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The models
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spin 1: Z-like resonance 
            Randall-Sundrum gluon
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tt and tb resonances appear  
in many BSM models 
at the TeV mass range 

natural to probe connection to new 
physics through the top quark  
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Boosted semi-leptonic tops 

BOOST2013 - Boosted tops in searches 4 Boosted top quarks 

•  Decay products collimated on the leptonic side too: leptons can be non-isolated.  

Boost 

•  pT-dependant isolation used to avoid this effect: so-called mini-isolation.  
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Reminds Limit computation using shapes Conclusions & Outlooks

Reminds

Imini < 0.05⇥ pT
A few weeks ago, presentation about di↵erent ways to use a BDT in our analysis :

selection of events (by applying a cut on the BDT output
limit setting using the BDT output spectrum

Today is an update of this talk, focused on two subjects :
The e↵ect of rebining for the limit setting.
The e↵ect on the systematic uncertainties on the expected limit.
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Boosted
leptonic
top
! lepton and b-jet very close
! classic jet isolation not optimal
! shrink the cone depending on the pT of the

lepton

Boosted
hadronic
top → main
topic
of
the
talk
Why jet substructures? An example

Decay of a top quark
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top jet

Fully merged

low pT moderate pT high pT

I Top quarks decay hadronically 68% of the times.
I as we reach higher energies, hadronic decay products start to merge.

The strategy:
I use a bigger, single jet to cluster the whole decay
I use substructure tools to filter and decluster the decay products:

I taggers: top-taggers, W-taggers, H-taggers
I substructure variables: N-subjettiness, mass drop, pruned mass, etc.

2

! cluster whole decay in a large radius jet
! use top taggers
! add jet substructure variables on top of it

μ

ν

b

Top jet
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Tools

James Dolen

Mass drop 
decomposition

Top tagger

James Dolen 19

Pick the combination 
with filtered mass 

closest to the top mass. 
Recluster to force 3 

subjets
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Löıc VALÉRY sgluons 4 / 18

[ATLAS-CONF-2013-052] 

2 TeV Z’ 
µ channel 

•  Mini-isolation more efficient than fixed-cone isolation 
for a 2 TeV Z’. 

 
•  Chosen working point (0.05): 

•  False identification rate ~2.2 % 
•  Efficiency ~95% 
•  Very stable efficiency for different boosting regimes (whole pT(top) 

range) 

lepton lepton 

lepton lepton 

•  Imini : sum of the pT of the tracks in a cone of size 10 GeV / ET. 

Boosted semi-leptonic tops 

BOOST2013 - Boosted tops in searches 4 Boosted top quarks 

•  Decay products collimated on the leptonic side too: leptons can be non-isolated.  

Boost 

•  pT-dependant isolation used to avoid this effect: so-called mini-isolation.  

Boost 

Standard 
isolation 

Mini-isolation 

Reminds Limit computation using shapes Conclusions & Outlooks

Reminds

Imini < 0.05⇥ pT
A few weeks ago, presentation about di↵erent ways to use a BDT in our analysis :

selection of events (by applying a cut on the BDT output
limit setting using the BDT output spectrum

Today is an update of this talk, focused on two subjects :
The e↵ect of rebining for the limit setting.
The e↵ect on the systematic uncertainties on the expected limit.
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I Top quarks decay hadronically 68% of the times.
I as we reach higher energies, hadronic decay products start to merge.

The strategy:
I use a bigger, single jet to cluster the whole decay
I use substructure tools to filter and decluster the decay products:
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I Top quarks decay hadronically 68% of the times.
I as we reach higher energies, hadronic decay products start to merge.

The strategy:
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Analysis strategy top+antitop 

semileptonic 
“resolved” 

ideal for low 
mass resonances

semileptonic 
“boosted” 

ideal for high 
mass resonances

boosted 
all hadronic 

challenging final 
state

dileptonic 

challenging 
reconstruction

arxiv:1506.03062v1
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all hadronic top+antitop 
CMS Top Tagger 
(pT>400 GeV)
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all hadronic top+antitop 
CMS Top Tagger 
(pT>400 GeV)

HEP Top Tagger 
(pT>200 GeV)
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N-subjettiness

find 3-prong decays

all hadronic top+antitop 
CMS Top Tagger 
(pT>400 GeV)

HEP Top Tagger 
(pT>200 GeV)
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N-subjettiness

subjet 
b tagging

kills multijet QCD

find 3-prong decays

b tag

b tag

all hadronic top+antitop 
CMS Top Tagger 
(pT>400 GeV)

HEP Top Tagger 
(pT>200 GeV)
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Background estimation
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top+antitop: boosted semileptonic 
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• 1 non isolated e or mu, missing ET 
• at least two jets, pT > 150, 50 GeV  
• pT,rel: recover non isolated leptons 
• categories with CMSTopTag and b tag 
• Chi squared: choose best combination

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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Results: top+antitop

27

Table 7: Expected and observed lower mass limits for the three benchmark models. Mass
limits are given for the dilepton analysis, the lepton+jets analysis, the combination of the two
all-hadronic analyses and the full combination of all four analyses. All limits are given at 95%
CL.

Mass limit [TeV]

Dilepton channel Lepton+jets channel All-hadronic channels Combined
Exp. Obs. Exp. Obs. Exp. Obs. Exp. Obs.

Z0, GZ0/MZ0 = 1.2% 1.4 1.5 2.2 2.3 2.1 2.1 2.4 2.4

Z0, GZ0/MZ0 = 10% 2.1 2.2 2.7 2.8 2.5 2.5 2.8 2.9

RS KK gluon 1.8 2.0 2.5 2.5 2.4 2.3 2.7 2.8

and observed exclusion limits for different resonance masses are given in Table 7.

The upper limits on the production cross section times branching fraction into tt are given
in Table 8, for different resonance masses. The upper limits on the cross sections show im-
provements of about 50% with respect to a previous combination of results from a search in
the lepton+jets and all-hadronic channels [31]. These improvements are mostly due to the use
of t tagging in the lepton+jets channel, and the application of b tagging on subjets in the all-
hadronic channel. The limits for MZ0 < 1 TeV are improved with the addition of the dilepton
channel and the low-mass selection in the all-hadronic channel.

9 Summary

A search has been performed for the production of heavy tt resonances in final states including
two, one, or no leptons. The analysis is based on a data sample corresponding to an integrated
luminosity of 19.7 fb�1 recorded in 2012 with the CMS detector in proton-proton collisions
at

p
s = 8 TeV at the LHC. No evidence is found for a resonant tt component beyond the

standard model tt continuum production. Model-independent cross section limits are set on
the production of such resonances that have widths well below the experimental resolution of
about 10%.

Cross sections times branching fractions above 11 fb are excluded at 95% confidence level (CL)
for the process pp ! Z0 ! tt with a Z0 resonance [10] with mass of 2 TeV and width GZ0/MZ0 =
1%. The corresponding 95% CL expected cross section limit is 13 fb . The 95% CL observed
lower mass limit for a topcolor narrow Z0 resonance with GZ0/MZ0 = 1.2% corresponds to
2.4 TeV, which agrees with the expected limit.

Observed and expected 95% CL upper limits of 18 fb (23 fb ) are set for a Z0 boson [10] with a
mass of 2 TeV and width GZ0/MZ0 = 10%. The respective 95% CL observed and expected lower
mass limits are 2.9 and 2.8 TeV for a wide topcolor Z0 resonance.

For the production of Kaluza–Klein gluon excitations pp ! gKK ! tt predicted in Randall–
Sundrum models [18], an upper limit on the cross section of 38 fb is observed (50 fb expected)
at 95% CL for a mass of 2 TeV. The observed and expected lower mass limits are 2.8 and 2.7 TeV.

These mass limits represent significant improvements over previous ones set at
p

s = 7 TeV [26,
29, 30]. An improvement by about 50% on the 95% CL upper limits with respect to an earlier
search optimized for high masses at

p
s = 8 TeV [31] is achieved by the application of additional

jet substructure information and the addition of the dilepton channel. The results presented

Sensitivity
‣ Boosted analysis selections critical for 

high-mass regime!
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Analysis strategy top+b 
lepton+jets channel boosted all hadronic

Top mass reconstructed as  
lepton + neutrino + “best” jet 

(pT>85 GeV, 130<mass<210 GeV)

at least  
1 b tagged 

jet

1 isolated 
electron 
or muon

b tagged jet, 
pT>350 GeV, 
mass<70 GeV

CMS Top Tag, 
pT>450 GeV, 

subjet b tagged, 
n-subjettiness
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Analysis strategy top+b 

• isolated e or mu 

• 1 b-tagged jet 

• top mass reconstructed as: 

• 1xCMSTopTag, pT>450 GeV, 
subjet b-tagged 

• 1x b-tagged jet, pT>350 GeV,  
mass<70 GeV

lepton+jets channel boosted all hadronic

Top mass reconstructed as  
lepton + neutrino + “best” jet 

(pT>85 GeV, 130<mass<210 GeV)
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Analysis strategy top+b 
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Analysis strategy top+b 
lepton+jets channel boosted all hadronic

Top mass reconstructed as 
lepton + neutrino + “best” jet 

(pT>85 GeV, 130<mass<210 GeV)

1 b tagged 
jet

1 isolated 
electron 
or muon

lepton + jets boosted all hadronic
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Figure 1: The reconstructed invariant-mass distribution of the W0-boson candidates after the
final selection. Events with electrons (muons) are shown on the left (right) panel for data,
background and four different W0

R signal mass hypotheses (1.8, 2.0, 2.5, and 3.0 TeV). All events
are required to have one or both of the two leading jets tagged as b-jets. The hatched bands
represent the total normalisation uncertainty in the predicted backgrounds. The pull is defined
as the difference between the observed data yield and the predicted background, divided by
the uncertainty. For these plots it is assumed that M(nR) ⌧ M(W0

R) and for the purpose of
illustration the expected yields for the W0

R signal samples are scaled by a factor of 20.
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Analysis strategy top+b 

• isolated e or mu 

• 1 b-tagged jet 

• top mass reconstructed as: 

• 1xCMSTopTag, pT>450 GeV, 
subjet b-tagged 

• 1x b-tagged jet, pT>350 GeV,  
mass<70 GeV

lepton+jets channel boosted all hadronic

Top mass reconstructed as 
lepton + neutrino + “best” jet 

(pT>85 GeV, 130<mass<210 GeV)
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Analysis strategy top+b 
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
‣ Reconstructed t+b invariant mass used 

for signal discrimination
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Analysis strategy top+b 
lepton+jets channel boosted all hadronic

Top mass reconstructed as  
lepton + neutrino + “best” jet 

(pT>85 GeV, 130<mass<210 GeV)
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18 7 Combination
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Figure 10: The W0
R boson 95% C.L. production cross-section limits for the combined semilep-

tonic and all-hadronic channels. The expected (solid-black) and observed (dashed-black) limits
as well as W0

R boson theoretical cross-section (dashed-blue) are plotted for comparison. The
uncertainty in the expected limit band is shown in green (±1s) and yellow (±2s). The left of
the red dashed line shows limits purely from the semileptonic channel. The right of the red
dashed line shows limits using combined sensitivity from the semileptonic and all-hadronic
channels. These limits were extracted using the Theta limit setting framework.
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Improved toolsPerformance in Simulation
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● Offline selection: 1 AK8 jet with trimmed mass > 60 GeV, pT > 200 GeV, 1 medium b-tag

● Two substructure triggers turn on sharper and 50-150 GeV sooner than traditional AK4 HT 

trigger

● Trimmed mass > 60 GeV is in plateau of both substructure efficiency curves

● Peak of signal distribution almost triggered by substructure triggers, traditional AK4 HT 

triggers only on tail of signal distribution

T→bW, M(T)=700 GeV

HEPTopTagger  
using CA R=1.5

Shower deconstruction 
similar to ME methods
Soft-drop mass tagger 

using AK R=0.8

high level trigger based on 
jet substructure

performance gain 
for low mass all-had searches

base HT 
trigger

AK8+HT 
trim. mass  

btag

2xAK8+HT 
trim. mass 

btag 
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Strategy for searches

New ideas: 
what if the Z’ can decay in a  
vector-like T’? 
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top+b event candidate

CMS DP-2015/033
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tt and tb resonances 
natural probe to new physics

using 8 TeV data no evidence 
 up to ~2.9 (2.15) TeV for Z’ (W’)

improved reconstruction  
tools and new ideas

“early” analyses: very sensitive  
to high mass with few    .
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The models
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spin 1: Z-like resonance 
spin 2: Randall-Sundrum gluon

spin 1: W-like resonance 
scanning over RH and LH 
coupling fractions 

t

t

b

W

b

W

W’

t

b

b

W
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in many BSM models 
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physics through the top quark  

2

The models

Z’
spin 1: Z-like resonance 
spin 2: Randall-Sundrum gluon

spin 1: W-like resonance 
scanning over RH and LH 
coupling fractions 

t

t

b

W

b

W

W’

t

b

b

W

tt and tb resonances appear  
in many BSM models 
at the TeV mass range 

natural to probe connection to new 
physics through the top quark  

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410
 Data
t t

 non-top multijet
 Z’ 1.0 TeV, 1% width

 < 800 GeV; 2 b tag (low-mass)TH  (8 TeV)-118.3 fb

CMS

 [GeV]
tt

M
0 1000 2000 3000

D
at

a 
/ B

kg

0.5

1

1.5

0.5 321.51 TeV

CMS Tagger
HEP Tagger - HT>800 GeV

HEP Tagger - HT<800 GeV

2 b tag, CMS Tagger 
N-subjettiness cut 

2 b tag, HEP Tagger 
HT<800 GeV

2 b tag, HEP Tagger 
HT>800 GeV

10

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

 Data
t t

 non-top multijet
 Z’ 2.0 TeV, 1% width

y| < 1.0; 2 b tag (high-mass)∆|  (8 TeV)-119.7 fb

CMS

 [GeV]
tt

M
0 1000 2000 3000

D
at

a 
/ B

kg

0.5

1

1.5

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

 Data
t t

 non-top multijet
 Z’ 1.0 TeV, 1% width

 > 800 GeV; 2 b tag (low-mass)TH  (8 TeV)-119.7 fb

CMS

 [GeV]
tt

M
0 1000 2000 3000

D
at

a 
/ B

kg

0.5

1

1.5

arxiv:1506.03062v1 9

N-subjettiness

subjet 
b tagging

kills multijet QCD

find 3-prong decays

b tag

b tag

all hadronic top+antitop 
CMS Top Tagger 
(pT>400 GeV)

HEP Top Tagger 
(pT>200 GeV)
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120, 40 GeV -> leading and subleading

W+jets scale factor -> 0 btag selection 
ttbar scale factor -> geq 2 btag, 400<m<750

2 3 Signal and background modelling

interaction point, the x axis pointing to the centre of the LHC ring, the y axis pointing up
(perpendicular to the plane of the LHC ring), and the z axis along the anticlockwise-beam
direction. The polar angle q is measured from the positive z axis and the azimuthal angle f is
measured in radians in the x-y plane. The pseudorapidity h is defined as h = � ln[tan(q/2)].

The ECAL energy resolution for electrons with transverse energy ET ⇡ 45 GeV from Z ! ee
decays is better than 2% in the central region of the ECAL barrel (|h| < 0.8), and is between
2% and 5% elsewhere. The inner tracker measures charged particles within the pseudorapid-
ity range |h| < 2.5. It provides an impact parameter resolution of ⇠15 µm and a transverse
momentum (pT) resolution of about 1.5% for 100 GeV particles. Matching muons to tracks
measured in the silicon tracker results in a relative transverse momentum resolution for muons
with 20 < pT < 100 GeV of 1.3–2.0% in the barrel and better than 6% in the endcaps. The pT
resolution in the barrel is better than 10% for muons with pT up to 1 TeV [29].

A particle-flow (PF) algorithm [30, 31] combines the information from all CMS subdetectors to
identify and reconstruct the individual particles emerging from all vertices: charged hadrons,
neutral hadrons, photons, muons, and electrons. These particles are then used to reconstruct
the Emiss

T (defined as the modulus of the negative transverse momentum vector sum of all mea-
sured particles), jets, and to quantify lepton isolation. The PF jet energy resolution is typically
15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV, to be compared to about 40%, 12%, and 5%
obtained when the calorimeters alone are used for jet clustering.

3 Signal and background modelling
The W0 ! tb ! `nbb decay is characterized by the presence of a high-pT isolated lepton,
significant Emiss

T associated with the neutrino, and at least two high-pT b-jets (jets resulting from
the fragmentation and hadronization of b quarks). Monte Carlo (MC) techniques are used to
model the W0 signal and SM backgrounds capable of producing this final state.

3.1 Signal modelling

The signal modelling is identical to that in Ref. [24] and uses the following lowest order effec-
tive Lagrangian to describe the interaction of the W0 boson with SM fermions:

L =
Vfi fj

2
p

2
gw f igµ

�
aR

fi f j
(1 + g5) + aL

fi f j
(1 � g5)

�
W0µ f j + h.c., (1)

where aR
fi f j

, aL
fi f j

are the right- and left-handed couplings of the W0 boson to fermions fi and f j,
gw = e/(sin qW) is the SM weak coupling constant and qW is the weak mixing angle; Vfi fj is the
Cabibbo–Kobayashi–Maskawa matrix element if the fermion f is a quark, and Vfi fj = dij if it is
a lepton, where dij is the Kronecker delta and i, j are the generation numbers. For our search
we consider models where 0  aL,R

fi f j
 1. For a SM-like W0 boson, aL

fi f j
= 1 and aR

fi f j
= 0.

We simulate W0 bosons with mass values ranging from 0.8 to 3.0 TeV. The SINGLETOP MC gen-
erator [27] is used, which simulates electroweak top-quark production processes based on the
complete set of tree-level Feynman diagrams calculated by the COMPHEP package [32]. Finite
decay widths and spin correlations between resonance state production and subsequent decay
are taken into account. The factorisation scale is set to the W0-boson mass for the generation of
the samples and the computation of the leading-order (LO) cross section. The LO cross section
is scaled to next-to-leading order (NLO) using a K factor of 1.2 based on Refs. [33, 34]. In order

10 8 Summary

7.2 Limits on coupling strengths

The effective Lagrangian given by Eq. (1) can be analysed for arbitrary combinations of left-
handed or right-handed coupling strengths [24]. The cross section for single-top-quark produc-
tion in the presence of a W0 boson for any set of coupling values can be written in terms of the
cross sections of our signal MC samples, sL for purely left-handed couplings (aL, aR) = (1, 0),
sR for purely right-handed couplings (aL, aR) = (0, 1), sLR for mixed couplings (aL, aR) =
(1, 1), and sSM for SM couplings (aL, aR) = (0, 0). It is given by:

s = sSM + aL
udaL

tb (sL � sR � sSM)

+

✓⇣
aL

udaL
tb

⌘2
+

⇣
aR

udaR
tb

⌘2
◆

sR

+
1
2

✓⇣
aL

udaR
tb

⌘2
+

⇣
aR

udaL
tb

⌘2
◆
(sLR � sL � sR) .

(2)

Note that for pure W0
R production this reduces to the sum of SM s-channel tb and W0

R pro-
duction. For pure W0

L or W0
LR production this reduces to the cross section of the W0

L or the
W0

LR sample which already includes SM s-channel tb production and its interference with W0

production.

We assume that the couplings to first-generation quarks, aud, that are important for the produc-
tion of the W0 boson, and the couplings to third-generation quarks, atb, that are important for
the decay of the W0 boson, are equal. The event samples are combined according to Eq. (2) to
give the predicted invariant-mass distributions for each value of aL and aR.

We vary both aL and aR in the range (0,1) with a step size of 0.1, for each M(W0). For each
of these combinations of aL, aR, and M(W0), we determine the expected and observed 95% CL
upper limits on the cross section and compare them to the corresponding theoretical prediction.
If the limit is below the theoretical prediction, this point in (aL, aR, M(W0)) space is excluded.
Figure 3 shows the excluded W0-boson mass for each point in the (aL, aR) plane. The observed
(expected) mass limit for a W0 boson with only left-handed couplings, including interference
with the SM, is 1.84 (1.84) TeV.

8 Summary
We have performed a search for a W0 boson in the tb decay channel using a data set corre-
sponding to an integrated luminosity of 19.5 fb�1 of pp collisions collected by the CMS detec-
tor at

p
s = 8 TeV. No evidence for the presence of a W0 boson is found, and 95% confidence

level upper limits on s(pp ! W0) ⇥ B(W0 ! tb ! `nbb) are set. We compare our mea-
surement to the theoretical prediction for the cross section to determine the lower limit on the
mass of the W0 boson. For W0 bosons with right-handed couplings to fermions (and for left-
handed couplings to fermions, when assuming no interference effects) the observed (expected)
limit is 2.05 (2.02) TeV at 95% confidence level. In the case with heavy right-handed neutrinos
(M(nR) > M(W0

R)), the observed (expected) limit is 2.13 (2.12) TeV at 95% confidence level. For
a W0 boson with only left-handed couplings, including interference effects, the observed (ex-
pected) limit is 1.84 (1.84) TeV at 95% confidence level. We also set constraints on the W0 gauge
coupling independent of their chiral structure. The results presented in this paper are the most
stringent limits obtained to date.
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4 4 Data Sample and Event Selection

jets originating from a light quark or gluon. The algorithm first attempts to decompose the CA
jet into two primary subjets, and then performs a secondary decomposition to attempt to split
the primary subjets into secondary subjets. In this process, particles with low pT or a large
angular distance from the jet center are omitted. The top tagging algorithm is based on the
following cuts

• Jet Mass 140 GeV < mjet < 250 GeV - The mass of the CA jet is required to be con-
sistent with the top quark mass.

• Number of Subjets Nsubjets > 2 - The number of subjets found by the algorithm
must be at least 3.

• Minimum Pairwise Mass mmin > 50 GeV - The three highest pT subjets are taken
pairwise, and each pair’s invariant mass is calculated. mmin is the mass of the pair
with the lowest invariant mass. The minimum pairwise mass must be close to the
W boson mass.

The N-subjettiness algorithm can be used for boosted top jet identification [24]. N-subjettiness
defines tN variables as follows

tN =
1
d0

Â
i

pTi min{DR1,i, DR2,i, ..., DRN,i} (2)

where DRJ,i is between the subjet candidate and a constituent particle. d0 is a normalization
factor

d0 = Â
i

pTi R0 (3)

where R0 is the characteristic jet radius used by the jet clustering algorithm. tN is a measure
of how consistent the jet energy is with originating from N subjets. Additional discrimination
power when using N-subjettiness variables is achieved by cutting on the ratio of two of these
variables. We use the operating point of t3/t2 < 0.55 in the full selection.

The use of b-tagging algorithms on subjets is described in [25]. We apply the Combined Sec-
ondary Vertex (CSV) b-tagging algorithm to all of the subjets found by the CA declustering
sequence. We look at the maximum discriminant from the CSV algorithm (SJCSVMAX) and use
the medium operating point on this quantity for top tagging discrimination.

Substructure variables in the signal region have known differences in data and Monte Carlo.
These differences have been studied in [23]. We use the top tagging scale factor with the ad-
dition of subjet b-tagging and N-subjettiness discrimination that is extracted from efficiency
comparisons of data and Monte Carlo in a highly pure semileptonic sample of SM tt produc-
tion. The scale factor for this effect is 1.04 and is applied to the signal Monte Carlo samples
used in the main analysis. There is a 13% uncertainty on this scale factor.

4.2 b-jet Identification

After the full top tagging selection is complete, there is a substantial fraction of SM tt produc-
tion in the full selection. Additionally, there is a large uncertainty in the Monte Carlo contri-
bution expectation of tt production, so discriminating this from signal becomes important. In
W0 boson signal Monte Carlo, the b candidate jet is usually a true b jet, but in SM tt production
this jet is commonly a merged W boson or top jet. To this effect, the b candidate jet is required
to have a mass Mb < 70 GeV in the full selection. Figure 2 shows the discrimination power of
this cut.
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must be at least 3.

• Minimum Pairwise Mass mmin > 50 GeV - The three highest pT subjets are taken
pairwise, and each pair’s invariant mass is calculated. mmin is the mass of the pair
with the lowest invariant mass. The minimum pairwise mass must be close to the
W boson mass.

The N-subjettiness algorithm can be used for boosted top jet identification [24]. N-subjettiness
defines tN variables as follows
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where R0 is the characteristic jet radius used by the jet clustering algorithm. tN is a measure
of how consistent the jet energy is with originating from N subjets. Additional discrimination
power when using N-subjettiness variables is achieved by cutting on the ratio of two of these
variables. We use the operating point of t3/t2 < 0.55 in the full selection.

The use of b-tagging algorithms on subjets is described in [25]. We apply the Combined Sec-
ondary Vertex (CSV) b-tagging algorithm to all of the subjets found by the CA declustering
sequence. We look at the maximum discriminant from the CSV algorithm (SJCSVMAX) and use
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dition of subjet b-tagging and N-subjettiness discrimination that is extracted from efficiency
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tion. The scale factor for this effect is 1.04 and is applied to the signal Monte Carlo samples
used in the main analysis. There is a 13% uncertainty on this scale factor.

4.2 b-jet Identification

After the full top tagging selection is complete, there is a substantial fraction of SM tt produc-
tion in the full selection. Additionally, there is a large uncertainty in the Monte Carlo contri-
bution expectation of tt production, so discriminating this from signal becomes important. In
W0 boson signal Monte Carlo, the b candidate jet is usually a true b jet, but in SM tt production
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Figure 2: b candidate mass distributions in data, background, and signal. This plot includes
the full top tagging selection using the background estimation procedure outlined in Section 5.

To help identify the b jet daughter of a W0 boson, a b-tagging algorithm is applied to the b
candidate jet. We use the CSV b-tagging algorithm at the medium operating point which has a
misidentification probability of around 1%. To account for the differences between the Monte
Carlo simulation and data, we employ a Monte Carlo to data scale factor as additional event
weight. The uncertainties related to this scale factor are described in Section 6.1.

4.3 p
T

Re-weighting

In order to correct for known differences in the top quark pT spectrum between data and SM tt
production Monte Carlo, we re-weight Monte Carlo events using the Generator level pT of the
top and anti-top quarks. Although this prodecure was not designed for the kinematic range in
our analysis, we prefer to use the prescription as it is more consistent with our measurement of
the normalization of tt production component of our total background (see Section 5.1).

4.4 Reconstruction of W’ Invariant Mass

The full selection for the reconstruction of the W0 boson invariant mass then includes the fol-
lowing offline cuts.

• One jet with pT > 450 GeV identified with the CMS top tagging algorithm as well
as subjet b-tagging and N-subjettiness discrimination.

• One jet with pT > 370 GeV with a CSV b-tag and mass< 70 GeV
• |Df| > p/2 between the two jets
• |Dy| between the two jets < 1.6.

where |Dy| is the difference in rapidity between the two jets and y is defined as 1
2 ln( E+pz

E�pz
).

Figure 3 shows this full selection in signal Monte Carlo for various W0 boson masses. A high

7

mass W0 boson resonance gets reconstructed primarily at high Mtb where the standard model
backgrounds are low. The inclusion of SM single top quark interference leads to a low mass
peak along with the high mass peak. The cut-flow for this selection in data, SM tt production
Monte Carlo, and right-handed W0 boson signal Monte Carlo can be found in Table 1.
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Figure 3: The full selection applied to W‘R (top) W‘L (bottom-left) and W‘LR (bottom-right).
The bimodal structure seen in the Mtb spectrum for high W0 boson mass is a feature common
to high-mass large-width resonances and represents the superposition of a W0 resonance and a
rapidly falling parton distribution function.

5 Background Estimation

We extract a data-derived estimation of the QCD background contribution to the total back-
ground by measuring the average b-tagging rate in a control region. These rates are then ap-
plied to the signal region to estimate QCD multijet background in the analysis.

We define a control region based on inverting the number of subjets requirement of the CMS
top-tagger. To ensure similar parton flavor distributions in the signal region and sideband, we
also include subjet CSV discrimination. Minimum pairwise mass and N-subjettiness discrimi-
nation is not used in this sideband. The top jet sideband is defined as:

140 < mjet < 250 GeV (4)
Nsubjets  2 (5)

SJCSVMAX � 0.679 (6)

We weight the events that pass the full selection in the signal region before b-tagging by the
average b-tagging rate in sideband. The average b-tagging rate is defined as the inverse ratio

5.1 Measuring the normalization of the SM tt production 9
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Figure 4: pT parameterized average b-tagging rate from (a) Low |h| region (b) Transition |h|
region (c) High |h| region. The measured average b-tagging rate is shown in black, the poly-
nomial fit is shown in blue, and the propagated errors from the fit are shown as a blue dashed
line.
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Figure 5: b candidate mass inverted sideband. This shows the selection after the template fit.

5.2 Sideband Closure

In order to investigate the applicability and versatility of the QCD background estimation in
data, we apply the average b-tagging rate to sideband regions of our top tagging selection
defined in Section 4.1. First, we define the following sideband (SB2):

• Jet Mass 140 GeV < mjet < 250 GeV
• Number of Subjets Nsubjets > 2
• Minimum Pairwise Mass mmin  50 GeV
• N-subjettiness t

3

/t
2

� 0.55
• Subjet b-Tagging SJCSVMAX � 0.679

This is our full selection with inverted minimum pairwise mass and N-subjettiness cuts and
thus orthogonal to both the signal region and the sideband used for average b-tagging rate
determination. The selection also has a very low yield of tt production, making it ideal for
investigating the QCD background contribution. The average b-tagging rate used for this clo-
sure test is extracted from the same sideband as the signal region, and applied to pre-b-tagged
events. The closure test can be seen in Figure 6 (left).

Additionally, we can define the following sideband (SB3):
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Figure 6: A plot of Mtb in the control regions SB2 (left) SB3 (right).

• Jet Mass 140 GeV < mjet < 250 GeV
• Number of Subjets Nsubjets > 2
• Minimum Pairwise Mass mmin > 50 GeV
• N-subjettiness t

3

/t
2

< 0.55
• Subjet b-Tagging SJCSVMAX  0.679

This is our full selection with an inverted subjet b-tagging cut. The closure test can be seen in
Figure 6 (right).

6 Results

The background estimation using the average b-tagging rates seen in Figure 4, and applied
using the procedure outlined in Section 5 is run on data. The results are shown in Figure 7.

6.1 Systematics

We perform a template fit to the full Mtb distribution; the likelihood includes template morph-
ing, so the systematic effects relate to both rate and shape.

The uncertainties only related to the normalization are:

• Uncertainty of 23.5% applied to the measurement of tt production (see Section 5.1)
• Top tagging scale factor uncertainty of 13% applied to signal Monte Carlo [23]
• Luminosity uncertainty of 2.6% applied to signal Monte Carlo [26]
• Uncertainty in the application of the b-tagging scale factor to Cambridge-Aachen

jets of 2% applied to signal Monte Carlo

The uncertainties related to normalization and shape are:

• Uncertainty in the fit used for the average b-tagging rate for QCD background
• Uncertainty extracted from studying alternative functional forms for the average b-

tagging rate in QCD background
• Parameterization choice uncertainty for the average b-tagging rate in QCD back-

ground
• pT re-weighting uncertainty for tt production
• Uncertainty from the variation of the factorization scale Q2 in tt production
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Figure 6: A plot of Mtb in the control regions SB2 (left) SB3 (right).

• Jet Mass 140 GeV < mjet < 250 GeV
• Number of Subjets Nsubjets > 2
• Minimum Pairwise Mass mmin > 50 GeV
• N-subjettiness t

3
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< 0.55
• Subjet b-Tagging SJCSVMAX  0.679

This is our full selection with an inverted subjet b-tagging cut. The closure test can be seen in
Figure 6 (right).

6 Results

The background estimation using the average b-tagging rates seen in Figure 4, and applied
using the procedure outlined in Section 5 is run on data. The results are shown in Figure 7.

6.1 Systematics

We perform a template fit to the full Mtb distribution; the likelihood includes template morph-
ing, so the systematic effects relate to both rate and shape.

The uncertainties only related to the normalization are:

• Uncertainty of 23.5% applied to the measurement of tt production (see Section 5.1)
• Top tagging scale factor uncertainty of 13% applied to signal Monte Carlo [23]
• Luminosity uncertainty of 2.6% applied to signal Monte Carlo [26]
• Uncertainty in the application of the b-tagging scale factor to Cambridge-Aachen

jets of 2% applied to signal Monte Carlo

The uncertainties related to normalization and shape are:

• Uncertainty in the fit used for the average b-tagging rate for QCD background
• Uncertainty extracted from studying alternative functional forms for the average b-

tagging rate in QCD background
• Parameterization choice uncertainty for the average b-tagging rate in QCD back-

ground
• pT re-weighting uncertainty for tt production
• Uncertainty from the variation of the factorization scale Q2 in tt production
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event selection
!

Event selection 
!

1"

  Two oppositely charged leptons: 

o   µµ: pT1>45 GeV in |η|<2.1, pT2>20 GeV in |η|<2.4 

o   ee:  pT1>85 GeV, pT2>20 GeV in |η|<2.5 

o   eµ: pTµ>45 GeV in |η|<2.1, pTe>20 GeV in |η|<2.5 

  In µµ and ee channels: Mll>12 GeV, and Z-mass veto on  

         76GeV<Mll<106  

  At least two jets with pT1>100 and pT2> 50 GeV in |η|<2.5  

  If ΔR(l, closest jet)<0.5, then pT,rel(l, closest jet)>15GeV  

  In µµ and ee channels: ET
miss>30 GeV  

  ≥ 1 CSVM or  ≥ 2 CSVL b-tagged jet within |η|<2.4 

  Further selection cuts to reduce ttbar background: 

          ΔR(l1,jet)<1.2  and ΔR(l2,jet)<1.5 

 The background ~ 90% dominated by irreducible ttbar 

 background after these selections 

Signal region 

Bkgd region 

Signal region 

Bkgd region 

B2G-13-008 (search for t¯t resonances) January 20, 2015 10 / 45

Mtt̄ distributions

4"

  Mass variable: reconstructed from 4-momenta of two leading leptons, two leading jets 
and ET

miss . Total pz of the two neutrinos set to 0. 

  Used as a template to extract limits 

!

Mass variable 
!
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Full list of systematics shown later on, when discussing the combination
CHANGE with respect to approval of B2G-12-007:

I added PDF systematic
I taken out top pT -reweighting to be consistent

with the other analyses in the combination (more on this later)
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dilepton

normalization of tt̄ bkg
!

ttbar background normalization  
!

3"

  Define background region using the nominal selection, except: 

  ΔR(l2,jet)>1.5  

  >90% dominated by ttbar 

 Negligible signal contamination (<0.1% for 2 TeV signal)  

  ttbar normalization factor extracted from the background region 

 

   Extracted ttbar normalization factors 

These are used to normalize ttbar in the signal selection region 

  Flatness of ttbar normalization: Checked using independent sample 

 (nominal selection except for btag, exactly one CSVL tagged  

 jet in an event) 
 

 

 

μμ"channel"="0.92"±"0.05"(stat)±0.03(sys)"
ee""channel"="0.89"±"0.09"(stat)"±0.07(sys)"
eμ""channel"="0.91""±"0.04"(stat)"±0.02(sys)"

a
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8 5 Reconstruction of tt events
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Figure 3: Reconstructed invariant mass of the tt pair in the ee (upper left), eµ (upper right), and
µµ (bottom) channels for data and simulated events. Each background process is scaled by a
factor derived from the maximum likelihood fit to data as explained in Section 7. The expected
distribution from a Z0 signal with MZ0 = 2 TeV and GZ0/MZ0 = 0.01, normalized to a cross
section of 1 pb , is also shown. The uncertainty associated with the background expectation
includes all the statistical and systematic uncertainties. The data-to-background ratio is shown
in the bottom panel of each figure. For the ratio plot, the statistical uncertainty is shown in light
gray, while the total uncertainty, which is the quadratic sum of the statistical and systematic
uncertainties, is shown in dark gray. There is a systematic disagreement observed in the high-
mass region that is accommodated by the renormalization and factorization scale uncertainty.
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event selection⌥⌃ ⌅⇧signature: 1 non-isolated lepton, al least 2 high-pT jets and MET

High Level Trigger:
I (muon) HLT_Mu40_eta2p1
I (elec) HLT_Ele30_[...] OR HLT_PFJet320_v*
== 1 µ (e) with pT > 45 (35) GeV, |÷| < 2.1 (2.5)
>= 1 jet with pT > 150 GeV, |÷| < 2.4
>= 2 jets with pT > 50 GeV, |÷| < 2.4
/ET > 50 GeV
H lep

T © /ET + p¸T > 150 GeV
lepton 2D-cut:

�R
min

(¸, j) > 0.5 OR pT,rel(¸, j) > 25 GeV
(electron-only) triangular cuts
|�„(x, /ET )≠ 1.5| < 1.5

75 GeV

/ET (x = e, j1)
veto on events with > 1 CA8 top-tagged jet
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semileptonic
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tt̄ reconstruction and final selection
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Figure 2: Efficiency of the two-dimensional isolation requirement for data and simulated events
for the electron (left) and muon (right) selection, as measured in a sample of Z/g⇤(! ``)+jets.
The ratio of the efficiencies in data to simulation is shown at the bottom of each panel.

required to be tagged as a b-quark jet by the CSV algorithm at the medium working point or
both leading jets must be tagged using the loose working point of the CSV algorithm. After
these requirements, the sample contains about 90% tt background.

The boosted nature of the signal events provides an additional handle for further reduction
of the tt background: the separation in DR between each lepton and its nearest jet. Requiring
DR(`1, jet) < 1.2 and DR(`2, jet) < 1.5, where `1 and `2 denote the leading and sub-leading
leptons, reduces the tt background contribution by more than a factor of 2, while the loss for
a Z0 signal with mass of 1.5 TeV is about 10%. Additionally, the region with DR(`2, jet) > 1.5
is dominated by events from continuum tt production and provides an independent sample
to check the tt background normalization. The contamination from resonant tt production is
expected to be less than 0.2% in this sample. The normalization of the tt background is found
to be compatible with the SM expectation using the NNLO cross section calculations, and good
agreement between the ee, eµ, and µµ channels is observed.

The resonant nature of the signal is exploited by constructing a mass variable from the four-
momenta of the two leading leptons, the two leading jets, and the neutrinos, which approxi-
mates the invariant mass of the tt system. For the momentum components px and py of the pair
of neutrinos, the x- and y-components of ~pmiss

T are used, and the pz component of each neutrino
is set to zero.

Figure 3 shows the Mtt distributions for the dilepton channel. The expected distribution from
a Z0 signal with MZ0 = 2 TeV is also shown. Good agreement between the data and the SM
background expectation is found.

5.2 Lepton+jets channel

The selection in the lepton+jets channel is based on events with one W boson decaying lep-
tonically, W ! `n, and the other one decaying hadronically, W ! qq0. It requires one lepton
(electron or muon) and at least two jets with high pT, including events with non-isolated lep-
tons and merged jets arising from decays of two high-pT top quarks.

Events are required to have exactly one electron with pT > 35 GeV and |h| < 2.5, or one muon
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Figure 5: Distributions of the jet mass (upper left), minimum pairwise mass Mmin (upper right),
and the ratio t32 (bottom) for CA8 t-tagged jets in the lepton+jets channel. The SM backgrounds
are scaled by a factor derived from the maximum likelihood fit to data as explained in Sec-
tion 7. The uncertainty associated with the background expectation includes all the statistical
and systematic uncertainties. The data-to-background ratio is shown in the bottom panel of
each figure. For the ratio plot, the statistical uncertainty is shown in light gray, while the total
uncertainty, which is the quadratic sum of the statistical and systematic uncertainties, is shown
in dark gray.
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Figure 4: Distribution of pT (left) and the jet mass (right) of the leading CA8 jet in a W+jets
control region, used to obtain the mistag rate of CA8 t-tagged jets. The horizontal error bars in-
dicate the bin width. The data-to-background ratio is shown in the bottom panel of each figure.
For the ratio plot, the statistical uncertainty is shown in light gray, while the total uncertainty,
which is the quadratic sum of the statistical and systematic uncertainties, is shown in dark gray.

data and simulated events in Fig. 5, where all SM components are normalized to the output of
the maximum likelihood fit as explained in Section 7.

The reconstructed top-quark candidates are used to calculate the tt invariant mass. The events
are divided into six categories, three for each lepton+jets channel, so in total six Mtt distribu-
tions are obtained. All six distributions are shown in Fig. 6.

5.3 All-hadronic channel

When the top quark has large pT and decays hadronically, all decay products frequently merge
into a single jet. Events with high tt invariant mass, where both quarks decay hadronically, thus
effectively result in a dijet topology. This forms the basis of the selection in the all-hadronic
channel. Two exclusive selections are made, one optimized for higher resonance masses, and
one optimized for lower resonance masses where the decay products are still somewhat colli-
mated.

To satisfy the high-mass selection, events are required to have two CA8 t-tagged jets with pT >
400 GeV and rapidity |y| < 2.4. The two jets have to be separated in azimuthal angle by |Df| >
2.1 radians. The rapidity difference between the two leading jets is also used to divide the
events into two categories (|Dy| < 1.0 and |Dy| > 1.0), since the QCD multijet background
with light-quark and gluon final states dominantly populates the |Dy| > 1.0 category, whereas
the Z0 signal with a mass of 2 TeV is equally split between the two. The two categories are
further subdivided depending on the number of CA8 jets containing a b-tagged subjet: zero,
one, or two. This results in six exclusive search regions, with the highest sensitivity in the
categories with two b-tagged CA8 jets.

The low-mass selection is applied to events failing the high-mass selection and is designed to
gain sensitivity in regions where the decay products are less collimated. Events are selected if
two CA15 t-tagged jets with pT > 200 GeV and |y| < 2.4 are found. The sample is split into
events with HT < 800 GeV and HT > 800 GeV, where HT is defined as the scalar sum of jet pT,
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Figure 6: Invariant mass of the reconstructed tt pair in data and simulation in the electron+jets
(left column) and muon+jets (right column) channels. Events are separated into three cate-
gories: one CA8 t-tagged jet (top row), no CA8 t-tagged jet and at least one b tag (middle row),
and no CA8 t-tagged jet and no b tag (bottom row). Each background process is scaled by a
factor derived from the maximum likelihood fit to data as explained in Section 7. The expected
distribution from a Z0 signal with MZ0 = 2 TeV and GZ0/MZ0 = 0.01, normalized to a cross
section of 1 pb , is also shown. The uncertainty associated with the background expectation
includes all statistical and systematic uncertainties. The data-to-background ratio is shown in
the bottom panel of each figure. For the ratio plot, the statistical uncertainty is shown in light
gray, while the total uncertainty, which is the quadratic sum of the statistical and systematic
uncertainties, is shown in dark gray.
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Figure 7: Misidentification probability for CA8 jets to be tagged as top-quark jets for different b
ranges and for different t32 values in the high-mass all-hadronic analysis. The horizontal error
bars indicate the bin width.

6.1 Uncertainties affecting the normalization

The following systematic uncertainties in the normalization of the background processes are
considered. The uncertainty in the cross section for SM tt production is 15% [76]. Uncertainties
in the production cross sections of W+jets are 9% for light-flavor jets [77], and 23% for heavy-
flavor jets [78]. An uncertainty of 50% is assigned to the cross section of Z+jets production,
obtained by varying the renormalization and factorization scales simultaneously by factors of
0.5 and 2. The largest background contribution from single top quark production originates
from the tW channel, which has been measured with an accuracy of 23% [79]; this uncertainty
is used for all electroweak single top production processes. The uncertainty in diboson produc-
tion is 20% [80, 81].

In addition, the following systematic uncertainties affect the normalization of all simulated
processes, including signal processes. The uncertainty in the measurement of the integrated
luminosity is 2.6% [82]. The combined trigger used in the electron category in the lepton+jets
channel has an efficiency uncertainty of 1%. The uncertainty due to the single-muon trigger
efficiency is 1%, which affects the muon category in the lepton+jets channel and the eµ and µµ
categories in the dilepton channel.

6.2 Uncertainties affecting the shape

Systematic uncertainties due to the electron identification are applied as a function of electron
pT and h to events with an identified electron in the dilepton and lepton+jets channels. The

16 6 Systematic uncertainties
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Figure 9: Results of the validation test for the high-mass all-hadronic analysis, using simulated
QCD multijet events, to validate the data-driven background method used to estimate the QCD
multijet contribution. Events are shown without any selection or division applied based on the
number of identified b-tagged jets for |Dy| < 1.0 (left) and |Dy| > 1.0 (right). The points show
the selected QCD multijet events in the signal region, with the horizontal error bars indicating
the bin width. The solid histogram shows the predicted number of QCD multijet events using
the misidentification probability for CA8 t-tagged jets measured in a statistically independent
sideband region. The statistical uncertainty is shown as a shaded region. The ratio of selected
to predicted events is shown in the bottom panel of each figure.
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Figure 10: Results of the validation test for the low-mass all-hadronic analysis, using simu-
lated QCD multijet events, to validate the data-driven background method used to estimate the
QCD multijet contribution for events with HT > 800 GeV (left), and events with HT < 800 GeV
(right). The points show the selected QCD multijet events in the signal region, with the hori-
zontal error bars indicating the bin width. The solid histogram shows the predicted number of
QCD multijet events using the misidentification probability for CA15 t-tagged jets measured
in a statistically independent sideband region. The statistical uncertainty is shown as a shaded
region. The ratio of selected to predicted events is shown in the bottom panel of each figure.
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Figure 11: Reconstructed invariant mass of the tt pair in the all-hadronic channel for data and
simulated events passing the high-mass selection. Events are divided into six categories: events
with two subjet b-tags and |Dy| < 1.0 (upper left), one subjet btag and |Dy| < 1.0 (middle left),
no subjet btag and |Dy| < 1.0 (lower left), two subjet btags and |Dy| > 1.0 (upper right), one
subjet btag and |Dy| > 1.0 (middle right), no subjet btag and |Dy| > 1.0 (lower right). The
uncertainty associated with the background expectation includes all the statistical and system-
atic uncertainties. The data-to-background ratio is shown in the bottom panel of each figure.
For the ratio plot, the statistical uncertainty is shown in light gray, while the total uncertainty,
which is the quadratic sum of the statistical and systematic uncertainties, is shown in dark gray.
The expected distribution from a Z0 signal with MZ0 = 2 TeV and GZ0/MZ0 = 0.01 is also shown,
normalized to a cross section of 1 pb .
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Table 1: Sources of systematic uncertainties and the channels they affect. The CA8 subjet b tag-
ging uncertainty includes the uncertainties in both the efficiency and mistag rate. Uncorrelated
uncertainties that apply to a given channel are marked by �. Uncertainties correlated between
channels are marked by �.

Source of uncertainty Prior 2` `+jets Had. channel Had. channel
uncertainty high-mass low-mass

Integrated luminosity 2.6% � � � �
tt cross section 15% � � � �
Single top quark cross section 23% � �
Diboson cross section 20% � �
Z+jets cross section 50% � �
W+jets (light flavor) cross section 9% �
W+jets (heavy flavor) cross section 23% �
Electron+jet trigger 1% �
HT trigger 2% � �
Four-jet trigger ±1s(pT) �
Single-electron trigger ±1s(pT, h) �
Single-muon trigger and id ±1s(pT, h) � �
Electron ID ±1s(pT, h) � �
Jet energy scale ±1s(pT, h) � � � �
Jet energy resolution ±1s(h) � � � �
Pileup uncertainty ±1s � � � �
b tagging efficiency(†) ±1s(pT, h) � � �
b tagging mistag rate (†) ±1s(pT, h) � � �
CA8 subjet b tagging unconstrained �
CA8 t tagged jet efficiency unconstrained � �
CA8 t-tagged jet mistag ±25% �
CA15 t-tagged jet efficiency ±1s(pT, h) �
QCD multijet background sideband � �
PDF uncertainty ±1s � � � �
tt ren. and fact. scales 4Q2 and 0.25Q2 � � � �
W+jets ren. and fact. scales 4Q2 and 0.25Q2 �
W+jets matching scale µ 2µ and 0.5µ �
MC statistical uncertainty � � � �

(†) AK5 and CA15 subjets

15%, which is the same size as the uncertainty in the total tt cross section in the phase space
considered. The size of other experimental uncertainties, like the CA8 t tagging efficiency, the
subjet b tagging efficiency, and uncertainties due to the jet energy scale and resolution, vary
between 4–12%.

7 Background evaluation

The main source of irreducible background in all channels arises from SM tt production. In
the lepton+jets channels, W+jets production contributes to events without a CA8 t-tagged jet.
Single top quark, Z+jets, and diboson production constitute small backgrounds overall, and
contribute to the dilepton and lepton+jets channels. In the following, these processes are com-
bined into a single “others” category.

Except for the non-top-quark multijet backgrounds in the all-hadronic channels, the shapes of
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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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