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Why boosted top quark ? 
 

•  New heavy particles searches: mZ’ >> mtop 
ü  Top has very large pT 

•  Decay products are more collimated: ΔR ~ 2mtop/pT,top 
ü  Totally different topology 

1 Boosted top quarks 
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Semi-boosted top 
2 decay products close 

è 2 jets merged 
è Only 2 reconstructed jets 
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Boosted top 
All decay products merged  

è One « large R » reconstructed jet 
(typically anti-kt (R=1) jet)  

Dominates for low-
mass resonances 

Intermediate / high-
mass resonance 

High-mass resonance 

2 Boosted top quarks 
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Figure 3. The OV3 distributions for the leading jets in the 2TeV Z 0 ! tt̄ MC sample, a multijet-
dominated 2011 data sample, and the multijet MC sample. The data and multijet MC distributions
are from the samples prior to making any b-tagging or jet mass requirements on either jet, and so
are dominated by light quark/gluon jets.

and �R(topo, i) is the ⌘ � � distance between the ith parton and a given topocluster.

The first sum is over the three partons in the template and the second sum is over all

topoclusters that are within �R(topo, i) = 0.2 and that have p
T

> 2 GeV. The weighting

variable is

�i = Ei/3. (6.2)

The three tunable parameters in the OV
3

calculation — the size of the cone used to

match topoclusters with the parton, the minimum p
T

requirement on the topocluster, and

the weight �i — have been determined from studies of the tagger’s performance judged by

tagging e�ciency and background rejection. The overall performance is insensitive to the

specific parameter values chosen. The OV
3

distributions for a Z 0 MC sample, a multijet-

dominated 2011 data sample, and the multijet MC sample are shown in figure 3, illustrating

the separation of top-quark jets from the light quark/gluon jets in the large OV
3

region.

The jet mass, mj , defined as the invariant mass of the topoclusters added together

as massless four-momenta [51], has been shown to be an e↵ective discriminant between

top-quark jets and light quark/gluon jets, even in the presence of multiple pp interac-

tions [52, 53]. A data-driven pile-up correction scheme for the jet mass is used, which

measures the average mass shift experienced by jets using the flow of energy far from the

jet as a function of the number of multiple interactions in the event [54, 55]. The discrimi-

nation of the pile-up-corrected jet mass between light quark/gluon jets and top-quark jets

is illustrated in figure 4 for the leading and next-to-leading (or recoil) jet in the MC events

that satisfy the Top Template Tagger selection.

The jet mass mj is required to be within ±50 GeV of the top-quark mass.
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Figure 25: Leading-pT jet mass comparing Z0 ! tt̄ (mZ0 = 1.6 TeV) signal to POWHEG multi-jet
background for jets in the range 600  pjet

T < 800 GeV. The dotted lines show the ungroomed leading-pT
jet distribution, while the solid lines show the corresponding trimmed ( fcut = 0.05, Rsub = 0.3) jets. The
groomed distributions are normalized with respect to the ungroomed distributions, which are themselves
normalized to unity.
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Figure 26: Leading-pT jet splitting scale
p

d12 comparing Z0 ! tt̄ (mZ0 = 1.6 TeV) signal to POWHEG
multi-jet background for jets in the range 600  pjet

T < 800 GeV. The dotted lines show the ungroomed
leading-pT jet distribution, while the solid lines show the corresponding trimmed ( fcut = 0.05, Rsub = 0.3)
jets. The groomed distributions are normalized with respect to the ungroomed distributions, which are
themselves normalized to unity.
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•  Multiple algorithms can be used to tag boosted tops [ATLAS-CONF-084] 

•  Use of substructure variables (splitting scales, N-subjetiness, masses …) 
•  This talk: focuses mainly on three algorithms: 

•  Splitting scale + mass criterion è single-lepton tt resonances [ATLAS-CONF-2013-052] [PRD88,012004 (2013)] 

•  HEPTopTagger & Top Template Tagger è fully-hadronic decaying tt resonances [JHEP01(2013)116] 

•  Choice between taggers based on the expected signal efficiency, background rejection. 

[ATLAS-CONF-2012-065] 

Hadronic boosted tops: How ? 
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[Plehn et al. 1006.2833],
[ATLAS-CONF-084] 

Boosted top quarks 

Splitting scale 
 

•  Defined as: 
 
 
•  Example: require for « large R » 

jet to have 

Top Template Tagger 
 

•  Compares the energy flow in 
data and the ones obtained from 
MC. 

•  For each comparison, a variable 
is computed (OV3) 

•  Top candidate mass (m) must 
verify: |m-mtop| < 50 GeV 

 

 
 
 
 

HEPTopTagger 
 
 
 

•  Divides CA jets into subjets. 
•  Filtering: remove underlying 

event / pile-up contributions. 
•  Combinations of remaining 

subjets to form the top quark 
(conditions on masses, masses 
ratios …). 

 
 

[JHEP01(2013)116] 
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•  pT-dependant isolation used to avoid this effect: so-called mini-isolation.  
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[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. 



How does a boosted tt event look like ? 
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[ATLAS-CONF-2013-052] 

Boosted top quarks 

2.5 TeV tt event 
candidate 
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Benchmark scenarios 

BOOST2013 - Boosted tops in searches 

q

q

t
Z´

t

Z’ boson 
•  Predicted in some leptophobic topcolor models 
•  Narrow resonance: Γ/m = 1.2 % 
•  LO cross-section and generation using PYTHIA 
•  K-factor of 1.3 to account for NLO effects. 

q

q

t
Z´

t

gKK boson 
•  Predicted in some Randall-Sundrum models 
•  Broad resonance: Γ/m = 15.3 % 
•  LO cross-section and generation using MADGRAPH 
•  No K-factor applied 

6 

gKK 



TTBAR RESONANCES SEARCHES 
Fully hadronic decaying tt pairs with 4.7 fb-1 @ 7 TeV 
Based on JHEP01(2013)116 
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Analysis strategy 
•  Considers only highly-boosted top quarks. 
•  Final state contains only two « large – R » jets containing all the decay 

products of the tops. 
•  Uses two top taggers sensitive to different pT regimes (both are tested) 
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Analysis strategy 
•  Considers only highly-boosted top quarks. 
•  Final state contains only two « large – R » jets containing all the decay 

products of the tops. 
•  Uses two top taggers sensitive to different pT regimes (both are tested) 

BOOST2013 - Boosted tops in searches 

q 

q’ 

•  Event selection 
•  Trigger  
•  Quality criteria  
•  One Primary Vertex (PV) with at least 5 tracks  
•  The 2 leading jets pass the tagger requirement: 

•  HEPTopTagger 
•  At least two C/A (R=1.5) jets with pT > 200 GeV and |η| < 2.5  

•  Top Template Tagger 
•  At least two anti-kt (R=1.0) jets with pT > 500 GeV and |η| < 2.0 (leading) and pT > 450 GeV (recoil)  

•  b-tag requirement 
•  Small-radius jets (anti-kt (R=0.4)) with pT > 25 GeV and |η| < 2.5 are used. 
•  At least one b-tagged jet within ΔR = 1.4 (ΔR = 1.0) from a fat jet 

•  Lepton veto 

7 Fully hadronic resonances 



HEPTopTagger-based analysis 
•  Signal selection efficiency 

•  More efficient for middly-boosted top quarks 
•  Not efficient @ low Z’ mass (not boosted regime yet) 

•  Background estimation 
•  Done in several control regions, then extrapolated to signal region 
•  tt normalisation based on data-driven estimate 
•  Multijet shape predicted by the behaviour in the control regions 
 

•  tt mass reconstruction 
•  Z’ (or gKK) 4-vector = sum of the two top candidates’ 4-vectors 

BOOST2013 - Boosted tops in searches 8 

Z’ mass [TeV] Efficiency [%] 

0.5 0.03 ± 0.01 

1.0 4.76 ± 0.09 

1.6 5.40 ± 0.10 

2.0 4.44 ± 0.10 J
H
E
P
0
1
(
2
0
1
3
)
1
1
6

1 top-tag � 2 top-tags

no b-tag U(0.3%) V(2.4%)

1 b-tag W(3.2%) X(24.3%)

� 2 b-tags Y(22.5%) Z(80.9%)

Table 2. The classes of events used to calculate the data-driven prediction for multijet background
events in the HEPTopTagger analysis. The numbers in parentheses are the estimated tt̄ purities in
each region, given by the expected number of events arising from SM tt̄ production divided by the
number of observed events in that region.
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Figure 6. The distribution of the HEPTopTagger top-quark jet candidate mass in the sideband
region Y for data, the templates for multijet background and SM tt̄ production and the fitted sum.

template is taken from simulation. The multijet background template is defined as the

data distribution in region W after subtracting the small contribution expected from SM

tt̄ production in that region.

The result is shown in figure 6. The selection of the top-quark candidate closest in

mass to the top-quark mass when multiple top-quark candidates are reconstructed causes

a small bias in the multijet background distribution, as seen in the figure. The ratio of

the fitted tt̄ event yield to the predicted yield is 1.01 ± 0.09, where the uncertainty is

statistical. This ratio is used to correct the normalisation of the SM tt̄ contribution in the

determination of the multijet background in the signal region. The resulting SM tt̄ yield

in signal region Z is estimated to be 770+220

�180

(stat.�syst.) events.

The multijet background is estimated by exploiting the fact that the number of b-tags

and the number of top-quark tags are uncorrelated for this background.4 The shape of the

4The HEPTopTagger does not use b-tagging information internally and hence the probability for a

multijet background event to fake a top-quark signal is independent of the probability for it to fake a
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Figure 13. Distributions of the tt̄ invariant mass m
tt̄

. The HEPTopTagger data, the SM tt̄
background prediction, the multijet background prediction and a hypothetical Z 0 signal with m

Z

0 =
1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the
multijet background prediction and a hypothetical KK gluon signal with m

KKg

= 1.6 TeV are
shown in (b). Data points show statistical uncertainties only.
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Top Template Tagger-based analysis 
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•  Signal selection efficiency 
•  More efficient for highly-boosted top quarks 
•  Not efficient @ low Z’ mass (not boosted regime yet) 

•  Background estimation 
•  tt estimation from MC 
•  Multijet estimation data-driven using several control regions 
 

•  tt mass reconstruction 
•  Similar to the HEPTopTagger analysis method 

Z’ mass [TeV] Efficiency [%] 

0.5 – 

1.0 0.48 ± 0.05 
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Figure 13. Distributions of the tt̄ invariant mass m
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. The HEPTopTagger data, the SM tt̄
background prediction, the multijet background prediction and a hypothetical Z 0 signal with m

Z

0 =
1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the
multijet background prediction and a hypothetical KK gluon signal with m

KKg

= 1.6 TeV are
shown in (b). Data points show statistical uncertainties only.
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Figure 4. Pile-up-corrected jet mass distribution in the multijet and tt̄ MC samples for (a) the
leading and (b) recoil jets. In both cases, the jet mass requirement has been applied on the opposing
jet in the event. The distributions are independently normalised to unit area.
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Results and systematic uncertainties 
•  Yields after both selections (statistical + systematic uncertainties) 

 

•  No significant excess found in the data compared to background prediction. 

•  Main systematic uncertainties: 
•  b-tagging efficiency, inefficiency 
•  Jet Energy Scale 
•  tt normalisation 

BOOST2013 - Boosted tops in searches 10 Fully hadronic resonances 

HEPTopTagger Template Top Tagger 

tt 770    j 59   j 

Multijet 130 ± 70 53 ± 6 

Total background 900 jcc 112 ± 27 

Data 953 123 

+220 
-180 

+27 
-26 

+ 230 
- 235  



Setting limits 

•  No excess found: 95 % CL limits are set. 
•  Using a Bayesian approach 
•  Limits set for each of the analyses 

independently. 

•  Combination: the analysis leading to the 
best expected limit is chosen. 

 
•  Final observed limits: 
 

BOOST2013 - Boosted tops in searches 11 Fully hadronic resonances 
H

EPTopTagger 
Top Tem

plate Tagger 

Sample Mass limits [TeV] 
95 % CL limits 

Z’ 0.70 – 1.00 
1.28 – 1.32 

gKK 0.70 – 1.62 



TTBAR RESONANCES SEARCHES 
Single lepton channel with 14.3 fb-1 @ 8 TeV 
Based on ATLAS-CONF-2013-052 
 
NB: 7 TeV analysis :  PRD 88, 012004 (2013) 
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Analysis strategy 

BOOST2013 - Boosted tops in searches 

•  Analysis designed to cover the whole tt mass range: 
•  Resolved analysis: non-boosted topologies 
•  Boosted analysis: fully-boosted topologies 

•  Consider electron and muon channels. 
•  Both analyses are orthogonal: combined for limit setting. 

12 Single lepton resonances 



Analysis strategy 
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Single lepton tt phase space 

RESOLVED 
 
 
 
 
 
 

Fully 
resolved 

Semi-boosted 

•  Analysis designed to cover the whole tt mass range: 
•  Resolved analysis: non-boosted topologies 
•  Boosted analysis: fully-boosted topologies 

•  Consider electron and muon channels. 
•  Both analyses are orthogonal: combined for limit setting. 

12 Single lepton resonances 

BOOSTED 
 
 
 
 
 
 



Analysis strategy 

BOOST2013 - Boosted tops in searches 

RESOLVED 
 
 
 
 
 

BOOSTED 
 
 
 
 

•  The common event selection requires to: 
•  Trigger (lepton-based) 

•  Quality criteria 

•  One Primary Vertex (PV) from which originate at least 5 tracks 

•  Exactly one electron with pT > 25 GeV and |η|<2.47 or one muon with pT > 25 GeV and |η|<2.5 

•  Missing transverse energy (ET
miss) and transverse W mass MT(W) 

•  ET
miss > 30 GeV and MT(W) > 30 GeV 

•  ET
miss > 20 GeV and MT(W)+MET > 60 GeV 

12 Single lepton resonances 

•  Analysis designed to cover the whole tt mass range: 
•  Resolved analysis: non-boosted topologies 
•  Boosted analysis: fully-boosted topologies 

•  Consider electron and muon channels. 
•  Both analyses are orthogonal: combined for limit setting. 



Event selection and reconstruction 
Boosted topology 

BOOST2013 - Boosted tops in searches 13 Single lepton resonances 
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The e↵ect of rebining for the limit setting.
The e↵ect on the systematic uncertainties on the expected limit.
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•  The boosted selection requires: 
•  At least 1 small radius jet, with pT > 25 GeV, |η| < 2.5 close (ΔR < 1.5) to the lepton 

•  At least 1 anti-kt (R=1) jet, with pT > 300 GeV, |η| < 2 and mjet > 100 GeV. 

•  Top tagging :  

•  At least one small radius jet anywhere in the event is b-tagged 

•  Main remaining backgrounds: SM tt, W+jets 
•  Estimated mainly from MC 

•  Multijets background estimated from data 

•  W+jets is semi data-driven with several scale factors derived from data 

BOOSTED 
 
 
 
 



Event selection and reconstruction 
Boosted topology 
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•  Reconstruction 

•  Hadronic top: 4-vector of the « large-R » jet. 
•  Semi-leptonic top: highest-pT « small-R » jet (close to the lepton) combined to the lepton and the neutrino  
4-momenta (the latter derived from Et

miss and lepton kinematics with a constraint on the W mass). 

BOOSTED 
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RESOLVED 
 
 
 
 
 

Semi-boosted case 

15 Single lepton resonances 

Event selection and reconstruction 
Resolved topology 
•  The resolved selection requires: 

•  If one small radius jet with mjet > 60 GeV, at least 3 jets are required (semi-boosted case). 

•  Otherwise, at least 4 small radius jets 

•  At least one jet is b-tagged. 

•  Required not to pass the boosted selection 



Event selection and reconstruction 
Resolved topology 

BOOST2013 - Boosted tops in searches 16 Single lepton resonances 

•  Reconstruction 

•  Performed using a χ2 algorithm. 
•  Two functions: one for each case (with / without high mass jet) 
•  Based on comparison with MC expectations. 

RESOLVED 
 
 
 
 
 



Combining analyses 
•  Selection efficiency 

•  High mass tt pairs mainly selected by the boosted analysis and the semi-boosted one. 
•  Low mass regime (until ~800 GeV) dominated by the resolved analysis. 

 

•  tt mass spectrum 
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Results and systematic uncertainties 
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Resolved Boosted 

JES (small radius jets) 6 % 0.7 % 

JES+JMS (large radius jets) 0.3 % 17 % 

tt normalisation 8 % 9 % 

PDF 2.9 % 6 % 

tt EW virtual correction 2.2 % 4 % 

b-tagging efficiency 4 % 3.4 % 

•  Main systematic uncertainties (on the background yields): 

•  Yields after events selection (uncertainties include normalisation/cross section uncertainties): 

Resolved Boosted 

SM tt 211,000 ± 33,000 4,900 ± 1,100 

Total Background 283,000 ± 39,000 5,600 ± 1,200 

Data 280,251 5,122 

18 Single lepton resonances 



Limits setting 
•  Search for local excess 

•  Comparing MC-predicted and data-observed spectra, taking into account the systematic uncertainties 
•  No excess found 

 

•  Setting limits using a bayesian technique 
•  Limits established at a CL of 95 % 

•  Limits set up to 1.8 TeV on Z’ mass, and up to 2.0 TeV on gKK mass. 
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Summary 
•  Boosted tops are becoming a common tool to study physics at the TeV-scale, and 

improve significantly the sensitivity of ATLAS to New Physics particles.  
 

•  Especially, boosted tops are used in the context of tt resonance searches. 

•  No significant excess has been observed. 

 

•  Many updates are ongoing using the full 2012 dataset for these studies and many others. 
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Observed mass limit [TeV] 

Fully hadronic 
4.7 fb-1 @ 7 TeV 

Semi-leptonic 
14.3 fb-1 @ 8 TeV 

Semi-leptonic 
4.7 fb-1 @ 7 TeV 

Z’ 0.70 – 1.00 
1.28 – 1.32 0.5 – 1.8  0.5 – 1.74 

gKK 0.70 – 1.62 0.5 – 2.0 0.5 – 2.07 

Summary 



Summary 
•  Boosted tops are becoming a common tool to study physics at the TeV-scale, and 

improve significantly the sensitivity of ATLAS to New Physics particles.  
 

•  Especially, boosted tops are used in the context of tt resonance searches. 

•  No significant excess has been observed. 

 

•  Many updates are ongoing using the full 2012 dataset for these studies and many others. 

•  Thanks ! 
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ATLAS detector 
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•  ~4π sr detector 

•  Several sub-detectors: each of them sensitive to different types of particles. 

 

Backup 

Le spectromètre à muons [13]

Les muons sont les seules particules détectables (car les neutrinos n’interagissent pas avec le détecteur)
qui peuvent traverser les différentes parties du détecteur et atteindre le spectromètre à muons. Des aimants
créent un champ magnétique toröıdal afin de pouvoir déterminer les impulsions de ces particules dont les
trajectoires sont reconstruites à partir des chambres à muons.

Le système de déclenchement [14]

Au LHC, la fréquence de collision des paquets de protons est de 40 MHz. Il n’est pas pos-
sible, matériellement, d’enregistrer l’ensemble des collisions. Pour palier à ce problème, le système de

déclenchement (trigger en anglais) ne sélectionne que les événements potentiellement intéressants. Il base
sa sélection sur les dépôts réalisés dans les calorimètres, ainsi que les particules détectées dans les chambres
à muons, et leurs propriétés (impulsion transverse par exemple), ou des coups dans les détecteurs internes.
Après sélection, la fréquence d’enregistrement des événements est de 200 Hz, soit une réduction d’un facteur
2.105.

Quelques conventions de notation et de vocabulaire

Pour repérer les trajectoires des particules, il est important qu’un système de coordonnées soit défini.
Par définition, l’axe z sera considéré le long du faisceau de particules (axe de révolution du détecteur). Les
axes x et y sont alors définis de telle sorte que le trièdre (Oxyz) soit direct. La figure 2.5 montre ce système
de coordonnées.

Fig. 2.5 – Système de coordonnées dans le détecteur ATLAS. L’axe x est orienté vers le centre du LHC. L’im-
pulsion totale de la particule est représentée par le vecteur rouge. Le vecteur vert représente la composante
transverse de l’impulsion.

L’angle ϕ est compris entre -π et π, tandis que l’angle θ est compris entre 0 est π. Le plan (Oxy) est
perpendiculaire au faisceau de particules et est appelé plan transverse. La projection de l’impulsion dans
ce plan est appelée impulsion transverse PT .

Dans la suite, plusieurs variables seront utilisées, notamment :

– la rapidité, définie par la relation :

ρ =
1

2
ln

(

E + Pz

E − Pz

)

(2.1)
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Taggers and choices 
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•  Different taggers lead to different tagging efficiency / inefficiency 

•  Choice of the analysis done depending on their needs (large purity, large efficiency). 
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b-tagging 
• ATLAS: use of multivariate output to discriminate b jets 

from light ones. 
•  Inputs for the multivariate: 

•  Impact parameter of the jet 
•  Flight distance 
•  Displaced vertices  
•  … 

• Standard cut applied: 
•  0.6017 @ 2011 data è Eff 70 % 
•  0.7892 @ 2012 data è Eff 70 % 
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Jets algorithms 

BOOST2013 - Boosted tops in searches 

“jet-beam distance measure” diB. The distance measures relevant for our study are:11

anti-kT [16] : dij =
1

max
h
p2T i, p

2

Tj

i
R2

ij

R2

0

, diB =
1

p2T i

, (3.1)

C/A [24, 25] : dij =
R2

ij

R2

0

, diB = 1, (3.2)

kT [26, 27] : dij = min
⇥
p2T i, p

2

Tj

⇤ R2

ij

R2

0

, diB = p2T i (3.3)

VR [3] : dij =
1

max
h
p2T i, p

2

Tj

iR2

ij , diB =
⇢2

p4T i

. (3.4)

At each step in the clustering, the smallest entry in the set of all dij and diB is identified.

When a jet-jet distance is the smallest, the corresponding four-momenta are merged, while

if a jet-beam distance is the smallest, then the associated four-momentum is “merged with

the beam” and set aside. Here we will deal entirely with inclusive algorithms, where the

recursion continues until all jets are merged with the beam, and the algorithm returns

those merged jets whose pT is greater than some minimum value.12

3.1 Jet Trimming

The jet trimming procedure we advocate is an “outside-in” algorithm, meaning that a seed

jet determined through one jet finding method is reclustered using a subjet finding method.

Then a softness criteria is applied to the individual subjets to determine the final trimmed

jet. One could also imagine an “inside-out” algorithm, where small subjets are found first,

and clustering into a larger jet, again using some kind of softness criteria, but we will not

explore that option here.

The proposed algorithm proceeds as follows:

1. Cluster all cells/tracks into jets using any clustering algorithm. The resulting jets

are called the seed jets.

2. Within each seed jet, recluster the constituents using a (possibly di↵erent) jet al-

gorithm into subjets with a characteristic radius R
sub

smaller than that of the seed

jet.

3. Consider each subjet, and discard the contributions of subjet i to the associated seed

jet if pT i < f
cut

· ⇤
hard

, where f
cut

is a fixed dimensionless parameter, and ⇤
hard

is

some hard scale chosen depending upon the kinematics of the event.

4. Assemble the remaining subjets into the trimmed jet.

11For jet algorithm aficionados, we use “VR” to refer to the “AKT-VR” algorithm of Ref. [3].
12In an exclusive algorithm, the recursion stops when a predetermined distance measure dcut is reached,

at which point the unmerged jets are returned.
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

[Cacciari, Salam, arxiv:0802.1189] 
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Further study is necessary to understand how this jet trimming procedure would a↵ect

jet systematic errors in an actual experimental context. For example, jet energy scale sys-

tematics already require a correction from ISR/MI/pileup contamination, and exactly how

a jet energy correction would be applied in the case of trimmed jets is unclear. However, by

addressing ISR/MI/pileup contamination on a jet-by-jet basis, we expect that the system-

atic uncertainty associated with trimmed jets should not be any worse than for fixed-radius

jets. Moreover, it would be interesting to see whether the systematic shift in the invariant

mass peak from accidentally throwing away FSR subjets could be fixed through a simple

jet energy rescaling.

Finally, while the improvement in reconstruction from trimming is already quite help-

ful, it is nowhere near the in-principle improvement we saw in Sec. 2. Perhaps further

advances can be made through a better choice of the ⇤
hard

parameter or a di↵erent subjet

finding procedure. Whether any jet trimming algorithm can ever hope to approach the

theoretical limit in ISR/MI/pileup rejection is an important open question, but the gains

already seen in a simple trimming algorithm recommend its use at the LHC.
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•  Taggers: HEPTopTagger 
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HEPTopTagger
• A synthesis of using mass-drop, filtering, top mass window, W mass window techniques 

while C/A is used along the way 
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Figure 3. The OV3 distributions for the leading jets in the 2TeV Z 0 ! tt̄ MC sample, a multijet-
dominated 2011 data sample, and the multijet MC sample. The data and multijet MC distributions
are from the samples prior to making any b-tagging or jet mass requirements on either jet, and so
are dominated by light quark/gluon jets.

and �R(topo, i) is the ⌘ � � distance between the ith parton and a given topocluster.

The first sum is over the three partons in the template and the second sum is over all

topoclusters that are within �R(topo, i) = 0.2 and that have p
T

> 2 GeV. The weighting

variable is

�i = Ei/3. (6.2)

The three tunable parameters in the OV
3

calculation — the size of the cone used to

match topoclusters with the parton, the minimum p
T

requirement on the topocluster, and

the weight �i — have been determined from studies of the tagger’s performance judged by

tagging e�ciency and background rejection. The overall performance is insensitive to the

specific parameter values chosen. The OV
3

distributions for a Z 0 MC sample, a multijet-

dominated 2011 data sample, and the multijet MC sample are shown in figure 3, illustrating

the separation of top-quark jets from the light quark/gluon jets in the large OV
3

region.

The jet mass, mj , defined as the invariant mass of the topoclusters added together

as massless four-momenta [51], has been shown to be an e↵ective discriminant between

top-quark jets and light quark/gluon jets, even in the presence of multiple pp interac-

tions [52, 53]. A data-driven pile-up correction scheme for the jet mass is used, which

measures the average mass shift experienced by jets using the flow of energy far from the

jet as a function of the number of multiple interactions in the event [54, 55]. The discrimi-

nation of the pile-up-corrected jet mass between light quark/gluon jets and top-quark jets

is illustrated in figure 4 for the leading and next-to-leading (or recoil) jet in the MC events

that satisfy the Top Template Tagger selection.

The jet mass mj is required to be within ±50 GeV of the top-quark mass.
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Model Total E�ciency (%)

HEPTopTagger Template Tagger

Z 0 (0.5 TeV) 0.03± 0.01 —

Z 0 (0.8 TeV) 2.96± 0.08 —

Z 0 (1.0 TeV) 4.76± 0.09 0.48± 0.05

Z 0 (1.3 TeV) 5.67± 0.11 6.37± 0.13

Z 0 (1.6 TeV) 5.40± 0.10 8.13± 0.16

Z 0 (2.0 TeV) 4.44± 0.10 6.26± 0.13

g
KK

(0.7 TeV) 1.70± 0.13 —

g
KK

(1.0 TeV) 4.13± 0.21 0.74± 0.10

g
KK

(1.3 TeV) 5.14± 0.23 5.02± 0.25

g
KK

(1.6 TeV) 4.72± 0.22 6.43± 0.26

g
KK

(2.0 TeV) 4.44± 0.22 5.22± 0.21

Table 1. Total e�ciency (in %) for selecting Z 0 bosons and KK gluons (gKK) that have decayed to
tt̄ pairs. These are the e�ciencies determined by the MC calculations divided by the SM branching
fraction of 46% for both top quarks to decay hadronically. All uncertainties are statistical only.

6 The Top Template Tagger method

The Top Template Tagger method [13, 14] is based on the concept that an infrared-safe

set of observables can be defined that quantify the overlap between the observed energy

flow inside a jet and the four-momenta of the partons arising from a top-quark decay. An

“overlap function” ranging from 0 to 1 is defined that quantifies the agreement in energy

flow between a given top-quark decay hypothesis (a template) and an observed jet. One

then cycles over a large set of templates chosen to cover uniformly the 3-body phase space

for a top-quark decay at a given p
T

and finds the template that maximises this overlap,

denoted as OV
3

. A requirement of OV
3

> 0.7 is made.

Sets (or “libraries”) of approximately 300,000 templates are generated in steps of top-

quark p
T

of 100 GeV starting from 450 GeV by calculating the parton-level daughters for a

top quark in its rest frame and then boosting the daughters to the p
T

of the given library.

Studies of the top-quark jet tagging e�ciency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the p
T

steps and the min-

imum number of templates for each library that maximise the top-quark tagging e�ciency

while retaining high rejection against light quark/gluon jets. For each jet candidate, the

overlap function is defined as

OV
3

= max
{⌧

n

}
exp

"
�

3X

i=1

1

2�2

i

⇣
Ei �

X

�R(topo,i)

<0.2

E
topo

⌘
2

#
, (6.1)

where {⌧n} is the set of templates defined for the given jet p
T

, Ei are the parton energies of

the top-quark decay daughters for the given template, E
topo

is the energy of a topocluster,
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Expected behaviour: 
•  Ttbar decay candidate: the argument can reach ~0 

 è OV3 -> 1 
•  QCD (dominated by dijet events) can lead to << 0 arguments 

 è OV3 -> 0 
 
Analysis: top-tagged if OV3 > 0.7 and mass verifies: |m-mtop| < 50 GeV 
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1 top-tag � 2 top-tags

no b-tag U(0.3%) V(2.4%)

1 b-tag W(3.2%) X(24.3%)

� 2 b-tags Y(22.5%) Z(80.9%)

Table 2. The classes of events used to calculate the data-driven prediction for multijet background
events in the HEPTopTagger analysis. The numbers in parentheses are the estimated tt̄ purities in
each region, given by the expected number of events arising from SM tt̄ production divided by the
number of observed events in that region.
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Figure 6. The distribution of the HEPTopTagger top-quark jet candidate mass in the sideband
region Y for data, the templates for multijet background and SM tt̄ production and the fitted sum.

template is taken from simulation. The multijet background template is defined as the

data distribution in region W after subtracting the small contribution expected from SM

tt̄ production in that region.

The result is shown in figure 6. The selection of the top-quark candidate closest in

mass to the top-quark mass when multiple top-quark candidates are reconstructed causes

a small bias in the multijet background distribution, as seen in the figure. The ratio of

the fitted tt̄ event yield to the predicted yield is 1.01 ± 0.09, where the uncertainty is

statistical. This ratio is used to correct the normalisation of the SM tt̄ contribution in the

determination of the multijet background in the signal region. The resulting SM tt̄ yield

in signal region Z is estimated to be 770+220

�180

(stat.�syst.) events.

The multijet background is estimated by exploiting the fact that the number of b-tags

and the number of top-quark tags are uncorrelated for this background.4 The shape of the

4The HEPTopTagger does not use b-tagging information internally and hence the probability for a

multijet background event to fake a top-quark signal is independent of the probability for it to fake a
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Figure 6. The distribution of the HEPTopTagger top-quark jet candidate mass in the sideband
region Y for data, the templates for multijet background and SM tt̄ production and the fitted sum.
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tt̄ production in that region.

The result is shown in figure 6. The selection of the top-quark candidate closest in
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a small bias in the multijet background distribution, as seen in the figure. The ratio of

the fitted tt̄ event yield to the predicted yield is 1.01 ± 0.09, where the uncertainty is

statistical. This ratio is used to correct the normalisation of the SM tt̄ contribution in the

determination of the multijet background in the signal region. The resulting SM tt̄ yield

in signal region Z is estimated to be 770+220

�180

(stat.�syst.) events.

The multijet background is estimated by exploiting the fact that the number of b-tags

and the number of top-quark tags are uncorrelated for this background.4 The shape of the

4The HEPTopTagger does not use b-tagging information internally and hence the probability for a

multijet background event to fake a top-quark signal is independent of the probability for it to fake a

– 14 –

Region Y 

• Multijet estimation 
•  Data driven, after substraction of the ttbar 

expected contamination.  
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multijet background for a given variable (e.g. mt¯t) is estimated from the weighted average

of the distribution of that variable in regions V and X, normalised by the yields in regions

U and W respectively, and scaled by the event count in region Y:

dnZ

dmt¯t
=

✓
1

nU
⇥ dnV

dmt¯t
+

1

nW
⇥ dnX

dmt¯t

◆
⇥ nY

2
, (7.1)

in which ni is the number of events in region i after subtracting the expected SM tt̄

background normalised to the observed tt̄ yield. Hence the tt̄ and multijet background

contributions are anti-correlated. The resulting estimate for the multijet background in

the signal region is 130± 70 (stat.�syst.) events.

To check that the multijet and SM tt̄ background predictions are consistent with the

data and to illustrate that the HEPTopTagger identifies top-quark jets e↵ectively, figures 7

and 8 show comparisons of predicted and observed distributions in the signal region: of the

fat-jet mass (figure 7(a)), the top-quark candidate mass (figure 7(b)), and the substructure

variables m
23

/m
123

(figure 8(a)) and arctan(m
13

/m
12

) (figure 8(b)). In these ratios m
123

is the invariant mass of all three subjets and mij is the invariant mass of subjets i and j,

where the subjets have been sorted by p
T

in descending order. The data are consistent

with the sum of the multijet and SM tt̄ background predictions for all distributions.

7.2 Background determination in the Top Template Tagger analysis

The multijet background for the Top Template Tagger analysis is estimated in a manner

similar to the HEPTopTagger analysis. Various control regions are used in order to reduce

biases resulting from the observed correlations in Top Template Tagger tagging e�ciencies

between the recoil and leading jet.

The sample of events in the Top Template Tagger analysis prior to requiring either

top-quark tags or b-quark tags is divided into 16 discrete and non-overlapping subsamples,

as shown in figure 9. The jet mass requirement has been applied to both the leading

and recoil jets in all subsamples. An expected correlation in the masses of the leading

and recoil jets [56] leads to a non-negligible correlation in the top-quark tagging e�ciency

for the two jets in dijet events. On the other hand, the b-quark tagging e�ciency of the

two jets is uncorrelated. Jets produced from bb̄ pairs would create a small correlation,

but their overall rate is expected to be negligible in the samples used below to calculate

the multijet background.

The rate of multijet background events in the signal region (subsample P) is calculated

with an iterative method that uses the lack of correlation in b-tagging e�ciencies between

the leading and recoil jets. In its simple form, a two-dimensional-sideband counting tech-

nique for background estimation requires events to be selected using pairs of uncorrelated

variables. For example, in our subsample grid, the top-tagging state of the leading jet is not

correlated to the b-tagging state of the recoil jet in multijet background events. Therefore,

the ratio of background events in region D to region C should be the same as the ratio of

background events in region B to region A. This relation can be used to predict the back-

ground rate in region D using the observed rates in the other three regions. The predicted

b-quark signal. This is verified using dijet MC samples.
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Figure 9. The 16 subsamples into which the Top Template Tagger data are divided, based on
whether the leading and recoil jets have a b-quark tag, and on whether they satisfy the Top Template
tag requirements of OV3 > 0.7. The jet mass requirement of |m

j

�m
t

| < 50 GeV is applied to both
jets for all subsamples. The colour coding (in the online version) reflects the anticipated level of
expected signal from both SM tt̄ production and possible production of tt̄ states through resonant
production: < 0.25% (light green: A,C,E), 0.25�10% (shades of yellow: B, D, F-J, O), and > 10%
(red: K-N).

number of SM tt̄ events in each subsample (which is of order 1% or less for each region

used in the background calculation) is subtracted before this calculation is performed.

A number of the subsamples (regions K, L, M, and N) can contain potential tt̄ con-

tributions from beyond-the-SM processes and therefore cannot be used in this method.

Furthermore, the AJOP grid cannot be used to predict the background rate in region P,

due to the correlation in the top-tagging rates for the leading and recoil jets. An iterative

calculation is performed: background rates in subsamples K and M are determined with

subsamples not potentially contaminated with top-quark jets, and these predicted rates are

then used in a subsequent step to predict the background rate in the Top Template Tagger

signal region:

K 0 = NJ ⇥ NF

NE
(7.2)

M 0 = NF ⇥ NO

NC
(7.3)

P 0 = K 0 ⇥ M 0

NF
=

NJ ⇥NO ⇥NF

NE ⇥NC
, (7.4)

where the NX in these equations are the observed number of events in subsample X and

K 0, M 0, and P 0 are the predicted multijet background contributions in the associated

subsample.
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Backup 

Figure 2 shows the reconstructed boson masses for four hypothesized Z′ masses together with the
corresponding difference between true and reconstructed mass. The tails of the high-mass resonances in
the distributions of Figure 2 are mainly caused by the convolution of the Z′ line shape and the steeply
falling parton distribution functions.

7 Backgrounds determined from data

Two important backgrounds, W+jets and multi-jet production, are estimated partially or fully from data.
The W+jets background for events passing the resolved selection, including its shape, is estimated

based on samples of simulated Alpgen events. The fractions of different flavor components (W + bb̄,
cc̄, c and light quarks) are rescaled by a set of factors extracted from a W+jets dominated region, where
the b-tagging requirement is removed and the existence of exactly two jets is required. These scale
factors are determined separately for each channel by comparing the data and expected background in
subsamples of different b-jet and lepton charge. They are then extrapolated into higher-jet-multiplicity
bins with the assumption of constant relative ratio while keeping the overall normalization unchanged.

The overall yields of W+jets events are then normalized by comparing the observed charge-asymmetry
of W boson production from data [68, 69] and the predicted charge-asymmetry from Monte Carlo:

NW+ + NW− =

(
rMC + 1
rMC − 1

)
(Dcorr+ − Dcorr−), (3)

where rMC is the ratio between the W+ to W− boson event yields in Monte Carlo after selection, and
Dcorr+(−) is the number of observed events with a positively (negatively) charged lepton. Charge-symmetric
contributions from tt̄, Z+jets and multi-jet processes cancel in the difference. Slightly charge asymmet-
ric contributions from the remaining backgrounds such as single top are estimated using Monte Carlo
simulation. This is again performed without any b-tagging requirement and for different lepton flavors
and jet multiplicity bins respectively. The resulting normalization scale factors are consistent with unity
within statistical and systematic uncertainties of approximately 17%.

A similar but modified method is used to determine the W+jets normalization for the events pass-
ing the boosted selection. In this case, the same formula is used as above, a W+jets dominated sample
is obtained by applying the boosted selection but without the b-tagging, ∆φ(jet, l) > 2.3, jet mass and√

d12 requirements. The resulting scale factor for the W+jets normalization is approximately 0.65 (0.80)
for the electron (muon) channel but with a combined statistical and systematic uncertainty of approxi-
mately 19%. The systematic uncertainties considered for the W+jets estimation, in both the resolved and
boosted selections, include flavor-fraction uncertainties and MC uncertainties as well as other resolution,
reconstruction and identification efficiency uncertainties.

The normalization and shape of the multi-jet background are determined directly from data using
a matrix method [70] for both resolved and boosted selections. This method makes use of samples of
events that possess similar kinematic characteristics but are enriched in multi-jet events, obtained with
relaxed lepton identification criteria such as isolation requirement. The yields and kinematic distributions
of multi-jet background in the signal region can then be derived by applying the efficiency and false-
identification rate of the relaxed selection on such sample. The efficiency is estimated from Monte Carlo
samples of prompt lepton sources, and validated against data. The false-identification rate is directly
estimated from data in a multi-jet-enriched control region by requiring low Emiss

T and mT, as well as a
high transverse impact parameter significance. For the boosted channel, this control region is further
purified by requiring the absence of a high-mass large-radius jet with pT > 150 GeV.

A conservative 50% systematic uncertainty is assigned to the predicted multi-jet yields, motivated
by considering changes in the estimation from alternative loose lepton definition, parameterization of the

8

•  Multijet background 
•  Using the matrix method. 
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the longitudinal component of the neutrino momentum, pz, is computed by imposing an on-shell W
boson mass constraint on the lepton plus Emiss

T system. If two real solutions exist, then the solution with
the smallest |pz| is chosen in the boosted selection while both are tested for the resolved selection. In
events where no real solution is found, the Emiss

T is rescaled and rotated, applying the minimum variation
necessary to find exactly one real solution [67]. This procedure is justified since mismeasurement of
the missing transverse energy is the most likely explanation for a lack of solution to the pz equation,
assuming that the lepton indeed comes from a W boson decay.

For the resolved reconstruction, a χ2 algorithm is used to select the best assignment of jets to the
hadronically and semileptonically decaying top quarks. The χ2 algorithm uses the reconstructed top
quark and W boson masses as constraints. All possible permutations for four or more jets are tried and
the permutation with the lowest χ2 is used to calculate mreco

tt̄ . If there are two solutions for the neutrino
longitudinal momentum, both are tried as well. The χ2 algorithm is:

χ2 =

[
m j j − mW

σW

]2

+

[
m j jb − m j j − mth−W

σth−W

]2

+

[
m j#ν − mt#

σt#

]2

+

[
(pT, j jb − pT, j#ν) − (pT,th − pT,t#)

σdiffpT

]2

, (1)

where the expected mean mass (m), transverse momentum (pT) and the standard deviations (σ) in each
term are derived from Monte Carlo simulation.6 The hadronically and semi-leptonically decaying top
quarks are denoted by th and t#, respectively, and j and b denote the jets originating, respectively, from
the light quarks and b quarks. The first term is the mass constraint for the hadronically decaying W
boson. The second term corresponds to the invariant mass of the hadronically decaying top quark, but
since the invariant mass of the jets from the W candidate (m j j) is heavily correlated with the mass of
the three jets from the hadronic top candidate (m j jb), the mass of the hadronically decaying W boson is
subtracted to decouple this term from the first one. The third term represents a mass constraint on the
semi-leptonically decaying top quark, and the last term weakly constrains the transverse momenta of the
two top quarks to be similar, as expected for a resonance decay or SM tt̄ production. The parameters
are determined from Monte Carlo simulation studies comparing partons from the top quark decay with
reconstructed objects.

If one of the jets has a mass larger than 60 GeV, the χ2 is slightly modified:

χ2 =



m jJ − mth

jJ

σth
jJ




2

+

[
m j#ν − mt#

σt#

]2

+

[
(pT, jJ − pT, j#ν) − (pT,th − pT,t#)

σdiffpT

]2

, (2)

with J referring to the high-mass jet, and where the dijet mass-difference term, m jJ − mth
jJ , allows the

merging of either both quarks from W boson decay, or one quark from W boson decay with the b quark
from top quark decay.7

For the boosted reconstruction, there is no ambiguity in the assignment of jets. The hadronically
decaying top quark four-momentum is taken to be that of the large-radius jet, while the semi-leptonically
decaying top quark four-momentum is formed from the neutrino solution from the W boson mass con-
straint, the high-pT lepton and the selected small-radius jet.

6The values used are mW = 83.3 GeV, mth−W = 91.1 GeV, mt# = 168.2 GeV, σW = 10.8 GeV, σth−W = 14.2 GeV,
σt# = 20.6 GeV, pT,th − pT,t# = −8.7 GeV and σdiffpT = 55.0 GeV.

7The values of mth
jJ and σth

jJ are determined from simulation to be 173.5 GeV and 16.3 GeV, respectively.
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with J referring to the high-mass jet, and where the dijet mass-difference term, m jJ − mth
jJ , allows the

merging of either both quarks from W boson decay, or one quark from W boson decay with the b quark
from top quark decay.7

For the boosted reconstruction, there is no ambiguity in the assignment of jets. The hadronically
decaying top quark four-momentum is taken to be that of the large-radius jet, while the semi-leptonically
decaying top quark four-momentum is formed from the neutrino solution from the W boson mass con-
straint, the high-pT lepton and the selected small-radius jet.

6The values used are mW = 83.3 GeV, mth−W = 91.1 GeV, mt# = 168.2 GeV, σW = 10.8 GeV, σth−W = 14.2 GeV,
σt# = 20.6 GeV, pT,th − pT,t# = −8.7 GeV and σdiffpT = 55.0 GeV.
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Table 1: Average impact of the dominant systematic uncertainties on the total background yield and on
the estimated yield of a Z′ with m = 1.5 TeV. The electron and muon channel spectra are added. The
shift is given in percent of the nominal value. Certain systematic uncertainties are not applicable to the
Z′ samples, which is indicated with a bar (−) in the table.

Resolved selection Boosted selection
yield impact [%] yield impact [%]

Systematic Uncertainties total bkg. Z′ total bkg. Z′

Luminosity 2.9 4 3.3 4
PDF 2.9 5 6 2.9
ISR/FSR 0.2 − 0.7 −
Parton shower and fragm. 5 − 4 −
tt̄ normalization 8 − 9 −
tt̄ EW virtual correction 2.2 − 4 −
tt̄ Generator 1.5 − 1.6 −
W+jets bb̄+cc̄+c vs. light 0.8 − 1.0 −
W+jets bb̄ variation 0.2 − 0.4 −
W+jets c variation 1.1 − 0.6 −
W+jets normalization 2.1 − 1.0 −
Multi-Jet norm, e+jets 0.6 − 0.3 −
Multi-Jet norm, µ+jets 1.8 − 0.3 −
JES, small-radius jets 6 2.2 0.7 0.5
JES+JMS, large-radius jets 0.3 4 17 3.3
Jet energy resolution 1.6 0.4 0.6 0.7
Jet vertex fraction 1.7 2.3 2.1 2.4
b-tag efficiency 4 1.8 3.4 6
c-tag efficiency 1.4 0.3 0.7 0.9
Mistag rate 0.7 0.3 0.7 0.1
Electron efficiency 1.0 1.1 1.0 1.0
Muon efficiency 1.5 1.5 1.6 1.6
All systematic uncertainties 14 9 22 9

9 Comparison between data and expected background

After all event selection criteria are applied, 280251 resolved and 5122 boosted events remain. The event
yields from data and from the expected backgrounds are listed in Table 2, along with the normalization
uncertainties. The full treatment of systematic uncertainties was described in Sec. 8.

Good agreement is observed between the data and the expected background. Figures 3 and 4 show the
transverse momentum of the leading (small-radius) jet after the full resolved selection and the transverse
momentum of the selected large-radius jet after the boosted selection, respectively. In Figures 5 and
6, the reconstructed mass of the semi-leptonically and hadronically decaying top quark candidates are
shown, using the boosted event selection. Figure 7 shows the distribution of the first kt splitting scale of
the selected large-radius jet.

The tt̄ invariant mass spectra for the resolved and the boosted selections in the electron and muon
channels are shown in Figure 8. Figure 9 shows the tt̄ invariant mass spectrum for all channels added
together. Data agrees with the expected background within the uncertainties. The slight shape mismatch
between data and the expected background that can be seen especially for the resolved selection is fully
covered by the uncertainties. Systematic uncertainties which tilt the shape in this way are, e.g., the tt̄ gen-
erator uncertainty, electroweak virtual corrections, the small-radius jet scale and resolution uncertainties
and the ISR/FSR modeling. All of them are significant uncertainties in this analysis.
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Single lepton results @ 7 TeV vs 8 TeV 

BOOST2013 - Boosted tops in searches 

8 TeV 7 TeV 
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Single lepton vs Fully-hadronic @ 7 TeV 

BOOST2013 - Boosted tops in searches 

Sample Mass limits [TeV] 
95 % CL limits 

Z’ 0.70 – 1.00 
1.28 – 1.32 

gKK 0.70 – 1.62 

Full-hadronic 

Single lepton 

B-13 

 [ATLAS-CONF-2013-052] [PRD88,012004 (2013)] 


