demonstrate the combined application of two or more of these algorithms. In these
cases all of the selections mentioned above are simultaneously varied and the minimum mistag
rate for a given signal efficiency is determined.

The optimal top tagging algorithm depends on the pT of the matched parton and on the chosen
efficiency. In the lowest pT range considered (jets matched to partons with pT > 200 GeV/c2),
only the HEP Top Tagger and HEP Combined Tagger are studied (Fig. 3). Here the best perfor-
mance is provided by the HEP Combined Tagger, which combines the HEP Top Tagger, subjet
b-tagging and N-subjettiness. The CMS Top Tagger and CMS Combined Tagger are not con-
sidered in this pT range because the top decay products are rarely merged within R=0.8 jets.
For jets matched to partons with pT > 400 GeV/c2, the majority of boosted top quarks are fully
merged into a R=1.5 jet, while a smaller fraction are reconstructed within R=0.8 jets. Therefore
the HEP Top Tagger performs very well for high efficiency selections in this pT range, espe-
cially when combined with N-subjettiness and subjet b-tagging (HEP Combined Tagger) . The
combination of the CMS Top Tagger, N-subjettiness, and subjet b-tagging (CMS Combined Tag-
ger) results in the best performance for low efficiency selections in this range (Fig. 4a). For jets
matched to partons with pT > 600 GeV/c2 or pT > 800 GeV/c2, the CMS Combined Tagger has
superior performance (Figures 4b and 4c).

Example selections with close to optimal performance for a given tagging efficiency are de-
fined as working points (WP). These WP are defined in Table 1 for the CMS Top Tagger and
CMS Combined Tagger and Table 2 for the HEP Top Tagger and HEP Combined Tagger. WP
performance is shown by points in Figures 3 and 4. The CMS Top Tagger working point (CMS
WP0) has been used for numerous analyses [9, 11, 42].

CMS taggers with different working points.
5.3 Algorithm Performance Comparison in Simulation 9

Working m123 fW subjet t3/t2
point selection selection b-tag WP selection

HEP WP0 140-250 ( GeV/c2) 0.495 none none
HEP Combined WP1 140-250 ( GeV/c2) 0.495 CSV-loose none
HEP Combined WP2 140-250 ( GeV/c2) 0.15 CSV-medium none
HEP Combined WP3 140-250 ( GeV/c2) 0.15 CSV-medium < 0.63

Table 2: Working points for the HEP Top Tagger and HEP Combined Tagger (HEP Top Tagger
+ N-subjettiness + subjet b-tag)

Tagging Efficiency (%) vs. Mistag rate (%) vs.
selection Nvtx slope Nvtx slope
CMS Tagger WP0 -0.031 ± 0.034 0.095 ± 0.006
t3/t2 < 0.55 (R=0.8) -0.429 ± 0.031 -0.031 ± 0.001
Subjet b-tag CSV-medium -0.049 ± 0.033 0.006 ± 0.002
CMS Combined Tagger WP3 -0.213 ± 0.024 -0.002 ± 0.0002
HEP Tagger WP2 -0.180 ± 0.028 -0.010 ± 0.006
HEP Combined Tagger WP3 -0.463 ± 0.0236 -0.001 ± 0.002

Table 3: Slope of tagging efficiency and mistag rate (in percent) vs Nvtx for different tagging
selections and pjet

T > 500 GeV/c.

A moderate dependence on pileup is observed for these top tagging algorithms. The change
in tagging rate as a function of the number of primary vertices is approximately linear. The
slope of a linear fit to this distribution can be used to quantify the algorithm performance with
pileup (Table 3). N-subjettiness has the largest dependence on pileup. New tools to decrease
this dependence are under study [43].

HEPTopTagger with different working points.

5.3 Algorithm Performance Comparison in Simulation 9

Working m123 fW subjet t3/t2
point selection selection b-tag WP selection

HEP WP0 140-250 ( GeV/c2) 0.495 none none
HEP Combined WP1 140-250 ( GeV/c2) 0.495 CSV-loose none
HEP Combined WP2 140-250 ( GeV/c2) 0.15 CSV-medium none
HEP Combined WP3 140-250 ( GeV/c2) 0.15 CSV-medium < 0.63

Table 2: Working points for the HEP Top Tagger and HEP Combined Tagger (HEP Top Tagger
+ N-subjettiness + subjet b-tag)

Tagging Efficiency (%) vs. Mistag rate (%) vs.
selection Nvtx slope Nvtx slope
CMS Tagger WP0 -0.031 ± 0.034 0.095 ± 0.006
t3/t2 < 0.55 (R=0.8) -0.429 ± 0.031 -0.031 ± 0.001
Subjet b-tag CSV-medium -0.049 ± 0.033 0.006 ± 0.002
CMS Combined Tagger WP3 -0.213 ± 0.024 -0.002 ± 0.0002
HEP Tagger WP2 -0.180 ± 0.028 -0.010 ± 0.006
HEP Combined Tagger WP3 -0.463 ± 0.0236 -0.001 ± 0.002

Table 3: Slope of tagging efficiency and mistag rate (in percent) vs Nvtx for different tagging
selections and pjet

T > 500 GeV/c.

A moderate dependence on pileup is observed for these top tagging algorithms. The change
in tagging rate as a function of the number of primary vertices is approximately linear. The
slope of a linear fit to this distribution can be used to quantify the algorithm performance with
pileup (Table 3). N-subjettiness has the largest dependence on pileup. New tools to decrease
this dependence are under study [43].

Sensitivity of the taggers w.r.t pileup.
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CMS Combined Taggers Performance
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Performance of CMS combined taggers.
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CMS HepTopTagger Performance
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Background Sample Signal Sample

The background sample consists of cross section weighted boson+jets, diboson, single-top, tt
all-hadronic, and tt leptonic production
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Mistag Rate vs Tagging Efficiency
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ä Mistag rate vs top-jet
tagging efficiency as
measured from QCD
PYTHIA 6 Monte
Carlo and POWHEG
tt Monte Carlo.

ä Jets are selected with
a mass cut
140 < mjet <
250 GeV.
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Outline

1 Motivation for boosted tops

2 ATLAS Top Taggers

3 CMS Top-Tagger Performance

4 Summary
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Summary

ä With Run-1 data, comparison of different top-tagger (built from substructure variables,
SD and HepTopTagger) performances were studied.

ä Efficiency and rejection rates are studied for different pT region

4 The regular taggers are studied in the pT range 350 to 1500 GeV
4 HepTopTagger is studied in the region 200 < pT < 350 GeV.
4 In 350 < pT < 1000 GeV range, SD tagger gives the best background rejection

rate.
4 A rejection of ≈ 15 to 20 at an efficiency of ≈ 50% can be achieved with the W’

top tagger over the range 450 < pT < 1000 GeV.
4 For 1000 < pT < 1500 GeV, of all the top-tagging methods studied, the

HEPTopTagger offers the best rejection (≈ 30) at an efficiency of ≈ 40%.
4 Among all the uncertainty sources, large R JES, tt̄ parton-shower and tt̄ PDF

uncertainty has largest contribution to the top-tagger efficiencies.

ä Several top tagging algorithms and jet observables are studied in both data and

simulation, including the CMS Top Tagger, HEP Top Tagger, and N-subjettiness.

4 The HEP Combined Tagger performs best for low pT (pT < 400 GeV) selections.
4 The CMS Combined Tagger performs best for high pT (pT > 400 GeV)

selections.
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Backup
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LHC Luminosity Collection

Luminosity for 2015 Data A boosted tt̄ event

With more data in 2016, we will have a better sensitivity to new physics search in boosted tt̄
events.
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HepTopTagger top candidate mass

HepTopTagger top candidate mass from µ + jet.

Sanmay Ganguly (LPC) Boosted Top : An Experimental Overview May 19, 2016 32 / 36



HepTopTagger efficiency

HepTopTagger efficiency vs pT .
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Measured tagging efficiency
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HepTopTagger W-mass selection

James Dolen Boston Jet Workshop,  Jan 22, 2013
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Jet Grooming

Jet Trimming:

• Recluster the constituents using some jet algorithm (the original reference specifies kT ), and
resolve on a fixed small angular scale R0.
• Keep each subjet i that passes a pT threshhold : pT ,i > f Λhard , for a cutoff parameter fcut
and a hard momentum scale Λhard .
• The final trimmed jet is the sum of the retained subjets.

Jet Pruning:

• Given a jet J, recluster its constituents with C-A, and then sequentially unwind the cluster
sequence.
• At each splitting P → ij , check whether the splitting is both soft,

z =
Min(pT ,i , pT ,j )

pT ,P
< zcut ,

and at wide angle ∆Rij > Dcut . If so, then drop the softer of i, j, and continue unwinding the
harder.
• Stop when you find a sufficiently hard (or collinear) splitting.
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