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Introduction
Strong dynamics models (composite Higgs, 
Randall-Sundrum,…) predict heavy 
Kaluza-Klein (KK) resonances with large 
couplings to tops (EWPT: mKK≳3 TeV)!

With the high collision energy, we enter the 
boosted regime:!

Collimated states!
Special jet substructure techniques 
needed!

Future directions:!

Keep pushing bound: boosted searches!
NP could be lighter but hidden
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Lepton + Jets Results
‣ Transition between threshold and 

boosted analysis determined by 
expected limit values

‣ Wide Z’ exclusion limit 2.68 TeV
‣ RS gluon exclusion limit 2.54 TeV
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[See M. Cacciari and B. Tweedie’s talks]
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Outline

Boosted searches: Template Overlap Method!

The elusive gluon!

Conclusions
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Template Overlap Method

First introduced by Almeida, Lee, Perez, Sterman and Sung (Phys. Rev. D82 (2010) 054034)!

Subsequent phenomenological studies:!

Ultra boosted Higgs study - Almeida, Erdogan, JJ, Lee, Perez, Sterman (Phys. Rev. D85 
(2012) 114046)!

Midly boosted Higgs - Backovic, JJ, Perez (JHEP07(2013)114)!

Semileptonic top - Backovic, Gabizon, JJ, Perez, Soreq (JHEP04(2014)176)!

Publicly available code!

TemplateTagger v1.0.0 - Backovic, JJ (COMPHY 5223)!

ATLAS study!

Search for resonances in ttbar events (JHEP 1301 (2013) 116)
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A general jet substructure algorithm to tag heavy, 
boosted jets against light quark and gluon jets
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Templates: Sets of boosted partonic decays built 
from fixed-order signal distributions

 

Template Overlap Method (TOM)

momenta pi. To quantify this difference, we construct the functional F using the template
states. We will find it useful to identify the difference in terms of the template configuration
in n-particle phase space with the closest match of energy flow to a given state j. As
a measure of the matching we introduce a function Φ(x) that is maximized at x = 0 to
Φ(0) = 1, which represents a “perfect” match. A simple example, which we will employ
below, is a Gaussian,
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τ
(R)
n

exp

!

−
1

2σ2
E

"
#

dΩ

$

dE(j)

dΩ
−

dE(f)

dΩ

%

F (Ω, f)

&2
'

, (4)

where we introduce a width, σE with units of energy. For infrared safety, the function
F (Ω, f) should be a sufficiently smooth function of the angles for any template state f [31].
For example, it could be defined as a Gaussian around each of the directions of the template
momenta [32]. Alternately, we may choose F to be a normalized step function that is nonzero
only in definite angular regions around the directions of the template momenta pi [33]. This
is the method we will use below. We emphasize that the choice of our overlap functional
is to a large extent arbitrary, subject to the requirements of infrared safety. We will find,
however, that relatively simple choices can give strong enrichment of signals.

To be specific, for an n-particle final state, we will represent our template overlap (drop-
ping the superscript (F )) as
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where the direction of template particle a is n̂a and its energy is E(f)
a . In applications below,

we will use these energies to set the widths of the Gaussians. The functions θ(n̂, n̂(f)
a ) restrict

the angular integrals to (nonintersecting) regions surrounding each of the template momenta.
We will refer to the corresponding state as the “peak template” f [j] for state j. The peak
template f [j] provides us with potentially valuable information on energy flow in j.

In summary, the output of the peak template method for any physical state j is the value
of the overlap, Ov(j, f), and also the identity of the template state f [j] to which the best
match is found. As we shall see, this will be of particular value when we apply our method
to boosted Higgs. We turn first, however, to the analysis for boosted tops.

3 Three-particle Templates and Top Decay

In this section, we illustrate the peak template method for top identification, using as a
template the LO partonic three-particle phase space of top decay. The essential observation
is that light-quark and gluon jets (generally referred to as “QCD jets” below) typically have

4

Templates: Sets of N four-momenta which satisfy the kinematic 
constraints of the decay products of a boosted massive jet:

each case, we find large background rejection powers based on this analysis, with substantial
efficiencies.

Highly boosted Higgs decays are discussed in Sec. 4. In this case, the signal and back-
ground are both two-parton states at lowest order (LO). Their template overlap distributions
are slightly different, but here we use another feature of the template method: the unique-
ness of the template state with maximum overlap. This information provides us with an
additional, infrared safe tool, which will enable us to attain significant rejection power even
in this case. We conclude in Sec. 5.

2 Overlap Formalism

We want our template overlaps to be functionals of energy flow of any specific event (usually
involving jets), which we label j, and a model, or template, for the energy flow in a signal,
referred to as f . Our templates will be a set of partonic momenta f = p1 . . . pn, with

n
!

i=1

pi = P , P 2 = M2 , (1)

which we take to represent the decay products of a signal of mass M . For example, the
lowest-order template for Higgs decay would have n = 2 and for top decay, n = 3. Of course,
templates with more than the minimum number of particles are possible. To represent the
sum over this n-particle phase space, we introduce the notation

τ (R)
n ≡

" n
#

i=1

d3p⃗i
(2π)32ωi

δ4(P −
n
!

i=1

pi) Θ({pi}, R) , (2)

where the function Θ({pi}, R) limits the phase space integral to some region, R, which may
represent a specific cone size, for example.

We would like to measure how well the energy flow of any given event j matches that
of the signal on the unit sphere, denoted by Ω. We represent the template energy flow as
dE(f = p1 . . . pn)/dΩ. This function is taken at fixed (to start with, lowest) order. Similarly,
we will represent the energy flow of event j as dE(j)/dΩ. This quantity is observed, either in
experiment or the output of an event generator. Schematically, a general overlap functional
Ov(j, f) is represented as

Ov(j, f) = ⟨j|f⟩ = F

$

dE(j)

dΩ
,
dE(f)

dΩ

%

. (3)

In principle, the choice of the functional F is arbitrary.

A natural measure of the matching between state j and the template is the weighted
difference of their energy flows integrated over some specific region that includes the template
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etc.

Peak Template Overlap: Functional measure of how well the 
energy distribution of the jet matches the parton-like model for 
the decay of a massive jet (Template):

e.g.  the decay of a 
boosted top also 

requires two template 
momenta to 

reconstruct the W 
boson.

Mihailo Backovic, ATLAS Boosted Top Meeting May 21. 2013

+ Top template overlap is infra-red safe!

Tuesday, May 21, 13

Template Overlap Method

5

template momenta

total momentum!
of the resonance

resonance mass

+ extra constraints!
e.g. top decay requires!

two vectors to reconstruct!
W decay

Anzatz:

Not a unique definition! 
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Overlap function: Functional measure of how 
well the energy distribution of the jet matches 
our model for the signal (template)

Template Overlap Method 

Template Overlap Method (TOM)

momenta pi. To quantify this difference, we construct the functional F using the template
states. We will find it useful to identify the difference in terms of the template configuration
in n-particle phase space with the closest match of energy flow to a given state j. As
a measure of the matching we introduce a function Φ(x) that is maximized at x = 0 to
Φ(0) = 1, which represents a “perfect” match. A simple example, which we will employ
below, is a Gaussian,
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where we introduce a width, σE with units of energy. For infrared safety, the function
F (Ω, f) should be a sufficiently smooth function of the angles for any template state f [31].
For example, it could be defined as a Gaussian around each of the directions of the template
momenta [32]. Alternately, we may choose F to be a normalized step function that is nonzero
only in definite angular regions around the directions of the template momenta pi [33]. This
is the method we will use below. We emphasize that the choice of our overlap functional
is to a large extent arbitrary, subject to the requirements of infrared safety. We will find,
however, that relatively simple choices can give strong enrichment of signals.

To be specific, for an n-particle final state, we will represent our template overlap (drop-
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where the direction of template particle a is n̂a and its energy is E(f)
a . In applications below,

we will use these energies to set the widths of the Gaussians. The functions θ(n̂, n̂(f)
a ) restrict

the angular integrals to (nonintersecting) regions surrounding each of the template momenta.
We will refer to the corresponding state as the “peak template” f [j] for state j. The peak
template f [j] provides us with potentially valuable information on energy flow in j.

In summary, the output of the peak template method for any physical state j is the value
of the overlap, Ov(j, f), and also the identity of the template state f [j] to which the best
match is found. As we shall see, this will be of particular value when we apply our method
to boosted Higgs. We turn first, however, to the analysis for boosted tops.

3 Three-particle Templates and Top Decay

In this section, we illustrate the peak template method for top identification, using as a
template the LO partonic three-particle phase space of top decay. The essential observation
is that light-quark and gluon jets (generally referred to as “QCD jets” below) typically have
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Templates: Sets of N four-momenta which satisfy the kinematic 
constraints of the decay products of a boosted massive jet:

each case, we find large background rejection powers based on this analysis, with substantial
efficiencies.

Highly boosted Higgs decays are discussed in Sec. 4. In this case, the signal and back-
ground are both two-parton states at lowest order (LO). Their template overlap distributions
are slightly different, but here we use another feature of the template method: the unique-
ness of the template state with maximum overlap. This information provides us with an
additional, infrared safe tool, which will enable us to attain significant rejection power even
in this case. We conclude in Sec. 5.

2 Overlap Formalism

We want our template overlaps to be functionals of energy flow of any specific event (usually
involving jets), which we label j, and a model, or template, for the energy flow in a signal,
referred to as f . Our templates will be a set of partonic momenta f = p1 . . . pn, with
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which we take to represent the decay products of a signal of mass M . For example, the
lowest-order template for Higgs decay would have n = 2 and for top decay, n = 3. Of course,
templates with more than the minimum number of particles are possible. To represent the
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where the function Θ({pi}, R) limits the phase space integral to some region, R, which may
represent a specific cone size, for example.

We would like to measure how well the energy flow of any given event j matches that
of the signal on the unit sphere, denoted by Ω. We represent the template energy flow as
dE(f = p1 . . . pn)/dΩ. This function is taken at fixed (to start with, lowest) order. Similarly,
we will represent the energy flow of event j as dE(j)/dΩ. This quantity is observed, either in
experiment or the output of an event generator. Schematically, a general overlap functional
Ov(j, f) is represented as

Ov(j, f) = ⟨j|f⟩ = F
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In principle, the choice of the functional F is arbitrary.

A natural measure of the matching between state j and the template is the weighted
difference of their energy flows integrated over some specific region that includes the template
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etc.

Peak Template Overlap: Functional measure of how well the 
energy distribution of the jet matches the parton-like model for 
the decay of a massive jet (Template):

e.g.  the decay of a 
boosted top also 

requires two template 
momenta to 

reconstruct the W 
boson.

Mihailo Backovic, ATLAS Boosted Top Meeting May 21. 2013

+ Top template overlap is infra-red safe!

Tuesday, May 21, 13
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Jet energy!
distribution

Template!
distribution

kernel function!
e.g. step function (cones), !

gaussian, etc.

maximization over!
template phase space

resolution!
e.g. E(f)/3
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How does TOM work?

7

Locate leading jet by using jet algorithm, e.g. anti-kT R=1.0

Consider for instance an event with a “Higgs jet”
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How does TOM work?

8

e.g. using a kernel!
that picks out cones!

around template partons

1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs

 mJ  130 GeV, with our reference Higgs boson mass chosen to be mH = 120 GeV, and
jet energy 950 GeV  P0  1050 GeV. This gives us a set of final states j.

For any state j, we determine the measured (or Monte Carlo (MC) generated) energy
distribution, dE(j)/d⌦, in the physical ✓-� plane with respect to the jet axis for each recon-
structed jet, and we discretize this data into a jet-energy configuration. In our demonstration
for the Higgs, we discretize the ✓-� plane into cells of size �✓ = 0.04 and �� = 0.1 ‡. Next,
we again assemble a table of energies E(rowm, columnn), where rowm and columnn are the
row and column number corresponding to the discretized values of ✓ and �.

Before proceeding further, let us mention a few words concerning our choice of event se-
lection criteria and the interpretation of our results. Our focus in this work is to demonstrate
that the combination of two- and three-particle templates can give a qualitative improve-
ment in the separation of Higgs signal events from QCD background. In order to simplify
the analysis we have restricted our study to very large transverse momenta, not realistic at
this time of the LHC running. However, we regard the findings described below as a proof
of principle, and we expect that more realistic parameters [69] (for example, a lower pT cut)
and b�tagging will provide even higher discriminating power.

3.3 Construction of template functions

We define the leading order (next to leading order) templates in terms of the lowest-order
(next-to-lowest-order) decays of the Higgs, schematically,

|fi = |hi(LO) = |p1, p2i , (5)

and
|fi = |hi(NLO) = |p1, p2, p3i . (6)

Our templates will be a set of discretized partonic states corresponding to given points in
phase space. We wish to generate an ample number of template states to cover both two-
and three-particle phase space for Higgs decay. To this end, we use a sampling Monte Carlo
routine to generate points in a region of phase-space of final-state momenta, with a density
proportional to the di↵erential cross section, as described in Sec. 3.1 above.

We assume that the lifetime of the Higgs particle is long enough so that its decay is
incoherent with the evolution of the hard scattering. Thus, the rest frame of the particle is
identical to the CM frame of its decay products. Starting from the hard parton-level matrix
elements, we can readily find the distribution of template momenta in the Higgs jet rest
frame, and then, by a straightforward Lorentz transformation, boost it to the lab frame.

‡In a typical experimental setup the energy is discretized according to the detector resolution, and each
pair (row,col) corresponds to a specific cell in the calorimeter. At the LHC experiments [68], for instance,
electromagnetic calorimeter cell size (in ⌘ and �) is of O�

0.025 ⇥ 0.025
�
and of O�

0.1 ⇥ 0.1
�
for hadronic

calorimeter cells.

7
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How does TOM work?

9

1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone…
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How does TOM work?

10

1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone… 

3. …and subtract the template energy
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How does TOM work?
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1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone… 

3. …and subtract the template energy 

4.Repeat for all other template particles and 
sum
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How does TOM work?
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1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone… 

3. …and subtract the template energy 

4.Repeat for all other template particles and 
sum 

5.Exponentiate the sum!
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How does TOM work?
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1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone… 

3. …and subtract the template energy 

4.Repeat for all other template particles and 
sum 

5.Exponentiate the sum! 

6.Repeat 1-5 for many possible template 
configurations
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How does TOM work?
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1.Pick out one configuration out of many 
possible 2-body decays of a boosted Higgs 

2.For each template particle, add up the energy 
deposited within the template subcone… 

3. …and subtract the template energy 

4.Repeat for all other template particles and 
sum 

5.Exponentiate the sum! 

6.Repeat 1-5 for many possible template 
configurations 

7.Choose the configuration with the best match 
to the given jet



TOM vs. pileupTOM: Example

Boosted top jet:

Mihailo Backovic, ATLAS Boosted Top Meeting May 21. 2013

Blue - positions of parton level top decay products.
         (size of cross proportional to pT)
Gray - Calorimeter energy depositions.
Red - Peak template positions/cones.

Tuesday, May 21, 13

Templates are sensitive only 
to energy deposition inside 

the template subcones

For fat jets: 
For templates: 

Effects of Pileup on Peak Overlap

Mihailo Backovic, ATLAS Boosted Top Meeting May 21. 2013

�ppileupT ⇠ R2

�ppileupT ⇠ r2

ntemp ⇥ r2/R2 ⇠ ntemp ⇥ 0.12/1.02 = 0.01⇥ ntemp

For fat jets:
For templates:

Pileup contribution to a template 
relative to the fat jet

e.g.:

TOM exhibits very weak sensitivity to pileup!

Templates are sensitive 
only to the energy 

deposition inside the 
template sub-cones.

Tuesday, May 21, 13

e.g.
15

Pileup contribution !
to a template!

relative to the fat jet

TOM properly tags the spiky energy depositions
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TOM @ ATLAS

An ATLAS study validated TOM at the 7 TeV LHC in the fully 
hadronic tt̅ channel!

The results were also used to set an useful bound on Randall-
Sundrum Kaluza-Klein gluon mass

16

(JHEP 1301 (2013) 116)

TOM: ATLAS analysis

Mihailo Backovic, MC4BSM 2013

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 Fig. 3, illustrating

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

region.

3
Leading Jet OV

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ar
bi

tra
ry

 U
ni

ts

-210

-110
Data 2011
Multijet

(2.0 TeV)tZ'->t

 > 450 GeVrecoil
T

p
 > 500 GeVlead

T
p  = 7 TeVs

-1 L dt = 4.7 fb∫
ATLAS

Figure 3. The OV3 distributions for the leading jets in the 2 TeV 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.

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 interactions [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 discrimination of the pile-

– 10 –

- A 7 TeV search for heavy ttbar resonances recently 
published: JHEP 1301(2013) 116
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ATLAS Top Template Tagger

 = 7 TeVs
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(b)

Figure 15. Expected and observed 95% CL upper limits on the production cross section times
branching fraction � ⇥ BR as a function of (a) the Z 0 boson mass and (b) the KK gluon mass for
the Top Template Tagger selection. The red bands are the model predictions including theoretical
uncertainties. The Z 0 boson LO cross section is multiplied by 1.3 to account for expected higher
order corrections. The KK gluon LO cross section is used.

– 30 –

Future analyses should look even better as TOM works 
better at higher transverse momentum + improvements in 

the new TemplateTagger code.

Tuesday, May 21, 13

Background

Signal
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TOM with missing energy

It is possible to define Template Overlap for a leptonically decaying top

17

Backovic, Gabizon, JJ, Perez, Soreq, JHEP04(2014)176TOM w/ missing energy

It is possible to define Template Overlap for a leptonically decaying top:

Three main differences from the fully hadronic decays:

1. We only take into account the transverse component of the missing 
energy.

2. We “anchor” the template at the lepton instead of the jet axis.

3. We keep track of the identities of individual template momenta.

3

top. In this case, the missing piece of information is the longitudinal component of the missing energy making the

“canonical” overlap function definition of Eq. ?? inappropriate. We begin instead by defining the leptonic three body

overlap function Ovl
3

as a product of the overlap function for the b jet, the lepton and the neutrino:
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The first exponential in Eq. 4 is the familiar overlap function for the b quark, the second exponential refers to the

lepton while the third exponential is associated with the neutrino. We introduce coe�cients ✏
i

to include e↵ects of

energy reconstruction of the top decay product as in the case of Ovh
3

. Other than ✏
b

which we derive from the jet

shape variable [] in this work we use ✏
l

= ✏
⌫

= 1. We also find that �
b

= �
l

= �
⌫

= 1/3ptemp

T

provides su�cient

background rejection, while keeping the signal e�ciency comparable to the fully hadronic case. The maximization in

Eq.4 is performed over a full set of templates, in the same fashion as the fully hadronic overlap and with the same

sets of templates.

In this work, we keep the kernel function F for the b template the same in the case of a fully hadronic top, whereby

we define the neutrino kernel as

F 0(�
⌫

,�
ET/

) =

8
<

:
1 if ��

⌫,ET/
< r

⌫

0 otherwise
, (5)

where �� is the azimuthal distance between the template parton and the total E
T

/ .

The main di↵erence between Ovl
3

and Ovh
3

is that leptonic overlap takes into account only the azimuthal component

of missing energy. Since our overlap algorithm requires us to rotate the templates into the fat jet frame on an event

by event basis, the absence of the longitudinal component of missing energy requires a di↵erent procedure. We choose

instead to rotate the templates so that the second template parton is always aligned with the lepton, the first template

is always the neutrino and the third template is the b-quark. The fact that leptonic overlap deals with three di↵erent

species of particles thus forces us to keep track of the template momentum order on a template by template basis, a

requirement which is absent in the case of the fully hadronic overlap.

Leptonic Overlap can be used both on muons and electrons with no loss of generality.

C. Higher Order E↵ects

FIG. 1.

Mihailo Backovic, BOOST2013
Tuesday, August 13, 13

1. Only transverse component of the missing energy vector is included!

2. Potential improvement in rejection and alternative to b-tagging! 
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High energy events involve richer topologies, resulting in an 
imbalance between the pT of the top and the antitop!

Asymmetric events (ii) and (iii) are of great importance to 
measure the SM top differential distributions!

On the other hand, an interesting NP signal like pp→ KKG → tt̅ 
would typically give rise to back-to-back tt̅ pairs
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FIG. 1. Three categories of tt̄ events.

e↵ect leads to a challenge for new physics searches at high p
T

due to di�culties in estimation of various tt̄ di↵erential

distributions. The pre-selection of the “top candidate” as the hardest fat-jet in the event, combined with the selection

criteria for the “leptonic top” object can result in mis-identifying a hard light-quark QCD jet for a top. Moreover, in

the context of TOM, the imbalance in the transverse momenta of t and t̄ could lead to an inaccurate estimate of the

top jet p
T

(based on the h
T

of the leptonically decaying top), and thus result in the use of a template p
T

bin which

does not match the transverse momentum of the hadronically decaying top.

In order to systematically study the NLO e↵ects on performance of TOM, we first classify the SM top/antitop

events into three di↵erent categories [52], depicted in Fig. 1:

(i) Symmetric events, where the top and the anti-top are nearly back to back.

(ii) Events with one central top and a forward one.

(iii) Events where the top and the anti-top come from a gluon splitting and recoil against a hard gluon or a light

quark jet.

FIG. 2. Left: The Monte Carlo truth tt̄ scalar-vector asymmetry, ASV

tt̄

, for di↵erent H
T

bins. Right: the fraction of asymmetric

events, ASV

tt̄

> 0.2, which remain after applying Top Template Tagger and ATLAS-d12 tagger on the top reconstructed jets.

A close-up of high pT t t̅ events

(ii) (iii)(i)
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Tagging high pT t t̅ events
We define an asymmetry to quantify pT imbalance
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We quantify the top/anti-top p
T

imbalance by the following asymmetry between the vector sum and the scalar sum

of the top transverse momenta:

ASV
tt̄

=
| ~p

T

t + ~p
T

t̄|
|pt

T

| + |pt̄
T

| , (11)

where ~p
T

t,t̄ are the transverse momentum vectors of the top and the anti-top respectively, and we choose to study

ASV
tt̄

on the truth level. The asymmetry vanishes for kinematic configurations in which the di-top system is back to

back (i.e. large m
tt̄

), whereas the maximum occurs when the tops are parallel (i.e. m
tt̄

! 2 m
t

). Hence, the events

belonging to category (i) are characterized by small asymmetry, roughly ASV
tt̄

. 0.2, while the two other categories

have ASV
tt̄

& 0.2 (with class (iii) events tending to ASV
tt̄

! 1).

It is important to note that the events belonging to class (ii) and (iii) in the SM tt̄ production come both as a

blessing and a curse. For instance, if one is interested in measuring the SM top di↵erential p
T

distribution, the

rejection of asymmetric events due to top-tagging will come at a cost of excluding a portion of relevant events. Yet,

including the asymmetric events into the event sample might lead to mis-identification of the hadronic top, and an

inaccurate reconstruction of the event. Furthermore, top quark pairs produced in heavy resonance decays are typically

symmetric. Hence, rejecting asymmetric events implies that the SM tt̄ is not an irreducible background anymore and

a further improvement in signal to background can be achieved.

A SM tt̄ sample generated at NLO with POWHEG and showered with Pythia serves as a benchmark for studies

of ASV
tt̄

in the context of TOM. We apply the same pre-selection cuts as in Section III, but with the requirement on

p
T

of the fat jet lowered to p
T

> 300 GeV. We use template p
T

bins of 50 GeV for the overlap analysis, a preference

which has little e↵ect on the ability of TOM to tag jets, but it improves the p
T

resolution of the fat jet.

Figure 2 (left panel) shows the truth level ASV
tt̄

for a series of H
T

bins with two main features of the SM tt̄ sample

evident. First, the peak at ASV
tt̄

! 0 is mainly due to the LO contribution, while the peak at ASV
tt̄

! 1 corresponds

in most part to events from class (iii). The main contribution to the region of ASV
tt̄

in-between the two peaks, which

spreads over large range of angles between the top and the anti-top, comes from category (ii) and it is not seen as a

peak. Second, it is evident that the fraction of asymmetric events increases with H
T

of the event sample, as both the

phase space for hard gluon emission and the gluon splitting to a tt̄ pair increase with energy.

How well can TOM distinguish the back to back tt̄ events from the events with large ASV
tt̄

? The ability of TOM

to reject asymmetric events is highly correlated with the ability to reject light parton QCD jets, which we discuss

in detail in Section V. For the purpose of comparison, here we also include results using the ATLAS-d12 tagger [35],

which consists of the following cuts:

p
d12 > 40.0 GeV, mtrim

j

> 100 GeV . (12)

The mtrim
j

in Eq. (12) is the trimmed fat jet mass with the trimming parameters Rtrim = 0.3 and f = 0.05 (see

Ref. [22] for more details), and d12 is the k
T

measure at the last step of large-R jet clustering with a k
T

algorithm:

p
d12 = min(p

T,1, pT,2) ⇥ �R12 . (13)

The values p
T,i

appearing in the last equation are the transverse momenta of the two subjets at the last step of fat jet

clustering and �R12 is the plain distance between them. Boosted top quark decays are characterized by symmetric

splittings d12 ⇡ m
t

/2, whereas background QCD jets tend to have much smaller d12.

Solution #3: Use a less sensitive pileup 
observable which is correlated with jet pT (works 

in events where one top decays leptonically)

Top and anti-top are back to 
back in the transverse plane:

ptT = pt̄T

Proposal: Use

Ht
T = pbT + plT + pmiss

T

Jet (R = 0.4) closest to the lepton. 
No b-tagging required!

Highest pT lepton in 
the event.

Sum of all neutrinos 
in the event. (for now)

Notice that the pileup contribution to 
the b jet will be about 15% of the 

contribution to the fat jet of R = 1.0

Tuesday, May 21, 13

Solution #3: Use a less sensitive pileup 
observable which is correlated with jet pT (works 

in events where one top decays leptonically)

Top and anti-top are back to 
back in the transverse plane:
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Proposal: Use

Ht
T = pbT + plT + pmiss

T

Jet (R = 0.4) closest to the lepton. 
No b-tagging required!

Highest pT lepton in 
the event.

Sum of all neutrinos 
in the event. (for now)

Notice that the pileup contribution to 
the b jet will be about 15% of the 

contribution to the fat jet of R = 1.0

Tuesday, May 21, 13
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e↵ect leads to a challenge for new physics searches at high p
T

due to di�culties in estimation of various tt̄ di↵erential

distributions. The pre-selection of the “top candidate” as the hardest fat-jet in the event, combined with the selection

criteria for the “leptonic top” object can result in mis-identifying a hard light-quark QCD jet for a top. Moreover, in

the context of TOM, the imbalance in the transverse momenta of t and t̄ could lead to an inaccurate estimate of the

top jet p
T

(based on the h
T

of the leptonically decaying top), and thus result in the use of a template p
T

bin which

does not match the transverse momentum of the hadronically decaying top.

In order to systematically study the NLO e↵ects on performance of TOM, we first classify the SM top/antitop

events into three di↵erent categories [52], depicted in Fig. 1:

(i) Symmetric events, where the top and the anti-top are nearly back to back.

(ii) Events with one central top and a forward one.

(iii) Events where the top and the anti-top come from a gluon splitting and recoil against a hard gluon or a light

quark jet.

FIG. 2. Left: The Monte Carlo truth tt̄ scalar-vector asymmetry, ASV

tt̄

, for di↵erent H
T

bins. Right: the fraction of asymmetric

events, ASV

tt̄

> 0.2, which remain after applying Top Template Tagger and ATLAS-d12 tagger on the top reconstructed jets.
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FIG. 1. Three categories of tt̄ events.
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distributions. The pre-selection of the “top candidate” as the hardest fat-jet in the event, combined with the selection

criteria for the “leptonic top” object can result in mis-identifying a hard light-quark QCD jet for a top. Moreover, in

the context of TOM, the imbalance in the transverse momenta of t and t̄ could lead to an inaccurate estimate of the

top jet p
T

(based on the h
T

of the leptonically decaying top), and thus result in the use of a template p
T

bin which

does not match the transverse momentum of the hadronically decaying top.

In order to systematically study the NLO e↵ects on performance of TOM, we first classify the SM top/antitop

events into three di↵erent categories [52], depicted in Fig. 1:

(i) Symmetric events, where the top and the anti-top are nearly back to back.

(ii) Events with one central top and a forward one.

(iii) Events where the top and the anti-top come from a gluon splitting and recoil against a hard gluon or a light

quark jet.

FIG. 2. Left: The Monte Carlo truth tt̄ scalar-vector asymmetry, ASV

tt̄

, for di↵erent H
T

bins. Right: the fraction of asymmetric

events, ASV

tt̄

> 0.2, which remain after applying Top Template Tagger and ATLAS-d12 tagger on the top reconstructed jets.

Idea:

Hadronic !

Top Template

Leptonic !

Top Template

Backovic, Gabizon, JJ, Perez, Soreq, JHEP04(2014)176
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Ov3
had

d12
Ov3

hadd12

FIG. 6. Rejection power of TOM. The left panel shows dependence of the W+jets RP on the fat jet p
T

using TOM and d12

as a background sicriminant. The points show RP at fixed signal e�ciency of 60% calculated relative to the Basic Cuts of

Eq. (10). The right panel shows the signal e�ciency (✏sig) and background fake rate (✏bgd) as a function of the cut on Ovhad

3

and d12 for various jet p
T

bins. The cut on Ovhad

3 and d12 runs along the lines. All e�ciencies are calculated relative to the

Basic Cuts of Eq. (10). Both panels assume no a-priori cut on the mass of the fat jet.

MG + Pythia

Ovmin

3 ✏sig(0.5� 0.7 TeV) RP ✏sig(0.9� 1.1 TeV) RP ✏sig(1.3� 1.5 TeV) RP

0.9 0.40 16.7 0.43 11.3 0.45 9.0

0.75 0.56 11.1 0.56 8.4 0.59 6.3

0.6 0.63 8.8 0.62 6.9 0.64 5.7

0.45 0.68 7.6 0.65 5.9 0.66 4.8

Sherpa

Ovmin

3 ✏sig(0.5� 0.7 TeV) RP ✏sig(0.9� 1.1 TeV) RP ✏sig(1.3� 1.5 TeV) RP

0.9 0.31 6.1 0.31 4.6 0.36 5.0

0.75 0.41 4.7 0.40 3.7 0.45 3.7

0.6 0.47 3.9 0.45 3.3 0.49 2.7

0.45 0.51 3.6 0.49 2.9 0.52 2.5

POWHEG+Pythia

Ovmin

3 ✏sig(0.5� 0.7 TeV) RP ✏sig(0.9� 1.1 TeV) RP ✏sig(1.3� 1.5 TeV) RP

0.9 0.34 - 0.38 - - -

0.75 0.44 - 0.45 - - -

0.6 0.50 - 0.49 - - -

0.45 0.55 - 0.52 - - -

TABLE I. Rejection power of Ovhad

3 for several benchmark cuts on Ovhad

3 . All signal e�ciencies and rejection powers are

calculated relative to Basic Cuts of Eq. (10), with no cut on the fat jet mass or b-tagging. Each RP corresponds to the signal

e�ciency and p
T

in the column before it. Also shown for comparison are the signal e�ciencies for the POWHEG sample.
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where we used the scaling convention of Ref. [49]. We label this lepton as coming from the leptonically decaying

top. Next, we define the hardest anti-k
T

r = 0.4 jet within a distance �R
j`

< 1.5 from the lepton as the b-jet of

the leptonically decaying top. For the purpose of this analysis we define a transverse missing energy vector to be the

vector sum of all the neutrino transverse momenta in the event, while we postpone a detailed study of the e↵ects of

E
T

/ resolution until Appendix A4.

We identify the hardest anti-k
T

“fat” jet using three di↵erent large e↵ective cone sizes R, defined on an event-by-

event basis as

R =

8
>><

>>:

1.0, 500 GeV < h
T

 700 GeV

0.8, 700 GeV < h
T

 900 GeV

0.6, 900 GeV < h
T

, (8)

where h
T

is the scalar p
T

sum of the leptonic top decay products,

h
T

=
X

i=`,b,⌫

pi
T

, (9)

and it serves as an estimator of the top fat jet p
T

with a weak susceptibility to pileup contamination. We find that

for fat jet p
T

> 500 GeV, the p
T

of the jet is well correlated with h
T

of the leptonic top. For more details on the

criteria for correlating the fat jet parameters with the leptonically decaying top see Appendix A 3, while we present

a detailed discussion of the NLO e↵ects on the correlation in Section IV.

Continuing, including the previous requirements, namely the mini-isolated lepton and the �R
j`

< 1.5, all events

are subject to following Basic Cuts (BC):

pj R
T

> 500 GeV E
T

/ > 40 GeV

Nout
`

(p`
T

> 25 GeV) = 1 Nout
j

(pj
T

> 25 GeV) � 1

��
j`

> 2.3 |⌘
j, `

| < 2.5 , (10)

where pj R
T

is the transverse momentum of the fat jet with radius R and Nout
j

is the number of r = 0.4 jets with

�R
j`

< 1.5 . Nout
`

refers to the lepton with selection criteria of Eq. (6) in addition to p
T

> 25 GeV, ��
j`

is the

azimuthal distance between the mini-isolated lepton and the fat jet, and ⌘
j, `

is the rapidity of the fat jet/ mini-isolated

lepton.

Here we only consider W+jets as the dominant background to the semileptonic tt̄ events at high transverse mo-

mentum. The multijet QCD contribution becomes negligible upon the mini-isolation requirement on the lepton (see

Ref. [48] for instance), while the single top cross section is already highly sub-leading compared to tt̄ at pre-selection

level [50].

For the overlap analysis in the following sections of this paper (both in the context of hadronically and leptonically

decaying tops) we use the TOM implementation of the TemplateTagger code [51].

IV. ASYMMETRIC tt̄ PRODUCTION FROM HIGHER ORDER CORRECTIONS

Standard Model top pair production involves non-trivial kinematic configurations of the final states which go

beyond the simple back-to-back top quark pairs topologies. At LO in perturbation theory, the top and the anti-top

One lepton with mini-ISO >0.95, 
at least one r=0.4 anti-kT jet within 

R=1.5 from the lepton
12

lepton and missing E
T

/ constitutes a separate problem from the fully hadronic decays of tt̄, due to di↵erences in the

background composition. Namely, the dominant background to semi-leptonic decays of tt̄ comes from W+jets, while

the multijet contribution is already sub-leading after the lepton mini-isolation.

In this section we focus on the performance of Ovhad3 and Ovlep3 in rejecting W+jets with no contamination from

soft radiation of minimum bias events, and postpone the discussion of e↵ects of pileup and underlying event until

Section VI.

To quantify the ability of TOM to tag boosted tops against the W+jets background we study two observables

✏sig =
�(tt̄)cuts

�(tt̄)BC
, ✏bgd =

�(Wjj)cuts

�(Wjj)BC
, (18)

where cuts denotes all selection cuts including overlap, and BC denotes the Basic Cuts of Eq. (10). We then define

the background rejection power (RP) relative to the Basic Cuts as

RP =
✏sig
✏bgd

. (19)

We do not include an explicit b-tag in our analysis of RP, due to the experimental challenges of b-tagging at high

p
T

and high luminosity. Instead, we study Ovlep3 as an alternative and compare the rejection power obtained from a

tentative b-tagging benchmark point to our results using leptonic top overlap.

A. Rejection Power for Hadronically Decaying Tops at
p

s = 8 TeV

We perform the template overlap analysis on hadronically decaying tops according to the prescription of Eq. (1).

Figure 4 shows example distributions of Ovhad3 for three di↵erent bins of fat jet transverse momenta. All plots assume

the Basic Cuts of Eq. (10), with no additional mass cut. In all cases the distributions show clear separation of signal

and background. Distribution of W+jets events sharply peaks at Ovhad3 ⇡ 0, while tt̄ events occupying mostly the

Ovhad3 ! 1 region, with a portion of characterized by low Ovhad3 .

FIG. 4. Hadronic peak overlap distribution distributions for three di↵erent p
T

bins. The blue curves show the signal tt̄

distributions whereas the red curves represent the W+jets background. All analyzed events assume the Basic Cuts of Eq. (10)

with no additional mass cut or b-tagging. The fat jet cone is varied according to the rule of Eq. (8), whereas the template sub

cone radii are determined according to Eq. (A2).

The peak at Ovhad3 ⇡ 0 in the signal distribution deserves some attention. The event pre-selection allows for many

events in which one of the decay products of the top was not captured by the fat jet cone as well as asymmetric events
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FIG. 7. Rejection power of Ovlep

3 for Wjj. The left panel shows dependence of the Wjj RP on the leptonic top h
T

. The

points show RP at fixed signal e�ciency (✏sig) of 60%. The right panel shows the signal e�ciency (✏sig) and background fake

rate (✏bgd) as a function of the cut on Ovlep

3 for various jet h
T

bins. The cut on Ovlep

3 runs along the line. All e�ciencies are

calculated relative to the Basic Cuts of Eq. (10). Both panels assume no a-priori cut on the mass of the fat jet or b-tagging.

MG+ Pythia

Ovmin

3 ✏sig(0.5� 0.7 TeV) RP ✏sig(0.9� 1.1 TeV) RP ✏sig(1.3� 1.5 TeV) RP

0.9 0.45 2.8 0.54 3.9 0.54 4.1

0.75 0.67 2.5 0.74 3.4 0.77 3.6

0.6 0.76 2.3 0.81 3.0 0.83 3.4

0.45 0.82 2.0 0.84 2.8 0.86 3.1

Sherpa

Ovmin

3 ✏sig(0.5� 0.7 TeV) RP ✏sig(0.9� 1.1 TeV) RP ✏sig(1.3� 1.5 TeV) RP

0.9 0.56 2.2 0.59 2.8 0.58 3.1

0.75 0.72 2.0 0.72 2.5 0.73 2.7

0.6 0.79 1.8 0.75 2.3 0.77 2.6

0.45 0.82 1.7 0.78 2.2 0.80 2.5

TABLE II. Rejection power of Ovlep

3 in various h
T

bins. All signal e�ciencies and rejection powers are calculated relative to

Basic Cuts of Eq. (10), with no cut on the fat jet mass or b-tagging. Each RP corresponds to the signal e�ciency and h
T

in

the column before it.

category as an actual b-jet. For the purpose of this analysis, we use the benchmark point of

✏
b

= 0.5 , ✏
c

= 0.3 , ✏
l

= 0.1 , (20)

where ✏
b,c,l

are e�ciencies that a jet is identified as a b-jet for b, c and light flavors respectively. Properly tagging the

b-quark at high p
T

hence results in the rejection power of roughly 5 for light jets and 1.7 for charm.

Table III shows a comparison for a set of leptonic top h
T

values. The leptonic overlap performs slightly worse

than b-tagging at high p
T

with the rejection power of ⇡ 4 achievable from Ovlep3 . It is important to note that the

results in the left column of Table III reflect the optimistic values for b-tagging e�ciencies of Eq. (20). In reality, the

Rejection power of the leptonic top tagger lower 
due to background already containing a W boson

Solution #3: Use a less sensitive pileup 
observable which is correlated with jet pT (works 

in events where one top decays leptonically)

Top and anti-top are back to 
back in the transverse plane:

ptT = pt̄T

Proposal: Use

Ht
T = pbT + plT + pmiss

T

Jet (R = 0.4) closest to the lepton. 
No b-tagging required!

Highest pT lepton in 
the event.

Sum of all neutrinos 
in the event. (for now)

Notice that the pileup contribution to 
the b jet will be about 15% of the 

contribution to the fat jet of R = 1.0
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Alternative to b-tagging at high pT
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Do we search for the right thing?

The KK gluon (G*) is part of the composite sector, it has 
enhanced couplings to composite objects (t,T)
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Implications for G* pheno’

T decays to t+W/Z/h, but we search only for tops            
➥observed spectrum becomes softer
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Let us see it step by step

are moderately boosted, as is the case for the benchmarks points we are considering in this
section. Note that the relative deviation for the single top partner channel is much smaller
than for the di top partner channel, since in the single top partner channel the kinematics
of the final state is more similar to a tt̄ final state at the pre-selection level. Therefore the
kinematics is not changed that drastically, and the selections have a higher probability of
mistagging such an event as a tt̄ pair.

Figure 4: Left panels: True (partonic) invariant mass for the tt̄ pairs in pp̄ æ fl æ tt̄ + X.
Right panels: Reconstructed tt̄ invariant mass distribution in signal events. The plots corre-
spond to mfl = 2.5 in the MCH4

5

model with gc4 couplings. The extreme and benchmark
points are shown in top and bottom panels, respectively. In all cases the events are recon-
structed following the ATLAS selection.

Since the SM top pair production rate falls steeply as a function of the invariant mass,
the net e�ect of the new channels is to shift the contributions to a mass range where one
would expect a higher SM tt̄ background. It is therefore worth investigating whether the new
processes could lead to a potentially interesting signal. In the left panels of Fig. 5, we plot the

13

Partonic tt̅ invariant mass

Chala, JJ, Perez & Santiago, to appear.

Chala, JJ, Perez & Santiago preliminary
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Reconstructed tt̅ invariant mass
ATLAS reconstruction!

 ATLAS-CONF-2013-052
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Let us see it step by step

reconstructed tt̄ invariant mass distributions for the five di�erent models and MG = 2.5 TeV.
In the right panels of Fig. 5, we focus on the area near the peak. Looking at the KK-gluon-
like case we see the generic form of the resonance is still visible with the peak located at MG.
However, for the single-top-partner benchmark point the bump is much less visible, and for
the di-top-partner benchmark benchmark point, the heavy gluon becomes invisible.

Figure 5: Reconstructed tt̄ invariant mass distributions for heavy gluon production at the
LHC with

Ô
s = 8 TeV. The solid histogram presents signal+background distribution, while

the dashed histogram presents the tt̄ SM background. The extreme and benchmark points
are shown in top and bottom panels, respectively. The right panels show the reconstructed
invariant tt̄ distribution focusing on the area near the would-be peak. The plots correspond
to mfl = 2.5 in the MCH4

5

model with gc4 couplings. In all cases the events are reconstructed
following the ATLAS selection.

In the absence of significant deviation from the background, ATLAS sets an upper limit
on the KK gluon cross section times the branching ratio for the decay into tt̄. The above
results are a good indication of the reduced sensitivity to exclude certains regions of the

14

adding SM tt̅ reconstructed invariant mass

Chala, JJ, Perez & Santiago, to appear.
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Let us see it step by step

MCH4
5

parameter space. We use a Bayesian statistical method to extract the 95% C.L.
upper limits on the pp æ fl cross section as described in section ??. For each fl mass point and
benchmark model, we generate 104 signal events using our MadGraph+Pythia chain and scale
them to an integrated luminosity of 14.3 fb≠1. For each of the mass points investigated, we
apply our reconstruction in order to obtain a value for ‡ ◊ BR ◊ ‘ to be used in the Bayesian
analysis.

Expected sensitivities to the various benchmark signals at
Ô

s = 8 TeV are depicted in
Fig. 6. These are presented as expected 95% exclusion limits on the cross section ‡lim divided
by the new physics cross section ‡

NP

of our model as a function of the heavy gluon mass. Any
region with µ © ‡

lim

/‡
NP

< 1 is excluded by the search, this is the black horizontal line. As
expected, the performance of the tt̄ search depends strongly on the final state topology, with
two extreme cases. The strongest bound is obtained for the extreme tt̄ model. The bound
for the extreme di-top-partner model is weaker than that obtained in the extreme tt̄ model
by about 800 GeV. As explained above, the reason is a combination of the opening of new
channels and top partner misreconstruction.

Figure 6: The 95% confidence level limit on the heavy gluon production cross section divided
by the expected heavy gluon production in the extreme (left panel) and benchmark models.

6.2.2 14 TeV results

In addition to the 8 TeV LHC searches, future data taking and enhanced analyses at 14 TeV
will greatly extend the expected coverage of the MCH4

5

parameter space. In this subsection,
we consider the impact of one of these searches to be performed by ATLAS, namely the ¸ plus
jets final state as described in [17]. We have performed our own version of this analysis in a
manner identical to that employed above for the 8 TeV LHC by following ATLAS as closely
as possible. We note that for their 14 TeV projections ATLAS rely on a dedicated top tagging
tool, so that it is likely that our results will correspondingly overestimate the e�ciency of the
MCH4

5

model coverage for this search.

15

Expected 95% CL limits

Chala, JJ, Perez & Santiago, to appear.

Chala, JJ, Perez & Santiago preliminary



Jose Juknevich MC4BSM May ‘14

Summary
!

Template Overlap is flexible enough to work with a variety of 
resonances and channels!

High-energy effects: boosted jet regime offers richer kinematics.!

TemplateTagger 2.0: currently being tested by ATLAS!

Several models not yet adopted by experimental collaborations, 
besides the RS one:  asks for a better tailored analyses.!

Thanks for your attention!

30

http://tom.hepforge.org
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Searches for top-philic NP with TOM
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FIG. 12. The reconstructed m
tt̄

for SM tt̄ and W + jets backgrounds, and a bulk RS KK gluon with MKK = 2.5 TeV,

MKK = 3 TeV and the EFT model of Eq. (22). We show the distributions before (left panel) and after (right panel) two top

tags. The t and t̄ decay semi-leptonically, with no b-tagging. The left panel shows the distributions after then basic cuts of

Eq. (10), while the right panel contains additional cuts of Eq. (23). Note that “reconstructed m
tt̄

” implies that the di-jet

invariant mass was calculated from peak template states.

no pileup
––– sKK
--- smax
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MadGraph + Pythia, s = 8 TeV, anti-kT , R-varied, r3-scaled

FIG. 13. 95% confidence level reach for the KK gluon search at
p

s = 8 TeV with L = 14 fb�1, 20 fb�1. The dashed line

represents the upper limit on the cross section whereas the solid line is the leading order KK gluon cross section. The symbol

` = e, µ in the axis label.

We assume that n is equal to the integer closest to B, and solve Eq. (26) for �CL assuming ↵ = 0.05 (95% exclusion).

Figure 13 shows the results for the projected 95% CL exclusion of the KK gluon search at
p

s = 8 TeV and L =

14 fb�1, 20 fb�1. We find that KK gluon masses up to ⇡ 2.6 TeV can be excluded with L = 14 fb�1, and masses up

to ⇡ 2.7 TeV with L = 20 fb�1, assuming no pileup, no detector e↵ects and no signal K-factor.

Table VI summarizes our results for the sensitivity to the KK gluon and EFT examples. In the KK gluon case,

25

TOM is able to improve S/B relative to the Basic Cuts by a factor of ⇡ 15 at MKK = 2.5, 3.0 TeV, while the signal

significance, although too low to claim discovery, improves roughly three-fold for MKK = 2.5 TeV and two-fold at

MKK = 3.0 TeV. The fact that the e�ciency of the overlap cut on SM tt̄ is somewhat lower than that of signal tt̄ events

is another indication that higher order e↵ects are more significant in SM tt̄ events, as discussed in Sec. IV. Notice,

however, that our simulation of NP scenarios include only the real emissions through matching with no contributions

from the virtual part of the NLO diagrams.

Model MKK = 2.5 TeV MKK = 3.0 TeV EFT

mmin
tt̄

2125 GeV 2550 GeV 2000 GeV

Ovmin
3 0 0.7 0 0.7 0 0.7

�
tt̄

(fb) 1.8 0.75 0.43 0.14 2.7 1.1

�
W+jets (fb) 30 0.51 13 0.15 38 0.67

�
S

(fb) 1.4 0.82 0.46 0.16 13.0 12.0

S/B 0.04 0.65 0.04 0.55 0.3 6.8

S/
p

B (14.3 fb�1) 0.9 2.8 0.5 1.1 7.7 34

S/
p

B (20.0 fb�1) 1.1 3.3 0.6 1.3 9.1 40

TABLE VI. Rejection power of Ovhad

3 and Ovlep

3 at several benchmark e�ciency points. The values in the column labeled by

Ovmin
3 = 0 assume the basic cuts of Eq. (10).

VIII. CONCLUSIONS AND DISCUSSION

In this paper we introduced a tagger for semi-leptonic tt̄ events based on the Template Overlap Method (TOM).

We demonstrated that at large boost the leptonic-top tagger leads to an additional rejection power of roughly 4. The

tagger may serve to compensate or complement the rejection power lost due to the reduction of b-tagging e�ciency.

We showed that the semi-leptonic tt̄ TOM tagger is by itself robust against pileup up to 50 interactions per bunch

crossing, without the use of additional pileup correction techniques. The relative insensitivity of TOM to pileup may

thus serve to study the systematic e↵ects of other pileup correction techniques.

Furthermore, we demonstrated that TOM is able to e�ciently reject events in which tt̄ pairs are produced in

association with a hard gluon and hence single out the back to back tt̄ events. Our results show that Ovhad3 is able

to provide an improvement of a factor of 2 in back to back tt̄ signal purity compared to the ATLAS tagger based

on cuts on the k
T

splitting scale and the trimmed jet mass selection. Our method is able resolve the kinematic

distributions of high energy top quark events to a reasonable degree, and better than the above-mentioned ATLAS

tagger. The improvement in resolution is due to the fact that conventional approaches will often tag the extra hard jet

as a hadronic-top candidate. The hadronic TOM rejects W+jets events at the rate of ⇡ 10 with the SM tt̄ e�ciency

of 60% at p
T

⇠ 500 GeV. The rejection power decreases with energy, due to the mentioned higher order e↵ects that

are characterized by hard and wide gluon emission and the gluon splitting function to a top quark pair.

We performed a detailed study of pileup e↵ects on TOM. To illustrate the performance of TOM in a high luminosity

environment, we chose not to subtract pileup from our events. Instead, we introduce a simple approach to damp the

Improvement of S/B from 0.04 to 0.6!
3 sigma after 20 fb!
Expected reach to improve in full NLO samples; asymmetry works 
in our favor!
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VII. SEARCHES FOR TOP-PHILIC NEW PHYSICS WITH TOM

The results shown above suggest that TOM is able to discriminate against the SM tt̄ reducible, and non-tt̄ irreducible

backgrounds while mantaining a relatively high signal e�ciency. The template top tagger is particularly useful in the

search for NP in tt̄ resonances, as it can e�ciently remove contributions from asymmetric SM tt̄ events.

Many models provide possibilities for new interactions with enhanced couplings to top quarks. To demonstrate the

e↵ectiveness of the TOM, we present a simple search for a massive spin-one, tt̄ color octet resonance in the lepton

plus jets channel for the past run of the LHC at
p

s = 8 TeV. We further study the case of heavy NP characterised

by e↵ective field theory (EFT). Specifically, we add a four-fermion uūtt̄ operator capable of accommodating the

discrepancy in the Tevatron tt̄ forward-backward asymmetry.

Our analysis focuses on the kinematic range in which the tt̄ system has su�cient energy for the decay products of

each top quark to be fully merged into fat jets of R ⇠ 1, leading to di-jet topologies in which the events have one fully

merged hadronic decaying top-quark candidate and one fully merged leptonic decaying top-quark candidate. Event

reconstruction follows the same steps as in Sec. III. For events passing the Basic Cuts of Eq. (10), we further demand

that the semileptonic tt̄ candidate contain two top tags and satisfy extra cut on template m
tt̄

consistent with the

decay of a heavy resonance.

A. Benchmark models

We consider new physics in two specific benchmark models. In the first case, we consider Kaluza-Klein (KK) gluons

from the bulk Randall-Sundrum model (RS) [3, 5] with �KK/MKK = 15%. Neglecting e↵ects related to Electro-weak

symmetry breaking (EWSB), the left-handed (g
L

) and right-handed (g
R

) couplings to quarks in this model are

gqq̄
L

= �1

5
g
s

, gqq̄
R

= � 1
5g

s

,

gbb̄
L

= g
s

, gbb̄
R

= � 1
5g

s

, (21)

gtt̄
L

= g
s

, gtt̄
R

= 4g
s

,

where q = u, d, c, s and g
s

is the SM SU(3)
C

gauge coupling. Masses below ⇡ 2 TeV for KK gauge particles are

disfavored by precision tests [61, 62], while direct constraints from CMS limit the KK gluon to be heavier than

roughly 2.5 TeV [63], assuming a signal K-factor of 1.3, derived from color singlet NLO analyses [64]. As here we

consider a color octet resonance, we conservatively do not apply this K-factor. We consider two specific KK gluon

masses: MKK = 2.5 TeV and MKK = 3 TeV. In this mass regime, KK gluons decay dominantly to tt̄ with a branching

ratio of ⇡ 95%.

As a second example, we consider a non-resonant top-philic NP model. Assuming that new physics is heavy enough,

one can take an EFT approach to describe the NP by means of higher dimensional interactions among the SM fields.

For simplicity, we focus on the operator

LEFT =
g
A

⇤2
(ū�

µ

�5T
au)(t̄�µ�5T

at) , (22)

where ⇤ is the scale of the new interaction, T a being an SU(3) generator (a = 1...8) and g
A

is the “axigluon”

coupling. This presence of this operator can be motivated by the anomalous top forward-backward asymmetry at the

KK gluons from the bulk !
Randall-Sundrum model
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disfavored by precision tests [61, 62], while direct constraints from CMS limit the KK gluon to be heavier than

roughly 2.5 TeV [63], assuming a signal K-factor of 1.3, derived from color singlet NLO analyses [64]. As here we

consider a color octet resonance, we conservatively do not apply this K-factor. We consider two specific KK gluon

masses: MKK = 2.5 TeV and MKK = 3 TeV. In this mass regime, KK gluons decay dominantly to tt̄ with a branching

ratio of ⇡ 95%.

As a second example, we consider a non-resonant top-philic NP model. Assuming that new physics is heavy enough,

one can take an EFT approach to describe the NP by means of higher dimensional interactions among the SM fields.

For simplicity, we focus on the operator

LEFT =
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where ⇤ is the scale of the new interaction, T a being an SU(3) generator (a = 1...8) and g
A

is the “axigluon”

coupling. This presence of this operator can be motivated by the anomalous top forward-backward asymmetry at the

Only LO (+MLM) study!



Explicit model: MCH45
De Simone, Matsedonskyi, Rattazzi, Wulzer JHEP (13)

Resonances  
in 4 of SO(4)

SM in 5 of SO(5)

tR composite

a moderate separation, M
 

. m⇤, or even extrapolating towards M
 

' m⇤, our models should

provide a valid qualitative description of the relevant physics. Nevertheless for a more careful study

of the case of small separation our setup should be generalized by incorporating more resonances in

the e↵ective theory.

2.1.1 Top partners in the fourplet

First we consider models M4

5

and M4

14

, in which the top partners are in the 42/3. In this case the

top partner field is

 =
1p
2

0

BBB@

iB � iX
5

/

3

B + X
5

/

3

iT + iX
2

/

3
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2

/

3

1

CCCA
, (2.5)

and it transforms, following CCWZ, as

 
i

! h(⇧; g) j

i

 
j

, (2.6)

under a generic element g of SO(5). The 4 ⇥ 4 matrix h is defined by eq.s (A.7) and (A.8) and

provides a non-linear representation of the full SO(5). The four  components decompose into two

SM doublets (T,B) and (X
5

/

3

, X
2

/

3

) of hypercharge 1/6 and 7/6 respectively. The first doublet has

therefore the same quantum numbers as the (t
L

, b
L

) doublet while the second one contains a state

of exotic charge 5/3 plus another top-like quark X
2

/

3

.

When the q
L

is embedded in the 52/3, i.e. in model M4

5

, the leading order Lagrangian is

L M4
5 = i q̄

L

/D q
L

+ i t̄
R

/D t
R

+ i  ̄( /D + i/e) � M
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)IU
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t
R

+ h.c.
i
, (2.7)

where c
1,2

are coe�cients expected to be of order 1. The above Lagrangian with totally composite

t
R

was first written in Ref. [16]. Notice the presence of the /e = e
µ

�µ term which accompanies

the derivative of the top partner field: it reconstructs the CCWZ covariant derivative defined in

eq. (A.24) and is essential to respect SO(5). In the second line of the equation above we find, first

of all, a direct interaction, not mediated by the coupling y, among the composite t
R

and the top

partners. This term is entirely generated by the strong sector and would have been suppressed in

the case of partial t
R

compositeness. It delivers, looking at the explicit form of d
µ

in eq. (A.19),

couplings involving the top, the partners and the SM gauge fields. These will play an important

role in the single production and in the decay of the top partners. The last two terms give rise, in

particular, to the top quark mass but also to trilinear couplings contributing to the single production

of top partners. Notice that the indices of the embedding Q5
L

can not be contracted directly with

those of  because they live in di↵erent spaces. The embeddings transform linearly under SO(5) as

reported in eq. (2.3) while  transforms under the non-linear representation h. For this reason one

insertion of the Goldstone matrix, transforming according to eq. (A.7), is needed.

For brevity we omitted from eq. (2.7) the kinetic term of the gauge fields and of the Goldstone

Higgs, the latter is given for reference in eq. (A.21). Moreover we have not yet specified the covariant
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Figure 2: The typical spectrum of the top partners.

nature of the Higgs and it would be generically violated, as previously discussed, if this assumption

was relaxed. This result also depends on t
R

being a composite singlet. If t
R

was instead a partially

composite state mixing to a non-trivial representation of SO(5) (for instance a 5) there would be

additional entries in the mass matrix. 8 In a sense our result depends on y being the only relevant

parameter that breaks SO(5) explicitly.

Once the mass-matrix has been put in the block-diagonal form of eq. (2.17) it is straightforward

to diagonalize it and to obtain exact formulae for the rotation matrices and for the masses of the

top and of the T partner. However the resulting expressions are rather involved and we just report

here approximate expressions for the masses. We have
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sin2 ✏ + . . .

#
. (2.18)

From the above equation we obtain the correct order of magnitude for the top mass if, as anticipated,

y ⇠ y
t

and g
 

& 1. In this region of the parameter space the corrections to the approximate formulae

are rather small, being suppressed by both a factor y2/g2
 

(which is preferentially smaller than one)

and by ⇠ ⌧ 1. However we will consider departures from this theoretically expected region and

therefore we will need to use the exact formulae in the following sections.

Similarly we can study the sector of �1/3 charge states. It contains a massless b
L

, because we

are not including the b
R

in our model, plus the heavy B particle with a mass

m
B

=
q
M2

 

+ y2f2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model, any con-

tribution from EWSB. By comparing the equation above with the previous one we find that the

8The top partner’s spectrum with partially composite t
R

has been worked out in Ref. [14, 10].
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