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Introduction

Benchmark models: a leptophobic Z ′ and
Kaluza-Klein gluons from Randall-Sundrum
models with an extra dimension.

I Top colour-assisted technicolor (TC2)
Z ′TC2 → tt̄.

F Spin 1, color singlet, narrow width
(1.2%) modelled with SSM Z ′

(3%) width, Pythia 8 samples.

I Randall-Sundrum Kaluza-Klein gluon
gKK → tt̄.

F Spin 1, color octet, larger width
(10%-15%) Madgraph+Pythia 8
samples.

Models generate tt̄ pairs → we analyse the
semi-leptonic final state (lepton + neutrino
+ 4 jets).

tt̄ generation for signals

Introduction
Top resonances

Selection + Reco.
Backgrounds

Results and Outlook

Motivation
Benchmarks
Strategy

Benchmarks

So far we considered the following benchmark scenarios:

Topcolour-assisted technicolor (TC2)
Z �

TC2 → tt̄

Spin-1
Color singlet
Narrow width (1.2%) modelled with SSM
Z � (3%) width
Pythia8 samples

RS Kaluza-Klein Gluon gKK → tt̄

Spin-1
color octet
Wide (10-15%)
Madgraph+Pythia8 samples

q

q

t

t

J. Ferrando tt̄ Resonances (l+jets) at 8 TeV 4 / 61

References

C. T. Hill, Phys. Lett. B345
(1995) 483489.

B. Lillie, L. Randall, and
L.-T. Wang, JHEP 0709
(2007) 074.

R. M. Godbole and D.
Choudhury, arXiv:0810.3635
[hep-ph].

Danilo Ferreira de Lima (Univ. of Glasgow) tt̄ resonances 09/04/2013 2/18



10

Backgrounds

Largest uncertainties come from Jet Energy
Scale, b-tagging and PDF variations.

I SM tt̄ → largest background estimated
using MC@NLO.

I W+jets → use data-driven techniques.
I Multi-jets → small background,

estimated from data-driven methods.
I Single top, Z+jets, Diboson (small).

See example background production diagrams
below:

W+jets Z+jets
Multi-jets

Final state for tt̄
semi-leptonic decay

t

ν

l+

W 
+

b

tW 
–

b

q

q'

Single top production (Wt-channel)
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Final topologies for tt̄ decay

The top pairs may decay in two main topologies: well separated jets
and leptons, or boosted jet topologies → combined for limit setting.

A resolved top → Wb decay

Introduction
Top resonances

Selection + Reco.
Backgrounds

Results and Outlook

Motivation
Benchmarks
Strategy

Boosted Tops

Low Energy tops

t → bW , W → qq� gives three
distinct “jets”:

High Energy tops

top decay system is highly boosted
and reconstructed as only one jet:

Use Jet substructure to identify these boosted tops

J. Ferrando tt̄ Resonances (l+jets) at 8 TeV 6 / 61

Three small-R jets

A boosted top → Wb decay

Introduction
Top resonances

Selection + Reco.
Backgrounds

Results and Outlook

Motivation
Benchmarks
Strategy

Boosted Tops

Low Energy tops

t → bW , W → qq� gives three
distinct “jets”:

High Energy tops

top decay system is highly boosted
and reconstructed as only one jet:

Use Jet substructure to identify these boosted tops

J. Ferrando tt̄ Resonances (l+jets) at 8 TeV 6 / 61

A single large-R jet

Search done at 7 TeV (ATLAS-CONF-2012-136 and paper on the
way) and 8 TeV (the latter is not public yet).
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Strategy
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Separate merged and
unmerged top decays,
orthogonalising the
selection:

I Try to select events in the
boosted topology with
one large-R jet.

I Only if those events fail
the selection, check if
they pass a set of criteria
for the resolved topology.

Attempt to reconstruct the
mass of the tt̄ system.

Estimate backgrounds.

Search for peaks in the mtt̄

spectra.

Contribution: background
and systematics estimate for
the final result, the data-driven
multi-jet background estimate
was also done at 8 TeV.
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Selection criteria (I)

When the angular distance between the b-jet and the lepton
decreases, as the top is boosted, a better measure of the
isolation is used.

Leptons to satisfy a mini-isolation criteria, I `mini/p
`
T < 0.05,

with:
I `mini =

∑
tracks

ptrack
T ,

where ∆R(`, track) < 10GeV /p`T for the lepton ` →
variable ∆R is useful in boosted events.

Events must satisfy:

I Lepton (electron/muon) trigger passed.
I Exactly one electron/muon; and no lepton of the other

type.
I Emiss

T is > 30 GeV (e channel) or > 20 GeV (µ
channel).

I Transverse mass of the W boson (using selected lepton
and Emiss

T ), mT satisfies mT > 30 GeV (e channel) or
mT + Emiss

T > 60 GeV (µ channel).

Danilo Ferreira de Lima (Univ. of Glasgow) tt̄ resonances 09/04/2013 6/18



10

Selection criteria (II)
The boosted and resolved selections diverge. For the
boosted selection:

I at least one small-R jet close to the lepton
(referred to as the selected small-R jet, jsel );

I at least one large-R jet away from the selected
small-R jet.

For the resolved selection:

I at least three small-R jets among which one has
mass > 60 GeV or four small-R jets.

One jet is required to be b-tagged.

(ATLAS-CONF-2012-136)
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In the 8 TeV analysis,
trimming of large-R
jets is used →
improves pile up
resistance.

Trimming reclusters
subjets in each jet and
removes soft
interaction.
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Figure 6: The jet of Fig. 5 before (top left) and after (top right) trimming using a linear scale

where a cell’s area is proportional to its pT . Also shown in the lower panel is the catchment area of

the jet [4], where the empty black squares indicate cells that would have been clustered in the final

trimmed jet if all cells were given an infinitesimal amount of radiation. As we will discuss more in

Sec. 4.4, the jet’s area has been dramatically reduced, here to around 8% of its untrimmed value.

a seed jet cannot be contained within a single subjet of size Rsub. In such circumstances

the anti-kT algorithm, which clusters radiation from hardest to softest, will tend to create

imbalanced subjets by allocating most of the energy to one subjet, making it more likely

that the weaker subjet will be discarded when the softness criteria is applied. As the kT

algorithm clusters from softest to hardest, it is more likely to yield a equitable distribution

of energy between the subjet that contain FSR, making them less likely to be discarded by

the trimming procedure.

Finally, we must select a Λhard to set our criterion of hardness when judging a subjet’s

pT . This is a non-trivial choice, as different kinematical configurations call for different

scales, and the difference in reconstruction from different scale choices can be large. To

illustrate this, in Sec. 4 we will present two possibilities for Λhard: the seed jet’s pT , and

the effective mass of the event (i.e. the scalar sum of the transverse momenta: H =
�

pT ).

While we have only considered the simplest two scale choices, it would be interesting to

– 10 –

Untrimmed jet example
(arXiv 0912.1342)
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Figure 6: The jet of Fig. 5 before (top left) and after (top right) trimming using a linear scale

where a cell’s area is proportional to its pT . Also shown in the lower panel is the catchment area of

the jet [4], where the empty black squares indicate cells that would have been clustered in the final

trimmed jet if all cells were given an infinitesimal amount of radiation. As we will discuss more in

Sec. 4.4, the jet’s area has been dramatically reduced, here to around 8% of its untrimmed value.

a seed jet cannot be contained within a single subjet of size Rsub. In such circumstances

the anti-kT algorithm, which clusters radiation from hardest to softest, will tend to create

imbalanced subjets by allocating most of the energy to one subjet, making it more likely

that the weaker subjet will be discarded when the softness criteria is applied. As the kT

algorithm clusters from softest to hardest, it is more likely to yield a equitable distribution

of energy between the subjet that contain FSR, making them less likely to be discarded by

the trimming procedure.

Finally, we must select a Λhard to set our criterion of hardness when judging a subjet’s

pT . This is a non-trivial choice, as different kinematical configurations call for different

scales, and the difference in reconstruction from different scale choices can be large. To

illustrate this, in Sec. 4 we will present two possibilities for Λhard: the seed jet’s pT , and

the effective mass of the event (i.e. the scalar sum of the transverse momenta: H =
�

pT ).

While we have only considered the simplest two scale choices, it would be interesting to

– 10 –

Trimmed jet example
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Background estimate - QCD using the Matrix Method (I)

“loose” definition → no isolation.

“tight” definition → same as
analysis.

A Control Region is defined for the
false-identification rate:

I resolved → event fails the
Emiss

T and mT cuts and
|d0/σ(d0)| > 2.5 (4.0) for
electrons (muons).

I boosted → event fails Emiss
T

and mT cuts, which are
loosened to 60 GeV; inverts
the large-R mass cut; loosens
the large-R pT cut to 150 GeV;
and imposes |d0/σ(d0)| > 2.5
(4.0) for electrons (muons).

Jets can fake leptons → a “loose”
criteria is used to estimate QCD
events.

6. Samples and Process Modelling

Figure 6.1.: An illustration of the Matrix Method and the effect of the applied selection on
the underlying sample subsets.

The linear system of two equations with two unknown variables can be rewritten as a matrix
equation: (

Nloose

Ntight

)
=

(
1 1

εsig εfake

) (
N sig

N fake

)
(6.4)

Solving the matrix equations yields the signal and background contributions in the data sample
prior to the isolation cut:

N fake =
Ntight − εsigNloose

εfake − εsig
, (6.5)

N sig =
εfakeNloose − Ntight

εfake − εsig
. (6.6)

In order to determine the background contribution in the signal region (which corresponds to
the tight selection by construction), the fraction of N fake in the tight sample can be calculated
using Equation 6.5 as

N fake
tight = εfakeN fake

=
εfake

εsig − εfake

(
εsigNloose − Ntight

)
. (6.7)

If the selection probabilities εsig and εfake for signal and background, respectively, are sufficiently
different, the overall contribution of the QCD multijet background can be used to determine
event based weights for the used data sample in order to obtain the distributions of the QCD
multijet background contribution in arbitrary variables. This is done by assigning a weight
to each data event based on the chosen requirement and the corresponding signal and fake
probabilities of the objects taken into account for a given event. If it passes the loose selection
only, the event weight is given by setting Nloose = 1, Ntight = 0 in Equation 6.7, yielding

wloose =
εsigεfake

εsig − εfake
. (6.8)

Similarly, if both the loose and tight requirements are fulfilled, the event weight is given by
setting Nloose = 1, Ntight = 1 in Equation 6.7:

wtight =

(
εsig − 1

)
εfake

εsig − εfake
. (6.9)

This approach allows for a purely data driven estimation of both the normalisation and the
shape of the QCD multijet background in semileptonic decays of top quark pairs. The individual

54

(Credits to F. Kohn for the picture)
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Background estimate - QCD using the Matrix Method (II)
Data/MC comparison in the Control Region for mtt̄ .
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mtt̄ reconstruction

Boosted scenario, mtt̄ is built from the large-R jet, jsel , lepton and neutrino.

Resolved scenario, the χ2 method is used to choose the small-R jets contributing
to the mtt̄ : select the combination which minimizes the cost function.

χ2 =
[mjj −mW

σW

]2

+
[mjjb −mjj −mth−W

σth−W

]2

+[mjlν −mtl

σtl

]2

+
[ (pT ,jjb − pT ,jlν)− (pT ,th − pT ,tl )

σdiffpT

]2

Danilo Ferreira de Lima (Univ. of Glasgow) tt̄ resonances 09/04/2013 10/18
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mtt̄ spectra at 8 TeV
Top row: resolved events reconstructed with χ2. Bottom row: boosted events.

Data results are not public yet at 8 TeV.
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mtt̄ spectra at 7 TeV
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Summary (I)

Z’ mass [TeV]
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 uncertaintyσExp. 2 
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Obs. 95% CL upper limit

Exp. 95% CL upper limit

 uncertaintyσExp. 1 

 uncertaintyσExp. 2 

Leptophobic Z’ (LO x 1.3)

ATLAS Preliminary

1 = 4.66 fbdt L
  ∫

 = 7 TeVs

Stat. + Syst. uncertainties with χ2

combined with boosted events for
the Z ′

TC2 model at 7 TeV

(ATLAS-CONF-2012-136)

Good Data/MC agreement,
within systematic uncertainties
and statistical errors.

Conference note published at 7
TeV and paper is undergoing
scrutiny of the ATLAS
Collaboration.

Limits set using 7 TeV data,
combining the boosted and
resolved topologies of the final
states (CMS did not manage
this yet!).
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Summary (I)
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Figure 4: The 95% CL upper limits on the product of the production cross section σZ� and the
branching fraction B of hypothesized resonances that decay into tt as a function of the invariant
mass of the resonance. The Z� production with ΓZ�/mZ� = 1.2% (a) and 10% (b) compared to
predictions based on [5]. The ±1 and ±2 s.d. excursions from the expected limits are also
shown. The vertical dashed line indicates the transition between the threshold and the boosted
analyses, chosen based on the sensitivity of the expected limit.

For comparison: CMS limits for the
Z ′

TC2 model at 7 TeV
(Vertical bar indicates a transition

between two analysis
methodologies, see paper for more

information)

(arXiv 1209.4397)
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Summary (II)

 mass [TeV]
KK

g

0.8 1 1.2 1.4 1.6 1.8 2

) 
[p

b
]

t
 t

→
K

K
 B

R
(g

× 
K

K
g

σ

110

1

10

210

310

Obs. 95% CL upper limit

Exp. 95% CL upper limit

 uncertaintyσExp. 1 

 uncertaintyσExp. 2 

KaluzaKlein gluon (LO)

Obs. 95% CL upper limit

Exp. 95% CL upper limit

 uncertaintyσExp. 1 

 uncertaintyσExp. 2 

KaluzaKlein gluon (LO)

ATLAS Preliminary

1 = 4.66 fbdt L
  ∫

 = 7 TeVs

Stat. + Syst. uncertainties with χ2

combined with boosted events for
Kaluza-Klein gluons at 7 TeV

(ATLAS-CONF-2012-136)

Major systematic uncertainties
included.

Backgrounds estimated and
checked with control plots at 8
TeV.

Similar analysis at 8 TeV being
prepared for publication soon!
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Summary (II)
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14 7 Results
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Figure 5: The 95% CL upper limits on the product of the production cross section σKK and the
branching fraction B of Kaluza–Klein excitation of gluon production from [11], compared to the
theoretical prediction of that model. The ±1 and ±2 s.d. excursions from the expected limits
are also shown.

For comparison: CMS limits for
Kaluza-Klein gluons at 7 TeV

(Vertical bar indicates a transition
between two analysis

methodologies, see paper for more
information)

(arXiv 1209.4397)
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Backup slides
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Object definition

Electrons satisfy tight++, |η| < 1.37 or 1.52 < |η| < 2.47, ET > 25 GeV,
Imini

ET
< 0.05.

Muons satisfy muid, combined, |η| < 2.5, pT > 25 GeV, Imini
pT

< 0.05.

Isolation cut used:

I Imini = sum of tracks’ pT in a cone size which is the smallest between
kT /plep

T and ∆Rmax . kT = 10 GeV and ∆Rmax = 0.3.

Jets satisfy:

I small-R jets → locally calibrated topological clusters, anti-kt R = 0.4,
pT > 25 GeV, |JVF | > 0.5

I large-R jets → locally calibrated topological clusters, anti-kt R = 1.0,
trimmed fcut = 0.05, Rsub = 0.3, pT > 300 GeV, mjet > 100 GeV,

√
d12 > 40

GeV.

Emiss
T : MET_RefFinal_AntiKt4LCTopoJets_tightpp recalculated to consider

smearing and rescaling of the objects.

Closest jet within ∆R(e, j) < 0.2 is removed.

Leptons with ∆R(e, j) < 0.4 and ∆R(µ, j) < 0.1 are removed afterwards.
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Systematic uncertainties

tt̄ cross section uncertainty → 11% uncertainty (calculated at NNLO in QCD with
Hathor 1.2.

tt̄ generator uncertainties → compares MC@NLO and Powheg used as generators.

Electroweak virtual correction uncertainties → Sudakov corrections for the true tt̄
mass are estimated and 1 σ variations are implemented.

Top mass uncertainty → comparing shapes for mt = 170 GeV and mt = 175 GeV
with MC@NLO and dividing the difference by 4.

ISR/FSR, Parton shower and fragmentation.

W+jets normalisation, W+jets scale and MLM matching parameter variation (for
the W+jets shape).

Z+jets, single top and diboson normalisations.

Lepton reconstruction, identification and resolution.

Jet energy resolution, reconstruction efficiency and jet energy scale.

b-tagging efficiency → with additional uncertainties added for high pT jets.

QCD normalisation → 50%.

Luminosity → 3.6%.

Danilo Ferreira de Lima (Univ. of Glasgow) tt̄ resonances 09/04/2013 17



10

mtt̄ spectra at 8 TeV

Resolved Selection

Using dRmin

 [TeV]reco

tt
m

E
v
e
n
ts

 /
 T

e
V

210

110
1

10

210

310

410

510

610

710

810

910
tt Single top

Multijets W+jets

Z+jets Diboson

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Work in Progress

 = 8 TeVs

1
 L dt = 14.32 fb∫

e + jets
resolved

 [TeV]reco

tt
m

E
v
e
n
ts

 /
 T

e
V

210

110
1

10

210

310

410

510

610

710

810

910
tt Single top

Multijets W+jets

Z+jets Diboson

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Work in Progress

 = 8 TeVs

1
 L dt = 14.18 fb∫

 + jetsµ
resolved

Danilo Ferreira de Lima (Univ. of Glasgow) tt̄ resonances 09/04/2013 18


