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Template Overlap Method (TOM)
- A jet substructure algorithm to tag heavy, boosted jets against 
the background. (see Matteo’s talk for some alternatives)

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

- Subsequent pheno studies:

- Publically available code:

- ATLAS study:

               

- Highly boosted Higgs study -  Almeida, Erdogan, Juknevich, Lee, Perez, Sterman 
(Phys.Rev. D85 (2012) 114046).
- Highly boosted Higgs study - Backovic, Juknevich, Perez (arXiv:1212.2977)
- Semi-leptonic Top study - Backovic, Juknevich, Lee, Soreq, Perez (in preparation)

- Template Tagger v1.0.0 -  Backovic, Juknevich (arxiv:1212:2978)

- Search for resonances in ttbar events - (JHEP 1301 (2013) 116)
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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-
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
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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

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

d3"pi
(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.
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TOM: Illustration

Consider for instance a “Higgs jet”
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TOM: Illustration
Pick one configuration out of many possible 2-body decay 
configurations of a boosted Higgs (Template).
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TOM: Illustration
Pick one configuration out of many possible 2-body decay 
configurations of a boosted Higgs (Template).

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

X

j

Ej
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X

j

Ej � Ei

TOM: Illustration
Pick one configuration out of many possible 2-body decay 
configurations of a boosted Higgs (Template).

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.
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TOM: Illustration
Pick one configuration out of many possible 2-body decay 
configurations of a boosted Higgs (Template).

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Weight needed to 
compensate for the 
template resolution of 
the mass, transverse 
momenta etc. 

Mihailo Backovic, MC4BSM 2013
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TOM: Illustration
Pick one configuration out of many possible 2-body decay 
configurations of a boosted Higgs (Template).

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Exponentiate the sum!

Mihailo Backovic, MC4BSM 2013
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TOM: Illustration
Repeat the algorithm for many possible template 
configurations

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Exponentiate the sum!

Mihailo Backovic, MC4BSM 2013
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TOM: Illustration

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Exponentiate the sum!

Repeat the algorithm for many possible template 
configurations

Mihailo Backovic, MC4BSM 2013
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TOM: Illustration

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Choose the 
configuration which 

maximizes the 
exponential!

Ov = max(F )
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Repeat the algorithm for many possible template 
configurations

Mihailo Backovic, MC4BSM 2013

Result: Ov AND template which 
maximizes overlap.
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TOM

TOM today
Over time, many improvements were made on the original 
formulation of TOM. 
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TOM

TOM today

Formulation in terms of 
longitudinally boost-invariant 

quantities. Dynamical, event-by-
event template 
subcone radius 
determination.

Introduction of new template 
based observables (Template 

Planar Flow, Template 
Stretch ... ).

Pileup insensitive 
template selection 

criteria.

Template b-tagging.

Over time, many improvements were made on the original 
formulation of TOM. 

Leptonic Top Template.

Mihailo Backovic, MC4BSM 2013

Sequential template 
generation for adequate 
phase space coverage

Everything in red introduced in arXiv:1212.2977
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TOM: Example

Typical boosted top jet:
Blue - positions of parton level top decay products.
Gray - Calorimeter energy depositions.
Red - Peak template positions.
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TOM: Example

Typical boosted top jet:
Blue - positions of parton level top decay products.
Gray - Calorimeter energy depositions.
Red - Peak template positions.
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Boosted Top Searches

Mihailo Backovic, MC4BSM 2013
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Search for tt resonances:

- Ultra-highly boosted jets (pT > 1 TeV) become more important at 
higher masses. (e.g. about 50% of events with mg’ = 2.8 TeV give top 
jets with pT > 1 TeV).

- Most jet substructure methods ability to tag the boosted jets 
decreases with pT of the boosted jet.
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TOM: Example

Mihailo Backovic, MC4BSM 2013

Semi-leptonic t-tbar events (in progress):

pT > 1 TeV
mg’ = 3 TeV

We are also developing TOM for the leptonic 
top decays.
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TOM: Example

Mihailo Backovic, MC4BSM 2013

Rejection rate for dijets and Wjj (pT > 1 TeV): no b-tagging
no mass cut

Wjj dijet

Cut on Ov3 runs along the lines

Wjj main background. Very good rejection rate (a 
factor of 10 for 50% efficiency).
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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.
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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 
puclished: JHEP 1301(2013) 116
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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 code.
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TOM: Example - Boosted Higgs

Mihailo Backovic, MC4BSM 2013

8
Looking for Higgs with the Template Overlap Method

How to go ahead?

Color singlet Color octet

Additional difference between H->bb and g->bb

  H is color singlet: b's must have same color and are color 

connected together

 g is color octet: b's have different color and are connected 

to beam or other jets

Sung;Gallicchio, Schwartz 

 
-Different radiation patters expected due to color connections
- e.q. gluon is a color octet -> b quarks are color connected to the beam and 
have different color

- Higgs is a color singlet - b quarks have the same color and are color 
connected

Use both 2-body and 3-body 
templates to characterize the 

Higgs.
Phys.Rev. D85 (2012) 114046

arxiv:1212:2978
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TOM: Example

Mihailo Backovic, MC4BSM 2013

Boosted Higgs Search (arXiv: 1212:2977)

15

1. Background Rejection Power at
p
s = 8 TeV

We proceed to discuss the rejection power of the method for jets with pT > 300 GeV at
p
s = 8 TeV. For the

purpose of illustration, we consider several combinations of cuts on both template and jet observables, while we leave

Ovmin
3

a free parameter. We label the cuts as following:

Cuts 1 : Ov
2

> 0.9.

Cuts 2 : Ov
2

> 0.9, 2tb.

Cuts 3 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

Cuts 4 : Ov
2

> 0.9, 2tb, tPf < 0.3.

Cuts 5 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

110 GeV < m < 130 GeV, (14)

where 2tb denotes that both two-particle peak template momenta are b-tagged.

FIG. 8. Background rejection power of the template analysis. The left panel shows the overall e�ciency and fake rate with

fixed cuts of Eq. (14). A cut on Ovmin
3

runs along the curves. The right panel shows rejection power for the tt̄ and Wbb̄

separately for Cuts 1. All e�ciencies are relative to Basic Cuts of Eq. (13).

Fig. 8 summarizes the results. The left panel shows rejection power obtained from our analysis, with and without

a mass window cut. The signal e�ciency and fake rates are measured relative to the cross sections with Basic Cuts

from Table I. The curves also include b-tagging e�ciencies we discussed the previous section. Each curve represents

fake rate as a function of signal e�ciency with a set of fixed cuts on template observables, while a cut on Ov
3

in

the range of (0, 1) runs along the curve. Our results show that template observables can significantly improve the

background rejection power relative to Basic Cuts of Eq. (13). Fig. 10 illustrates the rejection power over individual

background channels. Template Overlap method alone performs significantly better in rejecting Wbb̄ events for most

signal e�ciencies, as shows in the left panel of Fig. Fig. 10. This is reasonable since tt̄ events typically consist of two

b-tagged jets and an additional fragment of a hadronically decaying W boson. Such a configuration is more likely

17

PYTHIA

Cut Set Ovmin
3

Wh e�ciency (%) Wbb̄ fake rate (%) tt̄ fake rate (%) overall rejection power

Cuts 3 0.3 39.0 20.0 16.0 2.1

Cuts 3 0.8 27.0 10.0 10.0 2.7

Cuts 4 0.3 20.0 9.0 4.0 3.0

Cuts 4 0.8 14.0 5.0 2.0 4.0

Cuts 5 0.8 23.0 6.0 3.0 5.0

SHERPA

Cut Set Ovmin
3

Wh e�ciency (%) Wbb̄ fake rate (%) tt̄ fake rate (%) overall rejection power

Cuts 3 0.3 39.0 17.0 – 2.3

Cuts 3 0.8 26.0 8.0 – 3.1

Cuts 4 0.3 23.0 11.0 – 2.1

Cuts 4 0.8 15.0 5.0 – 2.9

Cuts 5 0.8 17.0 4.0 – 4.3

TABLE II. Background Rejection Rates at
p
s = 8 TeV. The values in the table show the signal e�ciencies and fake rates

relative to the cross sections with Basic Cuts of Eq. (13). The overlap rejection power includes both the Wbb̄ and tt̄.

FIG. 10. Background rejection power of the Template Overlap Method at
p
s = 13 TeV. The left panel shows the overall

e�ciency and fake rate with fixed cuts of Eq. (14). A cut on Ovmin
3

runs along the curves. All e�ciencies are relative to Basic

Cuts of Eq. (13).

B. Higgs Tagging with Template Overlap - E↵ects of Pileup

A foe to most jet substructure observables, pileup has become an LHC fact of life. The strive for high luminosity

resulted in pileup levels of whopping 20 average interactions per bunch crossing during the current 8 TeV run. Pileup

events contribute both to the fat jet constituent multiplicity and the energy distribution within a jet, resulting in

possibly dramatic e↵ects on any jet substructure observable constructed out of jet constituents.

Jet mass is perhaps the best illustration of this point. Fig. 11 shows an example. The left panel shows mass

distributions in the presence of average 20 interactions per bunch crossing. In addition to shifting the mass peaks

12

at 13 TeV and CTEQ6.6M [44] parton distribution functions. For each event, we find the jet with the highest

transverse momentum j and impose the following Basic Cuts:

pjT > pmin
T , pWT > pmin

T ,

⌘j , ⌘l < 2.5 , pT/ > 40 GeV ,

Nb = 2 , �Rbb � 0.4 ,

Nk(pT > 20 GeV) < 2 , Nl(pT > 20 GeV) = 1 , (13)

where Nk,l is the number of jets (anti-kT , r = 0.4) and leptons outside the highest pT fat jet (of radius R) and Nb

is the required number of b-tagged (anti-kT r = 0.4) subjets. For a fat anti-kT jet j (of radius R), and an anti-kT ,

r = 0.4 jet k, a jet is considered to be outside the fat jet if the plain distance �R(j, k) > R+ r. Similarly, a lepton l

is considered outside if �R(j, l) > R. Table I summarizes the cross section results with and without Basic Cuts.

We consider pmin
T = 300, 350 GeV respectively at 8 TeV and 13 TeV. For b-tagging we assume an e�ciency of 75%

and fake rate of 1% for light jets [45]. The current studies suggest a charm fake rate of 18% [45], which is likely a

conservative estimate. Charms are extremely important when considering boosted Higgs decays, as the largest part

of the tt̄ background comes from events in which one top decays leptonically, while the hadronic W from the other

top decays to a charm. We emphasize that omitting the charms as a source of background (as is done in some of the

boosted Higgs analyses) will result in an improved performance for our tagger. Yet, at present, it is not clear whether

this is possible, and the burden of proof is thus placed on the experimental collaborations.

We analyze the cases with and without pileup separately in order to illustrate the sensitivity of the Template

Overlap Method to a pileup environment. This allows us to determine the range of background rejection power as a

function of the e�ciency of pileup subtraction. In addition, it also allows for a comparative study of the various jet

substructure observables in a pileup environment.

fb tt̄ Wbb̄ Wh S/B

�(
p
s = 8 TeV, pWT > 300 GeV) 565.0 56.0 1.6

�(
p
s = 8 TeV, BasicCuts) 2.0 2.5 0.2 0.05

�(
p
s = 13 TeV, pWT > 350 GeV) 956.0 47.0 1.2

�(
p
s = 13 TeV, BasicCuts) 3.0 1.7 0.3 0.06

TABLE I. NLO signal and background cross sections at
p
s = 8 TeV and

p
s = 13 TeV. The listed numbers assume a

leptonically decaying W± with first 2 generations of leptons included. Basic Cuts include Eq. (13) as well as the b-tagging

e�ciencies.

A. Higgs Tagging with Template Overlap - No Pileup

We proceed to discuss the ability of the Template Overlap Method to discriminate between di↵erent sources of

coherent QCD radiation.

In terms of pileup filtering, analysis without pileup is equivalent to stating that the e�ciency of pileup subtraction

is 100%. In this section we present only the results on jets with pT > 300 GeV, simulated at
p
s = 8 TeV, while

Good rejection power at 13 TeV, but signal 
efficiency too low.

Need about 250 fb-1 of data to see a 3 sigma 
signal.

Cuts 5 icludes overlap 
cuts and a mass cut.

Cuts 5 icludes overlap 
cuts and a mass cut.

Before overlap analysis, 
no mass cut (MCFM):

Tiny signal
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1. Background Rejection Power at
p
s = 8 TeV

We proceed to discuss the rejection power of the method for jets with pT > 300 GeV at
p
s = 8 TeV. We define

the signal e�ciency ✏s to be the ratio of the signal cross section after various kinematic cuts are applied, to the cross

section after Basic Cuts, i.e.

✏s ⌘
�cuts
Wh

�BC
Wh

(16)

where BC denotes Basic Cuts of Eq. ?? and cuts are any kinematic cuts in addition to the Basic Cuts (see Eq. ??).

Each cross section in Eq. ?? assumes b-tagging e�ciency of 75%, c mistag rate of 18% and light jet mistag rate of

1%.

Similarly, we define the total background fake rate to be

✏f ⌘
�cuts
Wb¯b

+ �cuts
t¯t

�BC
Wb¯b

+ �BC
t¯t

, (17)

and the fake rate for individual background channels as

✏Wb¯b ⌘
�cuts
Wb¯b

�BC
Wb¯b

, ✏t¯t =
�cuts
t¯t

�BC
t¯t

. (18)

Finally, we define the background rejection power RP as

RP ⌘ ✏s
✏f

. (19)

For the purpose of illustration, we consider several combinations of cuts on both template and jet observables in

addition to Basic Cuts of Eq. ??, while we leave Ovmin
3

a free parameter. We label the cuts as following:

Cuts 1 : Ov
2

> 0.9.

Cuts 2 : Ov
2

> 0.9, 2tb.

Cuts 3 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

Cuts 4 : Ov
2

> 0.9, 2tb, tPf < 0.3.

Cuts 5 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

110 GeV < m < 130 GeV, (20)

where 2tb denotes that both two-particle peak template momenta are b-tagged.

Fig. ?? summarizes the results. The left panel shows rejection power obtained from our analysis, with and without

a mass window cut. The signal e�ciency and fake rates are measured relative to the cross sections with Basic Cuts

from Table ??. The curves also include b-tagging e�ciencies we discussed the previous section. Each curve represents

fake rate as a function of signal e�ciency with a set of fixed cuts on template observables, while a cut on Ov
3

in

the range of (0, 1) runs along the curve. Our results show that template observables can significantly improve the

background rejection power relative to Basic Cuts of Eq. (??). Fig. ?? illustrates the rejection power over individual

background channels. Template Overlap method alone performs significantly better in rejecting Wbb̄ events for most

signal e�ciencies, as shows in the left panel of Fig. Fig. ??. This is reasonable since tt̄ events typically consist of two

b-tagged jets and an additional fragment of a hadronically decaying W boson. Such a configuration is more likely

16

1. Background Rejection Power at
p
s = 8 TeV

We proceed to discuss the rejection power of the method for jets with pT > 300 GeV at
p
s = 8 TeV. We define

the signal e�ciency ✏s to be the ratio of the signal cross section after various kinematic cuts are applied, to the cross

section after Basic Cuts, i.e.

✏s ⌘
�cuts
Wh

�BC
Wh

(16)

where BC denotes Basic Cuts of Eq. ?? and cuts are any kinematic cuts in addition to the Basic Cuts (see Eq. ??).

Each cross section in Eq. ?? assumes b-tagging e�ciency of 75%, c mistag rate of 18% and light jet mistag rate of

1%.

Similarly, we define the total background fake rate to be

✏f ⌘
�cuts
Wb¯b

+ �cuts
t¯t

�BC
Wb¯b

+ �BC
t¯t

, (17)

and the fake rate for individual background channels as

✏Wb¯b ⌘
�cuts
Wb¯b

�BC
Wb¯b

, ✏t¯t =
�cuts
t¯t

�BC
t¯t

. (18)

Finally, we define the background rejection power RP as

RP ⌘ ✏s
✏f

. (19)

For the purpose of illustration, we consider several combinations of cuts on both template and jet observables in

addition to Basic Cuts of Eq. ??, while we leave Ovmin
3

a free parameter. We label the cuts as following:

Cuts 1 : Ov
2

> 0.9.

Cuts 2 : Ov
2

> 0.9, 2tb.

Cuts 3 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

Cuts 4 : Ov
2

> 0.9, 2tb, tPf < 0.3.

Cuts 5 : Ov
2

> 0.9, 2tb, �Rbb/�Rt < 1.0.

110 GeV < m < 130 GeV, (20)

where 2tb denotes that both two-particle peak template momenta are b-tagged.

Fig. ?? summarizes the results. The left panel shows rejection power obtained from our analysis, with and without

a mass window cut. The signal e�ciency and fake rates are measured relative to the cross sections with Basic Cuts

from Table ??. The curves also include b-tagging e�ciencies we discussed the previous section. Each curve represents

fake rate as a function of signal e�ciency with a set of fixed cuts on template observables, while a cut on Ov
3

in

the range of (0, 1) runs along the curve. Our results show that template observables can significantly improve the

background rejection power relative to Basic Cuts of Eq. (??). Fig. ?? illustrates the rejection power over individual

background channels. Template Overlap method alone performs significantly better in rejecting Wbb̄ events for most

signal e�ciencies, as shows in the left panel of Fig. Fig. ??. This is reasonable since tt̄ events typically consist of two

b-tagged jets and an additional fragment of a hadronically decaying W boson. Such a configuration is more likely

All RPs relative to the 
Basic Selection Cuts 

including a double b-tag.
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Pileup is a problem!
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BSM Physics at ATLAS,                        MC4BSM, Hamburg, April 2013    Erez Etzion

LHC, Three years at Energy Frontier

• 2010, √s =7  TeV,  36 pb-1
.

• 2011, √s =7  TeV 

- Peak luminosity 3.65x1033 cm-2s-1

- Peak of  140 pb-1 of  data per day

- Integrated luminosity 5.62 fb-1 

- 50 ns bunch spacing

- Pile up - collisions/bunch crossing                                   
<µ#>#=6.3#(11.6)#before#(a1er)#September

• 2012, √s = 8 TeV

- Peak luminosity 7.73x1033 cm-2s-1

- Integrated luminosity  (ATLAS) 23 fb-1

-  Data taking effi.  93%,  good quality 
95%

- Pile up - <µ#>#=20      

•   Total : ~5 billion events, ~25 fb-1 

•  120 PB data and MC on disk!                    
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Stolen from Erez’s talk
20

FIG. 11. Jet mass distributions for signal and dominant backgrounds with pileup, N
vtx

= 20. The left panels show distributions

after the Basic Cuts of Eq. (??), while the right panel shows the same distributions with Ov
2

> 0.9 Ov
3

> 0.8.
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FIG. 12. Comparison of boosted Higgs template results without and with pileup (20 average interactions per bunch crossing).

Left panel shows a Higgs jet analyzed with no pileup. The right panel is the same jet with pileup added. Grey squares represent

the jet constituents, the pT of which is proportional to the size of the square. The solid circles are positions of b-quarks in the

hard process. Particles with pT < 1 GeV are not shown on the plot, but are included in the analysis.

] and jet area techniques [? ? ]. Alternatively, Ref. [? ] presents a data driven method of correcting for pileup

e↵ects for jet shape variable of massive narrow jets. Finally, particle tracking information can be used to subtract

pileup events, a method already used by the CMS collaboration [? ]. In this section we do not consider any pileup

subtraction. Instead, we show that the Template Overlap Method is largely una↵ected by pileup.

Robustness of the Template Overlap Method against pileup comes from the definition of template overlap. Consider

for instance a single template momentum pt. The core of the overlap measure is the di↵erence

�pT = ptT �
X

j

pjT ⇥ ✓(r
3

��Rtj), (21)

where pj are momenta of jet constituents and ✓ selects the ones which fall into a cone of radius r
3

around pt. The

14

we postpone the discussion of the future 13 TeV LHC run until Section ??. An important feature of the Template

Overlap Method is that it is designed to identify a particular kinematic jet substructure configuration, including the

jet pT and mass. High peak overlap score implies that the kinematics of a fat jet matches the kinematics of the peak

template state. In Fig. ?? we plot the jet mass distribution without (left panel) and with (right panel) template

overlap cuts of Ov
2

> 0.9 and Ov
3

> 0.8, after the Basic Cuts of Eq. (??) have been applied. It is evident from

Fig. ?? that sizable chunk of the background is removed as a result of the overlap cuts though the resolution of the

fat jet Higgs mass is only moderately improved.

FIG. 6. Invariant-mass peak searches with templates. The left panel shows the mass distributions with no cuts on template

observables. The right shows the same distributions when overlap cuts are applied to the data: Ov
2

> 0.9 and Ov
3

> 0.8.

The mass resolution of the peak templates depends largely on the chosen parameters of the method, namely the

template cone radii ra and their energy resolution �a which we choose rather loosely as to keep the signal e�ciency at

a reasonable level. Recently, authors of Ref. [? ] presented a jet substructure analysis of boosted tt̄ pairs at ATLAS.

Their results showed that even with a high peak overlap cut, an additional mass window improved the background

rejection power by a factor of two. Our result in Fig. ?? agrees with the ATLAS result. It appears that even after

the overlap cuts, a mass window of (say) 110 GeV < mj < 130 GeV would improve the background rejection power

(this would, however, require an additional procedure of pileup removal). In the following sections we remain agnostic

about this issue and show results with an without a mass cut.

Fig. ?? shows distributions of several template-inspired observables obtained from both the Pythia and Sherpa

data. Since our focus is on the di↵erence in the shapes of various observables, all of the kinematic distributions are

shown after cuts slightly di↵erent from the ones of Eq. (??), with 2tb denoting that both two-body template momenta

are b-tagged. Ref. [? ] showed that at very high pT (say above the TeV scale), ✓̄ displays a sizable rejection power. Our

result shows that at lower pT , in the region where small R approximation does not hold, the background discriminating

power of ✓̄ is highly diminished. In addition to Ov
3

, tPf and especially �Rbb/�Rt appear to be promising variables.

We discuss tPf in more detail in Appendix ??.

Effects of pileup

Mihailo Backovic, MC4BSM 2013

kinematic distributions 
not only shifted but 

become wider as well.
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TOM & Pileup

TOM is very weakly sensitive to pileup even in a high pileup 
environment characteristic of the LHC 8 TeV run! 20

FIG. 13. E↵ects of pileup on various jet-substructure distributions. Solid distributions were obtained with no pileup, while

dashed distributions contain 20 average pileup events. All plots have a cut of Ov
2

> 0.9 for r
2

= 0.3.

in Table IV for a few benchmark e�ciency points. We choose to omit the result of adding a mass cut since it requires

an additional mechanism for pile up subtraction, and is thus beyond the scope of this paper. In each case, we find

background rejections comparable to our results for events wihout pileup.

IV. CONCLUSIONS

Hadronic decay channel of the Standard Model Higgs boson is one of the most challenging measurements in Higgs

physics at the LHC. Traditional jet observables such as jet mass and pT are inadequate to combat the large QCD

background as well as high luminosity environments characteristic of the LHC. Jet substructure techniques can be

20

FIG. 13. E↵ects of pileup on various jet-substructure distributions. Solid distributions were obtained with no pileup, while

dashed distributions contain 20 average pileup events. All plots have a cut of Ov
2

> 0.9 for r
2

= 0.3.

in Table IV for a few benchmark e�ciency points. We choose to omit the result of adding a mass cut since it requires

an additional mechanism for pile up subtraction, and is thus beyond the scope of this paper. In each case, we find

background rejections comparable to our results for events wihout pileup.

IV. CONCLUSIONS

Hadronic decay channel of the Standard Model Higgs boson is one of the most challenging measurements in Higgs

physics at the LHC. Traditional jet observables such as jet mass and pT are inadequate to combat the large QCD

background as well as high luminosity environments characteristic of the LHC. Jet substructure techniques can be

- Example: 8 TeV boosted Higgs analysis with <Nvtx> = 20!
Solid - no pileup
Dashed - pileup

Solid - no pileup
Dashed - pileup

Mihailo Backovic, MC4BSM 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.:

Ov3 Ov3

Wh Wbb
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TOM & Pileup

20

FIG. 11. Jet mass distributions for signal and dominant backgrounds with pileup, N
vtx

= 20. The left panels show distributions

after the Basic Cuts of Eq. (??), while the right panel shows the same distributions with Ov
2

> 0.9 Ov
3

> 0.8.
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FIG. 12. Comparison of boosted Higgs template results without and with pileup (20 average interactions per bunch crossing).

Left panel shows a Higgs jet analyzed with no pileup. The right panel is the same jet with pileup added. Grey squares represent

the jet constituents, the pT of which is proportional to the size of the square. The solid circles are positions of b-quarks in the

hard process. Particles with pT < 1 GeV are not shown on the plot, but are included in the analysis.

] and jet area techniques [? ? ]. Alternatively, Ref. [? ] presents a data driven method of correcting for pileup

e↵ects for jet shape variable of massive narrow jets. Finally, particle tracking information can be used to subtract

pileup events, a method already used by the CMS collaboration [? ]. In this section we do not consider any pileup

subtraction. Instead, we show that the Template Overlap Method is largely una↵ected by pileup.

Robustness of the Template Overlap Method against pileup comes from the definition of template overlap. Consider

for instance a single template momentum pt. The core of the overlap measure is the di↵erence

�pT = ptT �
X

j

pjT ⇥ ✓(r
3

��Rtj), (21)

where pj are momenta of jet constituents and ✓ selects the ones which fall into a cone of radius r
3

around pt. The

Example boosted Higgs event:

No pileup Pileup (<Nvtx> = 20)
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Template Tagger Code

- C++ implementation of TOM

- Open source, can be downloaded from http://tom.hepforge.org/

- Basic Structure:

- The code is user friendly, examples included in the tar-ball.

- Manual on the arXiv: 1212.2978

matching.hh: Contains the code which performs TOM.

TemplateBuilder.hh: Code for template generation.

TemplateTagger.hh: Fastjet plugin.
               

Mihailo Backovic, MC4BSM 2013
Saturday, April 20, 13

http://tom.hepforge.org
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