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BOOSTED TOPOLOGIES

Many models of new physics couple to 
the top quark

At the LHC top-quarks are produced  at 
high boost (pT/m > 2)

For these top quarks the decay 
products will become more 
collimated...
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Figure 2.21: Feynman diagram for the top-quark decays with (a) a charged
lepton in the final state and (b) hadrons in the final state. Here l stands for e,
µ or ⌧ .

(a)

Figure 2.22: Minimal jet radius necessary to contain the three quarks from
an hadronic top-quark decay as a function of the top-quark pT. The color
indicates the number of top quarks from SM tt̄ MC simulation [21].

As described in Sec. 3, high data rates for the LHC experiments come at the cost of
pile-up: a combination of the e↵ects of multiple proton-proton interactions per bunch-
crossing and the relative length of the integration time of the calorimeters compared to the
bunch spacing. Pile-up typically leads to overestimating the energy in the calorimeters.
The underlying event — the interactions of the remains of the protons that undergo
the hard interaction [62] — further contributes to this mis-measurement. Analysis of
the substructure can be used to identify and subtract contributions from pile-up and
underlying event leading to a more precise and stable measurement of the masses and
momenta of top-quarks. In the HEPTopTagger this is achieved in a so-called filtering
step.

Distance of the decay 
products of a top 

quark as function of 
the pT.

... and can/will merge into a single jet 
in the detector

The fraction of such events will 
increase for the 13 TeV LHC run
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boundaries. Intermediate subjets based on the anti-kT -algorithm have not resemblance with what we would
expect from QCD. All three algorithms are available through the FastJet package [12].

Closely related to the kT and C/A measures is the JADE distance [22] which essentially is a transverse
subjet mass:

dj1j2 = pT,j1pT,j2 �R2

j1j2 ⇠ m2

T,j1j2 . (3)

In this notation we label the splitting partons as well as the reconstructed subjets in the recombination
algorithms as ji. In the remainder of the paper we will only use subjets, so this notation does not pose
any problems. Moreover, we will refer to all intermediate clusterings inside all recombination algorithms as
subjets. More stable objects, like filtered subjets we will introduce in Sec. III.

Independent of the choice of subjets to be merged by the jet algorithm we also have to define a scheme for
the combination of the two 4-momenta. In particular when looking for massive jets we should not assume
anything about the mass of the partons. Instead, we can simply add the two 4-vectors pj = pj1 + pj2 in the
E-scheme. The subjet mass is defined as m2

j = p2j . In most (soft or collinear) QCD splittings it should not
exceed the B meson mass, and even including detector e↵ects we usually find mj

<⇠ 30 GeV in the absence
of massive weak-scale splittings.

In contrast to the dynamic clustering history which we can think of as a time evolution, jet shapes are
observables based on the final jet constituents. A priory, it is not clear that these two approaches include
the same information. Therefore, the comparison of di↵erent top taggers is first of all an interesting QCD
experiment.

Because di↵erent top taggers rely on very di↵erent jet shapes we will not introduce them in general here.
The definitions are often inherited from event shapes, like most noticeably thrust [23]. Unlike jet clustering
histories, which depending on the underlying jet algorithm are either theoretically well defined (i.e. infrared
save) or not, jet shapes have to be classified one by one. Much work has for example gone into appropriate
definitions of the jet mass, introduced above [24].

The kinematics underlying this jet mass, assuming widely separated jets with a good 4-momentum recon-
struction, is fairly simple. Following our QCD picture, it is based on successive (1 ! 2) splittings. If one
of these splittings corresponds to the t ! Wb, W ! jj, or even H ! bb̄ decay, the corresponding jet mass
should be around the electroweak scale. In the leading logarithmic approximation we can describe a massive
jet composed out of two subjets using [25]

m2

j

p2T,j

⇠ z(1� z) �R2

j1j2 with z =
min pT,ji

pT,j
. (4)

As mentioned above, all top taggers include at least one jet shape, namely the jet mass. The early subjet
tools combine the jet mass with a clustering history. This includes the first W and top taggers by Mike
Seymour (Sec. II A), the W predecessor to YSplitter (Sec. II A) and the BDRS Higgs tagger (Sec. II A).

More advanced tools like YSplitter (Sec. II B), the Seattle or pruning tagger (Sec. II C), the Johns Hopkins
tagger (Sec. IID), the HEPTopTagger (Sec. II E), or the Thaler-Wang tagger (Sec. II F) supplement the jet
mass with a detailed analysis of the clustering history. Di↵erences between them arise because of di↵erent
jet algorithms and di↵erent selection criteria to extract the massive t ! Wb and W ! jj splittings.

Following the success of event shapes at LEP, the N -subjettiness tagger (Sec. IIG), the template method
(Sec. II H), or the tree-less algorithm (Sec. IIH) are exclusively based on (sub-)jet shapes. The choice of jet
algorithms in this approach does not play any role, except for removing underlying event and pile-up, as we
will discuss in Sec. III.

Testing which family of taggers is best suited for studies of the inside of jets will shed light on experimental
QCD issues way beyond the identification of top jets. For example at LEP, event shapes became the standard
tools for any kind of precision QCD measurements, like for example the ↵s measurement. At the Tevatron,
simple cone jets were used most of the time because they were deemed to be most stable in the hadron

Separation for a two-body decay:
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ANALYSIS APPROACH

Start with large-R (R=0.8 .. 1.8) and analyze the substructure

General purpose tools (= ingredients):

Find the hard substructure: trimming, mass-drop, filtering, pruning, ...

Discriminate top vs non-top: masses, splitting-scales, n-subjettiness, ...

Taggers are (usually) combination of these tools

example: mass-drop + filtering + masses (+ some combinatorics) = HEPTopTagger

Goals:

Improve mass resolution by reducing
pile-up, underlying event, soft radiation

Identify hadronic top candidate
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Figure 2.21: Feynman diagram for the top-quark decays with (a) a charged
lepton in the final state and (b) hadrons in the final state. Here l stands for e,
µ or ⌧ .

(a)

Figure 2.22: Minimal jet radius necessary to contain the three quarks from
an hadronic top-quark decay as a function of the top-quark pT. The color
indicates the number of top quarks from SM tt̄ MC simulation [21].

As described in Sec. 3, high data rates for the LHC experiments come at the cost of
pile-up: a combination of the e↵ects of multiple proton-proton interactions per bunch-
crossing and the relative length of the integration time of the calorimeters compared to the
bunch spacing. Pile-up typically leads to overestimating the energy in the calorimeters.
The underlying event — the interactions of the remains of the protons that undergo
the hard interaction [62] — further contributes to this mis-measurement. Analysis of
the substructure can be used to identify and subtract contributions from pile-up and
underlying event leading to a more precise and stable measurement of the masses and
momenta of top-quarks. In the HEPTopTagger this is achieved in a so-called filtering
step.

3

Monday, April 7, 14
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Re-cluster the constituents of a jet using the kT algorithm

Look at distance measure (splitting scale) of last or second-to-last step

Distinguishes symmetric heavy particle decays from QCD radiation:

For a heavy-particle decay:

QCD radiation: smaller

KT SPLITTING SCALES

1.2 Definitions

1.2.1 Jet algorithms

In this paper, three jet algorithms are studied: the ant i-kt algorithm [37], the Cambridge–
Aachen (C/ A) algorithm [38, 39], and the kt algorithm [40–42]. These are implemented
within the framework of the FastJet software [43, 44]. They represent the most widely
used infrared and collinear-safe jet algorithms available for hadron–hadron collider physics
today. Furthermore, in the case of the kt and C/ A algorithms, the clustering history of
the algorithm – that is, the ordering and st ructure of the pair-wise subjet recombinat ions
made during jet reconst ruct ion – provides spat ial and kinemat ic informat ion about the
subst ructure of that jet . The ant i-kt algorithm provides jets that are defined primarily
by the highest -p

T

const ituent , yielding stable, circular jets. The compromise is that the
st ructure of the jet as defined by the successive recombinat ions carried out by the ant i-kt
algorithm carries lit t le or no informat ion about the p

T

ordering of the shower or wide
angular-scale st ructure. It is, however, possible to exploit the stability of the ant i-kt al-
gorithm and recover meaningful informat ion about the jet subst ructure: ant i-kt jets are
selected for analysis based on their kinemat ics (⌘ and p

T

), and then the jet const ituents are
reclustered with the kt algorithm to enable use of the kt -ordered split t ing scales described
in sect ion 1.2.2. The four-momentum recombinat ion scheme is used in all cases and the
jet finding is performed in rapidity–azimuthal angle (y–�) coordinates. Jet select ions and
correct ions are made in pseudorapidity–azimuthal angle (⌘–�) coordinates.

1.2.2 Jet properties and substructure observables

Three observables are used throughout these studies to characterize jet subst ructure and
dist inguish massive boosted objects from gluons or light quarks: mass, kt split t ing scales,
and N -subjet t iness.

Jet mass: The jet mass is defined as the mass deduced from the four-momentum sum
of all jet const ituents. Depending on the input to the jet algorithm (see sect ion 3.1), the
const ituents may be considered as either massive or massless four-momenta.

kt splitting scales: The kt split t ing scales [45] are defined by reclustering the con-
st ituents of a jet with the kt recombinat ion algorithm, which tends to combine the harder
const ituents last . At the final step of the jet recombinat ion procedure, the kt distance
measure, di j , for the two remaining proto-jets (intermediate jet -like objects at each stage
of clustering), referred to as subjets in this case, can be used to define a splitting scale

variable as:

p
di j = min(p

Ti , pTj ) ⇥ �Ri j , (1.2)

where�Ri j is thedistancebetween the two subjets in ⌘�� space. With this definit ion, the
subjets ident ified at the last step of the reclustering in the kt algorithm provide the

p
d
12

observable. Similarly,
p
d
23

characterizes the split t ing scale in the second-to-last step of
the reclustering. The parameters

p
d
12

and
p
d
23

can be used to dist inguish heavy-part icle
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Figure 3: Average mass for leading pT anti-kt trimmed jets with R = 1.0, pT > 350 GeV, |⌘| < 1.2
and mjet > 100 GeV after the b-tagging requirement (a) versus average number of collisions per bunch
crossing and (b) versus the number of primary vertices in the event. The shaded band represents the
bin-by-bin statistical uncertainty in simulation.
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Figure 4: Jet splitting scales for leading pT anti-kt trimmed jets with R = 1.0, pT > 350 GeV and |⌘| < 1.2
for events selected after a b-tag requirement, showing (a) the first splitting scale

p
d12 and (b) the second

splitting scale
p

d23. The shaded band represents the bin-by-bin statistical uncertainty in simulation.

for events after the b-tagging requirement. After trimming, the background shape in the N-subjettiness
ratios tends to mimic the shape of the signal distribution. This is due to the fact that, by construction, the
trimming procedure preferentially keeps background events with jets exhibiting more “subjettiness”.
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Anschluss fristgerecht zum 31. Mai 2014. Darüber bitte ich Sie freundlich mir die Kündigung,
unter Nennung des Beendigungstermins, schriftlich zu bestätigen.

Meine Kundennummer ist: 762841402
Vielen Dank.

Mit freundlichen Grüßen
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N-SUBJETTINESS

Idea: Quantify compatibility with 
1/2/3-subjet hypothesis

Lower taun = better agreement

Ratio tau3/tau2 for top tagging

calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN " 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –
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CMSTOP TAGGER
Start with  CA, R=0.8 large-R jets (pT > 350 
GeV)

Repeatedly uncluster large-R jet

drop low-pT (wrt/ large-R jet) subjets and 
close-by subjets

until 3 or 4 subjets are found

Selection criteria:

mass of sum has: [140,250] GeV

minimal pairwise mass of three 
leading subjets > 50 GeV

(tau3/tau2 <0.55)

0806.0848
1204.2488

10 5 Algorithm Performance Results
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Figure 1: Top tagging variables for jets with pT > 500 GeV/c from a simulated tt POWHEG
sample and from a simulated QCD PYTHIA 6 sample: (a) jet mass, (b) jet mass after tagging se-
lections (Nsubjets � 3, mmin > 50, t3/t2 < 0.55), (c) mmin, (d) mmin after N-subjettiness selection
(t3/t2 < 0.55, 140 < mjet < 250 GeV/c2), (e) t3/t2, (f) t3/t2 after the CMS Top Tagger selection
(Nsubjets � 3, mmin > 50, 140 < mjet < 250 GeV/c2)
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HEPTOPTAGGER
Identify hadronically 
decaying top quarks with pT > 
200 GeV

Start with CA, R=1.5 jets

Identify top quark decay via 
mass ratios:

0910.5472

1006.2833
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CMS & HEP TAGGERS
IN DATA ATLAS-CONF-2013-084
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Assign signal and background probabilities 
to large-R jet:

Obtain likelihood:

Start with AntiKt R=1.0 large-R jet and re-
cluster with CA, R=0.2 (Microjets)

Use Matrix element + parton shower with 
Sudakov factors to generate possible event 
histories

SHOWER 
DECONSTRUCTION

1211.3140
1402.1189

FIG. 1: A shower history for a Z0 ! t+ t̄ signal event. The top quarks decay hadronically. Initial
state radiation is included as uncorrelated independent emissions. The vertices in the diagram
represent QCD splittings in a shower approximation or decays with Breit-Wigner factors. The
propagators of final state quarks and gluons represent Sudakov factors.

The use of a parton shower approximation is helpful for two reasons. First, it is di�cult
to calculate squared matrix elements at a high order of perturbation theory, such as that
depicted in Fig. 1. Second, some of the microjets may be nearly collinear with each other
and some may be quite soft. Then we need the Sudakov factors [17, 18] that e↵ectively sum
logarithms of the small angles or the ratios of a soft energy to a hard energy. These Sudakov
factors are a normal part of a parton shower [19–25].

Both the hard matrix element and parton shower approximation may include an ap-
proximation for the decay of an unstable particle of flavor f , for instance a top quark or
gauge boson. For this, we use a standard Breit-Wigner function with a resonance width
�(f). However, we are treating the momenta the partons at the end of the branchings in
the diagram as if they were the same as the measured momenta of microjets. Really, the
imperfections of this approximation together with experimental measurement errors should
have the e↵ect of convoluting the functions that we use with a smearing function, usually
called the transfer function [7, 8]. If the functions that we use to calculate P({k}N ,model)
are slowly varying, this smearing should not matter. However, the Breit-Wigner functions
can be quite sharply peaked. After smearing, the peak should be broader. We approximate
the smeared Breit-Wigner functions by functions of the same form, but with a larger width
�0(f). The choice of �0(f) is based on the experimentally resolvable width of the resonance.

When we use a parton shower approximation, Fig. 1 does not represent precisely a squared
Feynman diagram. Rather, it represents an event history: the steps by which a parton
shower event generator could have generated the given configuration of microjets. This

4

includes Sudakov factors and quantum interference e↵ects in a dipole shower.2 There are
many shower histories that can lead to the same configuration of microjets. Thus we should
sum over event histories h:

P({k}N ,model) =
X

h

P({k}N ,model, h) (2)

Eq. (2) expresses a conceptually simple ansatz for what event deconstruction should
do. A parton shower event generator without hadronization and with a cuto↵ on how far
shower evolution should go will generate configurations of partons that we can identify with
microjets. The event generator uses probabilities based on parton distribution functions, a
hard matrix element, parton splitting functions, and decay functions for unstable particles.
It generates event histories h at random according to these probabilities. Now, given the
microjet configuration {k}N , we use (an approximation to) the functions that are built into
the event generator to calculate the probability that the given {k}N will be produced.

C. Simplifying approximations

Eq. (2) is conceptually simple, but computationally di�cult. The basic problem is that
if the number of microjets is large, the number of shower histories is very large. There
are many ways to attack this problem of combinatorial explosion by making some suitable
approximations. In this paper, we explore one method that is especially simple. In many
cases of interest, the partons that are important for distinguishing signal from background
are to be found in fairly small angular regions in the detector. Each of these angular regions
contains the daughter partons from a high p

T

parton produced in the hard interaction. We
can isolate the important regions by first analyzing the event for high P

T

jets, using a large
value of the jet radius parameter R of, say, the Cambridge-Aachen algorithm. In the case
that the signal process is p + p ! Z0 ! t + t̄, we are looking for the possible daughter
partons from the decay of the two top quarks. Thus we look for two “fat” jets each with a
certain minimum P

T

. In general, we would look for J fat jets with labels n = 1, . . . , J .
Having found the fat jets, we group the constituents of each fat jet into microjets using

a jet algorithm with a small R. For fat jet n, this gives us a set of microjets with momenta
{k(n)

1

, . . . , k
(n)
Nn

} = {k}(n)Nn
. The complete set of microjets is the union of these subsets.

We now simplify the calculation compared to that contemplated in Eq. (2). According
to a standard event generator picture, some of the microjets that make up each of the fat
jets can arise as QCD splitting products of partons emitted as initial state radiation, as
depicted in Fig. 1. The probabilities for these initial state splittings are correlated with
one another and, indeed, with initial state radiation that does not wind up in any fat jet.
Our simplification is to treat each parton radiated from the initial state as a gluon whose
emission is independent of all of the other emissions. Additionally, we do not identify which
of the two initial state partons emitted the gluon. We have simply a model probability
density ⇢(p

T

) for radiating gluons from the initial state [3].
We also approximate the evolution of each fat jet as being independent of the evolution

of the other fat jets. Thus, for instance, we set to zero the probability that a parton in
one fat jet emits a soft gluon that winds up in another fat jet. Additionally, the internal

2 Interference diagrams could also be included in the hard scattering for some processes.

5

In this section, we consider a signal that leads to final state hadronic jets. One can
consider final state leptons also, but then we would need a more elaborate notation.1

A. The likelihood ratio �

For each event, we group some subset of the hadrons in the event into jets according
to, say, the Cambridge-Aachen jet algorithm [5, 6]. We want a detailed picture of the
event, so we use “microjets” with as small a value of the jet radius parameter R as seems
practical from an experimental point of view. Microjets with very small transverse momenta
carry little useful information, so we eliminate those whose transverse momenta are judged
to be too small. Thus, we work with the fine-grained information contained in the list
{k}N = {k

1

, . . . , kN} of momenta of many microjets. With fine grained information, we
may hope to do a good job of distinguishing signal from background. Additionally, since
R is small one can at least hope that the correspondence between microjet momenta and
parton momenta is reasonably close.

To distinguish signal from background, we construct an approximate likelihood ratio

� =
P({k}N , signal)

P({k}N , background)
, (1)

where P({k}N , signal) is the probability density to produce the observed microjet configura-
tion according to the signal hypothesis and P({k}N , background) is the probability density
to produce the microjet configuration according to the background hypothesis. Then we can
test the signal hypothesis in a sample of experimental events by asking whether the number
of events with large � is greater than would be expected by chance if there were really no
signal.

B. Model hypotheses and event histories

In order to approximately calculate �, we need to calculate P({k}N ,model), where
“model” is the signal or background process. To see how to do this, let us suppose that we
are interested in the signal process and that the signal is p + p ! Z0 ! t + t̄. Consider
Fig. 1, which depicts one event history according to the signal hypothesis. That is, Fig. 1
shows one way that a parton shower Monte Carlo event generator might have generated the
event using the signal process. We identify the microjets with the partons at the end of the
branchings in the diagram. There is an s-channel Z0 boson that decays to t + t̄ and there
are further decays of the top quarks and the W bosons that they produce. Furthermore,
the strongly interacting partons emit gluons. Additionally, there is initial state radiation
from the incoming partons and there are QCD splittings of radiated gluons. With event
deconstruction, we aim to approximate P({k}N ,model) using the convolution of parton dis-
tribution functions and the squared matrix element for the hard process q+ q̄ ! Z0 ! t + t̄
at the center of the diagram. Then we use a parton shower approximation for the rest of
the diagram.

1 If neutrinos or other invisible particles are produced, then some substantial revisions of the method are

needed. We leave the investigation of this issue to future work.
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Carlo and POWHEG tt Monte Carlo, respectively. In the cases where a jet mass cut is applied,
the cut is not varied and is fixed at 140 < mjet < 250 GeV/c2. N-subjettiness is calculated
using R = 0.8 jets except when used in combination with the HEP Top Tagger in which case
R = 1.5 jets are used. Signal jets are matched to simulated all-hadronic generated top quarks,
while background jets are matched to simulated partons from the hard scatter. Distributions
are shown for three pT selections, where the pT cut is applied to the matched generated parton.
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RESONANCES
Search for new particles decaying to a pair of top quarks

Look for an excess over SM production in the di-top invariant mass 
distribution

Benchmark models:

Z’ boson

Leptophobic topcolor model

Phys. Rev. D 49 (1994) 4454

Kaluza-Klein Gluon (KKG)

Colored resonance

Randall-Sundrum extra dimension models

Phys. Rev. D 76 (2007) 115016

1309.2030
Beyond the Standard Model 31

t

tq

q

KKG/Z 0

Figure 2.14: Feynman diagram showing the leading contribution to the pro-
duction of Z 0 bosons and KK gluons at the LHC. Also shown is the subsequent
decay to pairs of top-quarks.

A small and compact extra dimension with periodic boundary conditions leads to quan-
tization of the momentum

p5d = n · h
�

where n is an integer number, h the Planck-constant and � the circumference of the
extra dimension. A so-called KK tower of new resonances with masses determined by
the size of the extra dimension is created.

The main purpose for considering theories of extra dimensions is that these could
provide a solution to the hierarchy problem. How this works will be explained for the
RS model of extra dimensions [43, 53]. It postulates that our 3+1 dimensional space
(three-brane) occupies only a subspace of the full five-dimensional geometry and that
the extra dimension of space is strongly curved.

A solution of the Einstein-equation is given by the non-factorizable metric:

ds2 = e�2k|y|⌘µ⌫dx
µdx⌫ � dy2

where the xµ are the four-dimensional coordinates, y the coordinate of the fifth direction
and k is a measure for the curvature of this extra dimension. The geometry of the extra
dimension is the orbifold S1/Z2 — corresponding to a line with a three-brane on each
end. One is labelled the low energy (IR) brane, the other is the high energy (UV) brane.
This is illustrated in Fig. 2.15.

The exponential hierarchy between the weak and the Planck scale is then introduced
by the background-metric. Masses (m0) on the three-brane and the underlying theory
at the Planck scale (m) are related by:

m = e�krc⇡m0.

with rc as the size of the extra dimension. Physical masses in the TeV-range can come
from a warp-factor e�krc⇡ ⇡ 1015 which due to its exponential nature implies a small
hierarchy between the underlying parameters.

The initial RS models postulated that the SM fields are strictly localized in the IR
brane and that only gravitation would act in the fifth dimension. Assuming that the
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RESONANCES II
CMS Lepton+Jets (full 2012 data: 1309.2030)
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All Hadronic limit
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2 CMSTopTagger candidates

ATLAS Lepton+Jets (14 fb-1: ATLAS-
CONF-2013-052)

Resolved: electron/muon + missing energy + 
3-4 jets (AntiKt, R=0.4) +1 b-tag

Boosted: electron/muon + missing energy + 1 
jet (AntiKt, R=0.4) + 1 trimmed AntiKt R=1.0 jet 
with cuts on kT-splitting scale + 1 b-tag

Only combined Lepton+Jets Boosted/Resolved 
limit

ATLAS All Hadronic (full 2011:1211.2202, 2012 
results not public yet)
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Figure 1: Comparison between data and SM prediction for reconstructed Mtt distributions for
the boosted semi-leptonic analysis with 0 b-tagged jets (a) and �1 b-tagged jets (b), as well
as for the all-hadronic analysis (c). For the semi-leptonic analyses, “others” refers to all non-
top backgrounds, while for the all-hadronic analysis, “NTMJ” refers to the “non-top multijet”
background. The shaded band corresponds to the SM background uncertainty. The likelihood
fit projection on data for the semi-leptonic resolved analysis is shown in (d). A cross section of
1.0 pb is used for the normalization of the Z0 samples.
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Figure 7: The first kt splitting scale,
√

d12, of the hadronic top jet after the boosted selection. The shaded
areas indicate the total systematic uncertainties. Some background sources are too small to be visible in
the figure.

Ev
en

ts
 / 

Te
V

1
10

210

310

410

510

610

710 Data tt
Multi-jets W+jets
Other Backgrounds

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.3 fb∫

e + jets
resolved

 [TeV]reco
ttm

Da
ta

/B
kg

0.5
1

1.5

0 0.5 1 1.5 2 2.5 3 3.5

(a) e+jets channel, resolved selection.

Ev
en

ts
 / 

Te
V

1
10

210

310

410

510

610

710

810
Data tt
Multi-jets W+jets
Other Backgrounds

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.2 fb∫

 + jetsµ
resolved

 [TeV]reco
ttm

Da
ta

/B
kg

0.5
1

1.5

0 0.5 1 1.5 2 2.5 3 3.5

(b) µ+jets channel, resolved selection.

Ev
en

ts
 / 

Te
V

1

10

210

310

410

510

610
Data tt
Multi-jets W+jets
Other Backgrounds

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.3 fb∫

e + jets
boosted

 [TeV]reco
ttm

Da
ta

/B
kg

0.5
1

1.5

0 0.5 1 1.5 2 2.5 3 3.5

(c) e+jets channel, boosted selection.

Ev
en

ts
 / 

Te
V

1

10

210

310

410

510

610 Data tt
Multi-jets W+jets
Other Backgrounds

0 0.5 1 1.5 2 2.5 3 3.5

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.2 fb∫

 + jetsµ
boosted

 [TeV]reco
ttm

Da
ta

/B
kg

0.5
1

1.5

0 0.5 1 1.5 2 2.5 3 3.5

(d) µ+jets channel, boosted selection.

Figure 8: The tt̄ invariant mass spectra for the two channels and the two selection methods. The shaded
areas indicate the total systematic uncertainties.
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Figure 7: The first kt splitting scale,
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d12, of the hadronic top jet after the boosted selection. The shaded
areas indicate the total systematic uncertainties. Some background sources are too small to be visible in
the figure.
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Figure 8: The tt̄ invariant mass spectra for the two channels and the two selection methods. The shaded
areas indicate the total systematic uncertainties.

14

Monday, April 7, 14



RESONACES IV

7

invariant mass of the resonance. The specific example shown in Fig. 2 and given by the dashed
line refers to a topcolor Z0 with GZ0/MZ0 = 1.2% based on predictions from Ref. [10]. The
cross-section limits for the case with GZ0/MZ0 = 1.2% are obtained from the MC models with
GZ0/MZ0 = 1.0%, scaled by the ratio of theoretical cross sections. This scaling is done to com-
pare to theoretical results and previous measurements. As the cross section calculation is avail-
able for this model at LO only, the predictions are multiplied by a factor of 1.3 to account for
higher-order effects [44]. The vertical dash-dotted line indicates the transition between the re-
solved and boosted analyses. Table 3 shows additional model-specific limits. The combination
of the semi-leptonic and all-hadronic boosted analyses improves the expected cross section
limits at 2 TeV by ⇠25%. Compared to the results of previous analyses [20–23] for specific mod-
els [7, 10], the lower limits on the masses of these resonances have been improved by several
hundred GeV. For the semi-leptonic resolved analysis, assuming a spin-zero resonance with
narrow width, produced via gluon fusion with no interference with the SM background, the
acceptance at LO is 2.4 times larger than that of a Z0 for mass of 500 GeV, and 1.5 times larger for
a mass of 750 GeV. Given these acceptances, the corresponding cross section limits are 0.8 pb
and 0.3 pb for a spin-zero resonance of mass 500 GeV and 750 GeV, respectively. These are the
first limits for heavy Higgs-like particles decaying into tt at CMS.
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Figure 2: The 95% CL upper limits on the production cross section times branching fraction as a
function of Mtt for Z0 resonances with GZ0/MZ0 = 1.2% compared to predictions from Ref. [10]
multiplied by 1.3 to account for higher-order effects [44]. The ±1 and ±2 standard-deviation
excursions from the expected limits are also shown. The vertical dash-dotted line indicates
the transition from the resolved to the boosted analyses, in providing the best expected limit.
Below this dash-dotted line, only the resolved-analysis results are quoted, and above this line,
the combined-boosted-analysis results are quoted.

In addition to investigating possible resonant structures in the Mtt spectrum, the presence of
new physics that causes a non-resonant enhancement of the Mtt spectrum is also tested. The
boosted all-hadronic analysis is used to set stringent limits on such new production for events
with Mtt > 1 TeV, since the NTMJ background can be predicted entirely from data. The limit
is expressed as a ratio of the total SM + BSM tt cross section to the SM-only cross section (S , as
defined in Ref. [20]). The efficiency to select SM tt events with Mtt > 1 TeV is (3.4± 1.7)⇥ 10�4.
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Figure 10: Observed and expected upper cross section limits times the tt̄ branching ratio on (a) Z′

bosons and (b) Kaluza–Klein gluons. The resolved and the boosted selections have been combined
in the estimation of the limits. Both systematic and statistical uncertainties are included.

of the nuisance parameters which decrease the estimated high-mass background in all channels and the
small excess in the boosted electron channel is amplified, leading to weaker observed limits than expected
limits.

Table 3: Upper 95% CL cross section limits times branching ratio on a leptophobic topcolor Z′ decaying
to tt̄, using the combination of all four samples. The observed and expected limits for each mass point
are given, as well as the ±1σ variation of the expected limit. The second column gives the theoretical
predictions with the 1.3 K-factor to account for NLO effects.

Mass (TeV) σ× BR ×1.3 [pb] Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)
0.50 23. 5.30 4.99 1.50 10.7
0.75 5.6 2.17 1.00 0.249 1.87
1.00 1.6 0.406 0.335 0.091 0.674
1.25 0.57 0.187 0.160 0.064 0.323
1.50 2.1×10−1 0.148 0.096 0.041 0.198
1.75 0.087 0.066 0.030 0.137
2.00 3.9×10−2 0.078 0.055 0.023 0.117
2.25 0.078 0.045 0.021 0.103
2.50 6.9×10−3 0.081 0.035 0.017 0.081
3.00 1.5×10−3 0.083 0.019 0.010 0.053

11 Summary

A search for tt̄ resonances in the lepton plus jets decay channel has been carried out with the ATLAS
experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity of
14.3 fb−1 of proton-proton collisions at a center-of-mass energy of 8 TeV. The tt̄ system is reconstructed
in two different ways. For the resolved selection, the hadronic top quark decay is reconstructed as two
or three R = 0.4 jets, and for the boosted selection, it is reconstructed as one R = 1.0 jet. No excess
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TOP-QUARK PARTNERS

Di-top resonance searches are the 
main testing ground for boosted-
top techniques

Example for another analysis using 
boosted tops:

Search for exotic top-quark 
partners with charge 5/3 in 
the same-sign dilepton final state

Pair production

Decay to tW

1312.2391
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TOP-QUARK PARTNERS II
1312.2391

The main analysis variable is HT = sum of 
selected jet and lepton pT

Defaults jets are reconstructed with AntiKt 
(R=0.5)

If there are CA (R=0.8) top (CMSTopTagger) or W 
jets these are used for calculation of HT instead

Improves limit by 10-20% for masses from 800 
GeV to 1 TeV

The CMSTopTagger is also used as input for a BDT 
in a search for vector-like T quark with charge 2/3

1311.7667
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CONCLUSIONS
Boosted reconstruction techniques aim to improve the mass resolution 
and identify top-quark decays using the substructure of large-R jets

Many different boosted-top reconstruction techniques are being tested 
by ATLAS and CMS

Top-tagging is essential 
for  boosted resonances 
and is starting to 
play a role for other 
searches for BSM physics
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JET CLUSTERING
I

Two approaches:

Cone based - Find stable axes of particles flow (ie. SisCone: 0704.0292 )

Sequential - Pairwise combination of clusters according to a distance measure:

4

most ATLAS and CMS results on top tagging are at best published in internal notes, so we will be very
brief.

II. TOP TAGGING ALGORITHMS

Top tagging algorithms are typically based on two classes of observables. On the one hand, we can
generalize the well established event shapes to jet shapes, i.e. observables defined on calorimeter clusters
of the energy flow inside a geometrically large fat jet. Such jet shapes are directly accessible by the LHC
detectors. For our purpose the most relevant jet shape is the jet mass, on which all top tagging algorithms
are based. The second class of observables is the clustering history of all jet constituents. This history cannot
be observed directly. Instead, we have to rely on our understanding of QCD to simulate it, based on the
energy depositions we observe in the calorimeters (and trackers).

To backwards engineer the splitting history of a jet we can use our picture of collinear quark and gluon
splittings predicted by first principles QCD. The successive splitting of quarks and gluons radiated o↵ an
n-particle hard process (�n) factorizes in the soft or collinear limits into the simple form

�n+1

=

Z
�n

dp2j
p2j

dz
↵s

2⇡
P̂j1 j(z) , (1)

where pj is the momentum of the splitting parton and z is the energy fraction of one of the splitting products

j ! j
1

j
2

. The di↵erent splitting kernels P̂ (z) depend on the partonic quark or gluon process and are known.
They often diverge in the soft limit z ! 0, so we will encounter an overlapping enhancement and eventually
divergence for soft and for collinear radiation [17, 18]. The factorization shown in Eq.(1) describes the
splitting of parton radiation o↵ incoming as well as o↵ outgoing hard partons until the radiated partons
become soft enough to hadronize. The numerical implementation of Eq.(1) is the parton shower, and it
describes the transition from hard partons to a large number of hadrons which eventually decay and appear
in the calorimeters of the LHC experiments.

Inverting this successive splitting and hence extracting a hard parton momentum from a measured jet is
what jet algorithms do. Historically, an important issue is the infrared safety of observables and algorithms;
a soft or collinear splitting of any parton momentum cannot impact the macroscopic observables. While
some cone algorithms are not collinear save, recombination algorithms are. Such recombination algorithms
iteratively determine which of the observed calorimeter towers should be merged into subjets and which of
these subjets should then be merged together step by step, such that finally we arrive at few hard jets per
event. The end of this successive splitting can be defined in terms of a given minimum jet separation or a
given maximum number of jets. Di↵erent recombination algorithms are based on di↵erent subjet distance
measures:

kT dj1j2 =
�R2

j1j2

D2

min
�
p2T,j1 , p

2

T,j2

�
dj1B = p2T,j1

Cambridge/Aachen dj1j2 =
�R2

j1j2

D2

yj1B = 1

anti-kT dj1j2 =
�R2

j1j2

D2

min

 
1

p2T,j1

,
1

p2T,j2

!
dj1B =

1

p2T,j1

. (2)

These measures can be generalized to dj1j2 = �R2

j1j2
/D2 ⇥ min(p2nT,j1

p2nT,j2
) for n = �1, 0, 1. The kT -

algorithm [19] mimics the soft and collinear enhancement of the QCD splitting kernels in Eq.(1). For the
top tagging application it should best reconstruct the QCD splitting history. The Cambridge/Aachen (C/A)
algorithm [20] always combines the two closest (most collinear) subjets. It is sensitive to collinear but not to
soft splittings, but as we will see later it has some advantages in fat jet searches. The anti-kT [21] algorithm
first combines the hardest subjets, to define a particularly stable jet recombination with clean geometric jet

1112.4441 
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JET CLUSTERING
II
Important Properties:

Infrared safety

Collinear safety

Most commonly used is AntiKt

R=0.5 and 0.7 for CMS 
R=0.4 and 0.6 for ATLAS

Resilient, circular boundaries

For large-R jet studies CA and kT are very common:

Substructure can be better interpreted 
in terms of QCD

hep-ex/0005012

Jet Clustering 33

Figure 2.16: Expected branching ratios of a KK gluon as a function of the
mass [24].

Figure 2.17: Illustrated example of IR sensitivity of cone algorithm jets. The
seeds are represented by arrows and the length of an arrow is proportional to
its energy. Additional soft radiation between the jets (right figure) can lead to
the merging of otherwise separate jets (left figure)[54].

recombination algorithms. In cone-based algorithms the jets are defined as cones around
the directions of large energy deposits. Recombination-type algorithms instead use a
distance measure between the initial objects and step-wise merge the closest two until the
minimal distance exceeds a cut-o↵ value. After evaluating some desirable characteristics
for jet algorithms, concrete examples of the di↵erent types of algorithms will be discussed.

2.4.1 Jet Properties

An important criterion for jet algorithms is infrared (IR) safety. Jets reconstructed using
IR safe algorithms are robust against the emission of soft particles. The probability for
such emissions diverges for low energies and predictions (for example of cross-sections)
obtained using IR-sensitive algorithms can also diverge. Algorithms requiring an initial
seed (typically cone-based algorithms) are especially sensitive to IR e↵ects. Jets also
should be collinear safe, meaning that the close-angle splitting of a parton (for example
a gluon) should not a↵ect the final jets. In Fig. 2.17 (Fig. 2.18) an example for IR safety
(collinear safety) is presented. The shape of the boundary of a jet should also be robust

34 Theory

Figure 2.18: Illustrated example of collinear sensitivity of cone algorithm jets.
The seeds are represented by arrows and the length of an arrow is proportional
to its energy. If the energy (left) is split between calorimeter clusters it can
be too low to pass the threshold for creating a seed while the narrow energy
distribution (right) passes the threshold [54].

against small changes in the final state.

In proton-proton (or proton-antiproton) collisions the longitudinal boost of the hard
interactions is in general not known and jet algorithms that are invariant under the boost
are preferred. Robustness against higher-order QCD and hadronization corrections are
also desirable.

2.4.2 Cone Algorithms

A simple cone-based jet algorithm (Snowmass [54, 55]) starts by placing cones (circles
with a fixed radius R in the ⌘-�-plane1) around seeds (energy deposits with energies
above a certain threshold). Then the energy-weighted centroid of all objects within the
cone is calculated and used as the center of a new trial-cone. This procedure is iterated,
using the cone-axis as new seed, until the cone is stable: the centroid and the axis align.
For the final direction of the jet, the ET -weighted �- and ⌘-directions of the particles
are used.

This procedure can lead to overlapping cones, where particles are shared between
di↵erent jets. In this case the particles are either assigned to the closer (in ⌘-�-space)
jet or the two jets are merged, depending on how large the fraction of shared pT is with
respect to the pT of the highest-pT jet.

A modern jet finder is the Seedless Infrared-Safe Cone jet algorithm (SISCone [56]).
It starts by finding all distinct (containing di↵erent particles) possible cones for a given
cone-size, where cones are defined by the radius and two particles on the boundary. This
is illustrated in Fig. 2.19. In a next step the cones are checked for stability: A cone
is called stable if the centroid lies inside the cone. Finally a split-merge procedure is
employed to arrive at final-jets.

The main advantage of SISCone over other cone-based jet algorithms is that, due to
not-using explicit seeds, the algorithms is IR-safe. However the boundary of SISCone
jets is still susceptible to soft radiation [57].

1

The coordinate system is defined in Sec. 4.1.

IR safety Collinear Safety

0802.1189 

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

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

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

2.2 Area-related properties

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

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

4
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GROOMING

Idea: Start with large-R jet (R=0.8-1.8) and remove 
constituents from

pile-up

rest of the event

Arrive at the mass of the initial hard particle (Z, t, Higgs,..)

Different techniques:

Mass Drop

Filtering

Trimming

Pruning

1306.4945 

Jet mass [GeV]
0 50 100 150 200 250 300 350 400

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

q q→No jet grooming applied Z

q q→=0.67) Z
frac
µFiltered (

 SimulationATLAS
 < 800 GeVjet

T p≤C/A LCW jets with R=1.2, 600 

Figure 2. Single-jet invariant mass distribution for Cambridge–Aachen (C/A) R = 1.2 jets in
simulated events containing highly boosted hadronically decaying Z bosons before and after the
application of a grooming procedure referred to as mass-drop filtering. The technical details of this
figure are explained in section 1.2. The normalization of the groomed distribution includes the
e�ciency of mass-drop filtering with respect to the ungroomed large-R jets for comparison. The
local cluster weighting (LCW) calibration scheme is described in section 3.3.1.

surrounded by soft radiation from the parton shower, hadronization, and underlying event

(UE) remnants [10–12]. Jets containing the decay products of single massive particles, on

the other hand, can be distinguished by hard, wide-angle components representative of

the individual decay products that result in a large reconstructed jet mass mass, as well

as typical kinematic relationships among the hard components of the jet [1, 2, 4, 13–18].

Grooming algorithms are designed to retain the characteristic substructure within such a

jet while reducing the impact of the fluctuations of the parton shower and the UE, thereby

improving the mass resolution and mitigating the influence of pile-up. These features have

only recently begun to be studied experimentally [19–25] and have been exploited heavily

in recent studies of the phenomenological implications of such tools in searches for new

physics [4, 26–36]. A groomed jet can also be a powerful tool to discriminate between

the often dominant multi-jet background and the heavy-particle decay, which increases

signal sensitivity. Figure 2 demonstrates this by comparing the invariant mass distribution

of single jets in events containing highly boosted hadronically decaying Z bosons before

and after the application of a grooming procedure referred to as mass-drop filtering. In

this simulated Z ! qq̄ sample described in section 2.2, pile-up events are also included.

Prior to the application of this procedure, no distinct features are present in the jet mass

distribution, whereas afterwards, a clear mass peak that corresponds to the Z boson is

evident.

– 6 –

24

Monday, April 7, 14



Mass Drop:

Undo last clustering step (j ->j1 + j2, mj1>mj2)

If there was a large mass drop and the splitting is not too asymmetric
(default: mu=0.67, y=0.09): 

Then consider j1, j2 as interesting substructure and exit the loop

Else: Repeat with j1

MASS DROP

(a) The mass-drop and symmetric splitting criteria.

(b) Filtering.

Figure 3. Diagram depicting the two stages of the mass-drop filtering procedure.

In this paper, three values of the mass-drop parameter µ
frac

are studied, as summarized

in table 1. The values chosen for µ
frac

are based on a previous study [4] which has shown

that µ
frac

= 0.67 is optimal in discriminating H ! bb̄ from background. A subsequent

study regarding the factorization properties of several groomed jet algorithms [47] found

that smaller values of µ
frac

(0.20 and 0.33) are similarly e↵ective at reducing backgrounds,

and yet they remain factorizable within the soft collinear e↵ective theory studied in that

analysis.

Trimming: The trimming algorithm [7] takes advantage of the fact that contamination

from pile-up, multiple parton interactions (MPI) and initial-state radiation (ISR) in the

reconstructed jet is often much softer than the outgoing partons associated with the hard-

scatter and their final-state radiation (FSR). The ratio of the p
T

of the constituents to that

of the jet is used as a selection criterion. Although there is some spatial overlap, removing

the softer components from the final jet preferentially removes radiation from pile-up,

MPI, and ISR while discarding only a small part of the hard-scatter decay products and

FSR. Since the primary e↵ect of pile-up in the detector is additional low-energy deposits

– 10 –

1306.4945 

2

b Rbb Rfilt

Rbbg

b
R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

with the widest combinations when reversing the cluster sequence. This provides useful

information regarding the presence of potentially large splittings within a jet (see section 4

and section 5). Although the mass-drop criterion and subsequent filtering procedure are

not based specifically on soft-p
T

or wide-angle selection criteria, the algorithm does retain

the hard components of the jet through the requirements placed on its internal structure.

The first measurements of the jet mass of these filtered jets was performed using 35 pb�1 of

data collected in 2010 by the ATLAS experiment [20]. The mass-drop filtering procedure

has two stages:

• Mass-drop and symmetry The last stage of the C/A clustering is undone. The

jet “splits” into two subjets, j
1

and j
2

, ordered such that the mass of j
1

is larger:

mj1 > mj2 . The mass-drop criterion requires that there be a significant di↵erence

between the original jet mass (mjet) and mj1 after the splitting:

mj1/mjet < µ
frac

, (1.4)

where µ
frac

is a parameter of the algorithm. The splitting is also required to be

relatively symmetric, which is approximated by the requirement that

min[(pj1
T

)2, (pj2
T

)2]

(mjet)2
⇥ �R2

j1,j2
> y

cut

, (1.5)

where �R
j1,j2 is a measure of the opening angle between j

2

and j
1

, and y
cut

defines the

energy sharing between the two subjets in the original jet. For the analyses presented

here, y
cut

is set to 0.09, the optimal value for identifying two-body decays, obtained

in previous studies [4]. To give a sense of the kinematic requirements that this places

on a given decay, consider a hadronically decaying W boson with pW
T

⇡ 200 GeV.

According to the approximation given by eq. (1.1), the average angular separation of

the two daughter quarks is �R
j1,j2 ⇠ 0.8. The symmetry requirement determined by

y
cut

in eq. (1.5) thereby implies that the transverse momentum of the softer (in p
T

)

of the two subjets is greater than approximately 30 GeV. Generally, this requirement

entails a minimum p
T

of the softer subjet of psubjet
T

/pjet
T

> 0.15, thus forcing both

subjets to carry some significant fraction of the momentum of the original jet. This

procedure is illustrated in figure 3(a). If the mass-drop and symmetry criteria are

not satisfied, the jet is discarded.

• Filtering The constituents of j
1

and j
2

are reclustered using the C/A algorithm with

radius parameter R
filt

= min[0.3, �R
j1,j2/2], where R

filt

< �R
j1,j2 . The jet is then

filtered; all constituents outside the three hardest subjets are discarded. The choice

of three allows one additional radiation from a two-body decay to be captured. In

isolating j
1

and j
2

with the C/A algorithm, the angular scale of any potential massive

particle decay is known. By dynamically reclustering the jet at an appropriate angular

scale able to resolve that structure, the sensitivity to highly collimated decays is

maximized. This is illustrated in figure 3(b).
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FILTERING

Take constituents and re-cluster using the CA algorithm and a smaller 
distance parameter:

Usually use j1 and j2 resulting from mass-drop as input

Keep n-leading (in pT) subjets (typically 3..5)

Dynamic filtering radius increases sensitivity to collimated decays (high pT)

1306.4945 

(a) The mass-drop and symmetric splitting criteria.

(b) Filtering.

Figure 3. Diagram depicting the two stages of the mass-drop filtering procedure.

In this paper, three values of the mass-drop parameter µ
frac

are studied, as summarized

in table 1. The values chosen for µ
frac

are based on a previous study [4] which has shown

that µ
frac

= 0.67 is optimal in discriminating H ! bb̄ from background. A subsequent

study regarding the factorization properties of several groomed jet algorithms [47] found

that smaller values of µ
frac

(0.20 and 0.33) are similarly e↵ective at reducing backgrounds,
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from pile-up, multiple parton interactions (MPI) and initial-state radiation (ISR) in the

reconstructed jet is often much softer than the outgoing partons associated with the hard-

scatter and their final-state radiation (FSR). The ratio of the p
T

of the constituents to that

of the jet is used as a selection criterion. Although there is some spatial overlap, removing

the softer components from the final jet preferentially removes radiation from pile-up,

MPI, and ISR while discarding only a small part of the hard-scatter decay products and

FSR. Since the primary e↵ect of pile-up in the detector is additional low-energy deposits
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T

)

of the two subjets is greater than approximately 30 GeV. Generally, this requirement

entails a minimum p
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of the softer subjet of psubjet
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/pjet
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> 0.15, thus forcing both

subjets to carry some significant fraction of the momentum of the original jet. This

procedure is illustrated in figure 3(a). If the mass-drop and symmetry criteria are

not satisfied, the jet is discarded.

• Filtering The constituents of j
1

and j
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= min[0.3, �R
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with the C/A algorithm, the angular scale of any potential massive
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TRIMMING

Radiation from..

pile-up

multi-parton interactions

initial-state radiation 

..is typically softer than decay products of hard interaction

Recluster using kT algorithm with R=Rsub (eg. 0.2)

Remove all subjets with pT/pT_Jet < f_cut (eg. 0.03)

in clusters of calorimeter cells, as opposed to additional energy being added to already

existing clusters produced by particles originating from the hard scattering process, this

allows a relatively simple jet energy o↵set correction for smaller radius jets (R = 0.4, 0.6)

as a function of the number of primary reconstructed vertices [48].

Figure 4. Diagram depicting the jet trimming procedure.

The trimming procedure uses a k
t

algorithm to create subjets of size R
sub

from the

constituents of a jet. Any subjets with p
Ti

/pjet
T

< f
cut

are removed, where p
Ti

is the

transverse momentum of the ith subjet, and f
cut

is a parameter of the method, which is

typically a few percent. The remaining constituents form the trimmed jet. This procedure

is illustrated in figure 4. Low-mass jets (mjet < 100 GeV) from a light-quark or gluon lose

typically 30–50% of their mass in the trimming procedure, while jets containing the decay

products of a boosted object lose less of their mass, with most of the reduction due to

the removal of pile-up or UE (see, for example, figures 29 and 32). The fraction removed

increases with the number of pp interactions in the event.

Six configurations of trimmed jets are studied here, arising from combinations of

f
cut

and R
sub

, given in table 1. They are based on the optimized parameters in ref. [7]

(f
cut

= 0.03, R
sub

= 0.2) and variations suggested by the authors of the algorithm. This

set represents a wide range of phase space for trimming and is somewhat broader than

considered in ref. [7].

Pruning: The pruning algorithm [6, 49] is similar to trimming in that it removes con-

stituents with a small relative p
T

, but it additionally applies a veto on wide-angle radiation.

The pruning procedure is invoked at each successive recombination step of the jet algo-

rithm (either C/A or k
t

). It is based on a decision at each step of the jet reconstruction

whether or not to add the constituent being considered. As such, it does not require the

reconstruction of subjets. For all studies performed for this paper, the k
t

algorithm is used

in the pruning procedure. This results in definitions of the terms wide-angle or soft that

are not directly related to the original jet but rather to the proto-jets formed in the process

of rebuilding the pruned jet.

The procedure is as follows:

• The C/A or k
t

recombination jet algorithm is run on the constituents, which were

found by any jet finding algorithm.
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5.3.2 Performance of trimming in tt̄ events
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Figure 45. Jet mass for leading-pjet

T

anti-kt jets with R = 1.0 for (a) ungroomed jets and (b)
trimmed jets (f

cut

= 0.05 and R
sub

= 0.3). The shaded band represents the bin-by-bin statistical
uncertainty in simulation.

Figure 45 shows the leading-pjet
T

jet mass of anti-k
t

jets with R = 1.0 having p
T

>

350 GeV before and after trimming (f
cut

= 0.05, R
sub

= 0.3) after the above selection

criteria are applied. The data and simulation agree within statistical uncertainty. The

W ! µ⌫ events produced in association with jets form the largest background. Since

large-R jets in W events are formed from one or more random light-quark or gluon jets,

trimming causes the mass spectrum to fall more steeply and the peak of the distribution

to lie at smaller masses, similar to the multi-jet background in figure 38(a). However,

trimming does not alter the signal mass spectrum drastically, and any signal loss near the

top-mass peak is due to events in which the top quark is not boosted enough to have all

three hadronic decay products fall within R = 1.0.
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Figure 46. Jet mass for leading-pjet

T

anti-kt jets with R = 1.0 for (a) ungroomed jets and (b)
trimmed jets (f

cut

= 0.05 and R
sub

= 0.3), where one anti-kt jet with R = 0.4 was tagged as a b-jet.

In order to look at events with a reduced W + jets background, a b-tagging requirement
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Figure 45. Jet mass for leading-pjet

T

anti-kt jets with R = 1.0 for (a) ungroomed jets and (b)
trimmed jets (f

cut

= 0.05 and R
sub

= 0.3). The shaded band represents the bin-by-bin statistical
uncertainty in simulation.

Figure 45 shows the leading-pjet
T

jet mass of anti-k
t

jets with R = 1.0 having p
T

>

350 GeV before and after trimming (f
cut

= 0.05, R
sub

= 0.3) after the above selection

criteria are applied. The data and simulation agree within statistical uncertainty. The

W ! µ⌫ events produced in association with jets form the largest background. Since

large-R jets in W events are formed from one or more random light-quark or gluon jets,

trimming causes the mass spectrum to fall more steeply and the peak of the distribution

to lie at smaller masses, similar to the multi-jet background in figure 38(a). However,

trimming does not alter the signal mass spectrum drastically, and any signal loss near the

top-mass peak is due to events in which the top quark is not boosted enough to have all

three hadronic decay products fall within R = 1.0.
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PRUNING

Similar to trimming, also removes small pT constituents

Additional veto on wide-angle radiation

Rerun kT/CA clustering and apply criteria at each stage

If one of 
 is satisfied: merge

Otherwise: discard j2 and continue

Figure 5. Diagram illustrating the pruning procedure.

• At each recombination step of constituents j
1

and j
2

(where pj1
T

> pj2
T

), either

pj2
T

/pj1+j2

T

> z
cut

or �R
j1,j2 < R

cut

⇥ (2mjet/pjet
T

) must be satisfied. Here, z
cut

and R
cut

are parameters of the algorithm which are studied in this paper.

• j
2

with j
1

are merged if one or both of the above criteria are met, otherwise, j
2

is

discarded and the algorithm continues.

The pruning procedure is illustrated in figure 5. Six configurations, given in table 1,

based on combinations of z
cut

and R
cut

are studied here. This set of parameters also

represents a relatively wide range of possible configurations.

Jet finding algorithms used Grooming algorithm Configurations considered

C/A Mass-Drop Filtering µ
frac

= 0.20, 0.33, 0.67

Anti-k
t

and C/A Trimming
f
cut

= 0.01, 0.03, 0.05

R
sub

= 0.2, 0.3

Anti-k
t

and C/A Pruning
R

cut

= 0.1, 0.2, 0.3

z
cut

= 0.05, 0.1

C/A HEPTopTagger (see table 2)

Table 1. Summary of the grooming configurations considered in this study. Values in boldface are
optimized configurations reported in ref. [4] and ref. [7] for filtering and trimming, respectively.

1.2.4 HEPTopTagger

The HEPTopTagger algorithm [26] is designed to identify a top quark with a hadronically

decaying W boson daughter over a large multi-jet background. The method uses the C/A

jet algorithm and a variant of the mass-drop filtering technique described in section 1.2.3 in

order to exploit information about the recombination history of the jet. This information
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HTT ALGORITHM

Top W QCD

38 Theory

In the following, the steps of the HEPTopTagger algorithm, as introduced in Ref. [21],
are described. The algorithm is illustrated in Fig. 2.23. First the input objects (ei-
ther clusters of calorimeter cells or partons) are clustered into a fat jet with R = 1.5
(Fig. 2.23a). Throughout the HEPTopTagger procedure the C/A jet algorithm, de-
scribed in Sec 2.4, is used. Fat jets with pT > 200 GeV are analyzed further. This
selection is motivated by Fig. 2.22: at R = 1.5 only the reconstruction of top quarks
with pT > 200 GeV is possible.

To arrive at the hard substructure, the last C/A clustering steps are undone: the
jet j is split into subjets j1 and j2 (mj

1

> mj
2

). If mj
1

< 0.8mj then both jets are
kept, otherwise j2 is discarded. In Fig. 2.23b the two subjets resulting from the first
unclustering step are shown. This splitting is repeated until the masses of all subjets
are below 50 GeV. All triplets of such subjets are further analyzed. If less than three
subjets are found, the fat jet is discarded. The sketch in Fig. 2.23c illustrates a situation
where 4 subjets with masses below 50 GeV are found. All triplets are further analyzed
by the HEPTopTagger algorithm. For illustration only the analysis of the first triplet
(consisting of the jets labelled A-C) is shown in more detail here.

To reduce the influence of the underlying event and pile-up, a filtering step is per-
formed. The constituents of the subjet-triplet are re-clustered with half the minimal
distance of jets within the triplet as a distance parameter (at most R = 0.3). The result
of this re-clustering is shown in Fig. 2.23d. If this results in more than five subjets, the
ones with the lowest pT are discarded. Five subjets are kept to allow for additional QCD
radiation during the decay (Fig. 2.23e).

One final re-clustering step is necessary to identify the subjets with the three jets
from the t ! Wb ! qq0b decay. The constituents of the up-to-five subjets are clustered
into exactly three jets j1, j2, and j3 (ordered in pT) using the exclusive C/A [60, 63]
algorithm. The final three subjets are presented in Fig. 2.23f. In order to check for
compatiblity with a hadronic top-quark decat the ratios of subjet masses have to fulfill
one of three pairs of inequalities:

0.2 arctan
m13

m12
< 1.3 and Rmin <

m23

m123
< Rmax

R2
min

 
1 +

✓
m13

m12

◆2
!

< 1�
✓

m23

m123

◆2

< R2
max

 
1 +

✓
m13

m12

◆2
!

and
m23

m123
> 0.35

R2
min

 
1 +

✓
m12

m13

◆2
!

< 1�
✓

m23

m123

◆2

< R2
max

 
1 +

✓
m12

m13

◆2
!

and
m23

m123
> 0.35.

Here mij is the mass of the vector-sum of the subjets i and j and m123 the mass of
the vector sum of all three subjets. The mass ratio boundaries are Rmin = 0.85mW

mt
and

Rmax = 1.15mW
mt

. For mt and mW the measured values of respectively 172.3 GeV [64]
and 80.4 [15] are used. The distribution of events in the plane formed by arctan m

13

m
12

and m
23

m
123

is presented in Fig. 2.24. Comparing the distribution for tt̄ with the potential
backgrounds motivates the selected region.
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TEMPLATE OVERLAP 
METHOD

Calculate templates (sets of “n” four-momenta which satisfy the kinematic 
constraints of the decay products of a boosted massive jet)

Test the agreement of the jet constituents with each signal template

Important difference to MEM: no background hypothesis

1006.2035
1112.19571212.2977

Template Overlap Method (TOM)

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):

The kernel F restricts the angular region around each template 
momentum

Ov(F )(i, j) = maxTS exp

2

64�
X

f

1

2�2
f

0

@
X

j

(Ej � Ef )F (f, j)

1

A
2
3

75

TS - template “space”
f - template momentum

j - jet “constituent”template resolution (typically E(f)/3)
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TOM at the LHC:  ATLAS analysis

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 - See Pekka’s talk for more details.
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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 –

First measurement of the Ov3 distribution.
At the time, the most stringent limit on the mass of KKg 

(long surpassed by the current CMS and ATLAS 
measurements).
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ATLAS RESONANCESTable 1: Average impact of the dominant systematic uncertainties on the total background yield and on
the estimated yield of a Z′ with m = 1.5 TeV. The electron and muon channel spectra are added. The
shift is given in percent of the nominal value. Certain systematic uncertainties are not applicable to the
Z′ samples, which is indicated with a bar (−) in the table.

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

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

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

9 Comparison between data and expected background

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

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

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

11

ATLAS-CONF-2013-052
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CMS RESONANCES
5

Table 1: Constraints used in the likelihood maximization. The Mtt distributions of the boosted
channels are combined into a single joint likelihood, imposing consistency of the various back-
ground and signal components.

Resolved Boosted Boosted
Semi- Semi- All-

Leptonic Leptonic Hadronic
Constraints on normalization

Luminosity [41] 2.6% 2.6% 2.6%
Pileup 6% 6% 6%
tt [42] – 15% 15%
Parton distribution 1s 1s 1sfunctions [43]
Single top – 50% –
W+light-flavor jets – 50% –
W+heavy-flavor jets – 100% –
Z+ jets – 100% –
Lepton selection 0.5-3.0% 0.5-3.0% –
Top-tagging efficiency – – 9%

Constraints on shape
tt renormalization,

– variation by ⇥2 and ⇥0.5factorization and
matching scales

Jet energy scale 1–6% 1–6% 1–6%
Jet energy resolution 8–10% 8–10% 8–10%
b-tagging efficiency 2–8% 2–8% –
b-tagging mis-ID – 20% –
Top-tagging mis-ID – – 5–20%
Signal and 1s – –background pdf

Table 2: Number of expected and observed events in the boosted analyses. The individual
background uncertainties quote only the uncertainty in the overall normalization after the like-
lihood maximization procedure. In the semi-leptonic analyses, “Others” refers to all non-top
backgrounds. The total SM contribution includes uncertainties in both the overall normaliza-
tion and the shape of the distributions, and contains correlations not quoted in the individual
components.

Sample Semi-Leptonic Semi-Leptonic All-Hadronic
Nb-tag = 0 Nb-tag � 1 Mtt � 1 TeV

tt 5440 ± 520 9090 ± 870 510 ± 90
NTMJ – – 6600 ± 200
Others 5880 ± 820 1070 ± 380 –
Total SM 11320 ± 1300 10160 ± 1300 7110 ± 410
Data 10305 10159 6887

1309.2030
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